
CHAPTER II

LITERATURE REVIEW

TS-1 ca ta lyzed  p ro cesses  are ad van tageou s from  the environm ental point o f  
v ie w  as the ox id an t is aq u eou s H 2O 2 , w hich  turns into w ater, and the reactions, 
operated in  liqu id  p h ase under m ild con d ition s, sh o w  very h ig h  se lec t iv ity  reducing  
p rob lem s and co st o f  b y-product treatm ent. TS-1 can ca ta ly ze  a va r ie ty  o f  u sefu l 
ox id ation  reactions and th e  h yd roxylation  o f  b en zen e  b y  H 2 O 2  to p h enol in  the  
p resen ce o f  T S-1 is  a lso  w e ll know n.

T his chapter d iv id es th e rev iew ed  works in to  tw o parts, i.e ., (a )  the different 
Si/T i ratio o f  T S-1 catalyst and the h ydroxylation  o f  benzene b y  H 2 O2  ov er  the T S -1 ,
(b) the pretreatm ent o f  the cata lyst w ith  acid  so lu tion  to im p ro ve the p erform ance o f  
the catalyst. A n  attem pt w ill  a lso  be m ad e to sum m arise the present k n ow led ge and  
understanding o f  various factors in flu en cin g  the con version  o f  the hyd roxylation  o f  
b en zen e reaction under p erio d ic  operation . In the last sec tio n  o f  th is rev iew , 
com m en ts on  p rev iou s stud ies that have direct in flu en ces on  th e  aim s o f  th is study are 
given .

2.1 Literature reviews

2.1.1 The TS-1 catalyst and the hydroxylation of benzene by H2O2 over
the TS-1

K raushaar-C zam etzki and Van H o o f f  (1 9 8 9 ) reported that TS-1 cou ld  also  be  
obtained  from  [A1JZSM -5 b y  d ealum ination  and subsequent treatm ent w ith  titanium  
tetrachloride. T h e ob tained  TS-1 exh ib ited  th e  sam e catalytic properties as 
hydrotherm al syn th esized  T S -1  o f  h igh  purity. M oreover, th e ir  experim ental resu lt 
sh ow ed  that the se lec tiv ity  o f  their ca ta lyst w as stron gly  a ffe c ted  by th e  presence o f  
sm all am ounts o f  n on -fram ew ork  titania.
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Thangaraj e t  a l. (1 9 9 0 ) studied th e  h yd roxylation  o f  b en zen e w ith  H 2 O 2  over  
various z eo lite s . T h e y  found that benzene rem ained unreacted over silica lite-1 , TiC>2 

(both am orphous an d  crysta llin e), and a lso  in  the ab sen ce  o f  cata lysts. T h e se lectiv ity  
for the co n v ersio n  o f  H 2 O 2 to  hydroxyl b en zen es decreased  in  the order TS-1 >  F e- 
TS-1 >  A l-T S -1  >  F e-Z S M -5 >  A l-Z S M -5 . T he se lec tiv ity  to  p h en o l, how ever, 
fo llo w ed  th e  reverse order. A n  interesting feature w a s  that w h ile  phenol w as the o n ly  
product o v er  pure a c id  zeo lite s  (F e-Z S M -5 and A l-Z S M -5 ), /?-benzoquinone, the 
secondary product w a s  form ed in appreciable quantities o v e r  titan ium -contain ing  
zeo lites  (T S -1 , F e-T S -1  and A l-T S -1 ). T h e se lec tiv ity  for p -b en zo q u in o n e  decreased  
in  the order: TS-1 >  F e-T S-1 >  A l-T S -1 . T he acid strength o f  th ese  zeo lite s  fo llo w ed  
the reverse trend i .e . ,  A l-T S-1 >  Fe-TS-1 >  T S-1. P rotonation  o f  p h en o l over acid  
zeo lites  probably su p pressed  th e further e lectrop h ilic  reaction lead ing to  d ihydroxy  
b en zen es.

