
CHAPTER III

THEORY

3.1 Hydroxylation of benzene

T h e h yd roxy la tion  o f  benzene on T S -1  p rod u ces p h enol as the primary 
product. C o n v ersio n  is generally kept low , b ecau se  introduction o f  a  h yd roxyl group 
activates the aro m atic  nucleus to further ox id a tio n  to h ydroquinone, ca tech o l, and 
even tu a lly  to tarry products (Figure 3 .1 ). A ce to n e , m ethan ol, 2-butanone or ju s t  water 
are su itab le  rea c tio n  m edia (R om ano et a l ,  1990 ; K h o u w  et a l , T 9 9 4 ; Thangaraj et 
a l ,  1 9 9 0 ). In aq u eous solution, b en zoq u in on e w as a lso  found, in appreciable  
am ounts, am ong th e  products. H ydroxylation o f  b en zen e w ith  a m ixtu re o f  hydrogen  
and o x y g e n , an in  situ  source o f  hydrogen p erox id e , can b e  ach ieved  o n  Pd-containing  
TS-1 (T atsum i e t  a l ,  1992). This is, in  princip le, an ea sier  route to  phenol than  that 
based o n  the p refo rm ed  oxidant (C lerici and Ingallina, 19 98 ). In practice, it  proved  
less e ffe c t iv e , b e c a u se  o f  faster catalyst decay.
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B en zen e P h en o l C atechol D ih yd roxyb en zen e

Figure 3.1 T he hyd roxylation  o f  benzene in H 2 O 2  on T S -1  catalyst

3.2 Titanium silicalite (Notari, 1989)

T itanium  silica lite  is  an interesting m aterial obtained b y  isom orphic  
substitu tion  o f  tr iva len t m etals or tetravalent m eta ls in  th e  fram ew ork o f  crystalline  
a lu m in osilica tes or  silicates. Titanium  silica lite s  w ith  M F I (T S -1 ) h as b een  used  in  
several ox id a tio n  reactions w ith  H 2 O2  as the o x id iz in g  agen t.

T itaniun h a s  a stable valence o f  4  and in  an o x id iz in g  m ed iu m  it is v e r y  likely  
that th is  va len ce  is  m aintained. A n exam in ation  o f  the chem istry  o f  T iIV com pounds  
im m ed iately  s h o w s  that T iIV has a strong ten d en cy  to  assum e a h ig h  coordination
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num ber: w ith  o x y g e n , six  groups in octahedral coord in ation  form  a  stable and very 
frequently  o b serv ed  configuration, bu t to  do th is Ti™ m u st h ave near neighbours 
cap ab le o f  in creasin g  their coord ination  number to  satisfy  at the sa m e tim e titanium  
v a len cy  o f  four and coordination o f  s ix . W hen bulky groups are linked to  Ti™, 
tetrahedral coord in ation  is  a lso  ob served . C oordination o f  sev en  in . a pentagonal 
pyram idal arrangem ent like in  peroxo com pounds and o f  e igh t lik e  in  T i(N 0 3 ) 4  are 
also ob served .

From  th e crystalline structure and the regular ch an ge in  u n it ce ll parameters 
w h ich  are co n sisten t w ith isom orphous substitution o f  S iIV w ith  T iIV it seem s justified  
to represent TS-1 as a s ilica lite  in w h ich  few  T iIV have tak en  the p la ce  o f  S i iv . The 
interpretation o f  th e catalytic activity o f  TS-1 m ust take into consideration  th e  role 
p layed  b y  th ese  fe w  Ti™: in  fact pure silica lite  is  totally in active, and other phases 
con ta in in g  Ti h a v e  not b een  identified . D u e to th e  fact that TS-1 cry sta llizes from  a 
h om o gen eou s so lu tio n , it is  reasonable to  assum e that the distribution  o f  T ilv in  the 
crystal lattice is  at random; since the S i/T i ratio is  in th e range 4 0  - 90 in  typical 
preparations, m o s t  T iIV m ust b e  iso lated  from  each  other b y  lon g  seq u en ces o f  -O -Si-
O -S i-O -. I f  T iIV replaces a S iIV it sh ou ld  be tetrahedral coord inated  b y  CT: how ever, 
the p resen ce  o f  a  band at 9 8 0  cm ' 1 c lo s e ly  corresponds to the band ob served  in  other 
titan ium  com p o u n d s containing the T i =  0  grpup, w h o se  stretch ing frequency is 
975 c m " 1 w ith  b o n d  distances o f  1 .66  -  1.79 Â; furtherm ore, h yd ro xy l groups are 
present at the su rfa ce  as sh o w n  by the increase in  se lec tiv ity  w h ich  is  obtained  upon  
sily la tion .

