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ABSTRACT

A stu d y  was made o f th e  k in e t ic s  o f th e  l iq u id  phase 

h y d ro g en atio n  o f cyclohexene in  th e  p resen ce  o f a p la tinum  

c a ta ly s t  in  a s t i r r e d  sem i-flow  system . The e f f e c t s  o f 

c a ta ly s t  c o n c e n tra t io n , hydrogen flow  r a t e ,  r e a c to r  p re s s u re ,  

s t i r r i n g  r a t e ,  a g i t a to r  and r e a c to r  d es ig n  upon th e  observed 

r a t e  o f r e a c t io n  were ev a lu a ted  e x p e rim e n ta lly , and a re  

q u a l i t a t iv e l y  exp la ined  by th e  hydrodynamics o f  th e  s t i r r e d  

system .

I t  i s  shown th a t  th e  r e a c t io n  r a t e  i s  independent 

o f  th e  cyclohexene c o n c e n tra t io n , and in  th e  m ajor p o r tio n  

o f th e  work i s  c o n tro lle d  by th e  mass t r a n s f e r  o f hydrogen 

to  th e  c a ta ly s t  s u r fa c e . Duo c o n tro l  i s  ach ieved  a t  the  

l im i t s  o f  o b ta in a b le  s t i r r i n g  r a t e s ,  in d ic a t in g  chem ical 

c o n tro l  m ight be reached  w ith  p ro p er o p e ra tin g  c o n d itio n s .

The c r i t e r i o n  th a t  r e a c t io n  r a t e  be independen t o f  th e  s t i r r i n g  

r a t e  f o r  chem ical c o n tro l i s  found to  be a  n e c e ss a ry , bu t 

n o t s u f f i c i e n t  c o n d itio n .

The sem i-flow  system  i s  compared to  th e  au to c lav e  

type r e a c to r ,  and shown to  p re s e n t g r e a te r  m ixing e f f i c ie n c ie s .  

I t  i s  q u es tio n ed  th a t  mass t r a n s f e r  e f f e c t s  can be e lim in a ted  

in  th e  l a t t e r  equipment under norm al o p e ra tio n .

Areas re q u ir in g  f u r th e r  s tu d y  f o r  th e  fo rm u la tio n  

o f  fundam ental th eo ry  w ith  en g in eerin g  u t i l i t y  a re  d isc u sse d .
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INTRODUCTION

The economic advantage o f th e  con tinuous p ro cess  

and i t s  in tro d u c t io n  in to  a r a p id ly  expanding chem ical 

in d u s t ry ,  has n e c e s s i ta te d  an e n t i r e ly  new approach to  an 

o ld  and c l a s s i c a l  s u b je c t ,  chem ical k in e t ic s .  In  o rd e r  

to  I n t e l l i g e n t l y  d es ig n  r e a c to r s , th e  en g in ee r must have 

to o ls  a v a i la b le  w ith  which to  r e l a t e  and p r e d ic t  th e  e f f e c t  

o f  a l l  v a r ia b le s  in  a flow  system  which a re  l ik e ly  to  be 

encoun tered  in  the i n d u s t r i a l  p ro c e s s . The concept of mass 

t r a n s f e r ,  v i r t u a l l y  unrecogn ized  by th e  ch em is t, has become 

a m ajor f a c t o r  to  th e  en g in eer in  d e a lin g  w ith  heterogeneous 

system s.

Most o f  th e  emphasis in  th i s  new f i e l d  o f a p p lie d  

k in e t ic s  has been p laced  on vapor phase c a ta ly t i c  r e a c t io n s ,  

because o f  t h e i r  g re a t  u t i l i t y  to  continuous p ro c e s se s .

S ince th e  fo rm u la tio n  o f th e  f i r s t  c o r r e la t io n  f o r  such 

k in e t ic  d a ta  a l i t t l e  over te n  y e a rs  ago , numerous vapor 

phase s tu d ie s  have been made and re p o rte d  in  the l i t e r a t u r e .  

And y e t  th e  fundam ental concep ts o f such r e a c tio n s  a re  j u s t  

being  exposed a t  th e  p re s e n t tim e.

This c o n c e n tra tio n  o f study  on vapor phase re a c t io n s  

has somewhat l im ite d  th e  e x te n s io n  o f  ap p lied  k in e t ic s  to  

o th e r  ty p es o f  heterogeneous system s. The l i t e r a t u r e  i s  

alm ost com pletely  b a rre n  o f  en g in ee rin g  in v e s t ig a t io n s  o f
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re a c t io n s  between two l i q u i d s , o r  a l iq u id  and a g a s , over 

a s o l id  c a t a l y s t ,  y e t such system s are  be in g  used in d u s t r i a l ly .  

The fundam ental k in e t ic  co n s id e ra tio n s  o f such heterogeneous 

system s should be o f equal im portance, and perhaps o f g re a te r  

c h a lle n g e , to  th e  en g in eer in  the  f i e l d  o f ap p lied  k in e t ic s .

The purpose o f  th i s  work was to  s tu d y  and ev a lu a te  

th e  v a r ia b le s  a f f e c t in g  th e  k in e t ic s  o f  such a r e a c t io n ,  

th e  hydrogenation  o f cyclohexene in  th e  p resence o f  a p la tinum  

c a ta ly s t .  A sem i-flow  system  was employed, whereby the 

r e a c ta n t  gas was bubbled through a s o lu t io n  of the  cyclo ­

hexene in  cyclohexane, and th e  c a ta ly s t  suspended in  the 

s o lu t io n  by m echanical a g i ta t io n .  This type of p ro cess  

re p re se n ts  a compromise between th e  o ld  b a tc h  au toclave  type 

r e a c to r  used  fo r  k in e t ic  s tu d ie s  by th e  chem ist in  the  la b ­

o ra to ry  f o r  many y e a r s ,  and a com pletely  continuous flow 

system  which up to  th e  p re se n t time has rece iv e d  meager 

a t t e n t io n ,  even in  academic s tu d ie s .

Due to  the  p io n eerin g  n a tu re  o f th e  work, and the  

co m p lex ities  in v o lv e d , i t  was no t in ten d ed  th a t  the  in ­

v e s t ig a t io n  should be o v erly  s p e c if ic  on any one phase o f 

the  problem . I t  i s  hoped th a t  the work w i l l  be th e  foundation  

fo r  f u tu re  s tu d y  o f  th e  problem , by in d ic a t in g  those a reas  

w arran tin g  more fundam ental in v e s t ig a t io n  from the view point 

o f a p p lied  chem ical k in e t ic s .
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THE KINETIC THEORY OF HETEROGENEOUS REACTIONS IN SOLUTION

The p re s e n t s t a t e  o f th e  th eo ry  reg a rd in g  th e  

k in e t ic s  o f heterogeneous re a c tio n s  in  s o lu t io n  i s  v ery  

u n s a t is f a c to ry .  I t  I s  somewhat com parable to  the th eo ry  

fo r  gaseous r e a c tio n s  p re v a i l in g  f i f t e e n  y ea rs  ago. A lthough 

they  had been known f o r  many y e a r s , on ly  th e  re c e n t con­

c e n tra t io n  o f study  on vapor phase c a ta ly t i c  r e a c t io n s  in  

th i s  in te r v a l  has rev ea led  new fundam ental concepts f o r  

en g in eerin g  u t i l i t y .

W hile heterogeneous re a c t io n s  in  s o lu t io n  have a lso  

been th e  o b je c t o f  In v e s t ig a t io n  by chem ists f o r  d ecad es , 

no r e a l  a ttem p t has been made to develop u s e fu l  to o ls  fo r  

th e  en g in eer in  th e  design  o f in d u s t r i a l  p ro c e s se s . Thus 

th e  in v e s t ig a to r  in  the f i e l d  of a p p lie d  s o lu t io n  k in e t ic s  

has y e t  to  c ro ss  th e  b a r r i e r ,  where most of h is  e f f o r t  i s  

n o t o f a p rob ing  and em p iric a l n a tu re . The p re s e n t au th o r 

has found no re p o r t  in  th e  l i t e r a t u r e  o f a k in e t ic  study  

concerned w ith  a sem i-flow  system  such as i s  o f i n t e r e s t  in  

th i s  work.

I t  i s  tru e  th a t  th e  co m p lex itie s  o f l iq u id s  and 

s o lu t io n s  them selves, being  le s s  u n d e rs to o d , have to  some 

degree re ta rd e d  th e  work in  th i s  f i e l d .  However, c e r ta in  

an a lo g ie s  do e x is t  between gaseous and l iq u id  system s. W ith
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th e  fundam entals o f gaseous re a c t io n s  now being  b e t te r  

d e f in e d , th e  ex p lo ra tio n  of s o lu t io n  k in e t ic s  becomes a 

lo g ic a l  ex ten s io n  o f th i s  knowledge.

In  any heterogeneous system , th e  ro le  o f th e  c a ta ly s t  

i s  to  reduce th e  p o s i t iv e  f r e e  energy change accompanying 

th e  fo rm ation  o f a c t iv a te d  r e a c ta n t s ,  th e re b y  in c re a s in g  

t h e i r  c o n c e n tra t io n . The re a c ta n t  m olecules a re  p rov ided  

w ith  a p a th  o f le s s  r e s is ta n c e  between them selves and the 

p ro d u c t m olecules than  th a t  which must be fo llow ed when th e  

c a ta ly s t  i s  n o t p re s e n t .  The th e o ry  o f a b so lu te  r e a c t io n  

r a te s  (6) p e rm its  p re d ic t io n  o f t h i s  p a th  o f  l e a s t  r e s is ta n c e  

by th e  p o te n t i a l  energy su rfa c e  o f th e  system .

When a chem ical r e a c t io n  occurs in  a heterogeneous 

system , th e re  a re  superim posed onto s p e c if ic  chem ical e f f e c ts  

c e r ta in  i n t e r f a c i a l  f a c to r s  which o p e ra te  a t  th e  boundary o f 

th e  p h a s e s , and which in f lu e n c e  th e  observed r a te  o f  r e a c t io n .  

The s te p s  re q u ire d  f o r  a r e a c ta n t  in  th e  main f lu id  phase to  

be converted  c a t a l y t i c a l l y  to  a p ro d u c t in  th e  main f lu id  

stream  have been o f te n  enum erated:

1 . T ra n s fe r  of r e a c ta n ts  from  th e  b u lk  o f the  
f l u id  phase to  th e  c a t a l y s t - f l u i d  in te r f a c e

2. A dsorp tion  o f r e a c ta n ts  on th e  c a ta ly s t  
su rfa c e

3» R eac tion  between th e  adsorbed r e a c ta n t s ,  
o r  between adsorbed r e a c ta n ts  and o th e r  
r e a c ta n ts  in  th e  f lu id  phase
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Ij.. D eso rp tio n  of p ro d u c ts  from th e  c a ta ly s t  
su rfa c e

T ra n s fe r  o f p ro d u c ts  from th e  c a t a l y s t - f l u i d  
in te r f a c e  to  th e  bu lk  of th e  f l u i d  phase

Of th e se  s t e p s ,  2 and If. a re  g e n e ra lly  c h a ra c te r iz e d  by i n t e r ­

a c t io n  between c a ta ly s t  and r e a c ta n t ,  and a long  w ith  s te p  3 

a re  c l a s s i f i e d  as chem ical p ro c e s s e s , a lth o u g h  th e  ad so rp tio n  

may be of s o -c a l le d  p h y s ic a l n a tu re .

For th e  p a r t i c u l a r  type o f system  s tu d ie d  in  th i s  

work in  which one o f th e  r e a c ta n ts  i s  a g a s , an a d d i t io n a l  

s te p  p reced in g  a l l  o f  the  above i s  re q u ire d . I f  th e  c a ta ly s t  

i s  w etted  w ith  th e  s o lu t io n  co n ta in in g  the  l iq u id  r e a c ta n t ,  

th e  gas must d is s o lv e  in  th e  s o lu t io n  b e fo re  i t  can reac h  

th e  c a ta ly s t  in t e r f a c e .  For t h i s  case th e n , th e  s o lu t io n  o f 

th e  gas i s  th e  i n i t i a l  s te p  in  th e  o v e ra l l  p ro c e s s .

Under s te a d y  s t a t e  c o n d itio n s , the  s lo w est s te p  w i l l  

determ ine th e  r a t e  o f  a l l  th e  s te p s ,  as w e ll as th a t  o f th e  

o v e ra l l  r e a c t io n .  Van Name and H i l l  (26) were th e  f i r s t  to  

propose a c l a s s i f i c a t i o n  o f heterogeneous r e a c t io n s  on the  

b a s is  o f th e  r a t e  d e te rm in in g  s te p :

I  Mass T ra n s fe r  C on tro l -  th e  r a t e  of chem ical 
p ro c e sse s  a t  th e  in te r f a c e  a re  much f a s t e r  th an  
th e  r a t e  o f mass t r a n s f e r  of th e  r e a c ta n ts  o r  
p ro d u c ts .

I I  Chemical C on tro l -  th e  r a te s  o f mass t r a n s f e r  
o f  th e  r e a c ta n ts  and p ro d u c ts  a re  much f a s t e r  
th an  th e  chem ical p ro cesses  a t  th e  in t e r f a c e ,  
o r  on th e  c a ta ly s t  su r fa c e .
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I l l  Duo C on tro l -  bo th  th e  r a te s  of mass t r a n s f e r  
and the  chem ical p ro cesses  a re  of th e  same 
o rd e r  of m agnitude, and the  observed r a te  o f 
re a c t io n  i s  some fu n c tio n  of th e  two.

As would be ex p ec ted , th e  d i s t in c t io n  between th e  p o ss ib le

ty p es o f system s i s  n o t sh a rp , and heterogeneoxis re a c tio n s

show a g rad u a tio n  between th e  l im it in g  cases o f chem ical and

mass t r a n s f e r  c o n tro l .  The th i r d  c la s s  i s  p robab ly  th e

g e n e ra l case . Many in v e s t ig a to r s  have t r i e d  to  c o n s tru c t

s u i ta b le  c r i t e r i a  f o r  d iagnosing  re a c t io n  types (13) ( 30 ) .

Mass T ra n sfe r  C ontro l

The re c o g n itio n  th a t  th e  observed r a te  of r e a c t io n  

in  a heterogeneous system may be determ ined by the  r a te  o f  mass 

t r a n s f e r  of e i th e r  the r e a c ta n ts  o r  p roducts  i s  one o f the 

m ajor c o n tr ib u tio n s  to  the f i e l d  o f k in e t ic s .  There seems to  

be some doubt a t  th e  p re se n t tim e i f  t h i s  e f f e c t  i s  ev er 

e n t i r e ly  e lim in a ted  in  gaseous systems flow ing th rough  g ra n u la r  

c a ta ly s t  beds (1 2 ). In  l iq u id  systems where d if fu s io n  i s  

much slow er and r e l a t iv e  v e lo c i t i e s  g e n e ra lly  much lo w er, i t  

i s  p robab le  th a t  mass t r a n s f e r  c o n tro l can be e lim in a ted  only 

under very  extreme c o n d itio n s . The r a te s  o f  re a c tio n s  observed 

in  b a tch  ro ck in g -ty p e  au to c lav es  must be questioned  on th i s  

b a s i s ,  and In  many cases th e  re p o rte d  tem perature dependence 

o f  th e  r a te  c le a r ly  in d ic a te s  th e  e f f e c t  o f mass t r a n s f e r .

The th eo ry  of d if fu s io n  in  l iq u id s  i s  n o t so w e ll 

developed as f o r  g a se s , p r in c ip a l ly  because much le s s  i s
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known o f th e  s t r u c tu r e  o f l iq u id s  them selves. The c lo s e r  

packing o f m olecules in  th e  condensed s t a t e  in c re a se s  th e  

im portance o f m olecu lar a t t r a c t i o n ,  and the  p re s e n t equations 

o f s t a t e  fo r  l iq u id s  a re  lim ite d  in  th e i r  a p p l ic a t io n .  There 

a re  few r e l i a b l e  experim en ta l v a lu es  o f d i f fu s io n  c o e f f ic ie n ts  

in  l i q u i d s , and the a v a ila b le  equa tions fo r  t h e i r  com putation 

a re  d i f f i c u l t  to  u se .

S ince d if fu s io n  i s  a r a t e  p ro c e s s , th e  n e t  r a te  of 

d i f fu s io n  o f a m a te r ia l  th rough a l iq u id  a t  a p o in t  may be 

expressed  in  th e  f a m i l ia r  term s o f a d r iv in g  fo rc e  and con­

d u ctan ce . According to  P ic k 's  Law:

» = -D - | § —  (1)

where N = number o f m olecules d i f fu s io n  p e r  
u n i t  a re a  p e r  u n i t  time

D = d if fu s io n  c o e f f ic ie n t ,  a re a  p e r  
u n i t  tim e

c = c o n c e n tra t io n , mols p e r  u n i t  volume

B = p a th  o f d i f f u s io n .

In  app ly ing  th e  r a t e  ex p ressio n  to  th e  case o f  a 

r e a c ta n t  d if fu s io n  to  th e  in te r f a c e  o f a s o l id  c a t a l y s t ,  th e  

r e la t io n s h ip  between D and c must be known i f  i t  i s  to  be 

in te g ra te d .  Such a r e la t io n s h ip  i s  n o t g e n e ra lly  known, 

and s in c e  i t  has been re p o rte d  th a t  D v a r ie s  l i t t l e  w ith  

c (7)» i t  must s u f f ic e  to  assume th a t  th ey  a re  independen t.
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A ttem pts to  p rov ide  a r ig o ro u s  in te g ra t io n  based upon 

analogy  w ith  gaseous d i f fu s io n  have r e s u l te d  in  ex p ress io n s  

o f such  com plexity  th a t  th e y  cannot be ev a lu a ted  (2 2 ).

The number o f  m olecules d i f fu s io n  p e r  u n i t  tim e in  

a  u n i t  volume w i l l  be a  measure o f  th e  d ec rease  o f  t h e i r  

c o n c e n tra tio n  in  th e  bu lk  o f th e  s o lu t io n .  H ence, the 

in te g ra te d  form o f eq u a tio n  1 may be w r i t te n  a s t

-  dc _ D A (c -  Ci)
“If B  (2 )

where c^ = c o n c e n tra tio n  o f  m a te r ia l  a t  th e  
s o l id  l iq u id  in t e r f a c e ,  mols p e r  
u n i t  volume

V = volume o f  s o lu t io n  

This i s  th e  g e n e ra l form f o r  any d if fu s io n  p ro c e s s .

A f u r th e r  s im p lic a tio n  may be made f o r  th e  case 

where th e  a d so rp tio n  onto  th e  c a ta ly s t  a t  th e  in te r f a c e  i s  

v ery  r a p id ,  and c^ may be co n s id e red  e s s e n t i a l l y  z e ro . Then

_ dc = if. A c
d t  **  F ”  (3)

The "c o n s tan t"  i s  composed o f D and B, and i s  of

fundam ental im portance in  k in e t ic  s tu d ie s .  The f i r s t 'o r d e r

n a tu re  of d i f fu s io n  p ro c e sse s  has been g e n e ra lly  re co g n ized .

P rev ious k in e t i c  s tu d ie s  o f heterogeneous l iq u id  

system s have been confined  p r im a r ily  to  s o l id - l i q u id  re a c t io n s  

c o n s is t in g  o f a s o l id  in  c o n ta c t  w ith  a d i lu t e  so lu tio n *

The e x is t in g  th eo ry  o f heterogeneous re a c tio n s  in  s o lu t io n
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was developed by N ernst (19) based upon an analogy o f the 

d is s o lu t io n  o f s o l id s  in  l iq u id s .  He p o s tu la te d  th a t  i f  

the  chem ical r e a c t io n  i s  ra p id  a t  th e  s u r fa c e  o f the s o l i d ,  

e q u ilib r iu m  i s  e s ta b lis h e d  alm ost in s ta n ta n e o u s ly  a t  th e  

in te r f a c e  between p h ases . He p ic tu re d  th e  r e a c ta n t  m olecules 

reac h in g  th e  su rfa c e  by d if fu s io n  th rough  a th in  la y e r  o f 

s ta t io n a r y  s o lu t io n ,  o f th ic k n ess  B , adhering  to  the  s o l id  

s u r fa c e . N ernst assumed th e  c o n c e n tra tio n  g ra d ie n t v a r ie d  

l i n e a r ly  ac ro ss  th i s  f i lm ,  and a r r iv e d  a t  eq u a tio n  2 . This 

c l a s s i c a l  th eo ry  has been te s te d  by many in v e s t ig a to r s  to  

t e s t  i t s  v a l id i ty  and found to  be g e n e ra lly  a p p l ic a b le ,  

a lth o u g h  i t  has a lso  been se v e re ly  c r i t i c i z e d  (2 0 )(2 8 ).

The '’film*1 concept has been exp lored  in  g re a t d e t a i l  

f o r  heterogeneous gaseous system s, and i t  should  be even 

more a p p lic a b le  to  s o l id - l iq u id  i n t e r f a c e s .  However, N e rn s t’ s 

concept o f a s ta t io n a ry  f i lm  i s  e rro n eo u s , fo r  f lu id  m otion 

has been shown to  p e r s i s t  up to  p o in ts  very  c lo se  to  such an 

in te r f a c e  (2 0 ). S tu d ie s  in  th e  dynamics o f f l u id  flow have 

shown th a t  such a la y e r  i s  more c o r r e c t ly  d efin ed  as th e  

norm al d is ta n c e  from th e  su rfa ce  to  th e  p o in t  where th e  norm al 

v e lo c i ty  component o f tu rb u len ce  (convec tion ) i s  equal to  

th e  v e lo c i ty  o f d i f fu s io n .  This d is ta n c e  th en  i s  th e  tru e  

value  o f  B in  eq u a tio n  2 , and may be thousands o f m olecules 

th ic k ,  a f a c t  u n ten ab le  to  th e  s ta t io n a r y  la y e r  concept (17) .  

The gaseous f ilm s  enveloping  g ra n u la r  c a ta ly s t  in  flow
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r e a c to r s  have been shown to be in  m otion , a lthough  under 

v iscous co n d itio n s  w hile th e  main body of the  f lu id  i s  in  

tu rb u le n c e .

The normal v e lo c ity  components g e n e ra lly  in c re a se  

e x p o n e n tia lly  w ith  th e  normal d is ta n c e , and th e  co n c en tra tio n  

in  th e  "apparen t"  f ilm  B would in c re a se  lik e w ise . The 

above d e f in i t io n  of the  f i lm  th ic k n ess  im p lies th a t  i t  i s  

dependent on the  d if fu s io n  c o e f f ic ie n t  (and thus v i s c o s i ty ) , 

a lthough  th i s  i s  no t in d ic a te d  in  equa tion  2 . However, the 

co m p lex ities  in  de term in ing  e i th e r  D o r  B a re  so g re a t th a t  

g e n e ra lly  they  a re  t r e a te d  as a u n i t  in  the form of k-^.

A rig o ro u s  q u a n t i ta t iv e  trea tm en t of mass t r a n s f e r  

in  l iq u id  phase re q u ire s  s o lu t io n  o f th e  r e la t io n s h ip :

where f o r  a given p o in t in  s o lu t io n ,  the v e lo c i ty  components 

p a r a l l e l  to  th e  x ,  y ,  and z axes a re  u ,  v , and w re s p e c t iv e ly ,  

and c$c/<H th e  r a t e  o f change o f co n c e n tra tio n  a t  th a t  

p o in t  due to  both d if fu s io n  and co nvec tion . In  g e n e ra l ,  a 

s o lu t io n  has been p o ss ib le  on ly  fo r  those cases where the 

equations o f f lu id  m otion can be reduced to  a sim ple form , 

and th e  r e la t io n s h ip  has been so lved  f o r  on ly  se v e ra l system s. 

Levich (16) so lved  i t  f o r  a f l a t  d isc  of very  la rg e  a rea  

r o ta t in g  in  an i n f i n i t e  volume o f l iq u id  in  v isco u s flow .
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H is s o lu t io n  when ap p lied  w ith  s im p lif ic a t io n s  to  a system  

o f  f i n i t e  s iz e  reduced e s s e n t i a l l y  to  equ a tio n  2.

D im ensional a n a ly s is ,  used s u c c e s s fu l ly  f o r  vapor 

phase c a ta ly t i c  r e a c t io n s ,  has been ap p lied  by Agar (1) to  

mass t r a n s f e r  in  fo rced  convection  in  s o lu t io n . I t  was 

found by th e  u su a l p rocedures o f th e  method th a t :

Sh = C Rea Sc*> (5)

where Sh i s  th e  Sherwood number ( j - l /D  -dc), Re th e  Reynolds 

number (U l / v  ) , Sc the Schmidt number (V/D), and C, a ,  and 

b c o n s ta n ts . The p h y s ic a l s ig n if ic a n c e  o f th e se  d im en sio n less  

groups has been g iven  fo r  o th e r  mass t r a n s f e r  p ro cesses  (12) (!{.).

While th i s  developm ent i s  o f  academic i n t e r e s t  in  

com parison w ith  s im ila r  r e la t io n s h ip s  f o r  h e a t t r a n s f e r ,  i t  

i s  o f  l i t t l e  u t i l i t y  a t  th e  p re se n t tim e fo r  s t i r r e d  system s.

The c h a r a c te r i s t i c  v e lo c i ty  appearing  in  the  Reynolds number 

i s  n o t  c le a r ly  d efin ed  in  such system s, b u t i t  must be in  

th e  n a tu re  of a " r e l a t i v e 11 v e lo c i ty ,  i . e .  m otion o f th e  

s o lu t io n  r e la t iv e  to  th a t  of th e  s o l id .  In  system s where 

th e  c a ta ly s t  i s  suspended by s t i r r i n g ,  th e  r e l a t i v e  m otion 

i s  on ly  p a r t i a l l y  r e la te d  to  th e  a c tu a l  speed o f th e  s t i r r e r ,  

and depends on o th e r  f a c to r s  such as th e  s iz e  and shape o f 

th e  co n ta in in g  v e s s e l ,  shape o f th e  p a d d le , and s im ila r  

e f f e c t iv e  boundry s u r fa c e s . While th e se  f a c to r s  may a l l  be
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grouped to g e th e r  as a s t i r r i n g  " e f f ic ie n c y " , th e re  i s  

evidence in  t h i s  work th a t  th e  in te r r e l a t io n s h ip  between 

them and th e  s t i r r i n g  speed i s  n o t c o n s is te n t  over a 

range of s t i r r i n g  sp eed s .

In  view o f th i s  ev id en ce , th e  c h a r a c t e r i s t i c  le n g th  

appearing  in  th e  d im ension less groups i s  a ls o  in  q u e s tio n  

fo r  even a g iven  p h y s ic a l  system . For eq u a tio n  5 to  apply  

to  o th e r  p h y s ic a l system s, f u r th e r  d im ension less groups 

d e f in in g  c h a r a c te r i s t i c  le n g th s  must be in c lu d e d , and a t  

p re s e n t  th e se  a re  on ly  s p e c u la t iv e .