T S -1  sam p les o f  d ifferent particle s iz e  w ere syn th esized  and in vestigated  by  
V an der P o l et al. (1 9 9 2 ) . S m aller particles w ere m ore  active than larger particles. 
From  ca lcu la tion  o f  th e  W eisz  m odulus th ey  con clu d ed  that large zeo lite  particle w ere  
not fu lly  u tilized  b e c a u se  o f  p ore d iffu sion  lim itations. The product distribution w as  
also  in flu en ced  by p artic le  size .

M artens et al. (1 9 9 3 ) studied th e  h yd roxylation  o f  p h enol w ith  H2 O 2  on  
E U R O T S -1 catalyst. They reported that the ca lc in ation s con d ition s o f  E U R O TS-1  
w as critical. A n  in crea se  o f  calcinations tem perature from  400 to  500°c resulted in  a 
substantial increase in  activ ity. Static ca lc in ation s generated  le ss  a c tiv e  catalysts, 
probably d u e to in co m p lete  rem oval o f  tem plate or its resid u es. The h igher  
ortho/para  ratio in  the hydroxylated products ob serv ed  o n  E U R O T S -1  that w a s  
calcined  under sta tic  con d ition s w as used as an in d ica tion  to sh o w  that th e  active s ites  
in  the in terior o f  th e  crystals w ere  partially b locked . In  the p resen ce  o f  sm all am ounts  
o f  so lven t, a rep lacem en t o f  acetone by m ethanol resu lted  in  an increase o f  the p -  
se lec tiv ity  o f  E U R O T S -1 .

W eitkam p e t  al. (19 9 7 ) investigated  sam ples o f  TS-1 w h ic h  had different m o le  
ratio o f  S i/T i. T h e y  ob served  that sa m p les  prepared accord in g  to tw o  different 
syn thesis procedures could d iffer sign ifican tly  in  their h yd rophobic/hydrophilic
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surface properties. For S i/T i ratio ab o v e  ca. 4 0 , va lu e o f  hydrophobic/hydrophilic  
decreased  linearly w ith  increasin g  titan ium  con ten t w h ich  h ad  been  attributed to  the 
increased form ation  o f  polar S i-O -T i bridges in  the zeo lite  fram ew ork. For T S-1  
sam ples w ith  h igh er titanium  content, V alue o f  h yd rophobic/hydrophilic  strongly  
depended on  the m ethod  o f  preparation and w a s  con siderab ly  in flu en ced  b y  the 
form ation o f  additional titan ium -contain ing sp e c ie s  in extra-fram ew ork  p osition s. 
From  the results o f  the cata lytic  characterization in  the h yd roxylation  o f  phenol they  
cou ld  con clu d ed  that, in  particular, T S-1 sam ples w ith  h igh  titanium  con ten t w ere the 
m ore a c tiv e , the lo w e r  their v a lu e  o f  h yd roph obic/h yd roph ilic .

B en g o a  e t al. (1 9 9 8 ) studied th e in flu en ce o f  TS-1 structural properties and  
operating con d ition s on  b en zen e  catalytic ox id ation  w ith  H 2 O 2 . T hey m en tion ed  that 
sm all ch an g es in  th e  preparation con d ition s led  to  the p resen ce  o f  extra-fram ew ork  
titanium . In the b en zen e  h yd roxylation  reaction u sin g  T S-1 prepared b y  the m ethod  
o f  Thangaraj et al. (1 9 9 0 ), th e  presence o f  sod iu m  traces in  th e so lid  or C H 3 OH in  the 
reaction m ixture ch an ged  the activity drastically . T hese resu lts w ere attributed to  a 
d eactivation  o f  a c tiv e  Ti4+ sites. In addition, th e syn th esis con d ition s m ight be 
controlled  carefu lly  to  get pure T S-1, s in ce  the p resen ce o f  extra-fram ew ork titanium  
inhibited b en zen e h yd roxylation .

