
CHAPTER II 
LITERATURE REVIEW

2.1 Alkylation of aromatics

T h e  c a ta ly t ic  a lk y la tio n  o f  a ro m a tic  h y d ro ca rb o n  is  a su b stitu tio n  rea c tio n  
w h e r e in  o n e  or  m o re  o f  th e  h y d r o g e n  a to m s  o n  th e  r in g  or  s id e  c h a in  is  r e p la c e d  b y  
an a lk y l gro u p . B o th  su b stitu ted  and  u n su b stitu ted  aro m a tic  stru ctu res m a y  b e  so  c a ll  
a lk y la ted . In g e n e r a l, th e  f o l lo w in g  r e a c tio n  o c c u r s  :

R- 0  + RCH =CH R''-55 Ç 5r  R <  V c n
C H 2R"

Figure 2 .1  A lk y la t io n  o f  aro m atic  rea c tio n . (M c k e tta , 1 9 9 3 )

T h e se  r e a c tio n s  ca n  o c cu r  th ro u g h  e le c tr o p h il ic  (a c id -c a ta ly z e d ) , n u c le o ­
p h ilic  (b a s e -c a ta ly z e d ) , or  free rad ica l m e c h a n ism . T h e  c a ta ly s t  u sed  d ic ta te s  th e  
m e c h a n ism  b y  w h ic h  th e  r ea c tio n s  o c c u r  (M c k e tta , 1 9 9 3 ).

2 .1 .1  E le c tr o p h ilic  S u b stitu tio n s
T h e  m o s t  c o m m o n  r e a c tio n  o f  b e n z e n e  is  e le c tr o p h il ic  su b stitu tio n . 

T h e  ty p ic a l b e n z e n e  r e a c tio n  h as th e  b e n z e n e  r in g  se r v in g  a s  a  so u r c e  o f  e le c tr o n s ,  
as n u c le o p h ile s . T h e  r e a c tio n  m e c h a n ism  is  tw o  s te p s . T h e  first s te p  is  th e  a tta ck  o f  
an e le c tr o p h ile , E + , fo r m in g  a  c a r b o c a tio n  in term ed ia te  w ith  th e  a ro m a tic  r in g  and  
s im u lta n e o u s ly  d e s tr o y in g  th e  a ro m a tic ity  o f  th e  r in g . In th is  stru ctu re, th e  p o s it iv e  
ch a rg e  is  d e lo c a liz e d  o v e r  th e  m o le c u le  b y  r e so n a n c e , m a k in g  th is  io n  m o re  s ta b le  
th an  an io n  w ith  a lo c a l iz e d  p o s it iv e  ch a rg e . D u r in g  th e  s e c o n d  s te p  a  p ro to n  le a v e s ,  
a ro m a tic ity  is  r e g a in e d , an d  the fin a l p ro d u ct is  fo r m e d . T h e  rate lim it in g  step  fo r  an  
e le c tr o p h il ic  a ro m a tic  su b stitu tio n  is  th e  a d d it io n  o f  th e  e le c tr o p h ile  to  th e  aro m a tic  
ring .
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b:
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Figure 2.2 T h e  e le c tr o p h ilic  a ro m a tic  su b stitu tio n  rea c tio n . 
(h t t p : / /c la s s e s .u le th .c a /2 0 0 2 0 1 /c h e m 2 6 0 0 a /n o te s c h l2 .p d f )

2 .1 .2  N u c le o p h il ic  S u b stitu tio n s
B e n z e n e  u su a lly  u n d e r g o e s  su b st itu tio n  b y  e le c tr o p h il ic  a ttack . H o w ­

e v e r  in  s o m e  c a s e s , n u c le o p h il ic  a tta ck  is  p o s s ib le . T h e  m e c h a n ism  in v o lv e s  an  e le c ­
tron  r ich  n u c le o p h ile  attack  o n  th e  a ro m a tic  r in g  to  g iv e  a r e so n a n c e  s ta b iliz e d  car- 
b a n io n . T h e  le a v in g  gro u p , su ch  a s  a h a lid e  ( X )  o n  an  a ro m a tic  r in g , th en  d ep arts to  
resto re  th e  a ro m a tic ity . S tro n g  r e so n a n c e  e le c tr o n  w ith d r a w in g  g ro u p s u s u a lly  m u st  
b e  p r e se n t in  th e  orth o  or para p o s it io n s  to  s ta b iliz e  th e  c a rb a n io n  in term ed ia te .

EW G = electron- o  complex 
withdrawing group

Nu

EW G

Figure 2.3 T h e  e x a m p le  o f  n u c le o p h il ic  su b stitu tio n . 
( h ttp :/ /e n .w ik ip e d ia .o r g /w ik i/N u c le o p h ilic _ a r o m a tic _ s u b s t itu t io n )

2.2 Alkylation catalysts

In fo rm er  d a y s  th e  p r o c e s s e s  o f  a r o m a tic s  a lk y la tio n  h a v e  b e e n  m a in ly  car­
r ied  o u t in  th e  p r e se n c e  o f  h o m o g e n e o u s  L e w is  a c id  c a ta ly s ts  su c h  a s  A IC I 3 , F eC ri, 
an d  B F 3 .  T h e w e l l-k n o w n  d ra w b a ck s  o f  su c h  h o m o g e n e o u s ly  c a ta ly z e d  p r o c e s se s  
h a v e  to  b e  o v e r c o m e  b y  a p p ly in g  h e te r o g e n e o u s  c a ta ly s is . In th is  r e sp e c t, th e  d is c o v ­

http://classes.uleth.ca/200201/chem2600a/noteschl2.pdf
http://en.wikipedia.org/wiki/Nucleophilic_aromatic_substitution
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ery  o f  th e  sh a p e  s e le c t iv e  a c id ic  Z S M -5  z e o l it e  and  th e  d e v e lo p m e n t  o f  th e  M o b il-  
B a d g e r  p r o c e s s  for  th e  p ro d u c tio n  o f  e th y lb e n z e n e  fro m  b e n z e n e  and  e th y le n e  h a v e  
b e e n  th e b a se  for  b reak th ro u gh  te c h n o lo g y  in  th e  f ie ld  o f  a ro m a tic  a lk y la tio n  re a c ­
t io n s  u s in g  s o l id  ac id  c a ta ly s ts  (T a n a b e  et al., 1 9 9 9 ).

H o m o g e n e o u s  a lk y la tio n  c a ta ly s ts  m a y  b e B r ô n ste d  a c id s  su c h  as H F  and  
H2SO4. U s in g  a lk e n e s  a s  a lk y la tin g  a g e n ts , a p ro to n  is  d o n a ted  b y  th e  a c id  to  su b ­
strate.

Figure 2.4 T h e  fo rm a tio n  o f  ca r b o c a tio n  b y  u s in g  a lk e n e s . (W a d e , 2 0 0 9 )

W h e n  a lk e n e s  are treated  w ith  a  L e w is  a c id  su c h  as A IC I3 , a sm a ll a m o u n t  
o f  a  p ro to n  a c id  is  n o r m a lly  ad d ed  as a c o -c a ta ly s t  to  p r o m o te  th e  fo r m a tio n  o f  car­
b o c a tio n .