One o f  th e  most e a s i ly  reco g n izab le  p r o p e r t ie s  o f a 

mass t r a n s f e r  c o n tro lle d  system  i s  th e  g re a t  e f f e c t  o f s t i r r i n g  

r a t e s ,  o r r e l a t i v e  f lu id  m otion , on th e  observed r a te  o f  

r e a c t io n .  H ixson and h is  co-w orkers have made d e ta i le d  

s tu d ie s  o f  th e  c h a r a c te r i s t i c s  o f s t i r r e d  system s (8 ) .

G en e ra lly  th e  r e a c t io n  v e lo c i ty  c o n s ta n t k t has been found 

fo r  he terogeneous r e a c t io n s  to  be a fu n c tio n  o f a g i t a to r  

speed :

kt  = aNb (6)

where N i s  th e  c h a r a c te r i s t i c  s t i r r e r  speed (RPM) and a and 

b a re  c o n s ta n ts . When th e  re a c t io n  ta k in g  p la c e  i s  mass 

t r a n s f e r  c o n t ro l le d ,  the  v a lu e  o f b i s  ap p rox im ate ly  1 , s in c e  

acco rd ing  to  th e  N ernst th e o ry , the " e f f e c t iv e "  f ilm  th ic k ­

n ess  would be g e n e ra lly  dependent on th e  r e l a t i v e  m otion o f
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th e  s o lu t io n  and s o l id .  For r e a c tio n s  c o n tro lle d  by the 

r a te  of th e  su rface  r e a c t io n ,  th e  value of b i s  u s u a l ly  taken  

as 0 , a lthough  the  p re se n t work d isp u te s  t h i s  c r i t e r i o n .

F o r cases o f duo c o n t r o l ,  in te rm e d ia te  v a lu es  o f  b a re  found.

A nother c r i t e r i o n  of mass t r a n s f e r  c o n tro lle d  re a c t io n s  

i s  t h e i r  low app aren t en e rg ie s  of a c t iv a t io n ,  g e n e ra lly  3 to  6 

k c a l .  p e r  mol. I t  must be o b se rv ed , how ever, t h a t  chem ical 

r e a c t io n s  having ap p a ren t a c t iv a t io n  en e rg ie s  o f  t h i s  o rd e r  

o r  le s s  a re  known.

Chemical C on tro l

The c o n tro l  of th e  observed r e a c t io n  r a t e  by th e  

chem ical p ro cesses  p re v io u s ly  enum erated i s  o f g re a t  i n t e r e s t  

in  ap p lied  k in e t ic  s tu d ie s ,  s in c e  i t  i s  on ly  under th i s  con­

d i t i o n  th a t  th e  tru e  mechanism o f  th e  r e a c t io n  may be d e te r ­

mined. When th e  chem ical s te p s  determ ine th e  o v e ra l l  r a t e ,  

th e  c o n d itio n  e x is ts  where th e  co n c e n tra tio n  o f r e a c ta n ts  

i s  uniform  throughout the f l u id  body, ad so rp tio n  la y e r s  being  

co n sid ered  n e g l ig ib le .  In  a c a ta l y t i c  p ro c e s s , th e  r e a c ta n t  

m olecules m ig ra te  to  th e  su rfa c e  o f  th e  c a ta ly s t  much f a s t e r
t

th an  th e y  can be u t i l i z e d ,  and th e re  i s  no " e f f e c t iv e "  

d i f fu s io n  f ilm .

T ay lo r’ s w e ll known th eo ry  o f a c t iv e  c e n te rs  o r a reas  

due to  th e  inhom ogeneity of c a ta ly s t  su rfa c e  (23) i s  s t i l l  

v e ry  c o n t ro v e r s ia l ,  a lth o u g h  th e  p re s e n t evidence seems to  

in d ic a te  g en e ra l accep tance o f th e  concep t. Only a p o r tio n
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lip.

of th e  c a ta ly s t  su rfa ce  i s  regarded as being e f f e c t iv e  in  

low ering  th e  a c t iv a t io n  energy o f th e  r e a c t io n .  The exact 

n a tu re  o f such s i t e s  i s  in c o n se q u e n tia l in  most k in e t ic  

s tu d ie s ,  so long as th e  c a ta ly s t  employed i s  e f f e c t iv e .

The r a te  o f re a c tio n s  c o n tro lle d  by th e  chem ical 

p ro cesses  may be d esc rib ed  by th e  law o f  mass a c tio n  a s :

r  = k f ( c A) f ( c B) .............. f ( c i )  (7)

where r  i s  th e  observed r a t e ,  c^ , cB, . . . . t h e  bulk  con­

c e n tra tio n s  o f  th e  r e a c ta n t s , c^ th e  number o f a v a ila b le  

a c tiv e  a r e a s ,  and k a c o n s ta n t. The number of a c tiv e  s i t e s ,  

t h e i r  geom etric arrangem ent, t h e i r  r e l a t i v e  in d iv id u a l 

a b i l i t y  to  c a ta ly ze  th e  r e a c t io n ,  and o th e r  such f a c to r s  can 

a t  p re s e n t only be a r b i t r a r i l y  assumed, and fCc^) i s  g e n e ra lly  

combined w ith  k , which th en  becomes th e  observed re a c tio n  

v e lo c ity  c o n s ta n t,  kc .

The n a tu re  o f f ( c )  may be determ ined by any o f the  

chem ical s te p s  in  th e  p ro c e s s , i . e .  ad so rp tio n  o f r e a c ta n ts  

d e so rp tio n  o f p ro d u c ts , or the  chem ical r e a c t io n  i t s e l f .

The s p e c if ic  form o f the  fu n c tio n  may vary  w ith  each re a c ta n t  

o r p ro d u c t. The s im p le s t case i s  th a t  where th e  observed 

r a t e  i s  determ ined by th e  m o le c u la r ity  of th e  chem ical 

r e a c t io n .  Thus, fo r  th e  re a c tio n

aA + bB + . . . . .  —c—— 1L + mM + . . . . .

The r a te  of re a c t io n  would be w r i t te n  a s :
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r  = kc °A CB   (8)

th e  exponents a ,  b ,  . . . .  being  th e  s to ic h io m e tr ic  p ro p o rtio n s .

In  th e  g en e ra l c a s e , th e  o rd e r  o f th e  r e a c t io n  i s  com plicated 

by one o f th e  ad so rp tio n  s te p s ,  by co m p etitiv e  ad so rp tio n  o f 

th e  r e a c ta n t s ,  e tc .  The re a c t io n  may occur between two 

a d ja c e n tly  adsorbed m olecules of th e  r e a c ta n t ,  an adsorbed 

m olecule and one a t  th e  in te r f a c e  from th e  bu lk  o f  th e  s o lu t io n ,  

o r  v a rio u s  com binations o f  th e se  p o s s i b i l i t i e s .

Hougen and Watson (10) have p io n eered  in  ap p lied  

k in e t ic s  and developed g en e ra liz ed  k in e t ic  eq u a tio n s which 

p erm it th e  d e te rm in a tio n  o f th e  mechanism fo r  chem ically  

c o n tro lle d  r e a c t io n s .  They have co n sid ered  u n i-  and b i -  

m o lecu lar r e a c t io n s ,  bo th  w ith  and w ith o u t re v e rse  r e a c t io n .  

R e la tio n sh ip s  have been developed fo r  c o n tro l  o f th e  chem ical 

p ro cess  by th e  su rfa c e  r e a c t io n ,  ad so rp tio n  o f  the r e a c ta n t s ,  

and d e so rp tio n  o f th e  p ro d u c ts . These eq u a tio n s have been 

ap p lied  on ly  to  vapor phase k in e t ic  s tu d ie s  and have been 

v ery  s u c c e s s fu l .  They are  much too cumbersome to  summarize 

h e r e ,  a lthough  i t  i s  thought th a t  w ith  some m o d if ic a tio n  the  

r e la t io n s h ip s  may e v e n tu a lly  be ap p lie d  to  re a c tio n s  in  

s o lu t io n  c o n tro lle d  by the  chem ical p ro cesses  ( 2 ) .  7/ynkoop 

and Wilhem have proposed an a l te r n a te  approach to  th e  

d e te rm in a tio n  o f th e  r e a c t io n  mechanism, b u t i t  has been 

found too  com plicated  m athem atica lly  f o r  u t i l i t y  even in  

gaseous systems (29) .
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L a id le r  and Socquet (15) have used  th e  Langmuir 

iso th e rm  in  develop ing  ex p ress io n s  f o r  th e  r a t e  o f c a ta ly z e d  

r e a c t io n s  c o n tro lle d  by the  a d so rp tio n  s te p  fo r  th e  case 

(a) n o n -co m p etitiv e  a d so rp tio n  o f r e a c ta n t  m olecules on 

n e ig h b o rin g  a c t iv e  s i t e s ,  (b) co m p e titiv e  ad so rp tio n  o f 

r e a c ta n t  m o lecu les , and (c) co m p e titiv e  ad so rp tio n  in  which 

one s u b s t r a te  i s  th e  s o lv e n t. By an a ly z in g  th e  r e l a t i o n ­

sh ip s  m a th em a tica lly , th e  e f f e c t  o f c a ta ly s t  and r e a c ta n t  

c o n c e n tra tio n s  may be p re d ic te d  f o r  each c a se . These 

ex p ress io n s  have been ap p lied  to  o n ly  very  lim ite d  ex­

p e r im e n ta l d a ta .

While th e  procedure has y e t  to  be d e f in i t e ly  developed 

f o r  heterogeneous re a c tio n s  in  s o lu t io n  c o n tro l le d  by th e  

chem ical p ro c e s s e s , the  mechanism o f such re a c tio n s  may be 

determ ined by th e  p ro p er cho ice and accum ulation  o f ex p erim en ta l 

d a ta  taken  under th e  p roper c o n d itio n s . In  many c a s e s ,  a 

s tep w ise  e lim in a tio n  p rocess of th e  p o s s ib le  modes le ad s  to  

th e  p h y s ic a l mechanism.

As f o r  mass t r a n s f e r  c o n t r o l ,  th e  e f f e c t  o f s t i r r i n g  

r a t e ,  o r r e l a t i v e  f lu id  v e lo c i ty ,  has been tak en  as a c r i t e r i o n ,  

f o r  th e  r a te  o f  chem ically  c o n tro l le d  re a c tio n s  should  be 

independent o f  a change in  th i s  f a c to r .  C hem ically c o n tro lle d  

r e a c t io n s  a lso  g e n e ra lly  have h ig h  ap p aren t a c t iv a t io n  

en e rg ie s  (above 8 k c a l .  p e r  mol ) ,  a lth o u g h  th is  i s  n o t 

always r e l i a b l e .
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Duo C o n tro l

R eac tions where bo th  th e  mass t r a n s f e r  and chem ical 

p ro cesses  a f f e c t  th e  observed r a te  o f  r e a c t io n  a re  p robab ly  

th e  g e n e ra l c a s e , y e t  th e  most d i f f i c u l t  to  an a ly ze . Un­

f o r tu n a te ly ,  they  have rece iv ed  very  l i t t l e  s tu d y . The 

co n d itio n  e x is ts  where th e  c o n c e n tra tio n  o f s o lu te  a t  th e  

in te r f a c e  i s  n e i th e r  th e  same as th a t  in  th e  b u lk  o f  th e  

s o lu t io n ,  no r equal to  the  eq u ilib riu m  c o n c e n tra tio n . The 

on ly  re p o r te d  work on duo c o n tro lle d  re a c t io n s  i s  f o r  gas- 

s o l id  sy stem s, such as the com bustion o f carbon spheres (25)•

A p rocedure f o r  d e r iv in g  an ex p ress io n  f o r  th e  r a te  

o f  r e a c t io n  when bo th  types o f c o n tro l a re  e f f e c t iv e  has been 

proposed by Bircumshaw and R id d ifo rd  (i^). I t  i s  one o f 

e s s e n t i a l l y  o b ta in in g  the r a te  ex p ress io n s  fo r  each case of 

’'p u re ” c o n t ro l ,  and eq u a tin g  them. I t  may be i l l u s t r a t e d  by 

co n s id e rin g  th e  s im p le s t case o f a u n im o lecu lar re a c tio n !

F or th e  mass t r a n s f e r  s te p s ,  th e  r a te  i s  expressed  accord ing  

to  eq u a tio n  2 :

A R

(°A ” cA i )
V (9)
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and fo r  th e  su rfa ce  re a c t io n  accord ing  to  equation  8 :

dcA kc A °Ai
d t  V (10)

At s tead y  s t a t e  c o n d itio n s , th e  two r a te s  must he eq u a l:

and

kc CA± = k t  (©A '

cAi = ko °A
(k t  + kc ) ( 12)

( 11)

S u b s t i tu t in g  th i s  in to  eq u a tio n  9> th e  o v e ra l l  r a te  ex p ressio n  

becomes:

where k^ i s  th e  observed re a c tio n  v e lo c ity  c o n s ta n t. O bviously 

i f  k t > k c , the r a te  w i l l  be determ ined s o le ly  by th e  chem ical 

p ro c e s s e s , and i f  kc > k ^ ,  th e  o p p o site  w i l l  be t r u e .

The observed tem peratu re  dependence of k^ and th e  

ap p aren t a c t iv a t io n  energy f o r  duo c o n tro lle d  re a c tio n s  w i l l  

a lso  be a com posite o f th a t  found fo r  th e  cases o f pure c o n tro l .  

E xpressing  th e  tem perature dependence o f k ^ , k-fc, and kc in  the  

form of th e  A rrhenius e q u a tio n , i t  may be shown th a t :

(13)

i  + kc / k t.
kc A t  Et  + (lip)
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and in  g e n e ra l ,  th e  v a r ia t io n  o f E<j w ith  a s h i f t  in  c o n tro l  

i s  governed by th e  v a r ia t io n  o f th e  r a t i o  kc/k ^ .  I t  i s  the 

u su a l case  th a t  Ec > E t j a t  low tem p era tu res  th e  observed 

r a te  w i l l  be chem ically  c o n t ro l le d ,  whereas a t  h ig h  tem pera tu re  

the  observed r a t e  w i l l  be mass t r a n s f e r  c o n tro l le d .

This procedure becomes more complex when th e  chem ical 

r e a c t io n  a t  th e  in te r f a c e  i s  o f h ig h e r  o rd e r ,  and th e  

eq u a tio n s d eriv ed  a re  extrem ely  cumbersome. However, th i s  

type o f trea tm en t f o r  duo c o n tro lle d  r e a c t io n s  would seem 

to  have some m e r it .

W hile th e  above d isc u ss io n  i s  somewhat le n g th y , i t  

p re se n ts  only  a  l im ite d  survey o f  th e  p rev io u s  work, which 

i s  p e r t in e n t  on ly  in  a q u a l i ta t iv e  manner to  th e  type of 

k in e t ic  s tu d y  under in v e s t ig a t io n  h e re .  The concepts un­

doub ted ly  have a degree o f b ea rin g  upon th e  s tu d ie d  system , 

b u t they  have n o t as y e t  been fo rm u la ted  in to  any co n cre te  

s t r u c tu r e  so as to  be u s e fu l  to  th e  en g in ee r. Nor i s  i t  

thought th a t  such th e o ry  i s  p o s s ib le  a t  th e  p re se n t tim e.

This work i s  in ten d ed  to  fu rn is h  some o f  th e  experim en ta l 

b a s is  f o r  development o f  concepts more p e r t in e n t  and more 

fundam ental to  th e  v iew point o f  a p p lie d  k in e t ic s .
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EXPERIMENTAL APPARATUS

A schem atic diagram  o f th e  ap p a ra tu s  used  in  th i s  

work i s  p re se n te d  in  F ig u re  1 , w hile a photograph  o f th e  

a c tu a l  o p e ra tin g  u n i t  i s  shown in  F igu re  18 (A ppendix). I t  

was a sem i-flow  system  in  which th e  r e a c ta n t  gas was p u r i f i e d ,  

d r ie d ,  m etered , and p assed  in to  a ba tch  r e a c to r  co n ta in in g  

th e  r e a c ta n t  l iq u id  and suspended c a t a l y s t .  The ap p a ra tu s  

was c o n s tru c te d  e n t i r e ly  o f  Pyrex: g l a s s ,  8 mm. tu b in g  being  

used  f o r  a l l  flow  l i n e s ,  and 12/5  b a l l - s o o k e t  j o in t s  f o r  a l l  

co n n ec tio n s . The stopcocks were o f  if mm. b o re .

R eac to r

A th re e -n e c k  1000 m l. Morton f l a s k  was used  as a 

r e a c to r  f o r  th e  m a jo r i ty  o f  th e  ex p erim en ta l work. This 

f l a s k  i s  a r e g u la r  round bottom  f la s k  in  which fo u r  e q u a lly  

spaced p e rp e n d ic u la r  in d e n ta t io n s  have been made, and a 

sm all s e c tio n  o f  th e  bottom  curved concavely  inw ard. I t  

was used  because o f i t s  dem onstrated  a b i l i t y  to  a id  th e  

m ixing e f f ic ie n c y  o f  th e  s t i r r e r  padd le (1 8 ). As i s  no ted  

in  a l a t e r  s e c t io n ,  a round bottom  f la s k  was a ls o  employed 

as a r e a c to r ,  b u t o n ly  in  an i s o la te d  p o r t io n  o f the  s tu d y . 

Both f la s k s  a re  p ic tu re d  In  F ig u re  15 (A ppendix)•

The c e n te r  neck o f th e  r e a c to r  f l a s k  was a  $ 45 /50  

j o i n t .  Through an a d a p te r ,  a m eta l p re s su re  g land  w ith  a 

29/4-2 ground j o i n t ,  purchased  from th e  Ace G lass C o ., was
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f i t t e d  to  th e  r e a c t io n  f l a s k ,  and through i t  p assed  the  

s t i r r e r  ro d . A sbestos cord  im pregnated w ith  g r a p h i te ,

G arlock No. 117> was used  as a packing  m a te r ia l  f o r  th e  

g lan d .

Both s id e  necks o f  th e  Morton f l a s k  were $ 29/lf.2  

ground j o i n t s .  One was used f o r  d e l iv e ry  o f th e  hydrogen 

and w ithdraw al o f the  sam ple. This neck wa3 f i t t e d  w ith  

a ground jo in t  in  which were sea led  th re e  tu b e s . Onto th e  

tube  ex tend ing  in to  th e  f la s k  used f o r  hydrogen d e l iv e ry  

was se a le d  a s in te r e d  g la s s  d is c  20 mm. in  le n g th , which 

d isp e rse d  th e  hydrogen in  th e  re a c tin g  s o lu t io n .  The sample 

w ithdraw al tube was open in  th e  f l a s k  b u t a 1 mm. bore 

stopcock  a tta c h e d  to  i t  o u ts id e  th e  f la s k  p reven ted  escape 

o f  th e  gas o r s o lu t io n  d u rin g  a  ru n . The th i r d  tube was 

used  as a therm ocouple w e ll .  A ll th re e  tubes extended to  

th e  bottom  of the  f l a s k ,  and were always in  th e  same f ix e d  

p o s i t io n .

The o th e r  s id e  neck o f th e  r e a c to r  was used as th e  

e x i t  passage f o r  th e  excess hydrogen. To i t  was connected 

an A llih n  condenser, through which was co n tin u o u sly  c i r c u la te d  

ic e  w a te r . Im m ediately fo llo w in g  th e  condenser was a mano­

m eter ta p ,  f o r  m easuring th e  p re s su re  in  th e  r e a c to r .

A minimum amount o f Dow-Corning High Vacuum S ilic o n e  

G rease was used on a l l  ground jo in t s  connecting  th e  r e a c t io n  

f l a s k  to  th e  system . In  a d d i t io n ,  c o n s ta n t sp rin g  te n s io n
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was ap p lie d  on a l l  f l a s k  connections to  in su re  p re s su re  o r 

vacuum s e a ls .

The e n t i r e  r e a c t io n  f l a s k  was alm ost t o t a l l y  immersed 

in  a co n s tan t tem peratu re  "bath m ain ta ined  a t  th e  d e s ire d  

te m p era tu re , w ith  on ly  th e  c e n te r  and s id e  necks p ro tru d in g . 

Thus th e  le v e l  o f th e  re a c t in g  s o lu t io n  was always con­

s id e ra b ly  below th a t  o f  th e  w ater le v e l  in  th e  b a th . The 

b a th  tem pera tu re  was c o n tro lle d  by a mercury r e g u la to r  

through a 1000 w a tt b lade  h e a te r ,  and a co o lin g  c o i l  th rough 

which ic e  w ater was c i r c u la te d .  The b a th  elem ents were so 

connected by a mercury sw itch  th a t  t h e i r  a c tio n  d id  no t 

c o n f l i c t  w ith  each o th e r ,  i . e .  when th e  h e a te r  was in  

o p e ra t io n , no w ater was c i r c u la te d  th rough  th e  co o lin g  c o i l ,  

and v ic e  v e rsa . The b a th  was s t i r r e d  by an a i r  a c tu a te d  

s t i r r e r .  F igu re  17 (Appendix) p ic tu re s  th e  r e a c t io n  f la s k  

and th e  c o n s ta n t tem pera tu re  b a th .

T ests  on th e  co n s tan t tem peratu re  b a th  in d ic a te d  th e  

d e s ire d  tem pera tu re  was m ain ta ined  to  + 0.1°C . D esp ite  

th i s  c o n tro l and th e  com parative volumes o f th e  b a th  and 

r e a c t in g  s o lu t io n ,  a tem pera tu re  r i s e  in  th e  r e a c to r  was 

no ted  d u rin g  most runs due to  th e  exotherm ic n a tu re  o f  th e  

r e a c t io n .  The magnitude o f th i s  r i s e  was c o n s ta n t f o r  a 

g iven  ru n , and depended g e n e ra lly  upon th e  r a t e  o f  r e a c t io n  

observed . A ttem pts to  reduce the  tem pera tu re  r i s e  in  th e  

r e a c to r  by in c re a s in g  th e  m ixing v e lo c i t i e s  in  th e  b a th  

f a i l e d ;  s in c e  no v a r ia t io n  in  th e  tem pera tu re  o f  the bath
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could  be d e te c te d , th e  a i r  s t i r r e r  was used f o r  th e  bu lk  

o f th e  work.

The s t i r r e r  was tu rn ed  by an a d ju s ta b le  speed 115 

v o l t  Bodine m oto r, w ith  an e l e c t r i c a l  governor. S h a ft speeds 

o f  th e  m otor were v a r ia b le  from 1500 to  7500 RPM, w ith  two 

g ea r re d u c tio n  s h a f ts  o f r a t i o s  3 to  1 and 18 to  1. The 

governor a c t io n  was ab le  to  m a in ta in  co n s ta n t speed under 

v a r ia b le  load  co n d itio n s  as found on th i s  equipm ent. The 

s t a in le s s  s t e e l  s t i r r e r  s h a f t  extended th rough  th e  pack ing  

g land and was equipped w ith  a th read ed  chuck, which h e ld  the  

g la s s  s t i r r e r  p a d d le s , which a re  shown in  F igu re  lb  (A ppendix).

P u r i f ic a t io n  U n it3

E xperience had shown th a t  b o t t le d  hydrogen co n ta in ed  

some tr a c e  of bo th  oxygen and w ater vapor. Because o f th e  

adverse  e f f e c t s  o f th e se  im p u r it ie s  on th e  c a t a l y t i c  e f f e c t  

o f  p la tin u m , i t  was n ec essa ry  to  remove them b e fo re  m etering  

and feed in g  th e  gas to  th e  r e a c to r .

Oxygen was removed by p a ss in g  th e  hydrogen from  th e  

tan k  through a bed o f copper sh o t m ain ta ined  a t  150°C. This 

p u r i f i e r  was f a b r ic a te d  from 20 mm. Pyrex tu b in g , and a 

therm ocouple se a le d  in to  th e  u n i t  gave con tinuous in d ic a t io n  

o f  th e  tem pera tu re  o f  th e  bed. Nichrome r e s is ta n c e  w ire  was 

wrapped around th e  o u ts id e  o f th e  u n i t  to  p ro v id e  th e  h e a tin g  

e f f e c t .  The copper oxide formed was re a c te d  w ith  hydrogen 

to  form  w a te r , and re g e n e ra te  th e  copper.
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The w a te r vapor from bo th  th e  hydrogen tank  and th e  

p u r i f i e r  was removed from th e  gas s tream  by p ass in g  i t  

through a bed o f 8-10 mesh a c t iv a te d  alum ina♦ To remove 

any d e s ic c a n t d u s t from th e  gas stream  and p rev en t ab ra s iv e  

a c tio n  on th e  flow  m e te rs , the  hydrogen was then  passed  

through a g la s s  wool f i l t e r  b e fo re  m e terin g .

An alum ina d ry ing  u n i t  and f i l t e r  were a lso  p laced  

in  th e  e x i t  l in e s  from th e  r e a c to r  b e fo re  th e  e x i t  m e te rs . 

These u n i t s  were p r im a r i ly  in ten d ed  to  remove so lv e n t vapor 

from th e  gas which may have escaped th rough th e  condenser.

The d r ie r s  were co n s tru c te d  from 15 mm. tu b in g  and 

wrapped w ith  nichrome r e s is ta n c e  w ire . The alum ina beds 

were reg en e ra ted  in  p la ce  a t  a tem pera tu re  o f  200-225°C w hile  

p a ss in g  a stream  o f n itro g e n  th rough  them, th e  n itro g e n  

f i r s t  p ass in g  th rough  th e  p u r i f i e r .  A by-pass was p laced  

in  th e  system  p e rm ittin g  ex c lu s io n  o f  th e  r e a c t io n  f la s k  

from th e  flow  system  d u rin g  the  p ro c e s s .

Very l i t t l e  w ater was observed d u rin g  th e  re g e n e ra tio n  

o f th e  en tran ce  d e s ic c a n t b ed , excep t f o r  th e  i n i t i a l  use  

o f  a new ta n k  o f hydrogen. The e x i t  d e s ic c a n t bed p icked  

up somewhat more s o lv e n t ,  bu t i t  was g e n e ra lly  n o t n ecessa ry  

to  re g e n e ra te  th e  beds a f t e r  each ru n . R egenera tion  was 

made a f t e r  about every  th i r d  ru n , depending p r im a r ily  on 

th e  flow r a te s  employed a t  th e  tim e.
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Flowmeters

The hydrogen flow r a te  was measured w ith  c a p i l la ry  

o r i f i c e s  (2 7 ). The o r i f i c e s  were 0 .75 nan. in  d iam eter and 

about 12 cm. in  le n g th . The p re ssu re  drop ac ro ss  th e  o r i f i c e s  

was measured u s in g  d ib u ty l  p h th a la te  as a manometer f lu id .

The p re ssu re s  and tem pera tu res im m ediately p reced in g  th e  

o r i f i c e s  were measured r e s p e c tiv e ly  w ith  a m ercury manometer, 

and therm ocouples se a le d  in to  the  d e l iv e ry  l in e s .