B h au m ik  e t  al. (1 9 9 8 )  รณdied the in flu en ce  o f  so lv en t con d itio n s on  b en zen e  
catalytic ox id ation  w ith  H 2 O 2 . It had b een  dem onstrated that u sin g  a tri-phase system  
(so lid -liq u id -liq u id ), in  the ab sen ce o f  an organic co -so lv en t, a  con siderab le increase  
in  the con v ersion  o f  b en zen e during th e  ox id ation  b y  the T S -I /H 2 O 2  sy stem  cou ld  be 
ach ieved . V igo rou s stirring w a s n eed ed  for th e reaction to  occur in  the tri-phase  
system . S in ce the surface o f  titanium  silica lite  w a s  rela tively  hydrophobic in nature, 
the b en zen e  reactant com p eted  m ore favorably w ith  w ater for the d iffu sion  and 
adsorption under th e  tri-phase con d ition s, resu lting in  h igher con version . Apart from  
enhancem ent in activ ity  the present tri-phase m eth od  offered  d istinct advantages in  
easier product separation and thus contributed to  the d evelop m en t o f  an eco-fr ien d ly  
process.

T h e use o f  en vironm entally  detrim ental organic so lv en t created prob lem s in  
product separation and so lv en t recycle  w h ich  w ere  energy in ten sive  step s. H en ce , it
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w a s  im portant to d e v e lo p  su itab le m eth o d o lo gy  w h ere th e  ox id ation  reactions 
catalyzed  b y  TS-1 u s in g  H 2 O2  a s  an ox id an t could b e  carried o u t in the absence o f  
organic so lv en ts . In 1 9 9 9 , K um ar et al. tried  to in v estig ate  th e  enhancem ent in  the  
reaction  rates in  the h yd roxylation  o f  arom atics o v er  T S -I/H 2 O 2  under solvent-free  
triphase con d itio n s. T h ey  reported that th e  reaction  rates o f  the hydroxylation  o f  
arom atics (su c h  as b en zen e , to lu en e and an iso le) w ere en h an ced  under triphase 
con d ition s (so lid -liq u id -liq u id ) com pared to  that ob tained  under b iphase conditions in  
th e  p resen ce o f  a  co -so lv en t (so lid-liqu id). W h ile  in  th e  p resen ce o f  a co -so lven t (lik e  
aceton e, aceton itrile  or  m ethanol) a lo n g  induction  period w a s  ob served , in the  
so lven t-free  con d ition s the induction  p eriod  w as a lm ost ab sen t. In the case o f  
substituted b en zen es p a ra -h y d ro x y  product w as pred om in antly  obtained under the  
triphase con d itio n s. H ow ever , in  the biphase con d itio n  the form ation  o f  ortho -isom er  
w a s  preferred. Probable factors resp on sib le for an en h an cem en t in  the activ ity  and a  
ch an ge in  reg io n s-se lec tiv ity  w ere  su ggested  to be: R elative  h yd rop h ob ic  nature and  
restricted p o re  d im en sio n s o f  T S -1; D iffu siv e  resistance faced b y  the substrate w ith an  
organ ic c o -so lv e n t  in  b ip h ase w h ile  such a  resistance w a s  m in im ized  in triphase.

