
CHAPTER IV

EXPERIMENTAL

T h is  chapter con sists o f  experim ental sy stem s and procedures used  in th is  
study. T h e  chapter is  d iv id ed  into three section s, i .e ., ca ta lyst preparation, catalyst 
characterization  and reaction study in  h yd roxy la tion  o f  b en zen e . T h e ch em ica ls, 
apparatus and procedures for catalyst preparation are exp la in ed  in sec tio n  4.1. T h e  
co m p o sitio n , structure and su rface properties o f  th e catalyst characterized  by various  
tech n iq u es such as X R F , B E T , X R D , IR , N H 3 -T P D , IR  and U V -V IS  are d iscu ssed  in  
section  4 .2 . F in ally , the details o f  the reaction  study are illustrated in sec tio n  4.3.

4.1 Catalyst preparation

4.1.1 Chemicals

T h e details o f  ch em ica ls used in  th e  preparation procedure o f  T S -1  are sh o w n  
in  Table 4 .1 .

Table 4.1 The ch em ica ls  u sed  in  the cata lyst preparation

C h em ical Grade Supplier

T itam u m (IV ) b u to x id e  97% - A ld rich
T etrapropylam m onium  brom ide 98% - A ld rich
Sod iu m  chloride A nalytica l A P S
Sod iu m  h ydroxide A nalytica l M erck
Sulfuric acid A nalytica l A ld rich
Sod iu m  silica te  so lu tio n Extra pure M erck

4.1.2 Preparation Procedures

T h e preparation procedure o f  T S-1 by rapid crysta lliza tion  m ethod  is sh ow n  in  
Figure 4 .1 5 w h ile  th e  reagents u sed  are sh ow n  in T a b le  4.2.



24

Figure 4.1 The preparation procedure o f  TS-1 by rapid crystallization method
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Table 4 .2  R ea gen ts u sed  for the preparation o f  TS-1 ะ S i/T i =  6 0  (A p p end ix  A )

S o lu tio n  for th e  g e l preparation S olution  for d ecan t-solu tion  preparation

S olu tion  A 1 S olution  A 2
T i[0 (C H 2 ) 3 C H 3]4 1.91* g  
T P A B r 5 .7 2  g 
N a C l 1 1 9 5  g 
D e-io n ized  w ater 6 0 .0 0  nil 
H 2 SO 4  (c o n e .)  3 .4 0  ml

T i[0 (C H 2) 3CH  3] 4 1.91* g  
TPA Br 7 .53  g  
D e-io n ized  water 6 0 .0 0  m l 
H 2 S 0 4 (c o n c .)  3 .4 0  m l

S olution  B 1 Solution  B 2
Sodium  silica te  6 9 .0 0  g 
D e-io n ized  water 4 5 .0 0  ml

Sodium  silica te  6 9 .0 0  g  
D e-io n ized  water 4 5 .0 0  m l

S olution  C l S olution  C 2
TPA B r 2 .1 6  g 
N aC l 4 0  59  g 
N aO H  2 39  g 
D e-io n ized  w ater 2 0 8 .0 0  ml 
H 2 S 0 4 (c o n c .)  1.55 ml

N aC l 2 6 .2 7  g  
D e-io n ized  water 10 4 .0 0  m l

N o te  * 2 .8 7  g  for S i/T i=  4 0 ,3 . 5 8  g  for S i/ๆfi =  32 5 4 .2 5  g  for S i/T i =  22

4.1.2.1 Preparation of Gel Precipitation and Decantation Solution

A  supernatant liqu id  w a s separated from th e  gel, w h ich  is im portant for  
preparing the u n iform  crystals. A  gel m ixtu re w a s prepared b y  adding solution  A - l  
and so lu tio n  B - l  in to  so lu tion  C - l  drop w is e  w ith v igo rou s stirring u sin g  a m agnetic  
stirrer at room  tem perature. T he pH o f  th e  gel m ix tu re w a s m aintained  w ith in  the  
range 9 -1 1  b ecau se  th is pH  range is su itab le for precip itation . H2SO4 (con e.) or 
N aO H  so lu tio n  w e r e  u sed  to  adjust pH o f  g e l m ixture to an appropriate le v e l i f  it w a s  
n ecessary . The g e l m ixture w a s separated from  the supernatant liquid b y  a  centrifuge. 
T he precip itated  g e l  m ixture w a s m illed  for  1 h b y  a pow der m iller (Y am ato -N otto , 
U T -2 2 ) b efore th e  hydrotherm al treatm ent in ord er to ob ta in  the uniform , fin e  
crystals. The m illin g  procedure w as as fo llow s: m illed  15 m in  - »  centrifuge (to  
rem ove liq u id  ou t) 15 m in  —> m illed  15 m in  - »  cen trifu ge 15 m in  - »  m illed  30 m in  —> 
centrifuge 15 m in.
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A  decan tation  so lu tion  w a s  prepared by ad d in g so lu tio n  A -2  and solution  B -2  
in to  so lu tion  C -2 sa m e as for th e  preparation o f  g e l m ixture. T h e  pH o f  so lu tion  w as  
m aintained b etw een  9 -1 1 . T h e co lor less supernatant liquid  w a s  separated from the  
m ixture b y  centrifugation .