A c a p i l la ry  o r i f i c e  was p laced  in  th e  flow  system  

b o th  a t  th e  en trance  and e x i t  o f th e  r e a c tio n  f la s k .  The 

en tran ce  m eter was o f p r in c ip le  use fo r  determ in ing  th e  flo w , 

w hile th e  e x i t  m eter was used p r im a r ily  f o r  a check dev ice  to  

in su re  an excess o f r e a c ta n t  gas was flow ing to  th e  r e a c to r  

a t  a l l  tim e s .

The o r i f i c e  m eters were c a l ib ra te d  in  p la c e  w ith  a 

wet t e s t  m e te r , and bo th  o r i f i c e s  follow ed th e  same c a l ib r a t io n .  

The wet t e s t  m eter i t s e l f  was c a l ib ra te d  by th e  w ate r w eight 

d isp lacem en t method, and found to  be ac cu ra te  w ith in  1%, The 

c a l ib r a t io n  curve f o r  th e  flow m eters i s  g iven in  F igure  10 

(Appendix).

P re ssu re  R egu lation

S ince i t  was d es iro u s  th a t  a l l  experim en ta l runs be 

made a t  co n s tan t p re s s u re , a C a rte s ia n  M anostat # 7 , purchased 

from th e  Emil G re in er C o ., was in s t a l l e d  in  th e  flow  system  

fo llo w in g  th e  r e a c to r  condenser. This model was co n s tru c ted  

o f Pyrex g la s s  and was prov ided  w ith  p re ssu re  clam ps.
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O perating  on th e  p r in c ip le  of th e  C a rte s ia n  d iv e r ,  

th e  m anostat was found to  g ive e x c e lle n t  c o n tro l  o f  p re s su re s  

below th a t  of th e  atm osphere. In  such c a s e s , th e  system  was 

m ain ta ined  in  vacuum by a m echanical vacuum pump a tta c h e d  to  

th e  e x i t  v e n t. No v a r ia t io n  in  r e a c to r  p re ssu re  was observed 

d u rin g  a ru n .

For o p e ra tio n  a t  p re s su re s  above a tm o sp h eric , le s s  

s u c c e s s fu l c o n tro l  was o b ta in ed  w ith  th e  m an o sta t, a lthough  

th e  r e a c to r  p re s su re  n ever v a r ie d  more th an  For runs

a t  atm ospheric p re s su re  th e  m anostat was n o t u sed ,, th e  gas 

flow  b y -p assin g  th e  c o n tro l  d iv e r  a lth o u g h  flow ing  through 

th e  u n i t .

S t i r r e r  Speed Measurement

The measurement o f s t i r r e r  speed was accom plished by 

th e  u se  o f a " S tro b o ta c " , Type 631-BL, a commercial s troboscope 

m anufactured by th e  G eneral Radio Company. This in s tru m en t 

has two s c a le s ,  600 to  36OO RPM and 2i{.00 to  1?|)| 00 RPM, and 

has p ro v is io n  f o r  a d ju s tin g  th e  in te r n a l  o s c i l l a t o r  frequency  

in  term s o f th e  AC l in e  frequency  in  o rd e r  to  compensate f o r  

d if fe re n c e s  in  th e  c a l ib r a t io n .  When p ro p e r ly  s ta n d a rd ize d  

f o r  th e  power l in e  freq u en cy , the  S tro b o tac  has a r a te d  

accuracy  o f  + 1% f o r  th e  range in  which i t  was used  in  t h i s  

work.

To measure th e  s t i r r e r  speed , measurements were 

tak en  r e g u la r ly  d u rin g  th e  run  on th e  s t i r r e r  s h a f t  a t  a
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p o in t  im m ediately  above th e  p re s su re  g land

A n a ly tic a l P rocedure

The r a t e  o f r e a c t io n  f o r  a g iven ru n  was determ ined  

by w ithdraw ing sm all samples ($  m l . ) from  th e  r e a c to r  a t  

m easured tim e i n t e r v a l s ,  and an a ly z in g  th e  sam ples f o r  t h e i r  

c o n c e n tra tio n  o f cyclohexene. The sample w ithdrawn were 

r e p r e s e n ta t iv e  o f th e  s o lu t io n  in  th e  r e a c to r ,  in c lu d in g  th e  

suspended c a t a l y s t ,  b u t were o f  s u f f i c i e n t ly  sm all volume so 

as to  n o t d is tu r b  th e  m ixing e f f ic ie n c y .  S ince  th e  suspended 

c a ta ly s t  in  s o lu t io n  was withdrawn along  w ith  th e  sam ple, 

th e  c a ta ly s t  c o n c e n tra tio n  in  th e  r e a c to r  was n o t a l t e r e d .

Upon w ithdraw ing a sam ple, th e  c a ta ly s t  was im m ediately  

removed by f i l t e r i n g ,  and th e  cyclohexene c o n c e n tra tio n  

determ ined by th e  b rom ination  o f  th e  double bond, and sub­

sequen t t i t r a t i o n  w ith  t h io s u l f a t e .  G re a te r  d e t a i l  o f  th e  

a n a ly t ic a l  p rocedure i s  p re se n te d  in  th e  appendix . A ty p ic a l  

co n c e n tra tio n -tim e  curve i s  shown in  F ig u re  2 .
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MATERIALS

Hydrogen

B o ttle d  e l e c t r o ly t i c  hydrogen was purchased  from 

th e  A ir  R eduction Company. The gas was oil-pum ped. The 

ra te d  p u r i ty  o f th e  hydrogen was 99*7$ and th e  guaran teed  

p u r i ty  99*5/6 w ith  oxygen as th e  o n ly  known im p u rity .

N itrogen

B o ttle d  water-pumped n itro g e n  was a lso  purchased 

from th e  A ir  R eduction Company. The r a te d  p u r i ty  was 99*7$ 

w ith  a guaran teed  p u r i ty  o f 99-5$» Oxygen, a rg o n , and 

k ryp ton  were th e  known im p u r i t ie s .

Cyclohexene

Cyclohexene used  as th e  r e a c ta n t  l iq u id  was purchased  

in  one-k ilogram  q u a n t i t ie s  from D i s t i l l a t i o n  P roducts 

I n d u s t r i e s ,  w ith  a b o il in g  p o in t  range o f  82.5  -  83*5°C.

The p r in c ip le  im p u rity  in  t h i s  m a te r ia l  was an a lc o h o l ,  which 

was removed by r e f lu x in g  the cyclohexene f o r  10-12 hours 

over a 3% sodium amalgam. The r e s u l t a n t  p roduct was f i l t e r e d  

and d i s t i l l e d  in  a 10 mm. x 50 cm. packed column. The 

c o n s ta n t b o il in g  f r a c t io n  c o l le c te d  had a head tem pera tu re  

o f 82.0°C a t  7kU mm. mercury p re s s u re . In f ra re d  a n a ly s is  o f 

th e  m a te r ia l  in d ic a te d  th e  p resen ce  o f no hydroxyl o r  carbony l 

g roups.
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As i s  d iscu ssed  in  a l a t e r  s e c t io n ,  th e  cy c lo ­

hexene so p u r i f ie d  could n o t be s to r e d ,  due to  a u to x id a t io n , 

b u t was d i s t i l l e d  f r e s h  b e fo re  u sag e .

Cyclohexane

P ra c t ic a l  grade cyclohexane, purchased from Matheson 

Colem an-B ell, was used  as s o lv e n t. This m a te r ia l  con ta ined  

co n s id e rab le  amounts o f u n s a tu ra b le s , which were removed by 

d is p e rs in g  co n cen tra ted  s u l f u r ic  a c id  f o r  2i|. hours in  th e  

cyclohexane. The a c id  phase was then  se p a ra te d  and d i s ­

ca rd e d , w hile  the  so lv e n t phase was washed and th en  d r ie d  

over calcium  c h lo r id e . I t  was then  d i s t i l l e d  w ith  a 10 mm. x 

70 cm. packed column, the f r a c t io n  w ith  a head tem pera tu re  o f 

79.6°C a t  7kfy mm» m ercury p re s su re  c o l le c te d .  This p ro d u ct 

showed no t r a c e  o f u n sa tu ra b le  m a te r ia l .

Cyclohexane used  in  th e  re a c tio n  was recovered  by 

th i s  same tre a tm e n t, r e d i s t i l l e d ,  and re -u se d .

C a ta ly s t

The c a ta ly s t  used was a 5$ d e p o s it o f p la tin u m  on 

powdered ac tiv a ted -a lu m in a  c a r r i e r  which was le s s  th an  300 

mesh. The c a ta ly s t  was p repared  by Baker and Co. o f 

Newark, N. J . ,  and su p p lied  f o r  th i s  work by Schenley 

D i s t i l l e r s ,  In c .
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B efore use th e  c a ta ly s t  was d r ie d  f o r  a t  l e a s t  

lf8 hours in  an oven m ain ta ined  a t  a tem peratu re  o f  120°C.

The d r ie d  m a te r ia l  was s to re d  in  a c lo sed  w eighing b o t t le  

which in  tu rn  was k ep t in  a d e s s ic a to r .

The c a ta ly s t  was recovered  a f t e r  each experim en ta l 

run  by f i l t r a t i o n  from th e  r e a c t io n  s o lu t io n . T his m a te r ia l  

was washed w ith  d i s t i l l e d  cyclohexane and c .p .  a c e to n e , 

and r e - d r ie d .  No change in  c a ta ly s t  a c t i v i t y  w ith  th i s  

tre a tm e n t was observed .
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INTERPRETATION OP EXPERIMENTAL RESULTS

The m ajor p o r tio n  o f t h i s  work c o n s is te d  o f experim en ta l 

d e te rm in a tio n  o f th e  e f f e c t  on th e  observed r a t e  o f  r e a c t io n  

o f th o se  v a r ia b le s  thought to  be im p o rtan t in  the  sem i-flow  

system . While th e  s tu d ie s  o f  e a r l i e r  in v e s t ig a to r s  p re v io u s ly  

d e sc rib e d  gave some q u a l i t a t iv e  knowledge of th e se  f a c t o r s ,  

th e  d i r e c t io n  o f  th e  s tu d y  was n o t c l e a r ly  d e f in e d , and th e  

work was governed by the r e s u l t s  o f  p reced in g  ru n s . The 

ap p a ra tu s  was designed  to  be as f l e x ib l e  as  p o s s ib le ,  in  

o rd e r  to  cover a range o f each v a r ia b le ,  a l th o u g h , o f c o u rse , 

la b o ra to ry  equipment has d e f in i t e  l im i ta t io n s .

The hyd rogenation  o f cyclohexene was choosen f o r  s tudy  

because i t  i s  r e p re s e n ta t iv e  o f th e  types o f r e a c t io n s  th a t  

m ight be c a r r ie d  o u t under sem i-flow  c o n d i t io n s ,  and because 

o f i t s  u t i l i t y  to t h i s  type o f work. The re a c t io n  was 

e a s i ly  conducted a t  normal tem p era tu res  and p r e s s u re s ,  

p re se n te d  no p o s s i b i l i t y  f o r  s id e  r e a c t io n s ,  and has an 

e q u ilib r iu m  c o n s ta n t such th a t  th e  re v e rs e  r e a c t io n  can be 

co n sid ered  n e g l ig ib le .  The a n a ly t i c a l  p rocedures re q u ire d  

were a ls o  o f  an e lem entary  n a tu re .

The work was d iv id ed  in to  " s e r i e s ” o f  ru n s , each s e r ie s  

being  in ten d ed  to  s tu d y  a s in g le  v a r ia b le .  The experim en ta l 

d a ta  tak en  a re  p re se n ted  in  t h e i r  e n t i r e ty  in  th e  Appendix.
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The s e r ie s  a re  reco rd ed  in  th e  ch ro n o lo g ica l o rd e r in  which 

they  were made, w hile  th e  in d iv id u a l runs in  each s e r ie s  

a re  g e n e ra lly  arranged  accord ing  to  an in c re a s in g  magnitude 

in  th e  v a r ia b le  under c o n s id e ra tio n .

The u n i t s  chosen fo r  ex p ressin g  th e  observed r a te  were 

somewhat a r b i t r a r y .  S ince th e  r a te  was a c tu a l ly  determ ined 

from a n a ly s is  o f cyclohexene in  the r e a c t io n  s o lu t io n  ex­

p re sse d  in  n o rm a lity , th e  u n i ts  of mols p e r  l i t e r  p e r  second 

a re  employed throughout th i s  work to  re p re s e n t th e  observed 

r a t e .  However, i t  must be remembered th a t  on ly  about h a l f  

a  l i t e r  o f  s o lu t io n  was a c tu a l ly  u se d , and th a t  th e  w eight 

o f c a ta ly s t  s p e c if ie d  f o r  each run r e f e r s  to  th i s  volume.

At th e  beg inn ing  of th e  experim en ta l work i t  was 

deemed ad v isab le  to  p u r ify  a s u f f i c ie n t  q u a n ti ty  o f cy c lo ­

hexene to  supply  th e  e n t i r e  s tu d y , to  e lim in a te  any v a r ia t io n  

in  i t s  p u r i ty .  This m a te r ia l  was s to re d  in  a dark  b o t t l e ,  

b u t under th e  normal atm osphere. As i s  d iscu ssed  in  d e t a i l  

in  th e  Appendix, th i s  p rocedure p a r t i a l l y  d e fea te d  i t s  purpose 

due to  the  a u to x id a tio n  o f th e  cyclohexene. The d a ta  tak en  

w ith  th i s  m a te r ia l  (S e r ie s  000 to  S e r ie s  600) a re  la b e le d  

as " s to re d  cyclohexene".

The f a i l u r e  to  a n t ic ip a te  and reco g n ize  th i s  im portan t 

f a c to r  was in  p a r t  due to  th e  a u th o r’s own lack  of advanced 

t r a in in g  in  o rg an ic  ch em is try , a lthough  no s p e c if ic  re fe re n c e
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34-

to  i t  had been made by o th e r  in v e s t ig a to r s  who used th e  

m a te r ia l  f o r  k in e t ic  s tu d ie s .  The p roducts  o f  th e  a u to x id a tio n  

do have a marked e f f e c t  on the  observed r a te  o f r e a c t io n .

While i t  i s  most u n fo rtu n a te  th a t  t h i s  f a c to r  was no t 

recognized  u n t i l  co n s id erab le  d a ta  had been ta k e n , i t  i s  

n o t thought to  com pletely in v a lid a te  th e  d a ta  fo r  th e  purpose 

o f th i s  work.

As l a t e r  d isc u ss io n  w i l l  in d ic a te ,  th e  observed r a te  

o f  re a c tio n  was g re a t ly  dependent upon th e  hydrodynamics o f  

the  s t i r r e d  system , which in  tu rn  i s  determ ined by th e  

p h y s ic a l arrangem ent o f th e  r e a c t io n  f l a s k ,  s t i r r e r  p a d d le , 

gas d is p e rs io n  tu b e , e tc .  Thus, i t  i s  p r im a r ily  th e  

q u a l i ta t iv e  a sp ec ts  of the  v a r ia b le s  and th e i r  im p lic a tio n s  

th a t  a re  of im portance in  th i s  work, s in c e  rep ro d u c tio n  o f 

s p e c if ic  v a lu es o f the  d a ta  would only  be p o ss ib le  by c lo se  

d u p lic a tio n  o f the  ap p a ra tu s . For th i s  re a so n , only  th e  

more p e r t in e n t  d a ta  were re tak en  u sin g  f r e s h ly  d i s t i l l e d  

cyclohexene, and on ly  th ese  d a ta  have been tr e a te d  q u a n ti­

t a t iv e ly .

The fo llo w in g  d isc u ss io n  w i l l  co n s id e r each o f th e  

v a r ia b le s  in  tu r n ,  as they  were found to  a f f e c t  th e  observed 

r a te  o f r e a c t io n .

E f fe c t  o f Cyclohexene C oncen tra tion

I t  has been p rev io u s ly  in d ic a te d  th a t  the  r a t e  o f
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r e a c t io n  f o r  a run  was determ ined by m easuring th e  cy c lo ­

hexene co n c e n tra tio n  in  th e  s o lu t io n  a t  g iven  tim e in te rv a ls *

A ty p ic a l  p lo t  o f  such d a ta  i s  shown in  F ig u re  2 . S ince the 

r e la t io n s h ip  o f cyclohexene co n c e n tra tio n  w ith  tim e was 

found to  be l i n e a r ,  th e  observed r a te  could  be determ ined  

d i r e c t l y  from th e  s lo p e  o f  such a p lo t*

The s t r a i g h t  l in e  r e la t io n s h ip  r e p re s e n ts  th e  s te a d y - 

s t a t e  p o r tio n  o f the  ru n , i . e .  a co n s tan t r a t e  o f  r e a c t io n . 

S ince th e  s o lu t io n  was s a tu ra te d  w ith  hydrogen b e fo re  beg in ­

n ing  the  ru n , no i n i t i a l  p e r io d  w herein th e  r a t e  g ra d u a lly  

b u i l t  up to  th e  s te a d y - s ta te  value was o b se rv ed , as has been 

mentioned by some in v e s t ig a to r s  ( l l f ) .  In  some c a s e s ,  a 

f a l l i n g  r a t e  p e rio d  a t  th e  end of th e  run  a t  v ery  low cy c lo ­

hexene c o n c e n tra tio n s  was found , as m ight be expected  as 

subsequent d is c u s s io n  w i l l  show. S ev e ra l runs were made 

u s in g  h ig h e r  i n i t i a l  c o n c e n tra tio n s  o f  cyc lohexene, but no 

d e v ia tio n s  from th e  l i n e a r i t y  were observed .

Aside from f a c i l i t a t i n g  th e  d e te rm in a tio n  o f th e  s te ad y - 

s t a t e  r a t e ,  th e  l in e a r  r e la t io n s h ip  between cyclohexene 

c o n c e n tra tio n  and tim e has fundam ental im p lic a tio n s  in  

determ in ing  th e  c o n tro l  o f th e  observed r a t e .  The r a t e  o f 

r e a c t io n  d u rin g  a  run  rem ained c o n s ta n t,  w h ile  th e  cyclohexene 

c o n c e n tra tio n  co n tin u o u sly  d ec reased . For th i s  to  be t r u e ,  

th e  observed r a t e  must have been independen t o f th e  cyclohexene 

c o n c e n tra tio n  in  the bu lk  o f th e  s o lu t io n ,  o r  acco rd in g  to
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c la s s i c a l  k in e t i c s ,  i s  "zero  o rd er"  w ith  re s p e c t to  th i s  

f a c to r .  T his has been found to  be th e  case f o r  many hydro­

g en a tio n  re a c t io n s  (2lj.).

In d ic a tio n s  a re  th e n , th a t  under th e  experim ental 

co n d itio n s  o f  th i s  work, th e  observed r a te  was no t c o n tro lle d  

by the  d if fu s io n  of cyclohexene, s in ce  such a r a te  would be 

a f fe c te d  by th e  b u lk  c o n c e n tra tio n . For t h i s  same reason  

th e  r a t e  o f  ad so rp tio n  o f t h i s  r e a c ta n t  cannot be considered  

the  c o n tro l l in g  s te p . The r a t e  o f  d e so rp tio n  o f  th e  p roduct 

i s  an unknown f a c t o r ,  a lthough  th e  f a c t  th a t  the product i s  

a s a tu ra te d  compound, and th e  same as th e  s o lv e n t,  would 

seem to  ren d er th i s  s tep  un im portan t.

The independence of th e  observed r a te  from cyclohexene 

co n c e n tra tio n  has been a t t r ib u te d  by some w orkers to  the 

"s tro n g "  ad so rp tio n  of th e  r e a c ta n t  on th e  c a ta ly s t  su r fa c e . 

That i s ,  th e  c o n c e n tra tio n  o f cyclohexene on the  c a ta ly s t  

su rfa ce  rem ains e s s e n t ia l ly  c o n s ta n t, independent of the  

bu lk  c o n c e n tra t io n , and the  su rface  i s  always " s a t i s f ie d "  

w ith  r e s p e c t  to the  hydrogen a c c e p to r. Consider the Langmuir 

type ad so rp tio n  iso therm :

b a cc
e c  =  ------------------ ( 1 5 )

1 + a cq

where 9q i s  th e  su rfa c e  c o n c en tra tio n  o f the adsorbed 

m a te r ia l ,  cq th e  co n c en tra tio n  in  th e  bu lk  o f th e  s o lu t io n
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and a and b co n s tan ts  dependent on ly  on tem p era tu re . I f  

a i s  very  la rg e  so th a t  acQ i s  no t s ig n i f ic a n t ly  d i f f e r e n t  

from (1 + ac£j) even a t  low values o f  cq , 9q w i l l  appear to  

be a co n s tan t independent o f  cq.

Subsequent d isc u ss io n  w i l l  show th a t  th e  r a te s  o f  

re a c t io n  observed in  th i s  work were c o n tro lle d  by th e  mass 

t r a n s f e r  of the  hydrogen. Under th ese  c o n d itio n s , th e  d a ta  

cannot v e r ify  th a t  th e  cyclohexene i s  s tro n g ly  adso rbed , 

o r th a t  the r e a c t io n  even tak es  p lace  between adsorbed 

cyclohexene and hydrogen. I t  i s  p o s s ib le  th a t  th e  r e a c t io n  

could be between adsorbed hydrogen m olecules and cyclohexene 

in  the bu lk  o f  th e  s o lu t io n  a t  th e  in te r f a c e .  So long as 

the  mass t r a n s f e r  o f  hydrogen c o n tro ls  the  observed r a t e ,  

th e  r a te  w i l l  appear independent o f th e  cyclohexene con­

c e n tr a t io n . I f  t h i s  independence were observed when th e  

chem ical s tep s  c o n tro lle d  the  r e a c t io n ,  then  th e  " s tro n g 1' 

ad so rp tio n  assum ption would appear to  be t r u e .  In d ic a tio n s  

o f th e  p re se n t d a ta  a re  th a t  th i s  i s  probably  th e  case .

E ffe c t o f  C a ta ly s t C oncen tra tion

Previous s tu d ie s  o f hydrogenation  re a c tio n s  have 

g e n e ra lly  in d ic a te d  th a t  th e  in c re a se  in  observed re a c tio n  

r a te  was l in e a r  w ith  a d d itio n  o f c a ta ly s t  in  a co n s tan t 

volume o f  s o lu t io n . This e f f e c t ,  however, was u s u a lly  

s tu d ie d  over a very  lim ite d  range o f c a ta ly s t  c o n c e n tra tio n s .
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F ig u re  3 shows th e  r e s u l t s  o f th e  in v e s t ig a t io n  o f th i s  

f a c to r  in  th e  p re se n t work.

I t  w i l l  be observed th a t  th e  r a t e  in c re a se s  r a th e r  

r a p id ly  w ith  in c re a se d  amounts o f  c a t a l y s t ,  and th a t  the 

r e la t io n s h ip  i s  l in e a r  f o r  on ly  a v ery  sm all ran g e . The 

observed r a te  approaches a l im i t in g  value  w ith in  a f a i r l y  

sm all change in  c a ta ly s t  c o n c e n tra tio n .

V isu a l o b se rv a tio n  o f th e  r e a c t io n  f la s k  d u rin g  th i s  

s e r ie s  o f  runs lead s to  th e  co n c lu sio n  th a t  f o r  a g iven  

s t i r r e r  sp eed , th e  m ixing e f f e c t s  have a d e f in i t e  l im i t  in  

t h e i r  a b i l i t y  to  h o ld  the  c a ta ly s t  in  su sp en sio n . At th e  

very  low c a ta ly s t  c o n c e n tra t io n s , i t  was found th a t  a l l  the  

s o l id  was suspended in  th e  s w ir lin g  s o lu t io n ,  and th a t  th e  

m ix ture appeared to be com plete ly  homogeneous. With 

a d d i t io n a l  amounts o f c a t a l y s t ,  i t  was q u ite  ev id en t th a t

some o f th e  s o l id  was d ep o s ited  on th e  bottom of th e  f l a s k ,

and a t  th e  h ig h e r  c o n c e n tra t io n s , on th e  s id e s  o f  th e  f l a s k .

I t  i s  concluded th e r e fo r e ,  t h a t  th e  l im it in g  value 

o f th e  observed r a te  was due to  th e  i n a b i l i t y  o f th e  s t i r r e r  

to  h o ld  more than  a l im ite d  amount o f  th e  c a ta ly s t  in  

su sp en sio n . The ’’s e t t l e d '1 m a te r ia l  d id  n o t seem to  be a 

s ta g n a n t q u a n t i ty ,  b u t r a th e r  in  a k ind  o f "dynamic”

e q u ilib r iu m . Some o f th e  s o l id  on th e  bottom  o f the  f l a s k

was co n tin u o u sly  being swept in to  th e  f l u i d ,  w hile  o th e r  

c a ta ly s t  was c o n s ta n tly  being  d e p o s ite d , and a f a i r l y  

c o n s ta n t in v en to ry  m ain ta in ed .
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I f  th e  l im it in g  e f f e c t  o f c a ta ly s t  c o n c e n tra tio n  i3  

due to  th e  r e s t r i c t e d  a b i l i t y  o f  th e  s t i r r e r  to  suspend 

a l l  the  s o l i d ,  then i t  must fo llow  th a t  on ly  th e  c a ta ly s t  

in  suspension  was e f f e c t iv e  in  determ in ing  th e  observed 

r a t e .  Undoubtedly th i s  i s  tru e  g e n e ra l ly , f o r  th e  c a ta ly t i c  

e f f e c t  o f s o l id  s e v e ra l la y e rs  deep surrounded by a 

com parative ly  s ta g n an t envelope o f s o lu t io n  would seem to  

be n e g l ig ib le .  However, some q u es tio n  must be r a is e d  con­

ce rn in g  th e  top la y e r  of c a ta ly s t  s e t t l e d  on th e  bottom  of 

th e  f l a s k .  I t  would seem th e  r e l a t i v e  v e lo c i ty  of th e  

s o lu t io n  to  th i s  m a te r ia l  would be g re a te r  th an  th a t  to  

suspended c a ta ly s t  which i t s e l f  was in  m otion. T his top 

la y e r  o f  c a ta ly s t  th en  would have le s s  e f f e c t iv e  " f ilm 1' 

su rround ing  i t ,  and i t  should be more a c tiv e  f o r  th e  r e a c t io n .

Such a phenomenon i s  a complex problem  in  hydro­

dynamics , bu t perhaps may be p a r t i a l l y  exp la ined  by th e  

observed f a c t  th a t  th e  c a ta ly s t  was never com pletely  

s ta t io n a r y  in  the  s e t t l e d  la y e r ,  thus reducing  th e  magnitude 

o f th i s  f a c to r .  While th i s  q u es tio n  o f th e  e f fe c t iv e n e s s  

o f  c a ta ly s t  on th e  bottom  and s id e s  o f th e  f la s k  re q u ire s  

f u r th e r  s tu d y , the  o v e ra l l  e f fe c t iv e n e s s  would seem to  

depend upon th a t  h e ld  in  su spension .