Li e t al. (2 0 0 1 )  rev iew ed  the e ffec t o f  titan ium  sp ec ies  in  TS-1 prepared b y  
hydrotherm al m ethod o n  the catalytic activ ity . T h ey  reported  that the form o f  
titanium  a to m s incorporate in to  the fram ew ork o f  T S-1 syn th esized  u sin g  
tetrapropylam m onium  brom ide as tem plate d iffered  from that using th e  classical 
m ethod. B u t the sym m etry  o f  T S-1 ch an ged  from m o n o c lin ic  to  orthorhom bic w ith  
th e  increase o f  titan ium  content in  both  m ethods. The T i-C Y  originated from  
fram ew ork titanium  an d  H 2 O2 had  the m oderate sta b ility  and m ig h t be active  site in  
ox id ation  reaction. TS-1 syn thesized  u sin g  tetrapropylam m onium  brom ide as 
tem plate d id  n ot con ta in  anatase, but contained  a k in d  o f  partly con d en sed  titanium  
sp ec ies  w ith  s ix -fo ld  coord in ation . The titan ium  sp e c ie s  m ight correspond to  2 7 0 -28 0  
n m  band in  U V -V IS  sp ectra  and a lso  cou ld  form  T i-C Y . But, th is  kind o f  Ti-CY w a s  
v ery  stable and could  n o t be catalytic  active  site. T herefore, th e  s ix -fo ld  coordination  
titanium  sp e c ie s  m ig h t be in active in  both th e  ox id ation  reaction and the  
d eco m p o sitio n  o f  H2 O 2 . The h yp oth esis had  been further p rov ed  by the phenom ena  
that the titan iu m  sp ec ies  w as ea s ily  w ashed  o f f  using ac id , and a c id  treating w ould not 
in flu en ce th e  catalytic perform ance o f  T S -1 .
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L iu  e t al. (2 0 0 4 )  stud ied  the in flu en ce  o f  pretreatm ent w ith  aqueous so lu tion  
o f  CH 3 C O O K , N a A c , N H 4 AC, N H 4 CI, or H N O 3 . T h ey  found that the T S-1 fram ework  
structure w a s  not d estroyed  and titanium  in  the fram ew ork  w a s  not rem oved  and its  
surface area ch an ged  hardly, but som e extra-fram ew ork TiC> 2  cou ld  b e rem oved  
partly, w h ic h  led to  the sligh t increase o f  the crystalline o f  cata lyst and the am ount 
decrease o f  acid s ite s  on  the surface o f  the catalyst. A s  a result, the activ ity, 
se lec tiv ity , u tiliza tion  o f  H 2 O 2  and the h yd roqu in on e/ch atacol ratio o f  product for 
h yd roxylation  o f  p h en o l w ere im proved. W hen the T S -l/d ia to m ite  catalyst w as  
pretreated b y  a b ase so lu tion , th e fram ew ork silico n  o f  cata lyst w as d isso lv ed  partly  
and live fram ew ork structure o f  TS-1 is  destroyed , cau sin g  the decrease o f  the 
crysta llin ity  and surface area o f  catalyst and the in crease o f  ac id  sites  o n  th e surface o f  
catalyst. A s  a resu lt, the catalytic activ ity  o f  the T S -l/d ia to m ite  catalyst for 
h yd roxylation  o f  p h en o l d escen d ed  or deactivated  com p lete ly .

K o n g  et al. (2 0 0 4 )  stu d ied  the se lec tiv e  ox id ation  o f  th iop h en e b y  hydrogen  
peroxide w ith  d ifferent S iC V TiC b ratio o f  TS-1 catalyst. T he catalyst w as treated  
u sin g  HC1 (2  m ol/1) four tim es, part o f  the non-fram ew ork  titanium  sp ec ies  w ill be  
w ashed  o f f  and the activ ity  o f  the catalyst increased  greatly. T h ese resu lts indicate  
that fram ew ork titan ium  w as crucial for th iophene ox id ation . T he unique role p layed  
b y  fram ew ork titan ium  m igh t be that th ey  cou ld  interrupt con ju gation  during the 
reaction. T h is  breakage o f  the arom atic o f  th iophene ring w a s  critical for  ox id ation  o f  
th iophene b y  h yd rogen  p erox id e  under m ild  con d ition s. N o n -fram ew ork  titanium  in  
th e catalyst w as n ot the active  s ite  for th iophene ox id ation .

H u lea  and D um itriu  (2 0 0 4 )  stu d ied  T i-con ta in in g  m olecu lar  siev es w ith  
M F I(T S -l) , B E A (T i-b eta) and M C M -41 to p o lo g ies  for the styren e ox id ation  in liquid  
phase b y  hydrogen  perox id e w a s  perform ed. The m ajor reaction s w ere ep ox id ation  o f  
styrene o x id e  into p h en y laceta ld eh yd e(P h A A ) as w e ll as its ox id a tiv e  c leavage into  
b en zald eh yd e (B z A ) and form aldehyde. A  h igh  se lec tiv ity  to  P h A A  w a s  observed  
over T S -1 , w hereas the B z A  form ation w a s predom inant o n  T i-beta  and T iM C M -4. 
B ecau se o f  the d iffu sio n  lim ita tion  o f  th e reactants and sh a p e-se lec tiv ity  tow ards the 
transition state and the product d istribution depended on  the nature o f  the catalyst. 
Thus, the se lec tiv ity  to  P h A A  w as very  h igh  for  a ll catalysts o f  M FI type (sm aller
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p ore o p en in g ), w hereas th e  B zA  w as form ed  in large am ount in  the p resen ce o f  T i- 
b eta  and T iM C M -4 1  (larger pores).