I f  a lc o h o ls  are th e  a lk y la tin g  a g e n ts  in  th e  p r e se n c e  o f  B r ô n ste d  a c id s , th e y  
are p ro to n a ted  and  c a r b o c a tio n s  m a y  b e  fo rm ed .

ROH + H + [r O H 2]<r*R+ + H 2o

In p r e se n c e  o f  L e w id  a c id s , su c h  a s  A IC I3 , a  c o m p le x  is  fir st fo r m e d  w ith  
th e  a lc o h o l an d  HC1 is  r e le a se d . T h e  c o m p le x  th en  d o n a te s  th e  c a r b o c a tio n s .

ROH  +  AlCl3 - >  ROAlCl2 +  HCl
ROAICI2 <-> R ++~OACl2

S r id e v i et al. ( 2 0 0 1 )  s tu d ied  th e  a lk y la tio n  o f  b e n z e n e  w ith  e th a n o l on  
A IC I3 im p reg n a ted  1 3 X  z e o l i t e  to  d e te r m in e  th e  k in e t ic s  o f  b e n z e n e  a lk y la tio n , to  
d e v e lo p  a  k in e t ic  m o d e l, an d  to  e s t im a te  th e  u n k n o w n  p a ra m eters  o f  th e  k in e tic  
m o d e l so  a s  to  o b ta in  an in tr in s ic  rate e x p r e s s io n . T h e  e x p e r im e n ts  carr ied  o u t w ith  
d ifferen t a m o u n ts  o f  A IC I3 g a v e  m a x im u m  b e n z e n e  c o n v e r s io n  w ith  c a ta ly s t  c o n ­

F

H 3C — C H — c h 3
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ta in in g  15%  A IC I3 . M o r e o v e r , th e  r e su lts  in d ic a te d  n o  d e a c t iv a t io n  o f  A IC I3 b y  h y ­
d r o ly s is  w ith  w a ter  g e n e r a te d  b y  th e  rea c tio n .

A lk y l  h a lid e  h a s  b e e n  e x t e n s iv e ly  u se d  to  a lk y la te  a ro m a tic  c o m p o u n d s . 
W h e n  A IC I3 is  u se d  a s  th e  c a ta ly s t , th e  re a c tio n  is  n o r m a lly  referred  to  a s  F r ied e l-  
C rafts rea c tio n .

Figure 2.5 T h e  F r ied e l-C ra fts  rea c tio n . 
( h t tp : / /c la s s e s .u le th .c a /2 0 0 2 0 1 /c h e m 2 6 0 0 a /n o te s c h l2 .p d f )

In th is  m e c h a n ism  an a lk y l h a lid e  w ith  a lu m in u m  c h lo r id e  fo rm ed  th e  in ­
term ed ia te  c a r b o c a tio n , an  a c tiv a ted  e le c tr o p h ile , w h ic h  su b se q u e n tly  a tta ck ed  th e  
a ro m a tic  r in g . O th er  s o u r c e s  o f  c a r b o c a tio n s  are a lc o h o ls , e s te r s , e th ers  and  o le f in s  
(M c k e tta , 1 9 9 3 ).

H o w e v e r , T h e  F r ie d e l-C r a fts  a lk y la tio n  h a s  so m e  lim ita tio n s . T h e  p rod u ct  
o f  th is  a lk y la tio n  is  m o re  r e a c tiv e  th an  b e n z e n e , s o  p o ly a lk y la t io n  c a n  o c c u r . M o r e ­
o v e r , C a rb o ca tio n  rea rran gem en t ca n  o ccu r . T h u s  p rim ary a lk y l c h lo r id e s  ty p ic a lly  
g iv e  se c o n d a r y  a lk y lb e n z e n e s  a s  th e  m ajor  p ro d u ct. T h e  F r ie d e l-C r a fts  a lk y la tio n  is  
n o t a  su ita b le  w a y  to  m a k e  p rim ary a lk y l-su b s t itu te d  b e n z e n e  d e r iv a t iv e s .

A lk y la t io n  w ith  h e te r o g e n e o u s  c a ta ly s ts  h a s  b e e n  carr ied  o u t u s in g  a  v a r ie ty  
o f  a c id ic  o x id e s  su ch  a s  A I 2 O 3 and  A F C V S iC ^ . T h e se  c a ta ly s ts  a ls o  p r o m o te  c a r b o ­
n iu m  io n  ty p ed  r e a c tio n s . D e p e n d in g  th e m e th o d  o f  p rep ara tio n , s i l ic a /a lu m in a  c a ta ­
ly s ts  m a y  b e  a m o rp h o u s or c r y s ta llin e . T h e se  c o m p o u n d s  h a v e  b o th  B r ô n ste d  and  
L e w is  a c id  s ite s . W h e n  a lk y la tin g  b e n z e n e  w ith  e th y le n e , o n  a  z e o l i t e  c a ta ly s t  for

http://classes.uleth.ca/200201/chem2600a/noteschl2.pdf
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e x a m p le , a d so rb ed  e th y le n e  is  p ro to n a ted  at a  B r o n ste d  a c id  s ite  o n  th e  c a ta ly s t  su r­
fa c e  fo r m in g  an  e th y lc a r b o n iu m  io n .

Zeol -  O H + +  CH 2 =  CH 2 - >  CH 3 -  CH;  +  Zeol -  0 “ (4 )

T h e c a r b o c a tio n  th en  a tta ck s th e  b e n z e n e  r in g  g iv in g  e th y lb e n z e n e  and th e  
p ro to n  is  reg a in ed  b y  z e o lite .

Figure 2.6 T h e  c a r b o c a tio n  a tta ck s th e  b e n z e n e  r in g . (M atar et al, 1 9 8 9 )

Z e o lite s  w e r e  fo u n d  to  b e  m o r e  su ita b le  a lk y la tio n  c a ta ly s ts  th an  th e  
a m o rp h o u s ty p e s  b e c a u s e  o f  th e ir  a c t iv it ie s  an d  s e le c t iv ity  to w a r d  certa in  r e a c tio n s .  
(M atar  et al, 1 9 8 9 )

Z e o lite s  and  re la ted  m ic r o p o r o u s  m o le c u la r  s ie v e s  c o n s is t  o f  a  th ree-  
d im e n s io n a l n e tw o r k  o f  m e t a l- o x y g e n  te tra h ed ra  ( in  a  f e w  c a s e s  a ls o  o c ta h ed ra )  
w h ic h  p r o v id e  th e  p e r io d ic a lly  s iz e d  m ic r o p o r o u s  stru ctu re. Z e o lit e s  ca n  b e  sy n th e ­
s is  b y  u s in g  s o d iu m  a lu m in a te , so d iu m  s il ic a te , or  so d iu m  h y d r o x id e  so lu t io n s .  
R ea cta n ts  and s y n th e s is  p ara m eters , su ch  a s  tem p era tu re , t im e , an d  p H , d e term in e  
th e  p articu lar  z e o l i t e  fo rm ed . T h e  te m p la t in g  io n  is  e s p e c ia l ly  cr it ic a l. U s u a lly  an  
o r g a n ic  ca tio n  su rrou n d ed  b y  an  a lu m in o s il ic a te  la tt ic e  fo r m s th e  te m p la t in g  io n . 
T h e  m a in  z e o l it e  form u la  is Mx/n[ (A 1 0 2 )x (S i0 2 )y].zH 20 , w h ere  M  rep resen ts th e  m etal 
cation  and ท is the ox id a tio n  n um ber o f  the ca tio n , and a gen era l structure o f  tetrahedral 
b u ild in g  units form  ring structures and p o lyh ed ra l. Z eo lite  ca ta ly sts  are stro n g ly  d esired  
b eca u se  o f  their h igh  d en sity  o f  a c tiv e  acid  s ite s , hydrotherm al stab ility , and h igh  s ize  
se le c t iv ity .