Although the  d a ta  on F ig u re  3 a re  r a th e r  s c a t te re d  

because th i s  was one o f  the  e a r l i e r  s e r ie s  made b e fo re  a l l  

o p e ra tin g  d i f f i c u l t i e s  had been e lim in a te d , i t  i s  n o t thought
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th a t  a maximum in  th e  curve i s  in d ic a te d . Such a maximum 

has been p o s tu la te d  by some in v e s t ig a to r s  ( 15) ,  who contend 

th a t  i t  i s  p o s s ib le  to  p re se n t so much su rfa c e  th a t  th e  

r e a c ta n ts  w i l l  be w idely se p a ra ted  on i t ,  and th e  chance 

o f re a c t io n  reduced . Such a p o s tu la te  assumes th a t  th e  

r e a c tio n  i s  between adsorbed m olecules o f bo th  r e a c ta n ts .

A sim ple c a lc u la t io n  employing an es tim a ted  ad so rp tio n  a re a  

o f the  cyclohexene and th e  t o t a l  c a ta ly s t  su rfa c e  can be 

made to  determ ine th e  amount o f r e a c ta n t  re q u ire d  to  com­

p le te ly  cover the  s u r fa c e . Such a com putation i s  p re sen ted  

in  an o th er s e c tio n  o f  th i s  th e s is  f o r  a compound o f comparable 

s t r u c tu r e ,  and i t  i s  in d ic a te d  th a t  th e  amount o f cyclohexene 

used in  th i s  work was s u f f i c ie n t  to  cover th e  su rfa ce  many 

tim es. F u r th e r ,  i f  th e  r e a c ta n ts  were too w idely  se p a ra te d  

on th e  s u r fa c e , th e  observed r a te  o f  a s in g le  run  should 

decrease  as the  r e a c t io n  p roceded , an e f f e c t  which was n o t 

observed .

E ffe c t  o f Flow Rate

One of the  prim ary purposes f o r  u sin g  a sem i-flow  system  

in  th i s  work was to  m ain ta in  the c o n c en tra tio n  o f th e  gaseous 

r e a c ta n t  co n s tan t in  th e  re a c t io n  s o lu t io n ,  th e reb y  e s s e n t i a l ly  

reducing  the number o f v a r ia b le s  f o r  a g iven  ru n . From an 

eng in eerin g  v iew p o in t, a flow ing system  a lso  would seem to
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be an e f f i c i e n t  method f o r  c o n ta c tin g  th e  two p h ases . The 

e f f e c t  o f  th e  hydrogen flow ra te  on th e  observed r a t e  of 

r e a c t io n ,  as shown in  F ig u re  1}., may be due to  two f a c to r s ,  

nam ely, th e  e f f e c t  o f  th e  bubbling  gas on th e  s t i r r i n g  

e f f ic ie n c y ,  and the  e f f e c t  o f c o n ta c t su rfa ce  on th e  s te ad y  

s t a t e  v a lu e  of th e  gas c o n c e n tra tio n . U n fo r tu n a te ly , th ese  

two e f f e c ts  cannot be se p a ra te d  in  th e  p re se n t work.

The e f f e c t  o f th e  flow  r a te  on th e  s t i r r i n g  e f f ic ie n c y  

i s  e a s i ly  p ic tu re d . When no gas i s  f lo w in g , th e  s o lu t io n  

in  the f l a s k  w i l l  be in  m otion w ith  p robab ly  some degree of 

a r e g u la r  p a t t e r n .  With th e  gas flo w in g , the  stream  o f 

bubbles d is ru p ts  th i s  p a t te r n  o f m otion , and th e  tu rb u len c e  

i s  in c re a se d . At low er flow  r a t e s ,  some o f th e  bubbles 

a re  c a r r ie d  along  in  th e  s o lu t io n  f o r  a  sh o r t d is ta n c e ,  

and as th ey  r i s e  to  th e  s u r fa c e , a lso  in te r r u p t  th e  r e g u la r  

flow  of th e  f l u id .  Such an e f f e c t  could be observed in  th e  

re a c t io n  f l a s k .  As th e  flow  r a te  i s  in c re a s e d , how ever, 

th e  bubbles is s u e  from th e  d is p e r s e r  w ith  g r e a te r  v e lo c i ty  

and r i s e  to  th e  su rfa c e  f a s t e r ,  th e reb y  few er bubbles 

p ro p o r t io n a te ly  a re  c a r r ie d  th rough  th e  s o lu t io n  any 

d is ta n c e . At h ig h  flow  r a t e s  of hydrogen, the gas stream  

has an e f f e c t  v ery  s im ila r  to  a s o l id  tube ex tend ing  in to  

th e  f lu id  p a t te r n ;  i t  has a f ix e d  in te r r u p t iv e  in f lu e n c e , 

and f u r th e r  in c re a se s  in  flow  r a te s  have no e f f e c t  on th e  

s t i r r i n g  e f f ic ie n c y .  I f  such a mechanism i s  t r u e ,  th en  th e
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l im i t in g  e f f e c t  o f  flow r a t e  on th e  observed r e a c t io n  r a t e  

such as found in  F igure  1). would be expected .

In  t h i s  co n n e c tio n , i t  might be mentioned t h a t  th e  

s in g le  d i s p e r s io n  tube used  in  th e  appara tu s  i s  p robably  

no t the  most e f f i c i e n t  method f o r  d i s t r i b u t i n g  the g a s ,  

a lthough  n e c e s s i t a t e d  in  t h i s  work due to  f a b r i c a t io n  problem s. 

A study  of mixing e f f ic ie n c e s  in  a r e a c t o r  w ith  various types 

o f d i s p e r s io n  n o z z le s ,  lo c a te d  in  d i f f e r e n t  p o s i t io n s  in  th e  

r e a c t o r ,  would prove i n t e r e s t i n g  f o r  en g in ee r in g  c o n s id e ra t io n s .

The e f f e c t  o f  an in c re a s e  in  c o n ta c t  a re a  between the  

gas and l i q u i d  p h a s e s ,  as p re se n ted  by in c re a s in g  gas flow 

r a t e s ,  on th e  s te a d y - s t a t e  c o n c e n tra t io n  o f  hydrogen i s  much 

more d i f f i c u l t  to  e v a lu a te .  As a bubble o f  th e  gas r i s e s  to  

th e  su r fa c e  o f  th e  s o lu t io n ,  so lv e n t  w i l l  be ev ap o ra tin g  in to  

i t ,  and gas w i l l  be d i f f u s in g  from i t .  Under such c o n d i t io n s ,  

i t  i s  p o s s ib le  th a t  the  r a t e  o f  s o lu t io n  of th e  hydrogen i s  

in c re a s e d ,  and th e  c o n c e n tra t io n  o f  th e  gas more n e a r ly  

approaches th e  eq u i l ib r iu m  v a lu e ,  the reby  in c re a s in g  th e  

r a t e  of t r a n s f e r  to  th e  c a t a l y s t  s u r fa c e .  In  t h i s  c a s e ,  a 

l im i t in g  v a lu e  of th e  observed r a t e  would a lso  be o b ta in e d ,  

wherein th e  a c tu a l  c o n c e n tra t io n  o f  th e  gas i n  the  s o lu t io n  

would correspond c lo s e ly  to  the  e q u i l ib r iu m  v a lu e .  However, 

i t  i s  a l s o  p o s s ib le  t h a t  t h i s  f a c t o r ,  i f  p r e s e n t ,  would be 

p a r t i a l l y  n u l l i f i e d  by a decrease  in  c o n ta c t  time o f  bubb les , 

s in c e  th e y  i s s u e  a t  h ig h e r  v e l o c i t i e s .
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In  t h i s  work, th e se  two e f f e c t s  cannot be se p a ra te d  

and any d e c is io n  as to  t h e i r  r e l a t i v e  importance would be 

p u re ly  s p e c u la t iv e .  They a re  probab ly  b o th  in  a f f e c t .  The 

two curves p resen ted  in  F igure [{. correspond to  two d i f f e r e n t  

p r e s s u r e s .  The l im i t in g  value o f  th e  observed r e a c t io n  r a t e  

a t  th e  h ig h e r  p re ssu re  i s  20% g r e a t e r  than  th a t  a t  the  

lower p r e s s u r e .  C a lc u la t io n  o f  th e  s o l u b i l i t y  of hydrogen 

in  cyclohexane by Henry’ s Law from d a ta  in  the  l i t e r a t u r e  (5) 

in d ic a te s  a 2i $  in c re a se  in  hydrogen c o n c e n tra t io n  f o r  the  

same in c re a se  in  p a r t i a l  p re ssu re  of th e  gas . While th e se  

v a lu es  may be cons idered  about equal w ith in  experim enta l 

e r r o r ,  they  do no t support o r  deny e i t h e r  e f f e c t ,  and 

f u r th e r  s tudy  in to  bo th  of these  f a c t o r s  would seem to  be 

o f  fundamental i n t e r e s t .

E f f e c t  o f P ressu re

A change in  th e  t o t a l  p re s su re  In  th e  r e a c t io n  f l a s k  

was found to  a f f e c t  the  observed r a t e  o f  r e a c t io n  l i n e a r l y ,  

as shown i n  F igure  5* Since the vapor p re s su re  of the  

so lv e n t  i s  determined only by th e  tem p era tu re ,  which was 

m ain ta ined  co n s tan t f o r  t h i s  s e r ie s  of ru n s ,  a change in  

th e  t o t a l  p re ssu re  on the  system corresponded to  a change 

in  th e  p a r t i a l  p re s su re  of th e  hydrogen over th e  s o lu t io n ,  

provided  eq u i l ib r iu m  was e s ta b l i s h e d .  The range of p re s su re s  

s tu d ied  was somewhat l im i te d ,  due in  p a r t  to  th e  con­

s t r u c t i o n  of the  ap p a ra tu s .
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The e f f e c t  o f  the  hydrogen p re s su re  would appear to  

be s o le ly  t h a t  o f  a change in  the e q u i l ib r iu m , o r  more 

c o r r e c t l y ,  th e  s t e a d y - s t a t e  c o n c e n tra t io n  o f  the  gas in  

the  s o lu t io n ,  as p rov ided  by Henry’ s law. I t  i s  a lso  found, 

however, t h a t  the  l i n e a r  r e l a t io n s h ip  o f  F igure  $ , i f  con­

tin u ed  to  zero  p r e s s u r e ,  in d ic a te s  a f i n i t e  r a t e  o f  r e a c t io n .  

T h is ,  o f  co u rse ,  cannot be the  case . This d isc rep an cy  i s  

f u r th e r  evidenced by the  f a c t  t h a t  between th e  l im i t s  of 

p re s su re  s tu d ie d ,  the  observed r a t e  of r e a c t io n  in c re ase d  

$ 1 $ ,  w hile accord ing  to  Henry’ s law , th e  e q u i l ib r iu m  hydrogen 

c o n c e n tra t io n  would in c re ase  almost 80$ .

I f  i t  i s  to  be assumed th a t  the  s te a d y - s t a t e  hydrogen 

c o n c e n tra t io n  i s  p ro p o r t io n a l  to  the  e q u i l ib r iu m  c o n c e n tra t io n ,  

and th a t  t h i s  i s  the  major e f f e c t  of the  r e a c to r  p re s su re  on 

the  observed r a t e  of r e a c t i o n ,  then  the  s lope  o f  the  p lo t  

of F igure  5 must be in  e r r o r .  That i s ,  i f  the  s lope  were 

about 10$ g r e a t e r ,  the  l in e  would pass th rough the  o r ig in ,  

and correspond c lo s e ly  to  the  l i n e a r  r e l a t io n s h i p  o f  the  

e q u i l ib r iu m  hydrogen co n c e n tra t io n  and p r e s s u r e .

The s iz e  of th e  bubbles in  the gas s tream  a t  reduced 

p re s su re s  would seem to  o f f e r  a p la u s ib le  ex p la n a t io n  of 

t h i s  observed d isc rep an cy . The mass r a t e  of gas flow was 

h e ld  co n s ta n t  d u r in g  t h i s  s e r i e s  o f  r u n s ,  which means the 

volume r a t e  o f  flow in c reased  as th e  p re s su re  on th e  system 

was dec reased . According to  the  d is c u s s io n  o f the  p rev ious
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s e c t io n ,  an in c re a se  in  the  bubble s iz e  would in c rease  

the observed r e a c t io n  r a t e ,  due to  e i t h e r  the  in c re a se  in  

mixing e f f ic ie n c y  caused by g r e a te r  d i s r u p t iv e  a c t io n  of 

the gas s tream , o r  the  in c re a se  i n  c o n ta c t  a r e a ,  or bo th . 

Thus, the  observed r a t e s  a t  lower p re s su re s  a re  probably  

somewhat g r e a te r  than  they  should be f o r  comparison on the  

same b a s is  o f  co n ta c t  a rea  and s t i r r i n g  e f f i c ie n c y .  There­

f o re  the  s lope o f the  p lo t t e d  l in e  i s  d ec reased , although 

th e  l i n e a r  r e l a t io n s h ip  i s  s t i l l  found, s in ce  gas volume i s  

in v e r s e ly  p ro p o r t io n a l  to  the  p re s s u re .

The e f f e c t  o f  p re s su re  on the  observed r a t e  o f  r e a c t io n  

could have been determ ined much more e f f e c t i v e ly  by m a in ta in ­

ing the  volume r a t e  of flow c o n s ta n t ,  r a t h e r  than  the mass 

r a t e ,  th e reby  e l im in a t in g  the above f a c t o r .  F u r th e r  s tudy  

of th e  e f f e c t  w ith  t h i s  change in  experim enta l procedure 

would be of v a lu e ,  a lthough  i t  i s  thought t h a t  the  s in g le  

e f f e c t  o f  r e a c to r  p re s s u re  p re v io u s ly  proposed would be 

v e r i f i e d .  In  such a s tu d y ,  th e  r e la t io n s h ip  a t  much lower 

p re s s u re s  should be in v e s t ig a te d ,  which would probably  

n e c e s s i t a t e  employing a d i f f e r e n t  s o lv e n t .  The lowest 

t o t a l  p re s su re  th a t  could be used in  t h i s  work was l im ite d  

by th e  r e l a t i v e l y  h igh  vapor p re ssu re  of cyclohexane a t  

25°. The c a p a c i ty  o f  the  ic e  w ate r  condenser was exceeded 

a t  th e  lowest p re s su re  s tu d ie d  in  th i s  s e r i e s ,  as in d ic a te d
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by th e  co n s id erab ly  in c re a se  in  the vapor adsorbed in  the  

e x i t  d r i e r .

E f f e c t  of S t i r r i n g  Rate

One of the  most im portan t phases o f  th e  p re s e n t  work 

was in tended  to  be a thorough e x p lo ra t io n  o f  the in f lu e n c e  

o f  the s t i r r i n g  r a t e  on th e  observed r a t e  of r e a c t io n .

Recent s tu d ie s  on vapor phase c a t a l y t i c  r e a c t io n s  have 

in d ic a te d  t h a t  mass t r a n s f e r  e f f e c t s  may never r e a l l y  be 

e l im in a ted  f o r  such system s. I f  t h i s  i s  t r u e ,  then  th ese  

e f f e c t s  should be m u l t ip l ie d  many times f o r  r e a c t io n s  in  the  

l iq u id  s t a t e ,  and a re  worthy o f  co n s id e rab le  in v e s t ig a t io n .

The au tho r  has been p a r t i c u l a r l y  d is tu rb e d  by s tu d ie s  re p o r te d  

in  the l i t e r a t u r e  o f  heterogeneous r e a c t io n s  in  b a tch - ty p e  

equipment, where the  d a ta  p re se n ted  c l e a r ly  in d ic a te s  mass 

t r a n s f e r  e f f e c t s , b u t no re c o g n i t io n  was made of t h i s  f a c t o r .

The experim enta l equipment used in  t h i s  work was 

designed p a r t i c u l a r l y  f o r  s tudy of the  e f f e c t s  o f  th e  s t i r r i n g  

r a t e .  The Morton type f l a s k  was used because of i t s  h igh  

mixing e f f i c i e n c y ,  and th e  s t i r r e r  motor purchased  f o r  the  

work had a wide range of speeds. Since the sem i-flow system 

appears to  o f f e r  co n s id e rab le  i n d u s t r i a l  u t i l i t y ,  knowledge 

o f  mass t r a n s f e r  e f f e c t s  i n  such a system was thought 

d e s i r a b l e ,  and t h i s  f a c t  in  p a r t  determ ined i t s  s e le c t io n  

fo r  s tudy .
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5 i .

The e f f e c t  of the s t i r r i n g  r a t e  on the  observed r a t e  

of r e a c t io n  as found i n  t h i s  work a re  b e s t  shown g r a p h ic a l ly  

in  F igure  b . The two curves p re se n te d  r e p re s e n t  two 

d i f f e r e n t  hydrogen flow r a t e s , a l l  o th e r  v a r ia b le s  being  

the same.

The two p lo t t e d  curves shown a re  seen to be s im i la r  

to  each o th e r  in  p r a c t i c a l l y  every d e t a i l ,  and d isp la c e d  

from each o th e r  by e s s e n t i a l l y  an equal increm ent o f  r a te *  

The s c a t t e r i n g  o f  p o in ts  about th e  curves i s  a p p a re n tly  

in h e re n t  i n  the  experim en ta l system , b u t i t  i s  thought t h a t  

s u f f i c i e n t  d a ta  a re  p re se n te d  to  j u s t i f y  the  p lo t s  as drawn. 

The r e a c t io n  r a t e  corresponding  to  the  curve f o r  the  h ig h e r  

flow r a t e  i s  about 22$ g r e a t e r  than  t h a t  f o r  the  lower flow 

r a t e , a t  a s t i r r e r  speed o f  1500 RPM. Comparison w ith  

F igure  I4. in d ic a te s  th e  g iven  increm ent in  flow r a t e  produced 

about 23$ in c re a s e  in  the  observed r a t e ,  a t  t h i s  same speed. 

The h ig h e r  flow r a t e  simply adds a g iven  amount o f  s t i r r e r  

e f f i c ie n c y  o r  c o n ta c t  a re a  over the  range of s t i r r e r  speeds 

employed.

The expected dependancy of th e  observed r a t e  on the 

s t i r r i n g  r a t e  has been p re v io u s ly  d is c u s s e d ,  and was ex­

p re s se d  a s :

k t  = a Rb ( 6 )

where b i s  equa l to  1 f o r  the  mass t r a n s f e r  c o n t ro l le d
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r e a c t io n ,  equal to  0 f o r  chemical c o n t r o l ,  and v a r ia b le  

between th e se  two va lues  in  the d u o -co n tro l  re g io n .  The 

experim en ta l curves p re se n te d  would seem to  possess  a l l  th e se  

c h a ra c te r i s  t i c s .

The lower p o r t io n  of the  curves which g ive them t h e i r  

"S" shape in d ic a te s  t h a t  the  observed r a t e  was approaching 

some minimum value ( in  which case b would a lso  be 0 ) .  This 

e f f e c t  where the  r e a c t io n  r a t e  i s  l i n e a r  w ith  s t i r r e r  speed 

only  a f t e r  a c e r t a i n  speed i s  ob ta ined  has been p re v io u s ly  

re p o r te d  (11 ). S ince th e  minimum r a te s  would appear to  

d i f f e r  f o r  the  two flow r a t e s  by the  same increm ent observed 

over the h ig h e r  p o r t io n s  o f  th e  cu rv es ,  they  must r e p re s e n t  

the  a g i t a t i o n  e f f e c t s  o f  th e  flow r a t e s  them selves o r  th e  

e f f e c t  o f  in c re a se d  c o n ta c t  a re a  as p re v io u s ly  d is c u s se d .  

A pparently  a t  low s t i r r i n g  r a t e s ,  the mixing caused by th e  

s t i r r e r  paddle i s  n e g l ig ib le  compared to  th e  tu rb u len c e  

c re a te d  by the  bubb ling  g as .  This tu rb u len ce  caused by the  

gas steam a p p a re n t ly  i s  a d d i t iv e  to  th a t  caused by the 

s t i r r e r  p ad d le .

For bo th  flow r a t e s  th e  l i n e a r  dependence o f  the  

observed r a t e  on the  s t i r r e r  speed i s  found i n  the  range 

o f  1000 to  1700 RPM. Such dependence i s  one o f  the  most 

obvious c r i t e r i o n  f o r  reco g n iz in g  mass t r a n s f e r  c o n t ro l l e d  

r e a c t i o n s , and in h e re n t ly  im plies  t h a t  the  e f f e c t iv e  " f i lm ” 

th ic k n e ss  i s  in v e r s e ly  p r o p o r t io n a l  to  the  s t i r r e r  speed in
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t h i s  range. I t  a lso  fo llow s th a t  the  r e l a t i v e  motion o f 

th e  f l u i d  phase to  the  s o l id  su rface  o f  th e  c a t a l y s t  i s  

l i n e a r  w ith  re sp e c t  to  th e  s t i r r i n g  r a t e .  The observed r a t e  

o f  r e a c t io n  in  t h i s  l i n e a r  p o r t io n  of th e  curves may be 

expressed  as :

where C i s  a fu n c t io n  of the  flow r a t e .

Previous d isc u ss io n  has suggested t h a t  th e  mass t r a n s f e r  

o f  cyclohexene to  the c a t a l y s t  su r fa c e  d id  n o t c o n t ro l  th e  

observed r a t e  of r e a c t io n .  In  th e  l i n e a r  p o r t io n  o f the  

c u rv e s ,  t h e r e f o r e ,  the  r a t e  must correspond to  the  r a t e  o f  

d i f f u s io n  of the  hydrogen. That i s ,  th e  mass t r a n s f e r  r a t e  

o f  one o f  the r e a c ta n ts  must c o n t ro l  th e  observed r a t e  s in c e  

none o f the  o th e r  s te p s  i n  th e  o v e r a l l  p rocess  would be so 

a f f e c te d  by th e  s t i r r e r  speed. The v a l i d i t y  o f  t h i s  p o s tu la te  

can be determ ined by sim ple c a lc u l a t i o n .  According to 

equa tion  3 ,  th e  r a t e  of mass t r a n s f e r  f o r  one component i s  

g iven  as:

Levich (16) has shown from p u re ly  t h e o r e t i c a l  c o n s id e ra t io n s  

t h a t :

r  = 25.2 x 10“8 (N - 1000) + C (16)

dc
d t

B  o c  d ^ / 3 (17)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55 .

Assuming a l l  th e  o th e r  v a r ia b le s  to  be the  same:

(13)

The r a t e s  o f  mass t r a n s f e r  f o r  the  two r e a c ta n t s  w i l l  be

equal when th i s  r a t i o  i s  u n i ty ,  o r

c (19)

Experim ental d a ta  f o r  the d i f fu s io n  c o e f f ic ie n t s  of 

hydrogen and cyclohexene in  cyclohexane a re  no t av a ila b le*

Arnold (3) has proposed a method f o r  e s t im a tin g  th e  c o e f f ic ie n t s  

based upon molar volumes. Using t h i s  method, th e  d i f fu s io n  

c o e f f i c i e n t s  a t  25 °C a re :

P ro l ic h  and co-workers (5) g ive the  s o l u b i l i t y  of hydrogen 

in  the  cyclohexane a t  25 °C and bij.b mm. Hg. as 0.003lj.8 mols 

p e r  l i t e r .  Using th e se  values  i n  equa tion  19:

This i s  th e  co n cen tra t io n  of cyclohexene in  s o lu t io n  

when the r a te s  of mass t r a n s f e r  of the  two r e a c ta n t s  are  equal.

Dr = 15«2 x 10-5 cm .^ /sec . 

Dc = I .83 x 10“5 cm .2 /sec .

Cq = O.Ollj.3 mols p er  l i t e r
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5 b .

Such a c o n c e n tra t io n  o f  cyclohexene was g e n e ra l ly  l e s s  than 

t h a t  o f th e  l a s t  sample taken  in  an expe r im en ta l  ru n . Thus 

i t  s u f f i c e s  to  say t h a t  th e  r a t e  o f d i f f u s io n  of th e  cyc lo ­

hexene was always much g r e a t e r  than  t h a t  o f  th e  g a s , and th a t  

the  mass t r a n s f e r  o f the  hydrogen c o n t ro l l e d  th e  r e a c t i o n ,  

a t  l e a s t  i n  the l i n e a r  p o r t io n  of th e  cu rv es .

I f  c o n s id e ra t io n  i s  made only o f  the curve r e p re s e n t in g  

th e  lower flow r a t e ,  i t  would seem th a t  above 2200 RPM the 

observed r a t e  o f  r e a c t io n  was c o n t ro l l e d  by chemical p ro c e s s e s ,  

f o r  c e r t a i n l y  i t  i s  approaching a l im i t in g  v a lu e ,  i . e .  b = 0. 

Since th e  curve f o r  th e  h ig h e r  flow r a t e  i s  found to  a lso  

approach a l im i t in g  v a lu e ,  and one h ig h e r  than  the  f i r s t ,  

chemical c o n tro l  i s  in d ic a te d  only i f  the  e f f e c t  of an 

in c re a se  in  flow r a t e  i s  s o le ly  t h a t  o f  in c re a s in g  th e  

s te a d y - s ta te  hydrogen c o n c e n tra t io n .  While t h i s  p o s s i b i l i t y  

has been p re v io u s ly  d is c u s s e d ,  i t  does n o t seem l i k e l y  t h a t  

a g i t a t i o n  e f f e c t s  o f  the gas stream  could have been e n t i r e l y  

e l im in a ted  a t  these  speeds. In  any c a se ,  the  c l a s s i c a l  

c r i t e r i o n  th a t  b = 0 f o r  th e  chem ical c o n t ro l  o f a r e a c t io n  

must be m odified . I t  i s  a n e c e s s a ry ,  bu t n o t s u f f i c i e n t ,  

c o n d i t io n  to determ ine the  c o n t ro l  o f  the  observed r a t e .

The experim enta l curves p re sen ted  a re  in  a c t u a l i t y  

g rap h ic a l  evidence o f  the  mixing e f f i c i e n c i e s  of the  

r e a c t io n  f l a s k  and s t i r r e r  p add le . A pparently  f o r  a g iven
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s e t  o f  o p e ra t in g  c o n d i t io n s , the  r e l a t i v e  motion which th ey  

c re a te  between the  s o l id  c a t a l y s t  and s o lu t io n  has a 

d e f i n i t e  maximum, which can on ly  be a l t e r e d  by a change 

in  an o th e r  v a r i a b l e ,  such as th e  flow r a t e .  F u r th e r  

in c re a s e s  in  the  s t i r r i n g  r a t e  w i l l  n o t a f f e c t  t h i s  maximum.