Liu e t  al. (2005) studied deactivation  and regeneration  o f  T S -l/d ia to m ite  
cata lyst for h yd ro xy la tion  o f  phenol in a fixed -b ed  reactor. T h ey  found that the 
T S -l/d ia to m ite  catalyst w ou ld  b e  deactivated  during the h yd roxy la tion  o f  phenol by  
H 2 O 2  in  the fixed -b ed  reactor, and the cata lytic  activ ity  and se lec t iv ity  to products 
d ecrease  w ith  an  increase o f  reaction tim e . H ow ever , the cry sta llin ities  o f  the T S- 
l/d ia to m ite  ca ta lyst h ave changed a litt le , and th e  fram ew ork structure o f  T S -  
l/d ia to m ite  ca ta ly st  have changed a little, and  the fram ew ork structure o f  TS-1 zeo lite  
and the am o u n t o f  titanium  in the fram ew ork had n ot ch an ged . C om pared w ith  the 
fresh  cata lyst, th e BE T  surface area and pore v o lu m e  o f  th e  d eactivated  catalyst 
d ecrease  s ig n ifica n tly , and the channels o f  the T S -l/d ia to m iteca ta ly st  w ere b locked  
b y  the o rg a n ic  by-products deposited  o n  the catalyst su rface, resu ltin g  in the 
reversib le d eactiv a tion  o f  the catalyst. T h e d ep ositio n  on  the T S -l/d ia to m ite  catalyst 
c o u ld  be re m o v e d  by calcin in g at 550°c in  air or reflu x in g  w ith  d ilu te  hydrogen  
p erox id e , w h ic h  could recover co m p lete ly  the perform ance o f  the T S -l/d ia to m ite  
ca ta lyst for p h e n o l hydroxylation.

2.1.2 The periodic operation in various reactions

U n d er periodic operation can so lv a b le  m an y  p rob lem  w h ich  occurred on  
va ry in g  reac tio n  fo llow ed  to b e lo w

P er io d ic  operations o f  catalytic p rocesses h av e  b een  in vestigated  for m any  
yea rs. T he literature up  to a lm ost the en d  o f  1 9 9 2  has b een  sum m arized  in an  
ex ce llen t r e v ie w  b y  S ilveston  et al. (19 9 5 ).
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Table 2.1 A  list o f  reactions studied  u n der p eriod ic operation  from  19 68 -1 992  
(S ilv esto n  e t a l ,  1995)

Authors Y ear P rocess
F orced

param eter
Investigated effects

L ehr e t al. 1968 EtOH dehydration to d ieth yl ether F low Stu d y  o f  process 
nature

D e n is  and Kabel 1 9 7 0 As a b o v e Flow S electiv ity
W andrey and R enken 1973 H ydrocarbons oxidation  

(propene, cyclohexene)
C oncentration Product distribution

R en k en  et al. 1974 EtOH dehydration to d ieth yl ether Concentration S electiv ity
H elm rich  et al. 1974 E thylene hydrogenation C oncentration Rate
B a ik er  and Richarz 1976 As a b o v e C oncentration R ate
R en k en  et al. 1976 E thylene oxidation C oncentration S electiv ity
D autzenberg et al. 1977 Fischer-Tropsch syn thesis C oncentration Product distribution
B r ig g s  e t al. 1 9 7 7 -8 0 S 0 2 ox id ation C oncentration R ate
L eu p o ld  and R enken 1977 Ethyl acetate from e th y len e  and acetic ac id C oncentration R ate
A I-T a ie  and 
K ershenbanm