F inally , n ear  neighbor p osition s o f  T i1 7  are o ccu p ied  b y  S iIV w h ich  in a f ie ld  o f  
0 = is  stab le o n ly  in  tetrahedral coordination. A  sim ple representation  o f  th e  sites 
w here su b stitu tion  has occurred w hich  takes into consideration  the various p ie c e s  o f  
experim ental ev id e n c e  cou ld  b e
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O ther m ore elaborated and detailed  representations co u ld  be g iv en , shou ld  the 
present m od el p ro v e  inadequate to interpret a ll exp erim enta l facts. T iIV in  TS-1  
m aintains the strong affin ity o f  solub le T iIV sa lts for H 2O 2  and  in fact th e addition o f  
H 2 O2 g iv e s  rise to  a  strong y e llo w  co lor  w hich  can  be attributed to th e  form ation o f  
surface titan iu n peroxo com pounds w h ich  can b e  in  the hydrated  or dehydrated form  
and w h ich  con stitu tes the actual oxidants.

W ork  carried out on  Mo(VI) and พ (VI) p eroxo com p ou n d s (A m ato e t a l ,  
1986) h a s  dem onstrated  that peroxo com p oun d s can  act as oxidants in  sto ich iom etric  
ep ox id ations in v o lv in g  a n u cleop h ilic  attack o f  th e  substrate to  the p erox id ic  oxygen: 
in the p resen ce o f  e x c e ss  H 2 O 2  the peroxo  com p oun d  is regenerated and this accounts  
for the catalytic nature o f  the reaction. It seem s reasonable to  assum e that a sim ilar  
m ech an ism  operates in  the case  o f  T i(IV ) p ero x o  com p oun d s. T h e  relevance o f  
iso lated  T iIV and th e  con n ection  w ith  catalytic p erform an ces appears to  hold  a lso  for 
the T i0 2 /SiC >2 cata lyst. In fact h igh ep ox id e se lec tiv ity  are obtained w hen TiC>2 is 
distributed on  h ig h  surface area SiC>2 and its concentration  is  lim ited to  2%  (Sheldon ,
1980). It is  very lik e ly  that at this lo w  concentration  T iIV are iso lated  and surrounded  
by Si™. Furtherm ore, S i( > 2  or TiC>2 d o n e , or p h ysica l m ix tu res o f  SiC>2 and TiC>2 or 
various m etal titanates exh ib it no significant a ctiv ity . S im ilar ly , supporting TiC>2 on  
carriers different from  S i0 2  lik e  AI2 O 3 , MgO or ZrC>2 lead s to  catalysts w h o se  activ ity  
is  lo w er  or nil. O ne p iece  o f  ev id en ce se e m s very con vin cin g: w h en  the T iÛ 2 

concentration on  th e  catalyst is  reduced from 4%  to 0.4% , a ll other con d ition s being  
equal, an  increase in  ep ox id e se lectiv ity  is obtained . The o n ly  effect that a reduction  
in the con cen tration  o f  T i0 2  can h ave is  an increase in  th e  degree o f  d ispersion  o f  
each T iIV: ch an ces for  each T iIV o f  h av in g  Si™ as near n eig h b o rs increase, as d o e s  the 
se lec tiv ity  o f  the catalyst. T h e correlation b e tw een  the iso la ted  Ti™ and se lec tiv ity  o f  
the cata lyst in ep ox id atio n  cou ld  be due to the fact that o n  Ti™ h av in g  other Ti™ as 
near n eighb ors, a  m ech an ism  p roceed ing through a b im olecu lar  interaction o f  surface 
peroxo sp ecies c o u ld  be operating w h ich  w ou ld  g iv e  rise to  a  high d eco m p o sitio n  rate