I t  must be p o in te d  o u t t h a t  th e  depth  o f  the  s t i r r e r  

paddle below th e  s o lu t io n  su rfa ce  was c a r e f u l l y  h e ld  c o n s ta n t  

throughout a l l  the  experim enta l work, the  bottom o f  the  

paddle be ing  about 5 /9 ” from the  f l a s k  bottom . E a r ly  work 

in d ic a te d  t h a t  t h i s  f a c t o r  has some e f f e c t  on the  s t i r r i n g  

e f f i c ie n c y .  The f a c t o r  was n o t s tu d ie d  in  t h i s  work, b u t 

could be of very  fundam ental n a tu re  to  the  hydrodynamics of 

the  system.

In  essence th e n ,  i t  i s  seen  t h a t  in  t h i s  work, i t  

was im possib le  to  s h i f t  e n t i r e l y  o u t of th e  range where the  

mass t r a n s f e r  o f  the  hydrogen c o n t ro l le d  the  observed r a t e  

o f  r e a c t io n .  There i s  some ev id en ce , as w i l l  be d isc u sse d  

l a t e r ,  t h a t  a t  th e  very  h igh  s t i r r i n g  r a t e s ,  the  observed 

r a t e  was perhaps d u o -c o n tro l le d .  I t  i s  n o t thought t h a t  

in c re a s in g  the  flow r a t e  would have a l t e r e d  the  upper curve 

a p p re c ia b ly ,  s in c e  from F igure  if. i t  i s  seen th a t  th e  h ig h e r  

flow r a t e  employed g ives  about th e  maximum e f f e c t  on the 

observed r a t e .

An a ttem p t was made to  e l im in a te  th e  mass t r a n s f e r  

e f f e c t s  by reducing  the  amount o f  c a t a l y s t  used . The d a ta
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of S e r ie s  900 in d ic a te s  t h a t  t h i s  was u n s u c c e s s fu l ,  as an 

a p p re c ia b le  d i f f e re n c e  in  th e  observed r a t e  a t  the  d i f f e r e n t  

flow r a t e s  i s  found even a t  the  h igh  s t i r r i n g  speeds.

The fo reg o in g  d is c u s s io n  has a ttem pted  to  emphasize 

th a t  a c o n sc ie n tio u s  e f f o r t  was made in  t h i s  s tudy  to  c re a te  

maximum tu rb u len c e  in  th e  r e a c t io n  f l a s k .  While h ig h  s t i r r i n g  

e f f i c i e n c i e s  were o b ta in e d ,  the  mass t r a n s f e r  e f f e c t  could 

no t be e l im in a te d .  This f a c t  in c reased  th e  a u th o r 's  su sp ic io n  

concerning  the im portance of mass t r a n s f e r  in  k in e t i c  s tu d ie s  

re p o r te d  in  the  l i t e r a t u r e .

In  t h i s  r e g a rd ,  p a r t i c u l a r  r e fe re n c e  i s  made to the  

ba tch  type a u to c la v e ,  which has been alm ost a u n iv e r s a l  to o l  

of the  chem ist in  s tu d y in g  th e  k in e t i c s  of r e a c t io n s .  The 

form o f  t h i s  equipment c o n s is t s  o f a r e a c t io n  b o t t l e  connected 

to  a la rg e  gas r e s e r v o i r ,  p ro v is io n  being made to  mix the  

co n ten ts  of the  b o t t l e  by a r e c ip ro c a t in g  motion. The p ro g ress  

of the  r e a c t io n  i s  u s u a l ly  fo llow ed by th e  decrease  in  th e  

p re ssu re  of th e  system .

For purposes of com parison, a s e t  o f d a ta  was taken  

on th e  r e a c t io n  in  the  s tan d ard  low -pressu re  P a r r  hydro­

gen a tio n  a p p a ra tu s .  A sm a lle r  volume of s o lu t io n  had to  be 

used than  f o r  th e  flow system , but p ro p o r t io n a te  q u a n t i t i e s  

of th e  m a te r ia l s  were u s6d , i . e .  1 /5  o f  the  w eight o f c a t a l y s t  

and s o lv e n t ,  and o f  cyclohexene volume. The r e a c to r  b o t t l e  

was shaken a t  a r a t e  o f  350 c y c le s /m in u te .  In  o rd e r  t h a t  the  

v a lues  o f  the  s p e c i f i c  r e a c t io n  co n s tan t c a lc u la te d  be on the
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same b a s is  f o r  both sys tem s, i t  was necessary  th a t  the 

r a t e  of the  re a c t io n  be determ ined from the  cyclohexene 

co n c e n tra t io n  in  s o lu t io n ,  r a t h e r  th an  by the hydrogen 

p r e s s u r e ,  s ince  the  l a t t e r  depends on the  r e s e r v o i r  volume. 

The d a ta  o f  th i s  run a re  p rese n ted  below.

Table I

Time P re ssu re  (p -  P f) (p -  P f) C oncen tra tion
min. p s i a  p s i  —  y m o l s / l i t e r

[)..0 1.000 0.51*3
3 .1  -775 0 4 2 1

4 ^3.6 2 .3  .575 0 .3 2 1
7 ?2 .b 1 .1  .275 0 . 4 9
8 5 2 .0  .8  .200 0 .1 0 9

A p lo t  of the  c o n c e n tra t io n  a g a in s t  the time y ie ld s  

a s t r a i g h t  l in e  whose slope i s  the  observed r a t6  o f  r e a c t io n ,  

and equal to  the  mass t r a n s f e r  r a t e  of hydrogen. A c tu a lly  

the p lo t  should show some s l i g h t  c u r v a tu re , s in c e  the  

hydrogen c o n c en tra t io n  i s  dec reas in g  along w ith  the gas 

p re s s u re .  However, s in ce  the  t o t a l  p re s su re  drop was only 

4 p s i ,  t h i s  e f f e c t  has been n eg lec ted  and th e  hydrogen 

co n c e n tra t io n  considered  c o n s ta n t .  Once th e  r a t e  has been 

e s ta b l i s h e d ,  a " s p e c i f ic  v e lo c i ty  co n s tan t"  k^ may be 

c a lc u la te d  from equa tion  3?

k t  = 1 d°H = r a t e obs . (20)
cHd t  cH

Table I I  summarizes ty p ic a l  values o f  k t  f o r  the flow system
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taken from F igure  6 ,  along w ith  those  c a lc u la te d  fo r  the  b a tch  

system.
Table I I

obs. r a t e  CH ^ t
m o l s / l l t e r  s e c . m o l s / l i t e r  s e c . " 1

P a rr  Apparatus 0.000390 0.0122 0.0762

R%  =°2.76^x 10-Jf 0.000060 0.00348 0.0172

RRf - 18 08^x°i0“^ 0.000418 0.00348 0.120

Run 701 re p re s e n ts  th e  low est s t i r r i n g  e f f ic ie n c y  

e x h ib i te d  in  F igure  6 ,  and i t  i s  seen t h a t  th e  v e lo c i ty  

co n s ta n t  f o r  th e  b a tch  system i s  co n s id e rab ly  l a r g e r  than  

th a t  o f  the flow system. On the  o th e r  hand, Run 812 i s  the  

maximum r a te  observed in  t h i s  work, and i t s  v e lo c i ty  co n s tan t  

i s  alm ost double t h a t  of the  P a r r  d a ta .

In sp e c t io n  o f  th e  p lo t t e d  curve f o r  th e  lower flow 

r a t e  in d ic a te s  t h a t  th e  v e lo c i ty  c o n s ta n ts  of the two systems 

a re  equal a t  a s t i r r i n g  r a t e  between l£00-1600 RPM. This 

has p re v io u s ly  been shown to  be a reg io n  where mass t r a n s f e r  

o f  hydrogen d e f i n i t e l y  c o n t ro ls  th e  observed r a t e  of r e a c t io n .  

In  g e n e ra l ,  th e  upper h a l f  o f  the  curves In  F igure  6 

re p re s e n t  s t i r r i n g  e f f i c i e n c i e s  g r e a te r  th an  those  ob ta ined  

in  the P a r r  a p p a ra tu s ,  and even in  t h i s  re g io n  mass t r a n s f e r  

e f f e c t s  predom inate.

I t  i s  t r u e  th a t  th e  r a t e  o f  the chemical p rocesses  

themselves in  p a r t  determ ine the r e l a t i v e  importance o f  mass
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t r a n s f e r .  I f  such p ro cesses  were very  slow , i t  i s  p la u s ib le  

t h a t  the  d i f f u s io n a l  e f f e c t s  could be e l im in a ted  o r  rendered  

n e g l ig ib l e .  This would be th e  case f o r  very  poor c a t a l y s t s ,  

b u t  th e  common c a t a l y s t s  used  f o r  hyd rogenation  r e a c t io n s  

c e r t a i n l y  cannot be so c l a s s i f i e d .  As found i n  t h i s  s tu d y ,  

cognizance of mass t r a n s f e r  r a t e s  would seem to  be e s s e n t i a l  

i n  k i n e t i c  in v e s t ig a t io n s  o f  heterogeneous r e a c t io n s  in  the  

l iq u i d  phase .

E f f e c t  o f  Temperature

The in f lu e n c e  o f  tem peratu re  on th e  observed r a t e  o f  

r e a c t io n  has long been used as a c r i t e r i o n  f o r  de term in ing  

th e  c o n t r o l l in g  s te p  in  th e  o v e r a l l  p ro c e s s .  D if fu s io n a l  

p ro cesses  g e n e ra l ly  have been found to  r e q u i r e  much lower 

apparen t e n e rg ie s  o f  a c t iv a t i o n  than  e i t h e r  su r fa c e  r e a c t io n s  

o r  a d s o rp t io n .  The tem pera tu re  dependence o f  the  s p e c i f i c  

v e l o c i t i e s  of a l l  r a t e  p ro cesses  may be expressed  i n  the  

g e n e ra l  form o f  the  A rrhenius eq u a tio n :

E
k = A e “ F T  (21)

The c o n s ta n ts  A and E have been g iven p h y s ic a l  s ig n i f ic a n c e  

by the  theo ry  of a b s o lu te  r e a c t io n  r a t e s  (5 ) .  The f a c t o r  E 

i s  n o t the  t ru e  energy of a c t i v a t i o n ,  b u t  co n ta in s  a 

en tropy  term  to  account f o r  c o n f ig u ra t io n  changes, and 

i3  r e f e r r e d  to  as th e  ’’apparen t"  energy of a c t i v a t i o n .

The s p e c i f i c  v e lo c i ty  co n s ta n ts  f o r  th e  experim en ta l
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d a ta  o f  S e r ie s  1000 and 1100 could be c a lc u la te d  from 

equa tion  20, provided the  change in  hydrogen c o n c e n tra t io n  

w ith  tem perature was known. Experim ental d a ta  f o r  hydrogen 

s o l u b i l i t y  in  cyclohexane were a v a i la b le  on ly  a t  2$°C ($ )  

and 35°C (21). Using a C lausius-C lapeyron  type of r e l a t io n '  

s h ip ,  the  h e a t  of s o lu t io n  o f  hydrogen in  cyclohexane was 

c a lc u la te d  from th e se  two s e t s  o f  d a ta  and found to  be 

-1538 c a l . /m o l .  Assuming t h i s  va lue  c o n s ta n t ,  s o l u b i l i t i e s  

a t  o th e r  tem pera tu res  were e s tim a ted  u s in g  th e  equa tion :

I t  might aga in  be p o in ted  ou t t h a t  the  a c tu a l  hydrogen 

c o n c e n tra t io n s  in  the  r e a c t io n  s o lu t io n  were p robab ly  some­

what sm a lle r  than  th e  e q u i l ib r iu m  v a lu e s , bu t s te a d y - s ta te  

c o n c e n tra t io n s  were unknown, and could  n o t be reasonab ly  

es t im a ted .

Taking th e  n a tu r a l  lo g  of bo th  s id e s  o f  eq u a tio n  22:

and a p lo t  o f  In  k versus  l /T  should be a s t r a i g h t  l in e  

w ith  a s lope  equal to  -  E/R. The d a ta  used to  p repare  

such a p l o t  i s  given in  Table I I I ,  and the  p lo t s  a re  shown 

in  F ig u re  7»

c i  -1538 T2 -  Tx
( 22 )ln  c2 = R Ti T2

• Ei n  k = —  + In  A (23)
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T a b l e  I I I

T °G 1/T
r a t e  

m o l s / l .  3ec«
H

m o l s / l . sec -1

S e r ie s  1000 1300 RPM

10 .2
1 3 4
17-3
22.7
26.6
34
1.1I

0.003532
0 . 0035.92
0.003145
0.003382
0.003338
0 . 003265.
0 . 003185.

0.000118
0 .0 0 0 4 1
0.000162
0.000179
0.000191
0 .0 0 0 2 4
0 . 00025.8

S e r ie s  1100 2500 RPM

10.2
4 . 0  
18.2
23.0  
23.0  
27.0  
31.6

O.OO3532
0.0035-85-
0.00353k
0.003378
O.OO3378
0.003333
0.003285-

0 .000132  
0.000169
0.000251
0.000275
0 .000269
0.000358
0.000375.

O.OO398
0.00387
0.00373
O.OO355
0 .0 0 3 4
0.00325
O.OO305

O.OO398
0.00385
0 . 0037Q;
0 . 00355.
0 . 00355.
0.0035-2
0.00329

0.0296
0.0365
0 . 05.35
0.0505
0.0555
0.0660
0 .0816

0.0332
0.0539
0.0678
0.0778
O.O76O
0.1057
0.1137

The in f lu e n c e  of tem perature  was s tu d ied  a t  two 

d i f f e r e n t  s t i r r i n g  r a t e s  to  give f u r th e r  evidence of the  

c o n t ro l l in g  p ro c e s s .  Mass t r a n s f e r  was known to determ ine 

the observed r a t e  a t  1300 RPM, and i t  was thought th a t  

perhaps a s h i f t  i n  c o n t ro l  might be found a t  the maximum 

s t i r r i n g  speed. The lower flow r a t e  was used s in c e  i t  was 

found an in c re a se  i n  tem perature would make the observed 

r a t e  too ra p id  to  measure a c c u ra te ly  a t  2500 RPM w ith  the  

h ig h e r  flow r a t e .  This was u n fo r tu n a te ,  as d a ta  a t  the 

maximum s t i r r i n g  e f f ic ie n c y  would have given f u r th e r  in s ig h t
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65 .

of the  c o n t ro l l in g  s te p .

The p lo t s  of k versus  l /T  a re  p re se n te d  in  F igure  7*

The d a ta  f o r  1300 RPM f a l l  on a s t r a i g h t  l i n e  very  w e ll  

except a t  lower te m p e ra tu re s ,  where the  d e v ia t io n  s t ro n g ly  

suggests  a s h i f t  in  c o n t ro l  to  the  chem ical p ro c esse s  which 

are  in f lu en c ed  more by tem pera tu re  changes. The p o in ts  f o r  

the  h ig h e r  s t i r r e r  speed a re  somewhat s c a t t e r e d ,  due to  the 

apparen t i n s t a b i l i t y  o f  the s t i r r i n g  e f f i c ie n c y  a t  t h a t  

r a t e ,  and the  p lo t  as drawn i s  not d e f i n i t e .  I f  the  observed 

r a t e  i s  duo c o n t ro l le d  a t  2500 RPM as has been p roposed , i t  

would be expected th a t  a t  h ig h e r  te m p e ra tu re s , the  c o n t ro l  

would be s h i f t e d  to  mass t r a n s f e r ,  and the  p lo t  should 

become p a r a l l e d  to  th a t  a t  the  slower speed . I t  was no t

p o s s ib le  to o b ta in  d a ta  to confirm  t h i s ,  and the d o tte d

l in e  drawn i s  on ly  su g g es tiv e  of t h i s  e x p e c ta t io n .  The 

experim en ta l d a ta  do n o t d isp u te  t h i s  p o s s i b i l i t y ,  a lthough 

they  a re  h a rd ly  co n c lu s iv e .  Whether o r  n o t the  two p lo ts  

become p a r a l l e l  a t  the lower tem pera tu res  cannot be determ ined 

from the  l im i te d  d a t a ,  a lthough  aga in  t h i s  would be expected .

From the  s lopes  o f  the  p l o t s ,  the  fo llo w in g  r e s u l t s  

were o b ta in ed :

1300 RPM Eob s . = 4 ,790  c a l . /m o l

2500 RPM Eobs. = 12,790 c a l . /m o l

The value  of the  apparen t a c t i v a t io n  energy a t  1300 RPM
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merely confirms t h a t  th e  observed r a t e  i s  mass t r a n s f e r  

c o n t ro l l e d  in  t h i s  r e g io n ,  f o r  i t  corresponds to  t h a t  

g e n e ra l ly  re p o r te d  f o r  d i f f u s io n a l  p ro c e s s e s .  The va lue  

a t  2500 RPM g ives a good in d ic a t io n  th a t  th e  observed r a t e  

i s  in  d u o -c o n tro lle d  reg io n .  Since th e  apparen t a c t iv a t io n  

en e rg ies  f o r  the  chemical p ro cesses  a re  n o t known, i t  cannot 

be determ ined j u s t  how f a r  in to  the  t r a n s i t i o n  ran g e , or 

how c lo se  to  chemical c o n t r o l ,  the  observed r a t e  a c tu a l ly  

was a t  the  h ig h e r  s t i r r i n g  r a t e s .

In sp e c t io n  o f  th e  d a ta  shows t h a t  th e  observed r a t e  

o f  r e a c t io n  a t  a s t i r r i n g  speed o f  2500 RPM, 32°C, and th e  

lower flow r a t e  was s t i l l  l e s s  than  t h a t  a t  th e  same speed , 

25°0, and the  h ig h e r  flow r a t e .  Thus th e  maximum observed 

r a t e s  a t  25°C (Runs 810-812) were c e r t a i n l y  in  th e  duo- 

c o n t ro l le d  re g io n ,  and perhaps even c lo se  to  chem ical c o n t ro l .  

I t  Is  n o t ,  t h e r e f o r e ,  im possib le  to  approach c o n d itio n s  

where mass t r a n s f e r  e f f e c t s  a re  n e g l i g i b l e ,  i f  n o t  by 

in c re a s in g  the  s t i r r i n g  e f f i c i e n c y ,  then by low ering th e  

tem pera tu re  of th e  r e a c t io n .  The experim enta l work was 

l im ite d  somewhat in  t h i s  r e s p e c t  a3 the  cyclohexane used 

as so lv e n t  has a s o l i d i f i c a t i o n  p o in t  o f 6«5°G.

The in f lu e n c e  of tem peratu re  on th e  observed r a t e  of 

r e a c t io n  seems to  s u b s ta n t ia te  the  c o n te n tio n  th a t  mass 

t r a n s f e r  e f f e c t s  predominated in  th e  d a ta  taken  in  t h i s  

work, a lthough  a t  h ig h e r  s t i r r i n g  r a t e s  a t  l e a s t  the
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t r a n s i t i o n  range was reached . With a p p ro p r ia te  changes in  

the  magnitude of some o f  the o p e ra t in g  v a r i a b l e s , i t  i s  

thought th a t  i t  would be p o s s ib le  to  o b ta in  chemical c o n t ro l ,  

whereby the  mechanism of the chemical combination could be 

s tu d ie d .

E f f e c t  of S t i r r e r  Design

When i t  became apparen t th a t  mass t r a n s f e r  e f f e c t s  

could n o t be e l im in a ted  by s t i r r i n g  speed a lone in  th i s  

a p p a ra tu s , an a ttem pt was made to  in c re a se  the  mixing 

e f f ic ie n c y  of the system by a l t e r i n g  the  design  o f the 

s t i r r e r  i t s e l f .  A s in g le  padd ls  s t i r r e r  w ith  fo u r  equa lly  

spaced b lades was used in  the m a jo r i ty  o f  the  work. For 

the runs o f  S e r ie s  1200, th i s  s t i r r e r  was rep la ced  by one 

c o n s tru c ted  of two such p a d d le s ,  so s i tu a te d  on the  s t i r r e r  

s h a f t  t h a t  the  b lades of one la y  between (and above) the  

o th e r .  An end view of t h i s  s t i r r e r  would show e ig h t  b lades 

e q u a lly  p laced  around the  s h a f t ,  a lthough on two d i f f e r e n t  

p la n e s .  About one-e igh th  o f an inch sep a ra ted  the  two 

p a d d le s ,  and a l l  the  b lades were a t  an angle o f  about 10° 

to the  v e r t i c a l .  F igure  16 (Appendix) shows t h i s  s t i r r e r  

in  d e t a i l .

The v a r ia n ce  in  observed r a t e  of r e a c t io n  w ith  s t i r r i n g  

r a t e  w ith  t h i s  s t i r r e r  was determ ined fo r  the  same o p era t in g  

co n d itions  as f o r  the s in g le  paddle s t i r r e r ,  and can be
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compared w ith  the l a t t e r  a t  th e  h ig h e r  flow r a t e  (S e r ie s  

800) as i s  shown in  F igure  8 . I t  i s  seen th a t  up to s t i r r e r  

speeds of about llj.00 RPM, the  double paddle s t i r r e r  i s  more 

e f f i c i e n t ,  i . e .  th e  mass t r a n s f e r  r a t e s  a re  in c re a se d  due 

to  h ig h e r  r e l a t i v e  v e l o c i t i e s  and sm a lle r  " e f f e c t iv e "  f i lm  

th ic k n e s s e s .  However, about t h i s  speed th e  s t i r r e r  r a p id ly  

lo se s  i t s  e f f i c ie n c y  and i t s  maximum i s  c o n s id e rab ly  below 

th a t  of the  s in g le  paddle s t i r r e r .

V isu a l o b se rv a tio n  o f  th e  r e a c t io n  s o lu t io n  during  

th e se  runs p e rm it ted  some ex p lan a tio n  of t h i s  e f f e c t .  At 

the  lower s t i r r i n g  r a t e s ,  the  su r fa c e  o f  the  s o lu t io n  appeared 

to  be in  much more tu rbu lence  than  p re v io u s ly  observed .

The degree o f  su r fa c e  tu rb u len ce  in c re ase d  w ith  s t i r r e r  

speed , and p r a c t i c a l l y  reached "foam" c h a r a c t e r i s t i c s  a t  

the  h ig h  speeds. Along w ith  t h i s  su rfa ce  tu rb u le n c e ,  the  

fo rm ation  o f  v o r t i c e s  behind the  t r a i l i n g  edges of the  

b lad es  a l s o  appeared to  in c re a se  w ith  s t i r r i n g  r a t e .  At 

very  h ig h  sp e e d s , v o r t i c e s  were observed about the  s h a f t  

i t s e l f ,  and extended alm ost th e  f u l l  dep th  of th e  s t i r r e r  

in  the  s o lu t io n .

The e f f e c t  o f  v o r tex  fo rm ation  on mixing e f f i c i e n c i e s  

has been p re v io u s ly  observed (9)* and t h i s  phenomenon would 

seem to  e x p la in  the  d ec rease  in  observed r e a c t io n  r a t e  a t  

h ig h e r  s t i r r e r  speeds. When th e  gaseous v o r t i c i e s  become 

so la rg e  so as to  envelop the s h a f t ,  the  padd les  a re  in  a 

sense rev o lv in g  in  the  gas r a th e r  than  the  s o lu t i o n ,  and the
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n e t e f f e c t  i s  th a t  th e  v o r tic e s  and s h a f t  a c t  as a s o l id  

rev o lv in g  u n i t .  The e f f e c t iv e  a c tio n  o f th e  b lades i3  

th e reb y  l o s t , and th e  r e l a t i v e  m otions produced le ssen ed .

This e f f e c t  f o r  th e  double padd le s t i r r e r  o f  course 

cannot be g e n e ra liz e d  f o r  a l l  shapes and des ig n s o f s t i r r e r s .  

A study  o f th e  e f fe c t iv e n e s s  o f th e  common s t i r r e r  designs 

on m ixing e f f ic ie n c y  in  th e  sem i-flow  system  would be of 

r e a l  b e n e f i t  to  th e  en g in eer. The work th a t  has been done 

in  th i s  connection  i s  o f l im ite d  scope, and employed r a th e r  

id e a l iz e d  c o n d itio n s  (9 ) . A r e a c t io n  such as s tu d ie d  in  

th i s  work a f fo rd s  a good means o f d e te rm in in g  m ixing 

e f f ic ie n c y .

E ffe c t o f  R eac tion  F la sk  Shape

Mixing e f f ic ie n c y  has long been o f i n t e r e s t  to  th e  

e n g in e e r , f o r  p ro cess  tim e i s  an im portan t econom ical f a c to r  

in  a l l  i n d u s t r i a l  o p e ra t io n s . The u se  o f  b a f f le s  in  tanks 

to  o b ta in  b e t t e r  m ixing may now be regarded  as s tan d ard  

p r a c t ic e .  The Morton f la s k  used in  th i s  work w ith  i t s  

in d en ted  s id e s  corresponds somewhat w ith  a b a f f le d  tan k .

To show th e  e f f e c t  o f r e a c to r  d e s ig n , a s e r ie s  o f 

runs were made u s in g  an o rd in a ry  round bottom  f la s k  as th e  

r e a c t io n  f l a s k .  As was ex p ec ted , the  r e s u l t s ,  shown in  

F ig u re  9» when compared to  those  o b ta in ed  in  th e  Morton 

f la s k  fo r  th e  same o p e ra tin g  co n d itio n s  in d ic a te d  much 

lower m ixing e f f ic ie n c y .  W ith on ly  th e  gas d is p e rs io n  and
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sam pling tube to  in te r f e r e  w ith  the  f lu id  m otion , th e  

r e a c t io n  s o lu t io n  moved in  alm ost unbroken flow about the  

f l a s k .  The su rfa ce  of th e  s o lu t io n  showed p r a c t i c a l ly  no 

tu rb u le n c e , even a t  very  h ig h  s t i r r i n g  r a t e s .

This s tream lin ed  flow  th en  e f f e c t iv e ly  dampened the 

s t i r r i n g  a c tio n  of the  p a d d le , and a change in  r e l a t i v e  

motion between the  s o l id  and s o lu t io n  ob ta ined  w ith  d i f f i c u l t y .  

I t  i s  seen from the p lo t  th a t  the  observed re a c t io n  r a te  

approached a minimum a t  low s t i r r i n g  speeds which corresponds 

c lo s e ly  to  th a t  ob ta ined  in  th e  o th e r  f l a s k ,  and re p re s e n ts  

as b efo re  th e  tu rb u len ce  c re a te d  by the  gas stream  a lo n e .

Prom th i s  minimum th e  l in e a r  dependence o f observed r a te  w ith  

speed is  g rad u a lly  approached. A l in e a r  r e la t io n s h ip  i s  

found fo r a much sm a lle r  range o f s t i r r i n g  r a te s  than  p re ­

v io u s ly , and th e  maximum e f f ic ie n c y  reached was co n s id e rab ly  

low er than  in  the  Morton f l a s k .