A c id  s ite s  re su lt  from  th e im b a la n c e  o f  th e  m e ta l and  th e  o x y g e n  form al 
c h a rg e  in  th e  p r im a ry  b u ild in g  u n it. T h is  c a n  e a s i ly  b e  r e c o g n iz e d  in  th e  c a s e  o f  z e o ­
lite s , w h ic h  c o n s is t  o f  a  th r e e -d im e n s io n a l n e tw o r k  o f  S i - O  tetrah ed ra l. A  la tt ic e

C,H,
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c o m p r is in g  o f  o n ly  S i - 0  tetrahed ral is  n eu tra l (th e  4 + c h a r g e  at th e  s i l ic o n  is  b a ­
la n ced  b y  fou r  o x y g e n  a to m s w ith  ea c h  2 ' ch arg e , h o w e v e r , b e lo n g in g  to  tw o  tetra ­
h ed ra l). R e p la c in g  o n e  S i4+ a to m  b y  A l3+ c a u se s  a  fo rm a l c h a rg e  o n  th e  te trah ed ron  
o f  r .  T h is  n e g a tiv e  ch a rg e  is  th en  b a la n c e d  b y  a p ro to n  or m eta l c a t io n  fo r m in g  an  
a c id  s ite . T h e  b are, n e g a t iv e ly  ch a rg ed  tetra h ed ro n  is  th e n  th e  c o r r e sp o n d in g  b a se .

In A IP O 4 ty p e  m ic r o p o r o u s  m a ter ia ls  th e  fr a m e w o r k  stru ctu re c o n s is t s  o f  a 
str ic tly  a ltern a tin g  A l - O - P  se q u e n c e  ( A l3+ and  p 5+, b a la n c e d  b y  fo u r  o x y g e n  a to m s  
w ith  ea c h  2 'ch a rg e , h o w e v e r , b e lo n g in g  to  tw o  tetra h ed ra l), r e su lt in g  in  a  c o m p le te ly  
n eu tra l la ttice  a s  w e l l ,  lik e  in  th e  c a se  o f  p u re  s i l ic a  z e o l i t e s .  D e p e n d in g  o n  th e  c o m ­
b in a tio n s  o f  th e  m eta l c a t io n  in  the la tt ic e , fr a m e w o r k s  w ith  p o s it iv e  or  n e g a tiv e  
c h a rg es  are in  p r in c ip a l p o s s ib le ;  h o w e v e r , so  far o n ly  c a t io n  e x c h a n g e d  m ic r o p o r ­
o u s  m a ter ia ls  are k n o w n . V ija y a ra g h a v a n  et al. ( 2 0 0 4 )  s tu d ie d  th e  a c t iv ity  o f  la rg e  
p o re  A IP O 4 - 5  m o le c u la r  s ie v e s  su b stitu ted  w ith  M g , M n  an d  Z n  in  th e  v a p o r -p h a se  
e th y la tio n  o f  b e n z e n e  w ith  e th a n o l. T h e y  fo u n d  th at M A P O -5 , Z A P O -5  an d  M n A -  
P O -5  g iv e  h ig h e r  c o n v e r s io n  than  A IP O 4 - 5  d u e  to  iso m o r p h o u s  su b stitu tio n  o f  m eta l 
in  th e  fram e w o r k  o f  th e  ca ta ly st . A m o n g  th e  ca ta ly s t , M n A P O -5  is  m o r e  a c t iv e  than  
o th ers b e c a u se  o f  th e  p r e se n c e  o f  u n p a ired  e le c tr o n s  in  th e  d -su b sh e ll.

A n  im p o rtan t p rop erty  re la tin g  to  th e  a c t iv ity  o f  z e o l i t e s  is  th e ir  a c id ity . T h e  
a c t iv ity  req u ested  is  b a se d  o n  th e fo rm a tio n  o f  B r ô n ste d  a c id  s ite s  a r is in g  fro m  th e  
crea tio n  o f  “ b r id g in g  h y d r o x y l g r o u p s”  w ith in  th e  p o r e  stru ctu re o f  th e  z e o l it e s .  
T h e se  “ b r id g in g  h y d r o x y l g r o u p s”  are u su a lly  fo r m e d  e ith er  b y  a m m o n iu m  or  p o ­
ly v a le n t  ca tio n  e x c h a n g e  fo l lo w e d  b y  a  c a lc in a t io n s  s tep . T h e  “ b r id g in g  h y d r o x y l  
g r o u p s” , w h ic h  are p ro to n s  a s so c ia te d  w ith  n e g a t iv e ly  c h a r g e d  fr a m e w o r k  o x y g e n s  
lin k ed  in to  a lu m in a  tetrahedra , are th e  B r ô n ste d  a c id  s ite s , a s  sh o w n  in  F ig u r e  2 .7 .
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^  'S i  Al Si' Al 'S i'/  \ / \  /  \  /  ร' '  \

Figure 2.7 B rô n sted  a c id  s ite s  ( “ b r id g in g  h y d r o x y l g r o u p s ’ ’) in  z e o l i t e s .  (S to c k e r ,
2 0 0 5 )

T h e  p ro to n s  are q u ite  m o b ile  at h ig h e r  tem p era tu res , an d  at 550°c 
th e y  are lo s t  a s  w a ter  m o le c u le s  f o l lo w e d  b y  th e fo r m a tio n  o f  L e w is  a c id  s ite s , as  
sh o w n  in  F ig u re  2 .8 . F or z e o l it e s ,  it ca n  b e  sta ted  that th e  c o n c e n tr a tio n  o f  a lu m in u m  
in  th e  la tt ic e  is  d ir e c tly  p ro p o rtio n a l to  th e  c o n cen tra tio n  o f  a c id  s ite s  (S to c k e r ,
2 0 0 5 ) .