OH
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o f  H 2 O 2  or h ydroperoxides to  O 2 . T h is m echanism  cou ld  not operate on perfectly  
iso lated  T irv.

L o w  d ecom p osition  o f  H 2 O2 (or  hydroperoxides as w e ll)  m eans greater 
stability  o f  titan ium  peroxo com pound w h o se  reduction can  o n ly  be carried out b y  the 
organic substrate w ith  in creased  y ie ld s o f  usefu l o x id ized  products. W h en  the 
different results b etw een  T S -1  and T iO 2 /S i0 2  in  the h yd roxylation  o f  phenol are 
an alyzed  the ex is te n c e  o f  a “restricted transition state se lec tiv ity ” m u st be assum ed to 
exp la in  the sm all am ount o f  tars formed.

3.3 Three-phase Catalytic Reactions (Gas-Liquid-Solid)
(R .A . S h eld on  and H . van B ek k u m )

In  fin e-ch em ica l productions three-phase reaction  sy stem s are com m on  for the 
hydrogenation  an d  h yd rogen olysis o f  different organic fun ction a l groups. Other 
reactions, su ch  as h etero gen eo u sly  cata lyzed  cata lytic  oxidations, 
h yd rodesu lfu rization s, and reductive am inations are encountered  le ss  frequently.

T he three p h ases p resen t in th is k ind o f  reaction  are a gas p h ase , containing, 
e.g ., h yd rogen  or o x y g en , a liqu id  phase, often  con sistin g  o f  a so lven t, containing the 
d isso lv ed  reactants, and th e  solid  catalyst. B esid es  d isso lv in g  th e  reactants, the 
so lven t a lso  p rov id es a liqu id  layer around the catalyst p articles, w h ich  m ight h e lp  to:

-  avoid  d eactivatin g  d ep osits and thus ensure h igher catalyst e ffec tiven ess;
- ach ieve  better tem perature con tro l b ecau se o f  th e  h igher heat cap acity  o f  

liquids; and
- m od ify  th e  active catalyst s ites  to prom ote or in h ib it certain reactions.

B esid es th ese  p o sit iv e  effects there is, h ow ever , a disadvantage an extra 
barrier is  introduced b etw een  the ga seou s reactants (e .g ., h yd rogen ) and the catalyst

HO OH

+ O2 + 2 H2O
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(see  F igure 3.2). M a ss  transfer o f  the gaseou s reactant to  the liq u id  p h ase is often , but 
not a lw ays, the lim itin g  step.

T h e organ ic substrate is  usually present at m u ch  h igher concentrations than the  
hydrogen d isso lv ed  in  the liquid; hydrogen is  the ‘lim itin g ’ reactant. Therefore, the 
rate o f  m a ss  transfer o f  h yd rogen  is o f  predom inant s ig n ifica n ce . A s sh o w n  in F igure
3.2 , a num ber o f  s te p s  m ust occu r  before hydrogen  can  be con verted  to products. The  
major step s are: ( i)  m a ss transfer from the gas b u b b le  to the liqu id , ( ii)  m ass transfer 
from the liquid  to  th e  external surface o f  the catalyst particle, and  (iii) d iffu sio n  in sid e  
the pores o f  the ca ta ly st  p article , accom panied by ch em ica l reaction .