G en e ra lly , vapor phase c a ta ly t i c  re a c tio n s  a re  con­

ducted  in  tu b u la r  r e a c to r s , and the  hydrodynamic a sp e c ts  o f 

the  p ro cess  are  those o f the  flow of f lu id  through  packed 

beds. In  a s t i r r e d  system , th e  hydrodynamics a re  much more 

complex, f o r  bo th  the  design  o f th e  s t i r r e r  and th e  co n ta in in g  

v e s s e l  w i l l  determ ine th e  m ixing e f f ic ie n c y . There i s  a r e a l  

need f o r  co n s id e rab le  in v e s t ig a t io n  o f th i s  problem  a lo n e , 

i f  th e  k in e t ic  a sp ec ts  o f the  s t i r r e d  system  a re  to  be 

com pletely  u nderstood .
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Mechanism of th e  Chemical R eaction

The a c tu a l  mechanism of th e  c a t a l y t i c  r e a c t io n  between 

a m olecule o f cyclohexene and a m olecule o f hydrogen in  a 

heterogeneous system  can be ev a lu a ted  on ly  when th e  ex­

p e r im e n ta lly  observed r a t e  i s  c o n tro lle d  by th e  chem ical 

p ro c e s se s . Any mass t r a n s f e r  e f f e c t s  w i l l  obscure th e  tru e  

dependence o f  th e  r a t e  on o p e ra tin g  v a r ia b le s .  In  th e  

p re s e n t w ork, th e  c o n tro l  o f th e  r a t e  by th e  mass t r a n s f e r  

o f  hydrogen to  the  in te r f a c e  could  n o t be e l im in a te d , and 

d e te rm in a tio n  o f th e  mechanism i s  n o t p o s s ib le .  However, i t  

i s  of some v a lu e  to  in d ic a te  th e  method by which such a 

d e te rm in a tio n  could  be made u s in g  d a ta  from  th e  sem i-flow  

system .

When chem ical c o n tro l  has been ac h iev e d , th e  observed 

r a t e  may be th a t  o f th e  ad so rp tio n  o f e i th e r  o f  th e  r e a c ta n ts  

onto th e  s u r fa c e ,  th e  r a t e  of d e so rp tio n  o f th e  p ro d u c t 

(no t co n sid ered  l i k e ly  in  th i s  case ) , o r  th e  chem ical 

com bination i t s e l f .  R egard less o f which r a t e  i s  observed , 

th e  a c tu a l  r a t e  of com bination must be in  accord  w ith  th e  

law of mass a c t io n ,  a p p ro p r ia te ly  expressed  a s :

r  = k (conc. cyclohexene) (cone. hydrogen) (2ij.)

The mechanism o f  th e  r e a c t io n  determ ines where th e se  

c o n c e n tra tio n s  a re  to  be m easured.
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7k-

L et eg = c o n c e n tra tio n  o f cyclohexene in  
s o lu t io n  a t  tim e t

Ctr = c o n c e n tra tio n  of hydrogen in  s o lu t io n  
a t  tim e t

@q = c o n c e n tra tio n  o f  cyclohexene adsorbed 
on the  c a ta ly s t  su rfa c e  a t  tim e t

9g = co n c e n tra tio n  o f hydrogen adsorbed on 
th e  c a ta ly s t  su rfa c e  a t  tim e t

The fo llo w in g  r a te  ex p ressio n s encompass a l l  p o s s ib le  

mechanisms f o r  the  r e a c t io n ,  assuming th e  hydrogen i s  

m o lecu la rly  adsorbed?

(a) r = k cC CH
(b) r = k cC ®H
(c) r = k 6C °H
(d) r = k ec ®H

Mechanism (a) i s  an ex p ress io n  f o r  a n o n -c a ta ly t ic  

r e a c t io n .  S ince no re a c t io n  between th e  cyclohexene and 

hydrogen could be d e te c te d  ex p e rim en ta lly  in  th e  absence of 

th e  c a ta ly s t  in  the  p re s e n t w ork, t h i s  mechanism may be 

d isc a rd ed  im m ediately . Mechanism (b) re p re s e n ts  re a c t io n  

between cyclohexene in  th e  s o lu t io n  a t  th e  in te r f a c e  and 

adsorbed hydrogen , mechanism (c) th a t  between hydrogen in  

th e  s o lu t io n  and adsorbed cyclohexene, and (d) a tru e  su rfa ce  

r e a c t io n  where bo th  r e a c ta n ts  a re  adso rbed , and the  mechanism 

g e n e ra lly  found f o r  h y d ro g en a tio n s .
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The e lim in a tio n  o f a l l  hu t one o f th e  above mechanisms 

should be p o s s ib le  i f  th e  p roper d a ta  a re  a v a i la b le .  However, 

th e  procedure i s  com plicated  and must be c a r r ie d  o u t w ith  

c a re . For exam ple, in  th e  sem i-flow  system  th e  hydrogen 

co n c e n tra tio n  remains c o n s ta n t, w hile th a t  o f th e  cyclohexene 

co n tin u o u sly  d ec re a se s . However, even i f  th e  observed r a te  

should rem ain co n s tan t f o r  a g iven  ru n , mechanism (b) cannot 

be d isca rd ed  s in c e  th e  observed r a te  might be th a t  of the 

ad so rp tio n  o f hydrogen. Likewise f o r  mechanism ( c ) , a co n s tan t 

r a te  could  mean th a t  th e  s o lu t io n  o f the hydrogen was 

c o n tro l l in g  th e  r e a c t io n ,  o r  th a t  th e  cyclohexene was " s tro n g ly ” 

adsorbed and no t dependent on th e  c o n c e n tra tio n  in  th e  s o lu t io n . 

Thus i t  would seem th a t  some knowledge o f a d so rp tio n  r a te s  

f o r  bo th  cyclohexene and hydrogen would be n ecessa ry  to  

determ ine the mechanism of th e  r e a c t io n .  Such r a te s  have 

rece iv ed  l i t t l e  a t t e n t io n ,  and a re  d i f f i c u l t  to  measure due 

to  mass t r a n s f e r  e f f e c t s .

An a l te r n a te  method would seem to  be th a t  proposed by 

Hougen and Watson (1 0 ), which to  th e  a u th o r ’s knowledge has 

never been ap p lied  to  r e a c tio n s  in  s o lu t io n .  T h e ir b a s ic  

r e la t io n s h ip s  were derived  on a p e r f e c t ly  g en e ra l b a s is  

employing a c t i v i t i e s ,  and should ho ld  fo r  any system . The id e a l  

gas law has been used e x c lu s iv e ly  in  app ly ing  th e se  eq u a tio n s 

to vapor phase r e a c t io n s ,  and s im ila r  s im p lif ic a t io n s  could 

be made a p p ro p r ia te ly  f o r  th e  l iq u id  ph ase . The method 

p erm its  a r a te  equa tion  to be w r i t te n  fo r  every p o ss ib le

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c o n tro l l in g  s te p  f o r  each, proposed mechanism. Each eq u a tio n  

can then  be te s te d  a g a in s t  experim en ta l d a ta  to  a r r iv e  a t  

th e  p ro p er mechanism.

The p re se n t au th o r f e e l s  th a t  a r e a l  c o n tr ib u t io n  to  

ap p lied  k in e t ic s  cou ld  be made by a stu d y  o f the  r e a c t io n  

in  the chem ical c o n tro l le d  re g io n , and comparing th e  mechanisms 

as determ ined by th e  above m ethods. The value o f  th e  p re se n t 

work i s  thought to  be th a t  o f  in d ic a t in g  the  req u irem en ts 

f o r  ach iev in g  chem ical c o n tro l  in  th e  sem i-flow  system . Now 

th a t  th e  e f f e c t  o f  th e  p e r t in e n t  v a r ia b le s  have been a t  

l e a s t  q u a l i t a t iv e ly  exposed, fu tu re  in v e s t ig a to r s  may more 

r e a d i ly  e s ta b l i s h  experim en ta l co n d itio n s  so th a t  th e  

fundam ental a sp ec ts  o f r e a c tio n s  in  s o lu t io n  may be s tu d ie d .
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CONCLUSIONS

The k in e t ic s  o f th e  l iq u id  phase hyd rogenation  o f 

cyclohexene in  the  p resen ce  o f a p la tin u m  c a ta ly s t  in  a 

s t i r r e d  sem i-flow  system  have been s tu d ie d  ex p e rim en ta lly .

I t  was found th a t :

1 . The observed r a t e  of r e a c t io n  in c re a s e s  w ith  an 

in c re a se  in  c a ta ly s t  c o n c e n tra t io n , b u t reaches a l im i t in g  

value  due to  th e  i n a b i l i t y  o f th e  s t i r r e r  to  ho ld  a d d i t io n a l  

amounts o f  s o l id  in  su sp en sio n .

2 . The flow  of hydrogen a f f e c t s  th e  r a t e  o f  r e a c t io n  

e i t h e r  by a id in g  the  s t i r r i n g  e f f ic ie n c y  in  th e  r e a c t io n  

f l a s k  o r by changing th e  c o n ta c t a re a  o f  th e  g a s , and th e  

e f f e c t  i s  o f f ix e d  m agnitude a t  h ig h e r  flow  r a t e s .

3 . An in c re a se  in  the t o t a l  p re ssu re  on th e  re a c t io n  

f la s k  a f f e c t s  a l in e a r  in c re a s e  in  th e  r e a c t io n  r a t e ,  

co rrespond ing  to  th e  change in  s te a d y - s ta te  hydrogen con­

c e n tr a t io n  in  the  s o lu t io n .

i}.. For th e  m ajor p o r t io n  o f th e  work, th e  observed r a te  

o f r e a c t io n  i s  c o n tro lle d  by th e  mass t r a n s f e r  o f hydrogen 

from the  bu lk  of th e  s o lu t io n  to  th e  s o l id - l iq u id  in t e r f a c e ,  

and i s  independen t o f  th e  cyclohexene c o n c e n tra tio n  in  

s o lu t io n .
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5 . At th e  h ig h e r  l im i ts  o f o b ta in ab le  s t i r r i n g  r a t e s ,  

th e  r e a c t io n  r a te  i s  d u o -co n tro lle d  and i s  approaching th e  

chem ical c o n tro l .

6 . That th e  observed r a t e  o f  r e a c t io n  be independent o f 

th e  s t i r r i n g  r a te  i s  a n e c e ssa ry , bu t i n s u f f i c i e n t ,  c r i t e r io n  

fo r  determ in ing  chem ical c o n tro l .

7. The s t i r r e d  sem i-flow  system  o f fe rs  g re a te r  mixing 

e f f ic ie n c y  than the  batch  type a u to c la v e , and i t  i s  q u e s tio n ­

ab le  mass t r a n s f e r  e f f e c ts  can be e lim in a ted  in  th e  l a t t e r  

equipm ent•

8 . The d esig n  o f th e  s t i r r e r  and re a c tio n  f la s k  to g e th e r  

determ ine th e  s t i r r i n g  e f f ic ie n c y ,  and complex hydrodynamic 

phenomena such as fo rm ation  of v o r t ic e s  p re v en t a t  p re se n t 

p re d ic t io n  o f maximum o b ta in ab le  e f f i c ie n c ie s .

9. With th e  p ro p er choice and c o n tro l o f  o p e ra tin g  

c o n d it io n s , chem ical c o n tro l of th e  r e a c t io n  m ight be 

achieved in  the sem i-flow  system , and th e  r e a c t io n  mechanism 

ev a lu a ted .

10. F u rth e r  co n c en tra ted  s tu d y  o f each o f th e  v a r ia b le s  

explored  i s  re q u ire d  b efo re  fundam ental th e o ry  o f en g in eerin g  

u t i l i t y  f o r  such system s can be developed.
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EXPERIMENTAL DATA

The fo llo w in g  d e s ig n a tio n s  a re  used  in  th e  p re s e n ta tio n  o f d a ta

H 2S flow m eter manometer re a d in g , inches o f  mercury

H’ = flow m eter re a d in g , Inches o f d ib u ty l  p h th a la te

Tf = flow m eter tem p era tu re , °C

Rf s c a lc u la te d  hydrogen flow  r a t e ,  mols p e r  second

pa = barom etric  p re s s u re ,  m illim e te rs  o f  mercury

Pr = r e a c to r  p re s s u re ,  m illim e te rs  o f  mercury

= i n i t i a l  r e a c to r  tem p era tu re , °C

Tr = r e a c to r  tem peratu re du ring  r e a c t io n ,  °C

Rf* ss c a lc u la te d  re a c t io n  r a t e ,  mols p e r  second p e r  l i t e r

Time = tim e o f sample w ith d raw al, m inutes

Cone. = co n c e n tra tio n  o f cyclohexene, n o rm ality

RPM = s t i r r e r  speed , re v o lu tio n s  p e r  m inute

C a ta ly s t = w eight of c a t a l y s t ,  grams

(The re fe re n c e  to  ’’days" f o r  S e r ie s  000 i s  the time 
o f th e  run  from p re p a ra tio n  o f th e  Raney n ic k e l  c a t a l y s t . )
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SERIES 000
Stored Cyclohexene -  Raney Nickel Catalyst

Run Flowmeter Reactor
No. Catalyst RPM H H» Tf Rjf> pr Ti Tr Time Cone.

ooi 0 . 721*7 920 1.57 1.39 28.2 0.000318 731* .6 735.0 2l*.8 25 .u 0 0.9192
15 0.71*1*9

(1 day) 30 0.5285
1*5 0.3111
60 0.1121
IB O.OO69

002 0.7206 920 0.66 1.31* 31.6 0.000312 71*3-5 71*3.9 2l*.6 25.0 0 0.931*2
15 0.7866

(27 days) 30 0.6328
hB 0.1*8U0
60 0.3393
75 0.2200
90 0.1179

003 0.7238 930 0.63 1.33 29.8 0.000309 IkB-k 7l£.7 2I4..2 25.0 0 0.9329
15 0.7583

(28 days) 30 0.51*97
hB 0.3602
60 0.1770
75 0.0515

R.

0.000118

0.000083

0.000105

c oro
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Run  Flowmeter____
No. Catalyst RPM H H* Tf Rf

00U 0.7H9 910 1.17 1.25 27*8 0.000291

(51 days)

005 0.7198 920 1.22 1.30 2U.U 0.000309

(52 days)

006 0.7228 910 1.52 1.36 23.6 0.000331

(56 days)

007 0.72U3 910 1.55 1.36 23.6 0.00032U

(59 days)

Reactor_____
Pa Pr  Tr  Tijne Cone. Rj.

739.8 7U0.1

737.0 737.3

7U9.8 750.2

7U3.5 7U3.9

30.U 30.8

29.8 31.0

25.U 25.2

25.0 25.U

0 O.927U
15 0.801*1
30 0.6518
U5 O.U972
60 0.3597
75 0.2223
90 0 .110U

0 0.9335
15 0 . 78U9
30 0.6735
U5 0.5U77
60 O.U072
75 0.2835
90 0.1720

0 0.9279
15 0.8386
30 0.7252
U5 0.6039
60 0.5002
75 0.3979

0 O.89U6
15 0.7893
30 0.6759
U5 0.5379
60 0.U196
75 0.2939

0.000079

0.000073

0.000061

O.OOOO69
CX)Lo
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Run Flowmeter
Ro. Catalyst RPM H H' T f  Rf

008 0.7199 9U0 1.90 1.27 25.4 0.000299

(68 days)

009 0.7191 930 1.72 1.29 27.2 0.000307

(79 days)

010 0.7205 950 1.93 1.31 23.8 0.000318

 Reactor
Pr Ti Tr  Time Cone.

740.8 741.2 24.6 2^.0

7lt3.0 743.4 24.6 25.0

745.3 745.8 24.8 25.0

0.9372 0.000053
0.8645
0.7738
0.5749
0.3905
0.2208

0.9421 0.000060 
0.8588 
0.7543 
0.5322 
0.3160 
0.1324

0.9417 0.000049
0.8909
0.7977
0.6099
0.4593
0.2717

CO-F".

0
t f
30
60
90

120

0
15
30
60
90

120

0
t f
30
60
90

120
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SERIES 100
Stored Cyclohexene

Run Flowmeter Reactor
No. Catalyst RPM H H« Tf Bf Pa ?r Ti Tr Time Cone. *r

101 0.21*67 1000 2.02 1.39 25.0 0.0003U8 71*0.8 751.5 25.0 25 .U 0
15
30
60
90

120

0.8805
0.8066
0.7228
0.5379
0.31*32
0.1523

0.000053

102 0.5039 1000 1.81 1.31 2U.8 0.000327 738.5 7U3.1 25.0 25.it 0
15
30
60
90

0.8813
O.7668
0.631*0
0.3579
0.0731*

0.000077

103 0.9718 1000 2.7k 1.05 2U.6 0.000271 721*.0 71*7.1 25.0 25.6 0
15
30
50
60

0.8731
0.6989
0.5280
0.3000
0.1798

0.000097

10U 1.0303 1000 1.10 1.25 26.0 0.000305 7U3.5 7U7.8 25.0 25.6 0
15
30
kS
60
70

0.8802
0.7159
0.5371;
0.3678
0 . I 807
O.OUIU

0.000099
Covn
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Run  Flowmeter________
Ro. Catalyst RPM H H« Tf  Rf

105 2.0078 1000 2.15 1.32 22.2 0.000339

106 2.7388 1000 2.1*2 1.30 2l*.2 0.000333

107 2.7633 1000 2.36 1.13 2U.6 0.000293

108 2.831*6 1000 2.15 1.18 23.1* 0.000303

109 3.0060 1000 2.05 1.20 2i*.6 0.000307

 Reactor_____
Pa Pr  Tr  Time Cone. Rj.

735.6 71*6.5 25.0 25.8 0
15
30
1*5
60

0.8657
0.675?
0.1*750
O.2719
0.0660

0.000113

7l*l*.0 71*8.3 25.0 25.8 0
15
30
1*5
60

0.8767
0.6815
0.1*826
0.2761
0.0739

0.000113

71*2.0 7U7.8 25.0 25.8 0
15
30
1*5
55

0.8215
0.631*2
0.1*31*1
0.2299
0.1003

0.000111

71*6.0 71*8.8 25.0 25.8 0
15
30
1*5
60

0.8638
O.6616
0.1*511
0.2522
0.01*39

0.000111*

71*5.5 71*8.8 25.0 25.8 0
15
30
1*5
60

0.8718 
0 .671*6 
0.1*700 
0.2637 ' 
0.0596

0.000111*
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(Series 200 cont.)

Run  F low m eter________  Reactor
N0. Catalyst RPM H H» Tf Rf Pa Pr Ti Tr Time Cone. Rr

205 0.9781 1100 2.66 1.20 23.8 0.000310 735.3 71+6.2 21+.8 25.6 0
15
30
U5
56

0.8713
0.6638
0.1+31+1
0.2139
0.01+96

0.000123

206 0.971+1 1300 2.91 1.03 21+.8 0.000278 7U9.5 750.3 25.0 26.0 0
15
30
U5

0.8718
0.5976
0.3078
0.0015

0.000166

207 0.9757 1500 2.37 1.06 23.8 0.000282 71+8.5 71+9.8 25.0 26.1+ 0
35
25
35

0.8873
0.1+897
0.191+1
0.0010

0.000231

208 0.9736 1750 2.09 0.91 23.8 0.000231+ 71+8.0 71+9.8 25.0 26.6 0
10
20
30

0.8762
0.5687
0.2737
0.0000

0.000251

209 0.9758 1750 2.71 0.93 22.1+ 0.00021+8 71+8.0 7U9.8 25.0 26.6 0
10
20
30

0.9256
0.61+36
0.31+11
0.0373

0.000253
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SERIES 300 

Stored Cyclohexene

Run Flowmeter Reactor
No. Catalyst RFM H H* Tf Rf pa pr Ti Tr Time Cone. Rr

301 0.97U5 1500 6.22 0.U8 21;.2 0.000092 7U8.0 530.1 2$.0 2$.6 0
15
30
U5
60

0.8787
O.698I+
0.5230
0.3U85
0.1798

0.000097

302 0.9726 1500 3.75 1.92 2U.U 0.000389 7U2.5 532.1; 25.0 26.0 0
10
20
30
UO

0.8817
0.6811
0.1;855
0.283U
0.0830

O.OOOI67

303 0.9722 1500 1.U9 3.1;5 23.6 0 .00076£ 7U6.0 531.U 2I4..6 2$.8 0
10
20
30
37

0.8886
0.6507
0.U237
0.2089
0.0607

0.000191;

30U 0.97UU 1500 0.28 U.72 25.0 0 .001021; 7i a .5

*

536.5 21;. 6 2$.6 0
10
20
30
35

0.8960 
o.65ltl; 
0.14168 
0.1793
0.0756

0.000191;
vO(v
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Run Flowmeter
No. Catalyst RBI H H» Tf

305 0.971*0 1500 0.00 6.08 25.6

306 0.971*2 1500 0.73 7.27 21+.8

307 0.9737 1500 1.37 8.69 25.0

(Series 300 cont.)

Reactor
Rf pa pr T- Tr Time Cone. Rr

0.001292 7U3.2 537.0 25.0 26.2 0 1.9U72 0.000180
15 1.6187
30 1.2921+
1*5 O.9676
60 0.61*65
75 0.3U52
90 0.0682

0.0011+89 7U7.5 536.7 21+.8 26.0 0 0.9330 0.000218
10 0.6581
20 0.3872
30 0.1366
35 0.0262

0.001682 71*5.7 535.1 21+.6 25.8 0 0.9U5U 0.000209
10 0.61+90
20 0.3930
30 0.11+97
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O  CO CM OO XAOÔ JH p-vo  CM CO 
OO V O 1-4

o o o o  o o o o o  o o o o

o o o o o
H  CM CN_=f

vOCM

OO

-£

CO
•

CN
OO
VO

X A•rH
XAr—

XACO
CM

8

CM

*
CN
rH

O
-=r

oo
rH

Ov
CNp-
ON

CN
O
_=t

o o o oH  CM CN

vOCM

CM•
XACM

vO
CN

£

VO

O

OO
p-
CM
O
8

CM
-ctCM

o 1

CN
H

•
CN

8

XA
vO
P -
Ov

•
o

-4-
O-=t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of 

the 
copyright 

ow
ner. 

Further 
reproduction 

prohibited 
w

ithout 
perm

ission.

Series l+OO (cont.)

Run
No. Catalyst RPM H

Flowmeter 
H‘ Tf Rf ?a

Reactor
Time Cone. Rr

l+o5 0.9756 i 5oo 5.75 0.9U 23 .U 0.000271 752.0 795. U 25.0 26.1+ 0
10
20
30
35

0.8762
0.631+7
0.3822
0.1158
0.0039

0.000216

Uo6 0.9736 1500 6.57 0.92 21+.6 0.000267 736.0 835.1 25.0 26. 1+ 0
10
20
30
35

0.8799
0.6285
0.3608
0.0879

0.000225

U07 0.9736 i 5oo 8.38 0.91 26.6 0.000275 71+3.0 81+8.7 25.0 26. 1+ 0
10
20
30

0.8787
0.6119
0.31+73
0 .0821+

0.000222

vQ
VA9
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SERIES 600

S to r e d  C yclohexene

Run Flowmeter   Reactor
No. Catalyst RFJ4 H H* Tf Rf pa pr T- TAr Time Cone. Rr

601 0.9753 700 8.09 2.83 25.2 0.000802 732.6 7i*7.1 21*.8 25.1* 0
15
30
1*5
60
75

0.8828
0.731*6
0.5851*
0.1*1*26
0.301*9
0.1910

0.000082

602 0.9757 900 6.87 2.87 25. 1* 0.000798 7UU.2 710*. 2 21)..8 25.6 0
15
30
1*5
55

0.8935
0.6930
0.1*637
0.2386
0.0901*

0.000126

603 0.9772 noo 8.28 2.81* 25.8 0.000820 736.8 71*7.5 21*.8 26.0 0
10
20
30
1*0

0.8836
0.6981*
0.1*810
0.2719
0.0682

0.000175

60l* 0.9751* 1300 7.13 2.86 25 .1* 0.000803 7U3.5 71*3.5 25.0 26.1* 0
10
20
30

0.8856
0.6663
0.3971
0.11*23

0.000219
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( S e r i e s  600  c o n t . )

Run Flowmeter Reactor
No. Catalyst RFM H H« Tf Rf pa pr Ti T■Lr Time Cone. Rr

605 0.9787 1750 7.63 2.81+ 26.2 0.000811 71+5.0 71+5.0 25.0 26.6 0
10
20
25

0.9009
0.5927
0.2670
0.1220

0.000260

606 0.9721+ 2100 7.66 2.81 21+.6 0.000800 737.7 71+7.6 25.0 26.1+ 0
5

10
15
20
25

0.8831 
0.7668 
O.613I+ 
0.1+571+ 
0.2995 
0.11+70

0.000259

607 0.9731 21+00 7.10 2.85 2U.2 0.000802 737.2 71+7.6 25.0 26.6 0
5

10
15
25

0.8812
0.71+95
0.5871+
0.1+15U
0.0871

0.000276

608 0.971+7 21+00 7.57 2.83 26.0 0.000806 7l0wO 7U1+.0 25.0 26.8 0
10
25
20

0.8775
0.5366
0.3522
0.1670

0.000296
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SERIES 700

F r e s h ly  D i s t i l l e d  C ycloh exen e

Run Flowmeter Reactor
No. Catalyst RPM H H* Tf Rf pa pr Ti Tr Time Cone. Rr

701 0.?739 6$0 1+.32 1.00 23.8 0.000276 7U0.0 71*3.8 21+.8 25 .If 0
33
30
1+3
60

0.9223
0.8078
0.6929
0.3919
0.1*883

0.000060

702 0.9733 800 U.72 1.00 23.8 0.000277 732.2 7U3.1* 23.0 23.6 0
33
30
1+3
60
73

0.9030 
0.7733 
0.61*21 
0.3037 
0.371*0 
0.231U

0.000073

703 0.9778 1000 H .il 1.00 23.8 0.000273 7ld.3 7U3.3 2l*.8 23.6 0
33
30
1*5
60

0.9112
0.6892
0.1*633
0.2321+
0.0273

0.000123

70U 0.9731 1100 h.$2 1.13 26.0 0.000307 71+2.1 7U6.2 23.0 26.0 0
10
20
30
i*o
30

0.8930
0.7272
0.36lii
0.1*061+
0.21*03
0.0722

0.000137 100
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( S e r i e s  700 c o n t . )