1978 B utad iene hydrogenation C oncentration S electiv ity

B ilim oria  and B a ile y 1978 A cety len e  hydrogenation C oncentration S electiv ity
C ron e and Renken 1979 Styrene polym erization C oncentration R ate,

product distribution
C u tlip 1979 CO oxid ation C oncentration R ate
A bdul-K areem  e t al. 1980 A s ab o v e C oncentration R ate
L ee  e t al. 1980 Sap onification  o f  d iethyl adipate Concentration S electiv ity
S ilv es to n  and H ud gin s 1981 S 0 2 ox idation Concentration R ate
Jain et al. 1 9 8 2 -8 3 N H 3 syn th esis C oncentration R ate
W ilso n  and Rinker 1982 N H j syn th esis C oncentration R ate
A d es in a  et al. 1984 Fischer-T ropsch syn thesis C oncentration R ate
E l-M asry 1985 C laus reaction C oncentration R ate
N a p p i et al. 1985 L ow -pressure methanol C oncentration R ate
M üller-Erlw ein and G uba 1988 M ethacrolein  from isobutyraldéhyde C oncentration S electiv ity
H aure et al. 1 9 8 9 S 0 2 ox id ation  in trickle bed F low R ate
Saleh-A lham ed e t al. 1992 P rop ylene oxidation to  acrolein C oncentration S electiv ity
Strots et al. 1 9 9 2 S 0 2 ox id a tion  in C S T R C oncentration C onversion

H aure el at. (1 9 8 9 )  fou n d ed  that periodic operation , sw itch in g  b etw een  
reactant and water in  the form  o f  gas and liquid phase, h ad  rate o f  ox idation  
su lferd iox id e  w ith  su lfu r catalyst m ore than con tin u ou s operation. B eca u se  o f  periodic  
operation m ad e cata lyst refresh and reduced tem perature w h en  system  sw itch es to  
w ater in.

A d esin a  el at. (1 9 9 5 ) fo u n d ed  that w h en  the periodic operation  w as used  in  
reaction o f  F ischer-T ropsch , it allow ed  sw itch in g  a  catalyst w hich  leaded  to the  
product d istribution o f  the paraffin  products w as ch an ged . T h e  R u and C o catalysts
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cou ld  produce th e  low er m ean  carbon num ber, w h ile  M o  catalyst cou ld  produce the 
higher m ean carb on  num ber. H ow ever, Fe cata lyst co u ld  stim ulate stron gly  for on ly  
CH4 form ation, w hereas the product d istribution o f  th e  other hydrocarbon  products 
w as unchanged.

Gulari e t al. (1 9 9 5 ) found that ox id ation  o f  carbon m on o x id e  w ith  Pt and Pd 
cata lysts under periodic operation could  increase rate o f  reaction  than  transient 
operation  b ecau se  carbon m on oxid e  w hich  covered  o n  transient op eration ’s catalyst 
in h ib it the reaction .

A ida an d  K aw akam i (1 9 9 7 )  found that during the reduction  o f  N O  w ith  
hydrocarbon in  stead y operation, its  interm ediate (N O 2 )  could  b e  o x id ized  to provide  
N O 3  w h en  the system  still had o x y g e n  in th e  system . H ow ever , w h en  the reactions 
w ere progress in  periodic operation, N O 2  cou ld  react w ith  hydrocarbon  to provide  
product. In th is case , o x y g en  did not present in  the process, w h en  th e  system  w as  
sw itch ed  to hydrocarbon in  w ithout the oxygen .

Y am ada and G oto (19 9 7 ) found  that the cata lytic  activ ity  o f  h yd ro gen olysis  
for d ep rotection  o f  am ino acid in  a  trickle b ed  reactor con tain in g gas-liq u id -liq u id -  
so lid  four p h ases gradually decreased  due to  the d ep o sit o f  p h enyla lan ine (m ain  
product) on th e  surface o f  the catalyst. T h is  problem  could  b e  so lv ed  b y  periodic  
operation  w ith  f lo w  o f  organ ic and aqueous solutions in  the reaction  p eriod  and w ith  
f lo w  o f  on ly aq u eo u s so lu tion  in th e w ash ing period.