A i V
V ,-0x .๐

Si Ah
\ /  \ /  \  

Bronsted acid site

550 oc 

- H20

\ /  \ a X x 0
Lewis acid site

Figure 2.8 F o rm a tio n  o f  L e w is  a c id  s ite s  in  z e o l ite s . (S to c k e r , 2 0 0 5 )

2 .2 .1  Z S M -5
Z S M -5 , Z e o lite  S ie v e  o f  M o le c u la r  p o r o s ity  -  5 d e v e lo p e d  b y  M o b il  

o i l ,  is  an a lu m in o s il ic a te  z e o l it e  w h ic h  c h e m ic a l fo rm u la  is  N a nA lnSi96_n0 i9 2 -1 6 H 2 0  
(0 < n < 2 7 ) . In Z S M -5 , th e  tetrahed ra l are lin k ed  to  fo rm  th e c h a in  ty p e  b u ild in g  
b lo c k . T h e  ch a in  ca n  b e  c o n n e c te d  to  form  a la y er  (G a te s , 1 9 9 2 ). Z S M -5  is  
c o m p o s e d  o f  sev era l p en ta s il u n its  lin k ed  to g e th e r  b y  o x y g e n  b r id g e s  to  fo rm  
p e n ta s il c h a in s . A  p en ta s il u n it c o n s is t s  o f  f iv e  o x y g e n  a tom  in  th is  stru ctu re. T h e
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p e n ta s il c h a in s  are in te r c o n n e c te d  b y  o x y g e n  b r id g e s  to  form  1 0 -m e m b e r e d  o x y g e n  
rin g . T h e s e  are im p o rta n ce  b e c a u s e  th e y  p r o v id e  o p e n in g s  in  th e  stru ctu re la rge  
e n o u g h  fo r  p a ssa g e  o f  e v e n  rather la rge  m o le c u le s  (G a te s , 1 9 9 2 ) . Z S M -5  is  a h ig h ly  
p o r o u s  m ater ia l an d  th ro u g h o u t its  structure it h a s an in te r se c tin g  tw o -d im e n s io n a l  
p o re  stru ctu re. T h e  p o r e  stru ctu re is  sh o w n  in  f ig u r e  2 .9 . T h ere  is  a s e t  o f  stra ight, 
p ara lle l p o r e s  in te r se c te d  b y  a s e t  o f  p erp en d icu la r  z ig z a g  p o r e  (G a te s , 1 9 9 2 ) .

Figure 2.9 T h e  p o re  stru ctu re o f  Z S M -5  
(h ttp ://c h e m e la b .u c sd .e d u /m e th a n o l/m e m o s /Z S M -5 .h tm l)

T h e  a lu m in iu m  s ite s  in  Z S M -5  are v ery  a c id ic . T h e  su b stitu tio n  o f  
A h+ in th e  p la c e  o f  th e  tetrahed ra l S i /  s i l ic a  req u ires  th e  a d d it io n  o f  p o s it iv e  ch arg e . 
W h e n  H + is  th e  p o s it iv e  ch a rg e , th e  a c id ity  o f  th e  z e o l it e  is  v e r y  h ig h . T h e  rea c tio n  
and  c a ta ly s is  c h e m is tr y  o f  th e  Z S M -5  is  d u e  to  th is  a c id ity . It is  a s h a p e -se le c t iv e  
c a ta ly s t  w ith  rem a rk a b le  c a ta ly t ic  p ro p erties  and  h ig h  th erm al s ta b ility . T h e  Z S M -5  
z e o l it e  c a ta ly s t  is  w i ld ly  u se d  in  th e  p e tro leu m  and  p e tr o c h e m ic a l in d u stry  for  h y ­
d roca rb on  iso m e r iz a t io n  and  a lk y la tio n  o f  h yd ro ca rb o n .

L i et al. ( 2 0 0 9 )  s tu d ie d  th e c a ta ly t ic  s y n th e s is  o f  e th y lb e n z e n e  b y  a l­
k y la t io n  o f  b e n z e n e  w ith  d ie th y l carb o n ate  o v e r  H Z S M -5  w ith  S i/A l ra tio s  from  5 0  
to  2 5 0 . T h e  resu lts  s h o w e d  that th e  s e le c t iv ity  fo r  p -D E B  in c r e a se s  w h e n  th e  S i/A l  
D e le c t iv e s .  T h e y  c o n c lu d e d  that th e  iso m e r iz a t io n  o f  p -D E B  is  su p p r e sse s  d u e  to  the  
a b se n c e  o f  stro n g  a c id  s ite s . M o r e o v e r , to lu e n e  o b ta in e d  b y  th e  c r a c k in g  o f  e th y l­
b e n z e n e  d e c r e a se s  w h e n  S i/A l in c r e a se s . T h e y  su g g e s te d  that a c id ic  s ite s  that ca ta ­

http://chemelab.ucsd.edu/methanol/memos/ZSM-5.html
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ly z e  th e  E B  c r a c k in g  r e a c tio n  are stro n g er  than  th o se  that c a ta ly z e  b e n z e n e  m o n o ­
a lk y la tio n  rea c tio n s .

รนท et al. ( 2 0 0 9 )  s tu d ied  s o m e  p o st-trea tm en t e f fe c t s ,  in c lu d in g  h y ­
d roth erm al trea tm en t, c a lc in a t io n  and  L a 2 Û 3 m o d if ic a t io n , on  th e c a ta ly t ic  p erfo r­
m a n c e  o f  a n a n o sc a le  H Z S M -5  z e o l it e  fo r  e th y la tio n  o f  c o k in g  b e n z e n e  w ith  e th y ­
le n e  and  e th a n o l. T h is  s tu d y  in d ic a te s  that th e se  p o st-trea tm en ts  o f  th e  c a ta ly s t  re­
d u c e  b o th  th e  to ta l n u m b er  o f  a c id  s ite s  and  th e  B /L  ratio  d u e  to  d e a lu m in a tio n  and  
tra n sfo rm a tio n  o f  fra m ew o rk  A l , and  c h a n g e  p ore  stru ctu re from  th e  s in g le  m ic r o ­
p o r e s  to  th e  c o e x is t e n c e  o f  m ic r o p o r e s  and  la rg e  m ic r o p o r e s . T h e  d e c r e a se  in  th e  
a c id ity , e s p e c ia l th e  B r ô n ste d  a c id ity , su p p r e ss  th e  carb o n  d e p o s it  fo r m a tio n  resu lt­
in g  in  th e  im p r o v e m e n t o f  ca ta ly tic  s ta b ility . T h e  resu lts  sh o w e d  th at L a -C -H T -  
H Z S M -5  e x h ib ite d  h ig h e r  s ta b ility  in  th e  e th y la tio n  o f  c o k in g  b e n z e n e  u n d er in d u s­
trial rea c tio n  c o n d it io n s  w ith  th e  c o k in g  b e n z e n e  c o n v e r s io n  o f  14 .5%  and  th e  tota l 
e th y lb e n z e n e  s e le c t iv ity  o f  9 8 .8 % .

S o m e  z e o l i t e s  are h ig h ly  s e le c t iv e  c a ta ly s ts , and th is  h a s  b e e n  co rre­
la ted  w ith  th e  a b ility  o f  th e  m o le c u le s  to  d if fu s e  in to , and  th e  a b ility  o f  th e  p rod u ct  
m o le c u le s  to  d if fu s e  ou t o f  th e  su p e r c a g e , w h e r e  is  th e  lo c u s  o f  th e  c a ta ly t ic  a c tiv ity  
o f  z e o l it e  c a ta ly s ts  (M atar et al, 1 9 8 9 ). Raj et al. ( 2 0 0 6 )  s tu d ied  th e  p ara s e le c t iv ity  
co m p a r e d  to  m e ta  and  orth o  in  th e  v a p o r  and  liq u id  p h a se  a lk y la tio n  o f  v a r io u s  rea c ­
t io n s  o v e r  M n A P O -5  and  M n A P O - 1 1. T h e y  in d ic a te d  th e  d istr ib u tio n  o f  th e  rea c tio n  
p r o d u c ts  for  para, m eta  an d  orth o  iso m e r s  is  s tro n g ly  in f lu e n c e d  b y  th e  ch a n n e l 
g e o m e tr y  and  th e  tran sp ort o f  in d iv id u a l iso m e r s  in to  ch a n n e l stru ctu re. F rom  th e  
r e su lts , th e  para iso m e r  s h o w s  th e g rea test s e le c t iv ity . T h e  cr it ica l d ia m e te r  o f  para  
is o m e r  is  sm a lle r  than m e ta  so  th e  para iso m e r  d if fu s e  o u t o f  th e  p o re  faster .