Therefore, in  the ch o ice  and d esign  o f  three-phase reactors, not o n ly  m ust the  
intrinsic k inetics b e  con sidered , but a lso  the m ass-tran sfer  characteristics. For 
exam ple, it is u se le s s  to try and im prove the reaction  rate b y  using a  m ore active  
catalyst or in creasin g  the cata lyst load, w h en  the ov era ll rate o f  reaction is  determ ined  
by m ass transfer fro m  the gas bubbles to  the liquid  phase, i .e . w hen the latter is  s lo w  
com pared w ith  the intrinsic rate o f  reaction. Instead, one sh o u ld  try to  increase the 
gas-to-liq u id  m ass transfer rate, for exam p le by im p rovin g  m ix in g  con d ition s. W hen  
the d iffu sio n  in th e  in te r io r  o f  the catalyst particles is  rate determ in ing, not on ly  are 
the rates often  red u ced  but se lectiv ity  are also a ffected . In  this circum stance one  
should consider u s in g  sm aller catalyst particles to  im p ro ve liqu id-to-so lid  m ass  
transfer. E g g -sh e ll catalysts, in  w hich the active catalyst sp e c ie s  is  located  in  th e  
outer sh e ll o f  the c a t a ly s t  particle , m ight a lso  be u se d  to im p ro ve selectiv ity .
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Figure 3.2 M ass transfer o f  hydrogen  in  ga s/liq u id /so lid  catalyst system ; transport o f  
แ 2 lim iting; p  =  แ 2 pressure; c =  H2 concentration, Cj at interface, C| in  bulk liquid, 
c s at ca ta lyst surface. (Sh eldon  and Van B ekkum , 2 0 0 1 )

3.4 Periodic operation of catalytic reactors (S ilveston  et a l ,  1995)

T h e  term s periodic operation, c y c lin g  or c y c lic  operation, m od u lation  and 
forcing or periodic forcing are used in terchangeably, reflectin g  the w id e  range o f  
term in o lo gy  used  in  the current literature. A ll o f  th ese  term s refer to  an  operation in 
w hich  o n e  or m ore inputs in to  a ch em ica l reactor vary w ith  tim e, but in  such a w ay  
that each  input ‘sta te’ is  rev isited  after a t im e  corresponding to  the p eriod . T his m ode  
o f  reactor operation  is  sh ow n  sch em atica lly  in F igure 3 .3 . H ere, tw o  inputs, the 
vo lu m etric  f lo w  rates o f  reactants ‘A ’ and ‘B \  are sw itch ed  p er io d ica lly  b etw een  tw o  
values so  as to generate a ch a in  o f  step -ch an ges representing a square-w ave variation  
o f  reactant concentrations in  th e  reactor feed . In m o st o f  th e  system s studied in  the 
laboratory, the f lo w  rate variations are m atched so  that th e space v e loc ity  in  the 
reactor rem ains con stan t, but th is  is not a  necessary condition . The figu re  typ ifies  the 
system  m o st  frequently studies; how ever, other inputs m ay b e  varied, su ch  as reactor 
tem perature, f lo w  rate, and f lo w  direction.

หอสมุดกลาง สำนักงานวิทยท ร ัพ ย า ก ร  
ชุฬาลงกรฌ์ม ห า ว ิท ย า ล ัย
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Figure 3.3 C om p arison  o f  stead y  state (le ft  side) an d  p erio d ic  (right s id e )  operation  
sh ow in g d efin ition  o f  the c y c lin g  variables: cycle  period  (freq u en cy), X, cycle sp lit  
(duty fraction), ร; am p litu d es, A ], A2. (adapted from  S ilv esto n  e t  al., 1 9 9 5 )

F igure 3.3 illustrates m o st o f  the variables that arise in  periodic operation: 
period (x) -  the t im e  b etw een  repetitions o f  a ch an ge in  an in p u t condition; split (5) -  
the duration o f  o n e  part o f  c y c le  relative to  the period; am plitude (A) — th e ch an ge in  
the va lu e o f  an input con d ition  from  its m ean , and m ea n  com p osition .
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