Stradiotto et al. (1 9 9 9 ) found that under stead y-sta te  reaction  rates o f  
hydrogenation  o f  crotonaldehyde w ere lo w er  than p eriodic f lo w  interruption in a 
trick le bed that appeared like ly  at lo w  liq u id  flow s. B eca u se  the cata lyst w as no 
u n iform ly  and o n ly  fractionally w etted , the g a s  reactant m ight b e  quite accessib le  to 
the catalyst, w ith o u t the second  reactant presented o n  m ost o f  the surface. The 
im portance o f  p eriod ic addition o f  liquid reactant w a s  to  in crease the e ffic ien cy  o f  
w ettin g , and, d esp ite  the probability o f  greater d iffu sio n  resistan ce from  the liquid  
p h ase, to  enhance the lik e lih ood  that the tw o  reactant stream s w er e  in  con tact over a 
w id e portion o f  the total catalyst surface, thereby in creasin g  the ov era ll rate o f  
reaction .
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The op eration  o f  a  trick le-bed  reactor in  the p u lsin g  f lo w  regim e w a s w e ll 
k n o w n  for its advantages in  terms o f  an increase in m ass and heat transfer rates. 
B o elh o u w er  e t al. (2001) m entioned  that the advantages associated  w ith  p u lsin g  f lo w  
m ig h t then b e  u tilized  to  im prove reactor perform ance in  term s o f  an increase in  
ca p a c ity  and th e  elim ination  o f  h o t  spots, w h ile  interfacial con tact tim es w ere  
com parable to  trick le flow . During th e  periodic operation o f  a tr ick le  bed, continuity  
sh o ck  w a ves w e r e  initiated in  the co lu m n  due to  the step -ch an ge in  liquid  f lo w  rate. 
T h is resulted in  the d iv ision  o f  the co lu m n  into a region o f  h igh  liq u id  h oldu p  and a 
reg io n  o f  lo w  liq u id  holdup. A t h ig h  enough gas flow  rates, the in cep tion  o f  p ulses 
to o k  p lace  in th e  liquid-rich region. A n a lysis  o f  the perform ed exp erim en ts indicated  
that b esid es g a s  and liquid  f lo w  rates, an additional criterion for p u lse  in cep tion  w as  
the availab le len g th  for d isturbances to  grow in to  pu lses. For se lf-g en era ted  pulsing  
f lo w  th is resu lted  in  the upward m ov em en t o f  the p ositio n  o f  th e point o f  pulse  
in cep tio n  w ith  increasing ga s flow  rate. W ith liqu id-induced  p u ls in g  f lo w  th is m ean  
that h igher gas f lo w  rates w ere  n ecessary  to in d u ce p u lses as the len g th  o f  th e liquid- 
rich  reg ion  decreased .

A n  a -m e th y l styrene hydrogenation  ov er  P d /A l2 0 3  under periodic operation  
w a s  study by T urco et al. (200 1). In th is reaction the transport o f  แ 2  from  the liquid  
p h a se  to  the P d  surface w a s  largely rate controlling. A n  attempt to  exp lo it th e inertial 
e f fe c ts  by vary in g  the g a s  loading in  a dow n flo w  co-current trick le b ed  was not 
su ccessfu l. O n  the contrary the p eriod ic  m odulation in  liqu id  lo ad in g s cou ld  result in  
s ig n ifica n t in crea ses in rates o f  reaction  even  w hen  there w a s  n o  ch an ge in bed  
tem perature a s  a result o f  m odulation . The im provem ent probably  resu lted  from  
in ertia l e ffec ts  w h ich  a llo w  foam ing created at h igh  liqu id  f lo w  rates to p ersist w h en  
the liq u id  f lo w  rate was reduced  to a  lo w  value and the system  sh o u ld  have reverted to  
a tr ick lin g  reg im e  w ithout foam .