A n o th e r  fa c to r  that a f fe c ts  th e  c a ta ly t ic  a c t iv ity  o f  z e o l i t e s  is  th e  typ e  
o f  c a t io n s  o n  z e o l it e s .  T h e  m eta l e x c h a n g e  in to  th e  H Z S M -5  c a ta ly s ts , u s in g  
N a Z S M -5 , C o Z S M -5 , an d  C u Z S M -5 , for  th e  m é th y la t io n  o f  b e n z e n e  w ith  m eth a n o l  
w a s  o b se r v e d  b y  A d e b a jo  et al. ( 2 0 0 0 ) .  T h e  resu lts  s h o w e d  that th e  c o n v e r s io n  and  
s e le c t iv ity  to  to lu e n e  are h ig h e r  w h e n  th e s e  c a ta ly s ts  w e r e  u sed  at lo w  tem p era tu re  
( 2 5 0 -3 5 0 ° C ) . G a o  et al. ( 2 0 0 9 )  in v e s t ig a te d  th e  c a ta ly t ic  a c t iv ity  in  th e  v a p o r  p h a se  
a lk y la tio n  o f  b e n z e n e  w ith  e th a n o l b y  u s in g  Z S M -5  p rep ared  b y  a d d in g  z in c  sa lt  in to
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th e  g e l p recu rsor. T h e y  in d ic a te d  that z in c  sa lt had  grea t e f fe c t  o n  Z S M -5  c a ta ly s t  
an d  th e z in c  c o n ta in in g  c a ta ly s ts  s h o w e d  h ig h e r  e th y lb e n z e n e  s e le c t iv ity .

R o m a n n ic o v  et al. ( 1 9 9 4 )  in d ic a te d  th at Z S M -5 , sm a ll p o re  z e o l it e ,  
p r o m o te s  th e  fo r m a tio n  m a in ly  o f  para iso m e r  p r o d u c ts  w h ile  w id e -p o r e  b e ta  z e o l it e  
c o n ta in s  a ll th ree  iso m e r  p ro d u cts  (p ara , m eta  an d  orth o ). T h e  ra tio s  a m o n g  th em  
d ep e n d  o n  th e ra tio s o f  p artia l su b stitu tio n  rates.

R a im o n d o  et al. ( 1 9 9 7 )  s tu d ied  th e  in f lu e n c e  o f  th e  a c id ity  an d  th e  
p ore  d im e n s io n  o f  a ran g e  o f  m id -p o r e  z e o l i t e s  u s in g  H -Z S M -5 , m o r d e n ite , U S Y ,  
T h e ta -1, B P -P IL C  and  A T O S  o n  th e  y ie ld  and  s e le c t iv ity  o f  th e  p r o d u c ts  o f  b e n z e n e  
a lk y la tio n  u s in g  m e th a n o l, e th a n o l, b u ta n o l, iso p r o p a n o l an d  o c ta n o l a s  a k y la tin g  
a g e n ts . T h e y  sta ted  that th e  c a ta ly tic  r e a c tiv ity  and  s e le c t iv ity  o f  a s o l id  a c id  d e p e n d s  
n ot o n ly  o n  th e  p h y s ic o c h e m ic a l p ro p er tie s  o f  th e  a c t iv e  s ite s  b u t a ls o  o n  th e  d im e n ­
s io n s  and  sh a p e  o f  th e  p o res . F rom  th e e x p e r im e n ts , th e  p o re  d im e n s io n  p la y s  an  im ­
p ortan t r o le  th an  a c id ity . T h u s, H -Z S M -5  s h o w s  th e  h ig h e r  a c t iv ity  b e c a u s e  its  sm a ll  
p ore  s iz e  a l lo w s  fo r m a tio n  o f  a b u lk y  in term ed ia te  w h ic h  w o u ld  resu lt  from  th e  e le c ­
tr o p h ilic  a tta ck  o f  th is  ch a rg ed  s p e c ie s  at th e  b e n z e n e  r in g .

2.3 Production of benzene derivatives

B e n z e n e  is  n o t  o n ly  th e  m o s t  im p o rtan t a ro m a tic  ra w  m ater ia l in  term  o f  
q u a n tity , b u t it is  a ls o  th e  m o st  v e r sa tile  from  th e v ie w p o in t  o f  its  u se s .

T h e  m ajor  in d u str ia l p ro d u cts  fro m  b e n z e n e  are a lk y la te d  d e r iv a t iv e s  su ch  
a s  e th y lb e n z e n e  and  c u m e n e , w h ic h  are u se d  a s  b a s ic  m a te r ia ls  fo r  th e  p r o d u c tio n  o f  
s ty ren e  and  p h e n o l, an d  lo n g -c h a in  a lk y l b e n z e n e s  w h ic h  are u se d  as f e e d s to c k  in  
th e  m a n u fa ctu re  o f  su rfa cta n ts  (Frank  H .G . and  S ta d e lh o fe r  J .W ., 1 9 8 8 ).

2 .3 .1  E th y lb e n z e n e
E th y lb e n z e n e  is  u sed  a lm o s t  e x c lu s iv e ly  a s  an  in te r m e d ia te  in  th e  

p r o d u ctio n  o f  s ty r e n e  m o n o m e r . A lm o s t  a ll e th y lb e n z e n e  is  p ro d u ced  b y  liq u id  
p h a se  or v a p o r  p h a se  a lk y la tio n  o f  b e n z e n e  w ith  e th y le n e . L u k y a n o v  et al. ( 2 0 0 8 )  
stu d y  th e a lk y la tio n  o f  b e n z e n e  w ith  e th a n e  in to  e th y lb e n z e n e  o v e r  P tH -M F I b ifu n c ­
t io n a l ca ta ly st . T h e y  rep orted  that th e  s id e  r ea c tio n s  to o k  p la c e  to  c o m p e te  e th y lb e n ­
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z e n e  fo rm a tio n . T h e  m a in  s id e  r e a c tio n s  in c lu d e d  e th y lb e n z e n e  h y d r o g e n o ly s is  to  
to lu e n e , further a lk y la tio n  o f  e th y lb e n z e n e  in to  d ie th y lb e n z e n e , and  c y c l iz a t io n  o f  
a lk y lb e n z e n e  to  n a p h th a len e .