Run Flowmeter    Reactor
No. Catalyst RPM H H' Rf Pa Pr Tr Time Cone. Rr

710 0.97U2 1600 U.30 1.12 23.8 0.000312 739.3 7U1+.9 2U.8 26.6 0
10
15
20
25

0.9050
0.5603
0.1*072
0.2376
0.0788

0.000275

711 0.9710; 1800 lu l l 1.10 23.8 0.000299 7U3.0 7I+6.6 25.0 27.0 0
5

10
15
20

0.8975
0.7078
0.5181
0.3368
0.1639

0.000303

712 0.9781* 2000 U.39 1.10 23.8 0.000299 731* .5 7U1.U 25.2 27.2 0
5

10
35
20

0.9000
0.7110
0.5131
0.3273
0.11*33

0.000315

713 0.9806 2200 U.25 1.10 23.8 0.000300 71*0.2 7UU.0 25.0 27.2 0
5

10
15
20

0.9099
O.672I*
0.1*1*86
0.21*25
0.0397

0.000352

102
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SERIES 800

F r e s h ly  D i s t i l l e d  C yclohexene

Run Flowmeter Reactor
No. Catalyst RPM H H* Tf Rf Pa Pr Ti Tr Time Cone. Rr

801 0.9759 700 6.1*0 2.93 23.8 0.000813 71*1.3 71*6.1* 25.2 25.8 0
15
30
1*5
60

0.9179
0.7036
0.1*913
0.2976
0.1136

o.oooul*

802 0.9777 900 6.17 2.9U 2U.8 0.000812 71*6.0 71*6.0 21*.6 29.6 0
10
20
30
1*0

0.9298 
0.7239 
0.51*01* 
0.3616 
0.1901*

0.00011*9

803 0.9765 1000 6.51* 2.93 23.8 0.000816 71*0.8 71*7.2 25.2 26.6 0
10
20
30
1*0

0.9273
0.7115
0.5181
0.319U
0.1260

0.000163

80l* 0.9763 1100 6.70 2.99 21*.8 0.000831 739.3 71*7.9 21*.8 26.0 0
10
20
30
35

0.91*27
0.6912
0.1*561
0.2395
0.1311*

0.000187
HO-l="
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SERIES 900

F r e s h ly  D i s t i l l e d  C ycloh exen e

Run Flowmeter Reactor
No. Catalyst RFM H H* Tf R£ pa P T- r r  Ax TAr Time Cone. Rr

901 O.U998 2200 U.18 1.09 26.U 0.000290 739.5 7U3.3 25. k 26. U 0
10
20
30
ho

0.9025
0.6788
0.U710
0.2673
0.0739

0.000169

902 o . h m 2200 7.06 2.89 25.0 0.000813 7U0.2 7U5.5 25.0 26.U 0
10
21
28
33

0.8901
0.6123
0.3503
0.1929
0.0863

0.000191

1
0

7
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SERIES 1000

F r e s h ly  D i s t i l l e d  C yclohexene

Run  Flowmeter________   Reactor
No. Catalyst RFM H H» Tf Rf Pa Pr Ti Tr Time Cone. Rr

1001 0.9730 1300 6.31* 1.01 22.8 0.000298 738.1 71*0.6 9.1* 10.2 0
10
23
1*0
33
63

0.9012
0,7602
0.31*86
0.3331*
0.121*7
0.0220

0.000118

1002 0.9731 1300 6.1*9 1.03 2.H* 0.000303 71*1.3 7l0*.8 9.It 10.2 0
13
30
1*3
6o

0.9136
0.6988
0.1*833
0.2693
0.0665

0.000118

1003 0.971*2 1300 6.77 1.03 21*. 2 0.000308 737.8 71*0.1 12.3 13.U 0
13
30
1*0
30

0.9166
0.6636
0.1*100
0.2522
0.0888

0.00011*1

1001* 0.9736 1300 6.70 1.00 25.6 0.000293 71*0.0 71*2.8 16.3 17.3 0
10
20
30
1*0

0.9037
0.7037
0.5082
0.3165
0.1215

0.000162
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( S e r i e s  1000 c o n t . )

Run Flowmeter Reactor
No. Catalyst RPM H H« Tf Rf Pa pr Ti T■'■r Time Cone. *r

1005 0.97U1 1300 7.08 l.ou 25.6 0.000305 7U1.0 7liU-3 22.2 22.7 0
10
20
30
UO

0.9000
0.6773
0.1|607
0.2373
0.0269

0.000179

1006 0.8572 1300 7.3U 1.01 2U.2 0.000299 736.8 738.8 32.0 33.U 0
10
20
30
35

0.9082
0.61413
0.3957
0.1576
O.OU67

0.000211*

1007 0.97UU 1300 7.1t7 1.03 2U.J+ 0.000305 739.5 7U1.8 39.5 lvl.1 0
5

10
35
20
25

0.9037
0.7557
0.6067
0.1*681
0.3262*
0.1853

0.00022*8

HOsO
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SERIES 1100

F r e s h ly  D i s t i l l e d  C ycloh exen e

Run Flowmeter Reactor
No. Catalyst RPM H H' Tf Rf Pa Pr T± Tr Time Cone. Rr

1101 0.9751 2300 7.06 0.99 21.U 0.000290 7U1.0 7U3.8 9.3 10.2 0
10
20
30
Uo
50

0.9092
0.7577
0 .60U2
0.1Ut09
0.2893
0.1358

0.000132

1102 0.9761 2500 6.36 1.09 22.8 0.000307 737.5 7U1.3 9.U 10.2 0
10
20
30
ho
50

O.9U4I
0.7U78
0.5800
0 .1*179
0.2571
0.10L;9

0.000135

1103 0.97U2 2500 6.9k 1.0U 26.2 0.000301 737.5 7U0.3 12.7 m .o 0
10
20
30
Uo

0.9037
0.6995
O.U983
0.30U6
0.1057

0.000169

110U 0.97U3 2500 6.67 1.13 25.8 0.000326 7U0.0 7l;2.0 16.1) 18.2 0
10
20
25

0.9107
0.5861;
0.2819
0.1351;

0.000251

110
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SERIES 1200

Freshly D istilled  Cyclohexene

Run Flowmeter Reactor
No. Catalyst RBI H H» Tf R̂» Ra pr * i TAr Time Cone. Rr

1201 0.9751 700 8.1+1+ 2.77 21+.6 0.000811 71+0.5 71+5.8 25.0 25.8 0
15
30
1+0
1+5

0.9171+
0.6198
0.3355
0.15>87
0.0768

0.000151

1202 0.9728 1000 8.1+9 2.82 27.0 0.000813 739.5 71+6.6 25.0 26.2 0
10
20
30
35

0.8995
0.61+95
0.3911
0.1557
0.0570

0.000212

1203 0.971+3 1300 10.30 2.68 2^.0 0.000819 733.0 71+1+.2 25.0 26.U 0
5

10
15
20
25

0.9037
0.7329
0.^616
0.1+056
0.2398
0.0933

0.000260

1201+ 0.971+5 1600 12.98 2.1+9 25.8 0.000809 736.5 71+1+.9 25.0 26.6 0
5

10
15
20

0.891+3
0.7057
0.1+731
0.2955
0.1066

0.000306

112
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SERIES 1300

F r e s h ly  D i s t i l l e d  C yelohexene

Run Flowmeter Reactor
No. Catalyst RFM H H* Tf Rf ?r * r Time Cone. Rr

1301 0.9782 700 12.03 2.56 26.6 0.000813 739.0 750.7 25.0 26.0 0 
15 
30 
1*5 
60

0.9186
0.6872
0.1*830
0.301*1
0.1i*57

0.000131*

1302 0.971*6 1000 11.1*6 2.61 27.0 0.000819 739.0 71*9.7 25.0 26.2 0
15
30
1*0
50

0.9223
0.61*09
0.381*8
0.2279
0.0888

0.000138

1303 0.971*3 1300 13.07 2.50 25.8 0.000821* iko.o 7U8.6 25.0 26.1* 0
10
20
30
38

0.9087
0.6815
0.1*533
0.21*35
0.0863

0.000180

1301* 0.971*0 1600 11.65 2.56 25.6 0.000811 739.0 71*9.2 25.0 26.8 0
5

15
20
25
30

0.9062
0.7508
0.1*700
0.3289
0.1952
0.0690

0.000232

H
-(=-



(S
er

ie
s 

13
00

 
co

nt
.)

Ilf?

PS

C O
C N
CO
ooo

<0
CM
COoo
O
o

o
o

V O C O  CM COcquxuvvo Q-=t 
H  ( o j n o 3  On C'-tT\ CO CM o
o  o  o  o  o  o

C— C—CM CO 1A co\a\acoco 
O  O  O  H  H  On t—lOCO H  • • • • • O O O O O

CO CO C - O  On 
CO O  t — On CM 
C K O  O  H  CO 
CO C—UN CO H  •  • « ♦ •  O O O O O

I
E-h

O l A p X A O I A  
H  r t  CM CM

0 1 A 0 U ) 0  
pH r f  CM

Eh f-
CM

t -
CM

C—
CM

UO
\o
PS

EH

Ph

T-f\
CM

CK
C O

£

toCM

VO
C O

£

1C\CM

O n

£

<s
Ph

o
- i t

irv • ■

§
V \•
ON
CO

PS
pH
COO CO

o
o

aCOo

«rt
E-h vOCM 1 A

CM
NOCM

w
C O
1 A

«
CM

CM
1 A

•
CM

O
VO

CM

«
£«rH
pH

On
CO $

r f

Oo
H

OOCM
CM

Ooto
CM

Ĥ>
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EXPERIMENTAL PROCEDURE

A d e s c r ip t io n  o f th e  ap p ara tu s  used  in  th e  experim en ta l 

work has been p re se n te d  in  a p rev io u s  s e c t io n  o f th e  th e s is*  

The f a b r ic a t io n  o f th is  equipment to  g ive  s a t i s f a c to r y  

o p e ra tio n  was one o f th e  m ajor tim e consuming p o r tio n s  o f 

the  work. C onsiderab le  d i f f i c u l t y  was experienced  in  making 

the  flow system  le a k p ro o f , and I t  was n e c e ssa ry  to  r e -g r in d  

p r a c t i c a l l y  a l l  th e  b a l l - s o c k e t  jo in ts *

The i n i t i a l  work w ith  th e  equipment was made on th e  

r e a c t io n  c a ta ly z e d  w ith  Raney N ic k e l, and co n s id e rab le  d a ta  

was taken  b e fo re  I t  was r e a l iz e d  th a t  th i s  m a te r ia l  d id  n o t 

lend  i t s e l f  to  q u a n t i ta t iv e  s tu d ie s  (see  l a t e r  s e c t io n ) .  The 

tim e sp en t on th i s  p o r tio n  o f th e  work was o f some v a lu e , as 

co n s id e rab le  experience was gained  f o r  o p e ra tin g  th e  a p p a ra tu s . 

Many problem s were encountered  and so lved  du ring  th i s  p e r io d , 

b u t s in ce  th e y  a re  o f  no immediate im portance they  w i l l  n o t 

be d isc u sse d  h e re .

While a change in  c a ta ly s t  produced more rep ro d u c ib le  

r e s u l t s , o p e ra tin g  d i f f i c u l t i e s  a ro se  o c c a s io n a lly  d u rin g  

th e  course o f  th e  work which had to  be re so lv e d . The p rocedure 

which fo llo w s i s  based upon an accummulation o f knowledge o f 

th e se  experim en ta l p roblem s, and re p re s e n ts  th e  b e s t  o p e ra tin g  

co n d itio n s  and methods f o r  o b ta in in g  r e l i a b le  r e s u l t s .
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P re lim in ary  P re p a ra tio n s

To in su re  th e  absence o f any f re e  m o is tu re  in  the 

r e a c t io n  f l a s k ,  p re lim in a ry  to  each experim en ta l run  th e  

r e a c to r  and d e liv e ry  u n i t  were tho rough ly  r in s e d  w ith  c .p . 

acetone and d r ie d  fo r  a t  l e a s t  f i f t e e n  m inutes in  an oven 

a t  120°C. When th e  equipment had co o led , i t  was p laced  in  

th e  co n s tan t tem perature ba th  and th e  e n t i r e  flow  system  

purged w ith  n itro g e n . I t  was im portan t t h a t  p r io r  to  th i s  

o p e ra tio n  the  p u r i f i e r  had reached  i t s  o p e ra tin g  tem peratu re  

o f 150°C, s in ce  th e  n itro g e n  con ta ined  t r a c e s  o f  oxygen.

I t  was e a r ly  d isco v ered  th a t  th e  vo lim e t r i e  tem perature 

c o e f f ic ie n t  of th e  cyclohexane was too  g re a t  to  measure 

a c c u ra te ly  the q u a n t i ty  o f  th e  so lv e n t added to  th e  r e a c to r  

w ith  a vo lum etric  f la s k .  I t  was e s s e n t i a l ,  how ever, th a t  

th e  volume be co n s tan t f o r  each ru n , s in c e  any v a r ia t io n  

m ight produce a change in  th e  c a ta ly s t  c o n c e n tra t io n , and 

th e reb y  one o f th e  v a r ia b le s  e f f e c t in g  th e  observed r a te  o f 

r e a c t io n .

A co n s tan t volume o f so lv e n t could be in su red  by 

w eighing the  amount added, s in ce  the b a th  tem peratu re  was 

th e  same fo r  th e  m a jo rity  o f ru n s . Thus, 390 gms. (about 

500 m l .) o f  cyclohexane were weighed ou t on a la rg e  a n a ly t ic a l  

balance to  w ith in  one gram. A sm all p o r tio n  (20 m l.) o f  th i s  

weighed so lv e n t was p laced  in  a sm all b ea k e r , and th e  rem ainder 

added d i r e c t ly  to  th e  r e a c tio n  f la s k .
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The a p p ro p ria te  amount o f  c a ta ly s t  was weighed o u t 

by d if fe re n c e  from a covered w eighing b o t t l e  on an a n a ly t ic a l  

b a lan ce . S ince th e  same w eigh t of c a ta ly s t  was d e s ire d  fo r  

most o f th e  work, t h i s  invo lved  s e v e ra l  t r i a l  w eighings to  

reach  th e  c o r r e c t  amount. To p re v en t any p ickup  o f  m o is tu re  

by th e  c a ta ly s t  d u rin g  th e  w eigh ing , i t  was taken  from the  

weighing b o t t l e  on th e  b a lance  and p laced  im m ediately  in to  

the  beaker c o n ta in in g  th e  sm all p o r t io n  o f so lv e n t p re v io u s ly  

m entioned. When the  c o r r e c t  amount had been w eighed, th e  

c a ta ly s t  and so lv e n t were t r a n s f e r r e d  q u a n t i ta t iv e ly  in to  

th e  r e a c to r .

The flow  system  was then  com pletely  connected and 

th e  r e a c to r  purged ag a in  w ith  n itro g e n  to  remove a l l  a i r .

At th i s  p o in t ,  th e  c i r c u la t io n  o f ic e  w ate r th rough  th e  

condenser was s t a r t e d ,  and s t i r r i n g  begun. The e n t i r e  system 

was te s te d  f o r  le ak s  by c lo s in g  the  e x i t  v en t stopcock  and 

n itro g e n  p re s su re  b u i l t  up in  th e  system  to  s e v e ra l  hundred 

m illim e te rs  of m ercury above a tm ospheric . I f  th e  manometers 

a l l  showed a  s tead y  rea d in g  fo r  f iv e  m in u tes , th e  system  

was considered  t i g h t .  The hydrogen flow  was then  begun.

I n i t i a l  runs in d ic a te d  th a t  a d e f in i t e  tim e p e rio d  

was re q u ire d  f o r  th e  hydrogen to  c le a r  th e  system  o f  th e  

n itro g e n . Thus the observed r a t e  o f  r e a c t io n  slow ly  b u i l t  

up to  i t s  s tead y  s t a t e  v a lu e . To e lim in a te  t h i s  i n i t i a l  

p e r io d , hydrogen was passed  through  th e  system  f o r  a p e r io d
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o f  one h a l f  hour b e fo re  th e  cyclohexene was adm itted  to  

th e  r e a c to r .  During t h i s  p e r io d , th e  flow  r a t e ,  s t i r r e r  

sp eed , p r e s s u re ,  and tem p era tu res  were a l l  a d ju s te d  to  th e  

d e s ire d  v a lu es  fo r  th e  p a r t i c u la r  ru n .

C o lle c tio n  o f D ata

With the  com pletion  o f th e  h a l f  hour " s a tu r a t io n ” 

p e r io d , th e  flow  r a t e s ,  te m p era tu re , s t i r r e r  sp e ed , and o th e r  

d a ta  were reco rded  and th e  a c tu a l  ru n  begun. 25 ml*, o f  

cyclohexene were added to  th e  r e a c t io n  f la s k  through th e  

sample w ithdraw al tu b e . The sam pling  d e v ic e , such as i s  

shown a t  th e  bottom  o f F ig u re  17 , was a tta c h e d  to  th e  

r e a c to r ,  a m inute allow ed fo r  thorough m ixing to  o c c u r , a 

sample then  w ithdraw n, and th e  s to p  w atch s t a r t e d .

For runs a t  a tm ospheric  p r e s s u r e ,  th e  su c tio n  bulb 

was s u f f i c i e n t  to  draw th e  sample in to  th e  sam pling tube..

At h ig h e r  p re s su re s  no s u c tio n  was r e q u ir e d ,  w hile  a t  below 

atm ospheric p re s su re s  a w ate r a s p i r a to r ,  a tta c h e d  by ru b b er 

tu b in g  to  th e  sam pling tu b e , p e rm itte d  th e  sample to  be 

w ithdraw n. To in su re  a r e p re s e n ta t iv e  sam ple, s o lu t io n  was 

drawn in to  th e  sam pling dev ice and re tu rn e d  to  th e  r e a c to r  

s e v e ra l  tim es b efo re  a c tu a l ly  ta k in g  the  sam ple.

To p rev en t a d d i t io n a l  r e a c t io n  in  th e  sam ple, due to  

th e  d is s o lv e d  hydrogen , th e  s o lu t io n  was se p a ra te d  im m ediately 

from th e  c a ta ly s t  by f i l t e r i n g  in to  a sm all 2 oz . b o t t l e  

w ith  a ground s to p p e r . While th e  s o lu t io n  was f i l t e r i n g ,  a
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reco rd  o f the  flow  m eter re a d in g s , p re s s u re ,  s t i r r e r  speed , 

and a l l  tem p era tu res  was made. A ll tem p era tu res  were 

m easured w ith  I .C . therm ocouples connected to  a Leeds and 

N orthrup S ix -P o in t Speedomax R ecorder.

In  some cases i t  was p o s s ib le  to  analyze th e  samples

between sam plings; i f  t h i s  was n o t p o s s ib le ,  th e  sample

b o t t l e s  were capped and th e  s o lu t io n s  analyzed  l a t e r .  Each 

tim e a sample was ta k e n , a reco rd  was made o f a l l  the 

o p e ra tin g  v a r ia b le s .  D ata was tak en  from th e  e x i t  flow ­

m e te r, a lthough  th i s  m eter was used o n ly  as a check to  in su re  

an excess flow o f hydrogen to  th e  r e a c to r  a t  a l l  tim es;: t h i s  

d a ta  i s  n o t p re se n ted  in  th i s  th e s i s .  Room tem peratu re  was

a lso  re c o rd e d , b u t i s  o f no r e a l  value In  th i s  work.

G en era lly  a l l  the  o p e ra tin g  v a r ia b le s  rem ained c o n s tan t 

d u rin g  th e  ru n . Any change in  any v a r ia b le  was im m ediately  

c o rre c te d  i f  p o s s ib le .  For runs under vacuum some d i f f i c u l t y  

was experienced  due to  f lu c tu a t io n s  in  the  pump a c t io n ,  but 

th i s  d id  n o t a f f e c t  th e  r e a c to r  p re s su re  due to  th e  c o n tro l  

a c tio n  of th e  m anosta t. A djustm ent was re q u ire d  p r im a r ily  

to  p rev en t to o  g re a t  a vacuum on th e  system  beyond th e  e x i t  

s id e  o f the  c o n t r o l l e r .  The tim e in te r v a ls  between sam plings 

were determ ined by th e  observed r a t e  o f r e a c t io n .  I t  was 

In tended  th a t  a t  l e a s t  f iv e  samples be taken  f o r  any s in g le  

ru n . About f iv e  m inutes was th e  s h o r te s t  in te r v a l  th a t  could 

be used  s u c c e s s fu lly  between sam plings.
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Upon com pletion of a ru n , the  system  was purged f o r  

a t  l e a s t  f iv e  m inutes w ith  n i tro g e n . The s o lu t io n  rem aining 

in  th e  r e a c to r  was f i l t e r e d  to reco v e r both  the c a ta ly s t  and 

th e  so lv e n t. The r e a c to r  was c leaned  w ith  carbon t e t r a ­

ch lo rid e  and d r ie d  w ith  ace to n e .

A n a ly tic a l Procedure

The a n a ly t ic a l  procedure fo r  d e te rm in a tio n  of th e  

cyclohexene co n c en tra tio n  in  the  samples was adopted from 

the  method o f Lucas and Pressman (ij.). I t  was based upon 

brom ination  of th e  double bond, and subsequent t i t r a t i o n  w ith  

th io s u l f a te  to  measure th e  excess brom ine.

A 10 to  15$ excess of 0 .1  N bromate-bromide s o lu t io n  

(23 m l.)  was measured from a b u re t te  in to  a 250 m l. Erlenm eyer 

f la s k  f i t t e d  w ith  a ground j o i n t .  In to  th e  upper member o f 

th e  j o in t  was se a le d  a tube which extended in to  th e  f la s k .

A fu n n e l was sea led  to  the upper end o f th i s  tu b e , along 

w ith  a 1 mm. stopcock se p a ra tin g  th e  fu n n e l and f l a s k .  A 

second stopcock  was sea led  a t  r ig h t  an g les  onto th e  tube 

between th e  f i r s t  stopcock and the  f l a s k .

The fu n n e l stopcock was c lo sed  and the  f la s k  evacuated  

through th e  second stopcock w ith  a w ater a s p i r a to r .  The 

vacuum was th en  h e ld  in  th e  f la s k  by c lo s in g  both  sto p co ck s.

To re le a s e  f re e  brom ine, 5 -  b m is . o f  b N s u lfu r ic  ac id  

were added through th e  fu n n e l. A 2 m l. sample was then  added

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to  the  f l a s k  and 10 m is . o f  carbon t e t r a c h l o r i d e  used  to  

r in s e  the  s id e s  o f  th e  fu n n e l in to  th e  f l a s k .  F in a l l y ,

20 m is. o f  g l a c i a l  a c e t i c  a c id  were added to  f a c i l i t a t e  the  

b rom ination  i n  the  o rgan ic  la y e r .

The f l a s k ,  co n tin u in g  under a p a r t i a l  vacuum, was then  

wrapped in  a dark c lo th  and shaken fo r  a t  l e a s t  two m inutes 

( i n i t i a l  t e s t s  in d ic a te d  the brom ination  was q u i te  r a p id  and 

t h i s  p e r io d  o f  time was s u f f i c i e n t  f o r  complete r e a c t io n ) .  

Upon com pletion o f  th e  shaking p e r io d ,  20 m is . of a 20$ 

potassium  io d id e  s o lu t io n  was added to  the  f l a s k ,  to  convert 

the  excess f r e e  bromine to  io d in e .  The f l a s k  was th e n  un­

s e a le d ,  and th e  io d in e  t i t r a t e d  w ith  a 0 .05  N t h i o s u l f a t e  

s o lu t io n ,  u s in g  s ta r c h  s o lu t io n  as an in d i c a t o r .  The con­

c e n t r a t io n  o f  cyclohexene was c a lc u la te d  by the  u s u a l  methods 

of q u a n t i t a t iv e  a n a ly s i s .

This p rocedure  was t e s t e d  i n i t i a l l y  w ith  known s o lu t io n s  

o f  cyclohexene in  cyclohexane and found to  be com plete ly  

q u a n t i t a t i v e .  G enera lly  one d e te rm in a tio n  on ly  was made f o r  

each sam ple, u n le s s  th e re  was some in d ic a t io n  o f  s u b s t a n t i a l  

e r r o r .

S tandard th io s u l f a t e  and bromate-bromide s o lu t io n s  

were p repared  i n  s i x - l i t e r  q u a n t i t i e s .  Sodium carbona te  was 

added to  th e  t h i o s u l f a t e  as a p r e s e rv a t iv e .  The th io s u l f a t e  

was r e s ta n d a rd iz e d  p e r io d ic a l ly  w ith  d ich rom ate , but no 

ap p rec iab le  change was ever no ted . The bromate-bromide
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s o lu t io n  was s ta n d a rd ize d  w ith  th e  t h i o s u l f a t e  s o lu t io n .

C a lc u la t io n s

The observed r a t e  of r e a c t io n  f o r  an experim enta l 

run was determ ined from th e  s lo p e  o f  the  c o n c e n tra t io n - t im e  

c u rv e ,  such as i s  p lo t t e d  in  F igu re  2 . The d a ta  f o r  th e  

runs g e n e ra l ly  f e l l  on such a s t r a i g h t  l i n e .  O ccas io n a lly  

the  l a s t  sample taken  showed some d e v ia t io n ,  as would be 

expected  in  the  reg io n  o f  v e ry  low c o n c e n tr a t io n .  In  the  

few cases  where i r r e g u l a r  d e v ia t io n  was found , th e  b e s t  

s t r a i g h t  l in e  r e p re s e n t in g  a l l  th e  p o in ts  was used to  

determ ine the  r a t e .

The hydrogen flow r a t e s  were c a lc u la te d  from the

d a ta  taken  w ith  the  flow m eters by the method o f  Whitman (8 ) .

The c a l i b r a t i o n  curve f o r  the  m eter i s  shown in  F igure  10.

From th e  recorded  v a lu es  o f  the  p r e s s u r e ,  te m p e ra tu re , and

o r i f i c e  m eter manometer ( inches  o f  d ib u ty l  p h t h a l a t e ) , th e

flow r a t e  could be c a lc u la te d  from the  va lue  o f  W T^*75
P

found from t h i s  curve.

The thermocouple read in g s  reco rded  by th e  Speedomax 

were converted  to  degrees by the  c a l i b r a t i o n  curve of 

F igure  11. Since the  flowm eter thermocouples were sea led  

in to  th e  flow system , and i t  was n o t p o s s ib le  to  c a l i b r a t e  

them d i r e c t l y ,  th e  c a l i b r a t i o n  curve i s  based upon the 

r e a c t i o n  f l a s k  therm ocouple. This cu rv e , however, was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a lso  used in  p re p a r in g  the  c a l ib r a t i o n  curve f o r  the  flow­

m e te rs , so no e r r o r  in  i t s  use should be in v o lv ed .
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REPRODUCIBILITY OF DATA

The r e p r o d u c ib i l i t y  o f  th e  d a ta  was of m ajor concern 

throughout the experim en ta l work. In  t h i s  connection  prim ary 

r e fe re n c e  i s  made to  the  observed r a t e s  o f  r e a c t io n  f o r  a 

g iven  s e t  o f  o p e ra t in g  c o n d i t io n s .  That i s ,  the  known 

v a r ia b le s  a f f e c t in g  the  r a t e  could be c o n t ro l l e d  w e ll  w ith in  

the  l im i t s  o f  g en e ra l  agreement of th e  observed r a t e s .

The c a lc u l a t i o n  o f  th e  r e a c t io n  r a t e  from the  

c o n c en tra t io n - t im e  p lo t s  has been p re v io u s ly  d isc u sse d .