P im p om  et al. (2 0 0 3 )  fou n d  that the benzene con v ersion  under periodic  
op era tion  w ere higher than  those u n der com parable co-current operation  and m any  
k ey  param eters such  as tota l cycle period, concentration  o f  b en zen e , and w eight o f  
ca ta ly st had resu lt in p eriod ic operation . T he higher cy c le  p eriod  w a s  found to  
en h an ce  b en zen e  con version  because o f  the lon ger contact tim e o f  the reaction. T he
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higher con cen tration  o f  benzene w as found to  enhance b en zen e co n v ersio n  due to  the  
higher am ount o f  benzene at the sam e period  tim e. T h e liqu id  pock et w h ich  w as  
trapped in  the b ed  increased w hen  increasing th e  catalyst w eigh t or the b ed  depth.

C arlsson  e t al. (20 0 4 ) studied the activ ity  Pt/ALC b cata lysts for propane 
ox id ation  and com p are w ith  step-response operation. T h e activ ity  o f  step-response  
exp erim ent for le a n  com positions drops probably due to  a h igh  o  coverage  (O se lf
p o iso n in g ) w h ich  lead s to Pt oxide form ation. P eriodic operation w a s u se fu lly  in  this 
reaction about q u an tity  o f  the com position  o n  th e catalyst surface.

M assa e t  a l. (2005) studied phenol ox id ation  in  p eriod ica lly  operated trickle  
bed reactor. T h e y  found that cyclin g  experim ents co u ld  im p rove the perform ance. 
M any op eration s w ere em phasized  to in vestigate  variables, su ch  as ga s reactant 
concentration  at th e  catalytic surface, liquid reactant con cen tration  in sid e/ou tsid e  the 
catalyst, w ettin g  condition , liquid  holdup, etc.

2.2 Comment on previous works

From  th e  p revious studies e .g . about the reaction , there are m any researches  
about th e  h yd roxy la tion  o f  arom atic b y  H 2 O 2  over  the T S -1 . H o w ev er  there are on ly  
som e research es ab ou t the hydroxylation  o f  b en zen e b y  H 2 O 2  a lthough  th is  is  a  sim ple  
reaction  (it y ie ld s  o n ly  tw o products). From th e  rev iew ed  literatures, the S i/T i ratio o f  
TS-1 cata lysts h a d  th e influence on  catalytic activ ity . B eca u se  o f  a  large num ber o f  Ti 
led to  m ore a c tiv ity  o n  active site, L i et al. (2 0 0 1 ) . T he particle s iz e  o f  T S-1 catalysts  
had th e  in flu en ce  o n  catalytic activity. It resu lted  that large z e o lite  particle w ere not 
fu lly  u tilized  b e ca u se  o f  pore d iffu sion  lim itations, va n  der P ol e t al. (1 9 9 2 ). Thus, 
the h y d ro x y la tio n  reaction m ight occur prim arily on th e  external surface o f  catalyst 
particle. Rate con tro llin g  step then w ould  b e  the film  type m a ss  transfer from  the 
liquid phase to  T S -1 . The periodic sw itch in g  o f  f lo w s  that con tro lled  the w etting  
e ffic ien cy  (w h ich  affected  the m ass transfer rate) sh ou ld  increase the rate o f  reaction  
and y ie ld , L ange e t al. (19 9 9 ). The effect o f  pretreatm ent w ith  acid  so lu tio n  m akes 
them  m ore activ ity  than that unpretreat, Liu e t al. (2 0 0 4 ).
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A lth ough , the periodic operation  can im prove the rate o f  th e  h ydroxylation  o f  
b en zen e  reaction, but the previous stu d ies did not sh o w  research  in  the periodic 
operation . Thus, the hydroxylation o f  ben zen e b y  H 2 O2  u sin g  the d ifferent S i/T i ratio 
o f  T S -1  as the catalysts under p erio d ic  operation is ch osen  to  b e  studied  in this 
research  and e ffe c t  o f  pretreatment w ith  H N O 3 in  various con cen tration s. F rom  Liu et 
al. (2 0 0 4 ) , it is  ind icate that the a c tiv ity  increases due to  TiC>2 anatase is rem oved  to  
surface TS-1 catalyst. Therefore, pretreatm ent is  occurs in  th is research  too.
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