2.3.1.1 Traditional process
In th e  tra d itio n a l p r o c e s s , d e v e lo p e d  in  th e  1 9 3 0 s , th e  a lk y la ­

t io n  is  p erfo rm ed  r ea c tin g  b e n z e n e  and  e th y le n e  in  th e  p r e se n c e  o f  a F r ie d e l-C r a fts  
c a ta ly s t  in c lu d in g  A IC I3-H C I , A lB r 3 and F e C b , at m ild  c o n d it io n s  (T  =  1 6 0 °C ). 
S e v e r a l c o m p a n ie s  h a v e  d e v e lo p e d  v a r ia tio n s  o f  th is  t e c h n o lo g y . P r o c e s s e s  cu rren tly  
in  u s e  in c lu d e  th o se  o f  D o w  c h e m ic a l, B A S F , sh e ll c h e m ic a l, M o n sa n to , société 
chimique des cahrbonnages, an d  u n io n  c a r b id e / b ad ger . T h e  M o n sa n to  p r o c e s s  is  
cu rren tly  th e  m o s t  m o d e m  c o m m e r c ia l ly  l ic e n s e d  a lu m in u m  c h lo r id e  a lk y la tio n  
te c h n o lo g y . T h e  e th y lb e n z e n e  p ro d u c e d  b y  b e n z e n e  a lk y la tio n , m a y  u n d e r g o  p o ly a l­
k y la t io n  to  d i-  an d  o th er  p o ly e th y lb e n z e n e s , a c c o r d in g  to  th e  r e a c tio n s  d e p ic te d  in  
f ig u r e  2 .1 0 . T h e  r e a c tio n  is  h ig h ly  e x o th e r m ic  w ith  a r e a c tio n  en th a lp y  o f  -1 1 4  
k j /m o l .  T h e  k in e t ic  s tu d ie d  o f  b e n z e n e  e th y la tio n  w ith  e th a n o l o v e r  Z S M -5  c a ta ly s ts  
in  a f lu id iz e d -b e d  reactor  w a s  in v e s t ig a te d  b y  O d ed a iro  et al. ( 2 0 1 0 ) .  T h e y  o b se r v e d  
that a lk y la tio n  o f  b e n z e n e  is  th e  p rim ary  r e a c tio n  that p ro d u ced  e th y lb e n z e n e . 
W h ile , th e  se c o n d a r y  e th y la tio n  r ea c tio n  p ro d u c e d  d ie th y lb e n z e n e . T h e  ap p aren t a c ­
t iv a tio n  e n e r g y  o f  b e n z e n e  e th y la tio n  w a s  fo u n d  to  b e  h ig h e r  than  th e  v a lu e  o f  e h y l-  
b e n z e n e  e th y la tio n .

+ CHn^CHj

C2H, C;HS

Figure 2.10 T h e  b e n z e n e  a lk y la tio n  and  p o ly  a lk y la tio n . (P e r e g o  et al, 2 0 0 2 )

A fte r  th e  p rod u ct sep a ra tio n , th e  p o ly e th y lb e n z e n e s  are re­
c y c le d  b ack  to  th e  a lk y la tio n  reactor . H ere , p o ly e th y lb e n z e n e s  tr a n sa lk y la tio n  ta k es  
p la c e  t ill th e  th e r m o d y n a m ic  eq u ilib r iu m  is  rea c h ed  as sh o w n  in  fig u re  2 . 1 1 .
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Figure 2.11 T h e  p o ly e th y lb e n z e n e s  tra n sa lk y la tio n . (P e r e g o  et al, 2 0 0 2 )

T h e  fin a l c o m p o s it io n  d e p e n d s  o n  th e  o v e r a ll e th y -  
le n e /b e n z e n e  m o la r  ratio . T h e  rea c tio n  is  p er fo rm ed  in  th e  liq u id  p h a se  an d  th e  
p r o c e s s  is  carr ied  o u t in  e n a m e le d  or g la s s  lin e d  reac tors b e c a u se  o f  th e  c o r r o s iv e  
e f f e c t  o f  th e  c a ta ly s t . A s  a  p o s s ib le  so lu t io n  to  th e  c o r r o s io n  p r o b le m s , su p p o rted  
c a ta ly s ts  h a v e  b e e n  p r o p o se d  in  th e  1 9 6 0 s  b y  U O P  fo r  liq u id  p h a se  (B F 3/A I 2 O 3 in  
th e  A lk a r ™  p r o c e s s )  an d  g a s -p h a se  (K ie se lg u h r  su p p o rted  p h o sp h o r ic  a c id  (S P A ))  
o p e r a tio n s . H o w e v e r , d u e  to  p artia l r e le a se  o f  th e  a c id s , c o r r o s io n  p r o b le m s  w e r e  n o t  
c o m p le te ly  a v o id e d . B e s id e s ,  th e se  c a ta ly s ts  are n o t a c t iv e  in  th e  p o ly e th y lb e n z e n e s  
tra n sa lk y la tio n  an d  ca n n o t b e  reg e n era ted . F or  th e se  r e a so n s  su ch  p r o c e s s e s  d id  n o t  
o b ta in  large  in d u str ia l in terest (P e r e g o  et al, 2 0 0 2 ) .

2.3.1.2 Mobil-Badger ethylbenzene process
F irst in tro d u ced  in  1 9 8 0 , th e  M o b il-B a d g e r  v a p o r  p h a se  

p r o c e s s  is  s t i ll  th e  m o st  w id e ly  u se d  z e o l it e  c a ta ly z e d  e th y lb e n z e n e  m a n u fa c tu r in g  
p r o c e s s . S in c e  its  in it ia l c o m m e r c ia l a p p lic a t io n  in  1 9 8 1 , o v e r  3 5  u n its  h a v e  b e e n  
l ic e n s e d  w ith  a  to ta l an n u al c a p a c ity  o f  n ea r ly  8  m il l io n  m etr ic  to n s . In th e  M o b i l -  
B a d g e r  p r o c e s s , b e n z e n e  is  a lk y la te d  in  a f ix e d -b e d  rea c to r  w ith  e th y le n e  in  th e  g a s  
p h a se  u s in g  a Z S M -5  b a se d  ca ta ly s t . F ig u re  2 .1 2  is  a  s im p lif ie d  p r o c e s s  f lo w  d ia ­
gra m  o f  th e  fir st g en e r a tio n  M o b il-B a d g e r  p r o c e s s . F resh  and  r e c y c le d  b e n z e n e  is  
c o m b in e d  w ith  a  d ie th y lb e n z e n e -r ic h  r e c y c le  stream  an d  fe d , to g e th e r  w ith  fresh  
e th y le n e , to  an  a lk y la tio n  reactor . T h e  p r o c e s s  o p e r a te s  w ith  a  B :E  ratio  o f  5 -2 0  (M )  
at tem p era tu res  r a n g in g  fro m  3 7 0  to  420°c and  p r e ssu r e s  r a n g in g  fro m  0 .6 9  to  
2 .7 6 M P a  ( 6 .8 - 2 7 .2  bar). W H S V , b a sed  o n  fresh  fe e d , ra n g e  fro m  3 0 0  to  400 hr-1. 
T h e  p r o c e s s  h a s  an  o v e r a ll e th y lb e n z e n e  y ie ld  o f  at le a s t  9 9 .0 % . T o g e th e r  w ith  th e  
B a d g e r  T e c h n o lo g y  C en ter  o f  R a y th e o n  E n g in e e r s  &  C o n stru c to rs , M o b il in tro ­
d u c e d  se c o n d  and  third  g e n e r a tio n  p r o c e s s e s  in  1 9 8 6  and  1 9 9 1 . T h e se  n e x t  g e n e r a ­
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t io n  p r o c e s s e s  p ro v id e d  im p r o v e d  c y c le  le n g th s  an d  h ig h e r  y ie ld s . C y c le  le n g th s  im ­
p ro v ed  fro m  6 0  d a y s  to  m o re  than  1 yea r , an d  y ie ld s  im p r o v e d  to  g rea ter  th a n  
9 9 .5 % . S e le c t iv ity  lo s s e s  to  b o th  h e a v y  a ro m a tic s  an d  x y le n e s  d ro p p ed  b y  m o r e  than  
50% . T h e  e n e r g y  e f f ic ie n c y  o f  th e  M o b il- B a d g e r  p r o c e s s  is  rep orted  to  b e  h ig h . E s ­
se n tia lly , a ll o f  th e  e x o th e r m ic  h ea t o f  r e a c tio n  is  r e c o v e r e d .