The accuracy  of th e  a n a ly s is  of the sam ples , and probably  

more p r o p e r ly ,  th e  success in  o b ta in in g  r e p r e s e n ta t iv e  

sam ples, could be judged on the  b a s is  o f  how w ell  the 

in d iv id u a l  p o in ts  f e l l  on a s t r a i g h t  l i n e .  S ince g e n e ra l ly  

i t  was found th a t  the  d a ta  determ ined a s t r a i g h t  l in e  

s u r p r i s in g ly  w e l l ,  i t  i s  f e l t  t h a t  such d a ta  i s  reaso n ab ly  

p r e c i s e .  Of c o u rse ,  some d e v ia t io n s  were found , b u t th e se  

were never more than  2 $ ,  never in d ic a te d  a r e g u la r  p a t t e r n ,  

and i t  was never n ec essa ry  to  use l e a s t  squares o r  a s im i la r  

method to  determ ine th e  r a t e  from the  c o n c e n tra t io n  p l o t s .

For a g iven s e r i e s  of runs in  which only  one v a r ia b le  

was being  s tu d ie d ,  th e  o th e r  known v a r ia b le s  could be h e ld  

co n s tan t  to  any degree d e s i r e d .  Thus in s p e c t io n  of the 

ta b u la te d  d a ta  shows th a t  the r e a c to r  p re s su re  and c a t a l y s t  

weight g e n e ra l ly  v a r ie d  as l i t t l e  as + 0 .5 ^ ,  and th e  flow
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r a t e  + 1-2$, f o r  a given s e r ie s  of ru n s .  The flow r a te  

was n o t c o n t ro l le d  more c lo s e ly  simply because i t  was f e l t  

th a t  i t  was not w arran ted . The accuracy of the  s t i r r e r  

speed measurement has to  be taken as th a t  claimed f o r  the  

in s tru m en t used .

A run f o r  which the observed r a t e  was not in  gen e ra l 

agreement w ith  th e  trend  of o th e r  runs i n  the  s e r i e s  was 

u s u a l ly  e a s i l y  d e tec ted  a t  the  t im e . Such runs were r e p e a te d ,  

and g e n e ra l ly  an exp lan a tio n  found f o r  th e  d e v ia t io n .  No 

d a ta  was d iscard ed  w ithou t a sound reason  f o r  doing so.

About lj.0-50 runs in  a d d i t io n  to the  d a ta  p re se n ted  in  th i s  

th e s i s  were made in  the  course of the  work. A good p o r t io n  

of th e se  runs were f a u l t y  due to  equipment f a i l u r e ,  inadequate 

hydrogen p u r i f i c a t i o n  o r  d ry in g , improper p re p a ra t io n  of 

c a t a l y s t ,  o r  s im i la r  rea so n s . To in su re  rep ro d u c ib le  d a ta ,  

check runs a t  given co n d it io n s  were made a t  r e g u la r  i n t e r v a l s  

du ring  the  work.

The r i s e  in  tem perature o f th e  co n ten ts  i n  the  

r e a c to r  f l a s k  to  a co n s tan t value somewhat dependent on 

the observed r e a c t io n  r a t e  has been mentioned p rev io u s ly .

I t  i s  h ig h ly  p robable  th a t  t h i s  f a c t o r  in f lu e n c es  the r e s u l t s  

to  some degree and th a t  the  e f f e c t  was most l i k e l y  no t the 

same fo r  d i f f e r e n t  o p e ra t in g  c o n d i t io n s .  This e f f e c t  no 

doubt accounts f o r  some of the  observed d e v ia t io n s .  However, 

th e  magnitude of t h i s  f a c t o r  fo r  the  observed r i s e  of 1 to  2°C 

can be seen  from F igure  7 to g e n e ra l ly  be of a r e l a t i v e l y
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minor im port.

I t  i s  f e l t  t h a t  the  v a r ia t io n s  in  observed r e a c t io n  

r a t e  were in  p a r t  determ ined by u n c o n t ro l la b le  and perhaps 

unknown f a c to r s  simply In h e ren t in  the  system and procedures 

used . For example, in d ic a t io n s  a re  th a t  mixing e f f i c i e n c ie s  

were somewhat u n s ta b le  a t  h ig h e r  s t i r r e r  speeds. The 

p o s s i b i l i t i e s  of such f a c to r s  in  experim enta l work such as 

t h i s  a re  very r e a l ,  and a lso  very complex. Their  o v e r a l l  

e f f e c t  i s  n e g l ig ib le  in  a  s e r ie s  of ru n s ,  bu t f o r  any s in g le  

run may have a marked in f lu e n c e .  In d ic a t iv e  o f  t h i s  i s  the 

g en e ra l  agreement o f  the  d a ta  in  t h i s  work, a lthough  some 

in d iv id u a l  d a ta  shows random d e v ia t io n s ,  i . e .  th e  p lo t t e d  

d a ta  i s  no t extrem ely "smooth".

The d a ta  i s  rep ro d u c ib le  w ith in  reasonab le  l i m i t s .  

With th e  same appara tus  and m a te r i a l s , th e  d a ta  could be 

reproduced to  give the  same p lo t s  as p resen ted  in  t h i s  work, 

and would in d ic a te  the  same co n c lu s io n s ,  a lthough  comparison 

o f  in d iv id u a l  p o in ts  of d a ta  might show s l i g h t  v a r i a t i o n s .  

But t h i s  v a r i a t io n  would be com pletely  random, and would 

in  no way in d ic a te  prev ious d a ta  was f a u l t y .  C onsidering 

the  k in e t i c  d a ta  p re se n te d  In  the  l i t e r a t u r e ,  and th e  

com plex ities  involved  in  t h i s  work, i t  i s  f e l t  t h a t  the  

d a ta  taken and p resen ted  in d ic a te s  s u r p r i s in g ly  good 

accuracy and r e p r o d u c ib i l i t y .
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THE PURITY OP CYCLOHEXENE

Previous re fe re n c e  has been made to  the  a u to x id a t io n  

o f s to re d  cyclohexene and i t s  e f f e c t  upon the observed 

r a t e  of r e a c t io n .  K in e t ic  s tu d ie s  re p o r te d  in  the  l i t e r a t u r e  

which employed cyclohexene as a r e a c ta n t  have made no 

re fe re n c e  to t h i s  f a c t o r ,  a lthough  F igure  12 in d ic a te s  t h a t  

the  im purity  can ap p rec iab ly  a l t e r  the  experim en ta l r e s u l t s .  

The d a ta  used f o r  th e  p lo t  were from S e r ie s  100, which 

employed cyclohexene s to re d  approxim ately  two and a h a l f  t o  

th re e  months. The a p p a re n tly  g r e a te r  e f f e c t  of th e  im p u r ity  

a t  h ig h e r  s t i r r i n g  speeds may be due to  the  g rad u a l in c re a se  

i n  im purity  c o n c e n tra t io n ,  o r  to  a d i f f e re n c e  in  e f f e c t  

w ith  a change in  c o n tro l  of th e  observed r a t e .  That i s ,  

the  im purity  may depress  the observed r a t e  more in  the  duo 

c o n t ro l  reg io n  than  th a t  where mass t r a n s f e r  p r e v a i l s .  The 

e f f e c t  o f  an in c re a se  in  c o n c e n tra t io n  may be seen by 

comparing the d a ta  of S e r ie s  bOO, which show lower observed 

r a t e s  a t  the  h ig h e r  speeds than  th a t  o f  S e r ie s  100, a lthough  

the  flow r a t e  was h ig h e r .

General agreement i s  found in  th e  l i t e r a t u r e  t h a t  

th e  i n i t i a l  p roduct of the  a u to x id a t io n  i s  the  hydroperox ide . 

The p o in t  of a t ta c k  of m olecu lar  oxygen i s  a t  the  carbon 

atom a d ja c e n t  to the  double bond, and n o t  th e  double bond 

i t s e l f .  Royals (7) has suggested  t h a t  the  a u to x id a t io n  i s
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a f r e e  r a d i c a l  cha in  r e a c t io n ,  wherein  a f r e e  r a d i c a l  must 

be produced by some p rocess  to  i n i t i a t e  th e  r e a c t io n .

The s te p s  o f  such a chain  r e a c t io n  a re  p ic tu re d  in  

F igure  13* I t  i s  l i k e l y  th a t  the  r e a c t io n  of oxygen on the 

double bond o f  the  cyclohexene produces the  i n i t i a l  f r e e  

r a d ic a l  ( I ) .  This f r e e  r a d ic a l  then  i n i t i a t e s  th e  r e a c t io n  

p roper  by r e a c t in g  w ith  cyclohexene to  produce a second f re e  

r a d i c a l  ( I I ) .  The p rocess  p ropagates  i t s e l f  by r e a c t io n  

of the second f r e e  r a d i c a l  w ith  oxygen to  form th e  t h i r d  

f r e e  r a d i c a l  ( I I I ) ,  which in  tu rn  r e a c t s  w ith  cyclohexene 

to g ive  th e  h y d ro p ero x id e , and r e g e n e ra te  the  f r e e  r a d i c a l  

I I .  The cha in  r e a c t io n  continues as the  hydroperoxide 

decomposes to  g ive  v a r io u s  p ro d u c ts .

This e f f e c t  was observed in  t h i s  work, as the 

hydroperoxide c o n c e n tra t io n  i n  the  cyclohexene could be 

determ ined by a d d i t io n  of potassium  io d id e  and subsequent 

t i t r a t i o n  o f  the l i b e r a t e d  io d in e  w ith  t h i o s u l f a t e .  The 

r a t e  of a u to x id a t io n  of f r e s h ly  d i s t i l l e d  cyclohexene could 

be in c re ase d  by bubbling  oxygen through i t .  By ana lyzing  

such t e s t  sam ples, I t  was observed th a t  th e  hydroperoxide 

c o n c e n tra t io n  in c reased  to  a c e r t a in  l im i t in g  v a lu e ,  which 

corresponded c lo s e ly  to  i t s  c o n c e n tra t io n  i n  m a te r ia l  which 

had been s to re d  f o r  a number of months. I t  was concluded 

t h a t  o th e r  compounds were being  formed by the hydroperox ide ,
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i t s  c o n c en tra t io n  reach ing  some "equ ilib r ium " value while 

the o th e r  m a te r ia l  continued to b u i ld  up in  the  cyclohexene.

Royal has p o in ted  out some seven d i f f e r e n t  compounds 

th a t  have been i s o l a te d  from the  a u to x id a t io n  of cyc lo ­

hexene, such as cyc lo h ex en -3 -o l,  cyclohexanone, ad ip ic  a c id ,  

hydroxycyclohexane, and o th e rs .  He comments, "There can be 

l i t t l e  doubt th a t  th e  i n i t i a l  p roduct of a u to x id a t io n  of an 

alkene i s  an a l l y l i c  hydroperoxide; f a r  too l i t t l e  i s  known, 

however, about the subsequent tran sfo rm atio n s  of such 

hydroperoxides and the  dependence of th e se  tran sfo rm a tio n s  

on experim enta l c o n d i t io n s" .

A good many of the  decomposition p roducts  found had 

been formed under ac id  or a lk a l in e  c o n d i t io n s ,  and could be 

removed from c o n s id e ra t io n  fo r  the cyclohexene. The most 

p la u s ib le  f i n a l  p ro d u c t ,  and th a t  which has been most 

f re q u e n t ly  observed , i s  cyc lohexen-3 -o l. This i s  formed 

by a b im olecular r e a c t io n  of the  hydroperoxide w ith  cyclohexene, 

p ic tu re d  in  F igure 13, wherein the hydroperoxide behaves 

l ik e  a p e rac id  in  a f f e c t in g  epox idation  of the  alkene lin k ag e .

An in f r a r e d  a n a ly s is  of a sample of cyclohexene s to re d  f o r  

th re e  months d e f i n i t e l y  in d ic a te d  the  presence  of an 

a lco h o l.  Although ab so rp tio n  d a ta  was somewhat l im ite d  fo r  

th i s  type of compound, i t  appeared th a t  t h i s  was the  

p r in c ip a l  im purity .
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135.

I t  i s  i n t e r e s t i n g  to  sp e c u la te  upon the  reason  fo r  

th e  e f f e c t  o f  the a lc o h o l im p u rity  in  the  cyclohexene upon 

th e  observed r a t e  o f  r e a c t i o n .  S ince c a t a l y s t  used w ith  

th e  Impure m a te r ia l  could  be r e a c t iv a te d  to  i t s  i n i t i a l  

a c t i v i t y  sim ply by washing and d ry in g ,  i t  I s  ev id en t th a t  

the  a lc o h o l  was n o t a permanent "poison" such as i s  found 

w ith  s u l f u r  and m e ta l l i c  c a t a l y s t s .

I t  a lso  does no t seem p la u s ib le  th a t  th e  a lco h o l 

even te m p o ra r i ly  "poisoned" the c a t a l y s t  s u r fa c e .  No va lues  

could  be found f o r  the m olecu lar  c r o s s - s e c t io n a l  a re a  of

th e  cy c lo h ex en -3 -o l in  an adsorbed monomolecular l a y e r ,
°  °  a lthough  v a lu es  o f  23.3 sq . A and 23.8 sq . A have been

re p o r te d  f o r  benzene and p h en o l ,  r e s p e c t iv e ly  (1 ) .  The

t o t a l  su r fa c e  a re a  of the p la tinum  c a t a l y s t  has been measured

as 80 sq . m eters/gram  (2 ) .  Using an es tim a ted  va lue  f o r
O

th e  c r o s s - s e c t io n a l  a rea  of cy c lohexen -3 -o l as 23 .5  sq . A, 

and the  g iven  v a lu e  f o r  th e  c a t a l y s t  s u r f a c e ,  c a lc u la t io n  

shows th a t  on ly  0.051}. grams o f the  a lco h o l would be r e q u ire d  

to  com plete ly  cover the  su r fa c e  o f  one gram of c a t a l y s t  i n  

a monomolecular l a y e r .  This corresponds to  about .06 ml. 

of the  im purity  i n  25 ml. of cyclohexene, o r  about 0 .2$ . 

Although no q u a n t i t a t iv e  measurements were made, i t  would 

seem reaso n ab le  t h a t  th e  cyclohexene con ta ined  a t  l e a s t  

t h i s  amount o f  th e  a lc o h o l .  I f  the  im purity  te m p o ra ri ly  

"poisoned" the  s u r f a c e ,  i t  would seem th a t  no r e a c t io n
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136.

should have been observed a t  a l l .

I t  i s  proposed th a t  the  e f f e c t  of the  a lco h o l  in  

the  cyclohexene on the  observed r e a c t io n  r a t e  was due to  

the com petitive  a d so rp tio n  of the two m a te r ia l s .  I t  has 

a l re a d y  been mentioned th a t  the  cyclohexene appeared to  be 

s t ro n g ly  adsorbed , i . e .  i t s  co n c e n tra t io n  on the su rface  

was co n s tan t  even to  very d i l u t e  s o lu t io n .  I f  th e  cyclo- 

h e x e -3 -o l  were s im i la r ly  s t ro n g ly  adso rbed , the  two so lu te s  

would have to share  the  a v a i la b le  s u r fa c e .  Assuming 

monomolecular ad so rp tio n  as desc ribed  by the  Langmuir 

e q u a tio n ,  f o r  each m a te r ia l  alone may be w r i t t e n :

©C = C- - ©ale. = al£al-P.JL,.
1 + a C.c 1 + a' Cai c#

On the  l i n e a r  p o r t io n  of the  iso therm  where the su rfa ce  

c o n c e n tra t io n  i s  u n a f fe c te d  by the  c o n c e n tra t io n  in  s o lu t io n :

9C b 

Ga l c .  b»

When both s o lu te s  are  p re s e n t  in  the  s o lu t io n ,  the  f a c to r s  

determ in ing  the  d iv is io n  o f  the  su rfa ce  between the two 

are  unknown. As an approxim ation , i t  may be t h a t :

— ™—  ss: —— C onstant
©ale.
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Thus f o r  a l im ite d  range o f  c o n c en tra t io n s  such as employed 

in  t h i s  s tu d y , the  "equilibrium '* r a t i o  of the two m a te r ia l s  

on th e  c a ta ly s t  su r fa c e  may remain approxim ately  c o n s ta n t ,  

being alm ost independent o f  th e  c o n c en tra t io n s  o f  the 

m a te r ia ls  in  s o lu t io n .

In t h i s  work, no s p e c i f i c  d a ta  were taken  to  confirm  

such a p o s tu la te .  Since th e  c o n c e n tra t io n  of th e  im p u rity  

was very  much lower than  t h a t  of th e  cyclohexene, i t  would 

seem th a t  th e  a lco h o l would have to  be more s t ro n g ly  adsorbed 

by the c a ta ly s t  f o r  i t s  su r fa ce  c o n c e n tra t io n  to  remain 

Independent o f i t s  co n c e n tra t io n  in  s o lu t io n .  The "eq u ilib r iu m " 

r a t i o  would then  favo r th e  a lc o h o l ,  and the  su r fa c e  occupied 

by i t  would n o t be in  p ro p o r t io n  to  i t s  c o n c e n tra t io n  in  

s o lu t io n .  That i s ,  even though th e  im p u rity  was p re se n t  

i n  very  sm all amounts, i t  occupied a r e l a t i v e l y  la rg e  p o r t io n  

o f  the s u r fa c e .

There i s  no reason  to  b e l ie v e  t h a t  the  a lco h o l 

im purity  i t s e l f  was no t hydrogenated under th e  experim enta l 

co n d it io n s  employed, I . e .  cyc lohexen-3 -o l to  cyclohexanol.

I t  I s  p o s s ib le  however, th a t  due to  the s u b s t i tu te d  OH 

group the  r a t e  of r e a c t io n  f o r  t h i s  m a te r ia l  would be slower 

than  f o r  cyclohexene. The r a t e s  o f  r e a c t io n  f o r  both  

m a te r ia l s  would be c o n s ta n t  f o r  most o f  a ru n ,  s in ce  t h e i r  

co n c e n tra t io n  on th e  c a t a l y s t  su r fa c e  remained e s s e n t i a l l y  

c o n s ta n t  as j u s t  d isc u sse d . As th e  method o f  a n a ly s is  could
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no t d i s t in g u i s h  between cyclohexene and cy c lo h ex en -3 ~ o l> 

the  o v e r a l l  e f f e c t  would be th a t  the  observed r a t e  of 

r e a c t io n  based on th e  cyclohexene c o n c e n tra t io n  (o f  which 

the  a lco h o l would be p a r t )  would be lower than  th a t  f o r  

cyclohexene a lo n e .  I t  would seem t h a t  th e  r a t e  of hydrogenation  

of the  a lc o h o l  would have to  be c o n s id e ra b ly  slow er than th a t  

of the  cyclohexene f o r  i t s  p resence  to  have th e  magnitude 

o f e f f e c t  found in  t h i s  work.

This proposed mechanism reaso n ab ly  e x p la in s  why the  

e f f e c t  o f th e  im purity  was n o t in d ic a te d  du r in g  a s in g le  run .

I f  the  two m a te r ia l s  were no t s t ro n g ly  adso rbed , t h e i r  

c o n c e n tra t io n  on th e  su r fa c e  would be c o n t in u a l ly  changing 

as determ ined by the  r a t i o  o f  t h e i r  c o n c e n tra t io n s  in  the 

bulk  of s o lu t io n .  Thus more and more o f  th e  a lco h o l  would 

be adsorbed s in c e ' i t s  bulk  c o n c e n tra t io n  would be in c re a s in g  

r e l a t i v e  to  cyclohexene due to  i t s  slow er hydrogenation  r a t e ,  

and th e  o v e r a l l  observed r a t e  would have been con tinuously  

d e c re a s in g .  While the  suggested  e f f e c t  o f  th e  im p u rity  i s  

s p e c u la t iv e ,  i t  does seem to  correspond to  the  observed 

f a c t s .
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THE AGING OP RANEY NICKEL CATALYST

In th e  i n i t i a l  s e l e c t io n  of a c a t a l y s t  f o r  th e  

r e a c t io n  to  be s tu d ie d ,  Raney n ic k e l  was chosen because 

o f  i t s  dem onstrated u t i l i t y  f o r  hydrogenation  a t  a tm ospheric 

c o n d i t io n s .  The l i t e r a t u r e  abounds w ith  s tu d ie s  which 

employed t h i s  c a t a l y s t ,  and s e v e ra l  were found which re p o r te d  

some d a ta  f o r  th e  hydrogenation  of cyclohexene in  b a tch  

system s.

Thus co n s id e rab le  time was spen t in  in v e s t ig a t in g  

the v a r io u s  methods f o r  p r e p a ra t io n  o f  t h i s  c a t a l y s t  from 

the powdered aluminum-nickel a l l o y ,  and in  deve lop ing  s u i t a b le  

h an d lin g  procedures  f o r  t h i s  work. P re lim in a ry  t e s t s  were 

made in  a P a r r  ap p a ra tu s  f o r  hydrogenation  to  determ ine the 

p ro p er  o p e ra t in g  q u a n t i t i e s ,  and th e  c a t a l y s t  a c t i v i t y .  

Although no ap p rec iab le  d i f f e r e n c e  i n  the  i n i t i a l  a c t i v i t y  

of th e  c a t a l y s t  p repared  a t  d i f f e r e n t  times by d i f f e r e n t  

methods was found , a la rg e  q u a n t i ty  of the  c a t a l y s t ,  

s u f f i c i e n t  f o r  a l l  f u tu re  work, was p repared  to  e l im in a te  

any such v a r i a t i o n s .  This c a t a l y s t  was s to re d  under cy c lo -  

hexane.

A c o n s id e ra b le  number o f e a r ly  runs i n  the  flow 

ap p a ra tu s  u s in g  the Raney n ic k e l  were made. Because of 

i n i t i a l  d i f f i c u l t i e s  w ith  the equipment, a goodly number o f  

runs were made befo re  any d e s i re d  o p e ra t in g  co n d it io n s
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could be achieved. When i n i t i a l  c o n d it io n s  were f i n a l l y  

d u p l ic a te d ,  th e  observed r a te  of r e a c t io n  v/as found to  be 

somewhat lower than  p re v io u s ly .

The c o l l e c t io n  of d a ta  was co n tin u ed , however, as 

th e re  was some doubt as to  the  accuracy of th e  c o n t ro l  of 

some of the  o p e ra t in g  v a r i a b le s .  As th e  experim enta l 

procedure became r e f in e d ,  check runs showed a c o n t in u a l  

decrease  in  the  observed r a t e s  o f  r e a c t io n  under given 

c o n d i t io n s , and i t  became apparen t th a t  the  a c t i v i t y  of 

the c a t a l y s t  was d e c l in in g .

A r e p o r t  in  the  l i t e r a t u r e  (3) of t h i s  e f f e c t  

in d ic a te d  th a t  the  d e c l in e  in  a c t i v i t y  i s  ra p id  a t  f i r s t  

b u t then  d ec rease s  u n t i l  f a i r l y  c o n s ta n t  c a t a l y s t  a c t i v i t y  

i s  reached. I t  was a lso  re p o r te d  th a t  th e  s p e c i f i c  su rface  

of the  c a t a l y s t  decreased  p a r a l l e l i n g  the  a c t i v i t y .  Theorizing  

th a t  th e  d e c l in e  in  a c t i v i t y  might be caused by a g radual 

change of the  amorphous s t r u c tu r e  o f  Raney n ic k e l  to  a more 

s ta b le  c r y s t a l l i n e  s t r u c t u r e ,  a t tem p ts  were made to  "age” 

the  c a t a l y s t  to  a c o n s tan t a c t i v i t y .  The aging  method 

employed was e s s e n t i a l l y  th a t  of h e a t in g  the  c a t a l y s t  f o r  

a p e r io d  o f  time to  in c re a se  the v e lo c i ty  of the change.

Severa l d i f f e r e n t  c o n d it io n s  were u se d ,  bu t w ithou t su ccess .

The d a ta  p resen ted  in  S e r ie s  000 re p re s e n ts  a small 

p o r t io n  o f  th a t  taken  u s in g  Raney n ic k e l  c a t a l y s t .  The
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p a r t i c u l a r  d a ta  shown i l l u s t r a t e  th e  aging e f f e c t  and are  

a l l  a t  the same o p e ra t in g  c o n d it io n s ;  the d a ta  i s  p lo t t e d  

in  F igure  ll}.. The s c a t t e r in g  o f the  d a ta  on th e  p lo t  i s  

in d ic t a t iv e  of the  u n c e r ta in  c o n t ro l  of o p e ra t in g  co n d it io n s  

a t  th a t  tim e. The d a ta  seems to  in d ic a te  a f a i r l y  l i n e a r  

dec rease  in  c a ta l y s t  a c t i v i t y  w ith  "n a tu ra l"  a g in g , r a th e r  

than  the  i n i t i a l  ra p id  d e c l in e  rep o r ted  in  th e  l i t e r a t u r e .

Since th e  p ro p e r t ie s  of Raney n ic k e l  c a t a l y s t  were 

no t p e r t in e n t  to  th i s  work, once i t  was determ ined t h a t  th e  

c a t a l y s t  could n o t be used q u a n t i t a t iv e ly ,  a new c a ta ly s t  

was s e le c te d .  The aging e f f e c t  of Raney n ic k e l  i s  p r e s e n t ly  

being s tu d ied  by ano ther in v e s t ig a to r  (6 ) .
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OVERALL EQUILIBRIUM CONSTANT

Before i n i t i a t i n g  the  experim en ta l work, the  

fo llow ing  thermodynamic c a lc u la t io n  was made to  determ ine 

the  r e v e r s i b i l i t y  of th e  chosen r e a c t io n ,  to in s u re  th a t  

i t  would be o f  no im portance under the  c o n d it io n s  employed.

S tandard  Free Energy o f Formation ( 5 ) *

Cyclohexene (1 ) :  A F ° 2 ^ q o  = 18,200 c a l . /m o l

Cyclohexane (1 ) :  A F ° 2 <}Q° -  8,800 c a l . /m o l

Hydrogen ( s o ln .  , 1 a tm .) :  = 0

For th e  r e a c t io n :

Cyclohexene (1) * Hydrogen (1 a tm .)  = Cyclohexane (1) 

zlF°298° = 8,800  -  18,200  = -  1 1 , 1̂ .00 c a l . /m o l

By thermodynamic c o n s id e ra t io n s :

AP° = -  R T In  Ka 

where K0 = e q u i l ib r iu m  co n s ta n t  based on a c t i v i t i e s
el

T herefo re :

- A F °  -  ( - l l , i | . 0 0 )
lo g  Ka -  RT -  2 . 3 ( 1 . 987) ( 298) “ 8,337

And: Ka = 2.17 x 108

The l a r g e s t  p a r t  of th e  d a ta  was taken  a t  th e  tem peratu re  

of the  above c a lc u l a t i o n .  I t  i s  seen t h a t  Ka i s  so la rg e  t h a t  

the  re v e rse  r e a c t io n  i s  n e g l ig ib le .
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PICTURES OF EXPERIMENTAL APPARATUS
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FIGURE 15 R E A C T I O N  F L A S K S

F I G U R E  16 S T I R R E R  P A D D L E S
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