T h e  M o b il-B a d g e r  p r o c e s s  h a s  a lso  b e e n  m o d if ie d  to  u se  d i­
lu te  e th y le n e  fro m  F C C  o f f -g a s  stre a m s a s  a  fe e d s to c k . T h e  d ilu te  e th y le n e  p r o c e s s  
w a s  first c o m m e r c ia l iz e d  at S h e l l ’s S ta n lo w  U K  re fin e r y  in  1991  an d  h a s  b e e n  in  
c o n tin u o u s  u se  e v e r  s in c e .

AJkytator Heater 
Tranaalkytator

Benzene
Column Lights Ethylbenzene Polyethylbenzene

Stripper Column Column

Figure 2 .1 2  T h e  M o b il- B a d g e r  v a p o r -p h a se  e th y lb e n z e n e  p r o c e s s . (D e g n a n  Jr. et 
ai, 2 0 0 1 ).

2.3.13 Mobil-Badger EBMax process
E B M a x  is  a  liq u id  p h a se  e th y lb e n z e n e  p r o c e s s  that u s e s  M o ­

b i l ’s p rop rietary  M C M -2 2  z e o l it e  as th e  ca ta ly st . T h is  p r o c e ss  w a s  f ir st  c o m m e r c ia ­
liz e d  at th e  C h ib a  S ty ren e  M o n o m e r  C o ., C h ib a , Jap an  in  1 9 9 5 . T h e  M C M -2 2 -b a s e d  
c a ta ly s t  is  v e r y  sta b le . C y c le  le n g th s  in  e x c e s s  o f  3 y e a r s  h a v e  b e e n  a c h ie v e d  c o m ­
m e r c ia lly . T h e M C M -2 2  z e o l i t e  c a ta ly s t  is  m o r e  m o n o a lk y la te  s e le c t iv e  th an  la rge  
p ore z e o l it e s  in c lu d in g  z e o l i t e s  b eta  and  Y . T h is  a l lo w s  th e  p r o c e s s  to  u se  lo w  fe e d  
ra tio s o f  b e n z e n e  to  e th y le n e . T y p ic a l b e n z e n e  to  e th y le n e  ra tio s are in  th e  ran g e  o f  3
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to  5 . T h e  lo w e r  b e n z e n e  to  e th y le n e  ra tio s r e d u c e s  th e  b e n z e n e  c ir c u la t io n  rate w h ic h  
im p r o v e s  th e  e f f ic ie n c y  an d  r e d u c e s  th e  th ro u gh p u t o f  th e  b e n z e n e  r e c o v e r y  c o lu m n . 
B e c a u se  th e  p r o c e s s  o p e ra tes  w ith  a  red u ced  b e n z e n e  c ir c u la t io n  rate, p la n t c a p a c ity  
ca n  b e  im p ro v ed  w ith o u t  a d d in g  d is t illa t io n  c a p a c ity . T h is  is  an  im p o rtan t c o n s id e r a ­
t io n , s in c e  d is t illa t io n  c o lu m n  c a p a c ity  is  a b o tt le n e c k  in  m o s t  e th y lb e n z e n e  p r o c e s s  
u n its . T h e  E B M a x  p r o c e s s  o p era tes  at lo w  tem p era tu res, an d  th e r e fo r e  th e  le v e l o f  
x y le n e s  in  th e  e th y lb e n z e n e  p rod u ct is  v ery  lo w , ty p ic a lly  le s s  th a n  1 0  p p m .

In th e  E B M a x  p r o c e s s , b e n z e n e  is  fed  to  th e  b o tto m  o f  th e  
l iq u id - f i l le d  m u lt i-b e d  reactor. E th y le n e  is  c o - f e d  w ith  th e  b e n z e n e  an d  a ls o  b e tw e e n  
th e  c a ta ly s t  b ed s . P o ly e th y lb e n z e n e s , w h ic h  are a lm o st  e x c lu s iv e ly  d ie th y lb e n z e n e s ,  
u n d e r g o  tra n sa lk y la tio n  w ith  b e n z e n e  in  a  s e c o n d  reactor. M o b il- B a d g e r  o f fe r s  b o th  
liq u id  p h a se  and  v a p o r  p h a se  tra n sa lk y la tio n  p r o c e s s e s . T h e  v a p o r  p h a se  p r o c e s s  re ­
m o v e s  b e n z e n e  fe e d  c o -b o ile r s  su ch  a s  c y c lo h e x a n e  and  m e th y lc y c lo p e n ta n e  as w e l l  
a s p ro p y l and b u ty lb e n z e n e s . B e c a u se  th e  E B M a x  p r o c e s s  p r o d u c e s  v e r y  lo w  le v e ls  
o f  p ro p y l and b u ty lb e n z e n e s , for m o st  a p p lic a t io n s , th e  m o r e  e n e r g y  e f f ic ie n t  liq u id  
p h a se  p r o c e ss  is  p referred . W o r ld w id e , th ere  are cu rren tly  1 0  l ic e n s e d  E B M a x  u n its  
w ith  a  c u m u la t iv e  e th y lb e n z e n e  p r o d u ctio n  c a p a c ity  o f  5 m il l io n  m etr ic  to n s  p er  
yea r .

2.3.1.4 Lummus-UOP process
In 1 9 8 9 , U n o c a l- A B B  L u m m u s C rest in tr o d u c e d  a  liq u id -  

p h a se  p r o c e ss  b a se d  o n  a  m o d if ie d  z e o l it e  Y  ca ta ly st . T h e  p r o c e s s  d e s ig n  is  v e r y  
s im ila r  to  th e  M o b il-B a d g e r  E B M a x  p r o c e s s , and  u se s  tw o  rea c to rs , o n e  fo r  b e n z e n e  
a lk y la tio n  and  th e  o th er  for  d ie th y lb e n z e n e  tr a n sa lk y la tio n . T h e  rea c to rs  o p era te  at 
c lo s e  to  th e  cr itica l tem p era tu res o f  th e  r e a c tio n  m ix tu r e s  in  ord er  to  m a x im iz e  th e  
y ie ld . R e a c tio n  tem p era tu res are ty p ic a lly  le s s  th an  270°c. O p e r a tin g  p r e ssu r e  is  a p ­
p r o x im a te ly  3 .8 M P a  (3 7  bar). U O P  a cq u ired  th e  r igh t to  th e  U n o c a l  p a te n ts  in  th is  
area  w h e n  it p u rch a sed  th e te c h n o lo g y  r ig h ts  in  1 9 9 7 . A B B  L u m m u s G lo b a l and  
U O P  n o w  l ic e n s e  th e  p r o c e ss . It is  b e l ie v e d  th at th e  L u m m u s -U O P  liq u id  p h a se  
e th y lb e n z e n e  te c h n o lo g y  h a s r e c e n tly  sh if te d  to  th e  u se  o f  c a ta ly s ts  b a se d  o n  z e o l it e  
b eta . In 1 9 9 4 , L u m m u s a lso  acq u ired  w o r ld w id e  lic e n s in g  r ig h ts  to  a d ilu te  e th y le n e -  
b a se d  p r o c e s s  d e v e lo p e d  in  C h in a  b y  S IN O P E C  and  th e  D a lia n  In stitu te  o f  C h e m ic a l  
P h y s ic s . T h e  p r o c e s s , w h ic h  is  b a sed  o n  a Z S M -5  ty p e  z e o l i t e ,  is  cu rren tly  o p era tin g
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in  a 3 0 ,0 0 0  m etr ic  ton  per y e a r  u n it in  C h in a . U O P  an d  L u m m u s h a v e  c o n tin u e d  to  
im p r o v e  th e  p r o c e s s , and  in  1 9 9 6  c o m m e r c ia liz e d  th e  n e w , h ig h ly  s e le c t iv e  E B Z -  
5 0 0 ™  a lk y la tio n  ca ta ly s t . T h e  p er fo rm a n ce  o f  th e  c a ta ly s t  h a s b e e n  e x c e lle n t , and  its  
h ig h  s e le c t iv ity  h a s re su lted  in  a  s ig n if ic a n t  im p r o v e m e n t in  y ie ld  v ia  a  re d u c tio n  in  
b oth  a lk y la tio n  f lu x  o i l  b y -p r o d u c ts  and am o u n t o f  tra n sa lk y la tio n  req u ired . T h e  c a t ­
a ly s t  is  cu rren tly  b e in g  u se d  in  12 c o m m e r c ia l u n its  w o r ld w id e .

2.3.J.5 CDTech process
T h e  C D T e c h  p r o c e ss  u se s  the c o m p a n y ’s p rop rietary  c a ta ly t ic  

d is t il la t io n  (C D )  te c h n o lo g y . C D T e c h  is  a  p artn ersh ip  b e tw e e n  A B B  L u m m u s G lo b ­
al and C h e m ic a l R ese a r c h  &  L ic e n s in g . C a ta ly st  R e c o v e r y  In c. (C R I), an  a f f i lia te  o f  
S h e ll ,  acq u ired  th e  r igh t to  C D T e c h ’s  te c h n o lo g y  w h e n  it p u rch a sed  th e  c o m p a n y  in  
1 9 9 7 . C D T e c h ’s  C D  c o lu m n  c o n s is t s  o f  tw o  se c t io n s . T h e  u p per s e c t io n  is  p a c k e d  
w ith  th e req u ired  c a ta ly s ts  an d  th e  lo w e r  se c t io n  is  e q u ip p e d  w ith  d is t illa t io n  trays. 
E th y le n e  is  fed  in to  th e  C D  c o lu m n  at th e  b o tto m  o f  th e  c a ta ly s t  b ed  and  b e n z e n e  is  
in tro d u ced  to  th e  to p  o f  th e  c o lu m n  v ia  th e  r e f lu x  dru m . T h e  co u n ter -cu rren t f lo w  
r e d u c e s  c o k e  fo r m a tio n  and  lim its  th e  p ro d u ctio n  o f  u n w a n ted  b y p r o d u c ts . T h e  c a ta ­
ly s t  is  p a ck ed  in  s p e c ia lly  d e s ig n e d  b a le s  o f  s te e l m e sh  an d  f ib e r g la s s  fab ric . T h e se  
b a le s  are p la c e d  in  a c o lu m n  s im ila r  to  structured  p a c k in g s . T h e  C D T e c h  p r o c e ss  
u s e s  z e o l it e  Y  a s  a  c a ta ly st. F ig u re  2 .1 3  is  a sc h e m a tic  d e sc r ip tio n  o f  th e  r e a c tiv e  
d is t il la t io n  u n it. O p era tin g  tem p era tu res are rep o rted ly  lo w e r  th an  th e  L u m m u s -  
U O P  p r o c e ss . T h e  p rod u ct r e m o v e d  fro m  th e  b o tto m  o f  th e  c o lu m n  is  a  m ix tu re  o f  
e th y lb e n z e n e  and p o ly e th y lb e n z e n e . E th y lb e n z e n e  is  r e m o v e d  in  a sep a ra te  c o lu m n  
an d  th e p o ly e th y lb e n z e n e  is  sen t  to  a  sep ara te  tra n sa lk y la tio n  reactor . T h e  p r in c ip a l 
attr ib u tes o f  th e  C D T e c h  p r o c e ss  rep o rted ly  are its lo n g  c a ta ly s t  l i f e  an d  h ig h  p ro d ­
u ct s e le c t iv ity . T h e  C D T e c h  te c h n o lo g y  c a n  p r o c e ss  p o ly m e r  gra d e e th y le n e  f e e d s ­
to c k , F C C  o f fg a s , or o th er d ilu te  e th y le n e  strea m s w ith  p u rity  a s  lo w  a s 10 m o l% . 
T h ree  w o r ld -sc a le  p la n ts  b a sed  o n  C D T e c h  te c h n o lo g y  are cu rren tly  in  o p er a tio n ,  
w ith  a n o th er  u n it in  d e s ig n .
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Benzene

>• Produkt

F ig u r e  2 .1 3  S c h e m a tic  rep rese n ta tio n  o f  th e  r e a c to r /d is ti lla tio n  c o lu m n  u se d  in  th e  
C D T e c h  e th y lb e n z e n e  p r o c e s s . (D e g n a n  Jr. et al, 2 0 0 1 ) .

2.3.1.6 Albene process
In 1 9 9 2 , th e  In d ian  P e tr o c h e m ic a ls  C o rp o ra tio n  (IP C L ) in tro ­

d u ced  a p r o c e s s  that u s e s  d ilu te  e th a n o l rather th an  e th y le n e  a s  th e  a lk y la tin g  ag en t. 
E th an ol h a s  n o  d is t in c t  a d v a n ta g e  o v e r  e th y le n e  e x c e p t  that it c a n  b e  d e r iv e d  from  
w a ste  s tre a m s or fro m  b io m a ss . T h e  p r o c e s s  rep o r te d ly  u s e s  [F e ]Z S M -5  w h ic h  c o n ­
ta in s  iron  in ste a d  o f  a lu m in iu m  in  its  fra m ew o rk  a s th e  ca ta ly s t . T h e  A lb e n e  p r o c e s s  
is  o p era ted  at 6 2 3 - 6 7 3  K , w ith  b e n z e n e  to e th a n o l ratio  o f  4  an d  W H S V  o f  6  h '1. 
A n y  d ie th y lb e n z e n e  fo r m e d , w a s  rea c ted  w ith  b e n z e n e  in  a  sep a ra te  rea c to r  to  form  
m o re  e th y lb e n z e n e . (D e g n a n  Jr. et a l, 2 0 0 1 ) .
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