4.1.2.2 Crystallization

T he m ixture o f  the m illin g  precipitate and the supernatant o f  d ecan t solution  
w a s  filled  in  a 500  m l Pyrex g la ss . The g la ss  container w as p la ced  in a sta in less stee l  
autoclave. T he atm osphere in  the au toclave w a s rep laced  b y  n itrogen  gas and  
pressurized  up to 3 k g /cm 2  gau ge. The m ixture w as heated  from  room  tem perature to 
160°c w ith  a heating rate o f  2 °c /m in , and then h eatin g  up to  2 1 0 ° c  w ith  a heating  
rate o f  1 2 ° c /h  w h ile  b e in g  stirred at 60 rpm , fo llo w e d  b y  c o o lin g  the m ixture to room  
tem perature in  the au toclave overnight. T he crystal products w ere w a sh ed  w ith  d e ­
io n ized  w ater until p H  7 by cen trifugation  in  order to  rem ove c r  from crystals. T hen  
th e  crystals w ere dried  in  an o v e n  at 110°c for 24  h.

4.1.2.3 Calcination

T he dry crysta ls w ere ca lcin ed  in  an static air at 540°c and h eld  at that 
tem perature for 7 h , b y  heating them  from  room  tem perature to  540°c b y  heating rate 
1 0 °c /m in , to  bum  o f f  the organ ic tem plate and lea ve  the c a v itie s  and ch an n els in  the 
crystals. T h e  ca lc in ed  crystals w ere  fin a lly  coo led  d o w n  to  roo m  tem perature.

T he catalysts w ere  tab leted  by a tab let m ach ine. The tableted catalysts w ere  
crushed and siev ed  to  the range o f  8 -16 m esh .

4.1.3 Pretreatment catalysts

3 g  o f  TS-1 w a s  p laced  into a round bottom  flask  and th en  14 m l o f  3M  and  
5M  H N O 3 aqueous so lu tion  w a s  added. A fter reflu x  at 80°c for 3 h, th e  pretreated  
catalyst w a s  filtered , w ash ed  w ith  d istilled  w ater until pH  7 , dried at 110°c and 
calcin ed  at 540°c for 7  h  in  static  air.
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4.2 Catalyst characterization

4.2.1 Determination of composition content of catalysts

The c o m p o s itio n  an a lysis o f  e lem en ts  in th e bulk o f  the catalyst w a s  
p erform ed  b y  X -ray  flu orescen ce  (X R F ) u sin g S iem en s S R S 3 4 0 0  at S cien tific  
Instrum ents S erv ice  Centre, F acu lty  o f  S c ien ce , K ing M o n gk u t’s  Institute o f  
T ech n o lo g y  Ladkrabang.

4.2.2 BET surface area measurement

The sam p le  c e l l  w hich  contained 0 .3  g o f  sam ple w a s  p laced  into B E T  
M icrom eritr ics A S A P  2 0 2 0 . A fter  d ega ssin g  step, th e  surface area and pore vo lu m e  
o f  cata lyst w er e  m easu red

4.2.3 X-ray diffraction (XRD)

The crysta llin ity  and X -ray  d iffraction  patterns o f  the cata lysts w ere  perform ed  
b y  an  X -ray d iffractom eter, SIE M E N S D 5 0 0 0 , u sin g  C u K a  radiation w ith  N i filter. 
T h e  operating co n d itio n s  o f  m easurem ent are show n b e lo w  ะ

20  range o f  d etectio n  ะ 6-40°
R eso lu tion  ะ 0 .01°
N u m b er o f  sca n  ะ 15

4.2.4 Fourier transform Infrared (FT-IR)

The fu n ction a l group o n  the catalyst surface w a s  determ ined b y  FT-IR u sin g  
N ic o le t  m od el Im pact 6700  w ith  S M A R T  D IF F U S E  R E F L E C T A N C E . Infrared 
sp ectra  w ere recorded  b etw een  4 0 0  and 1 2 0 0  cm ' 1 o n  a m icrocom puter.
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4.2.5 Ammonia Temperature Program Detector (NH3-TPD)

4.2.5.1 Measuring procedure

S am p le  ce ll w h ic h  contained 0.1 g o f  sam ple w a s  p la ced  into M icrom eritrics  
C hem isorb  2 7 5 0 . H e liu m  gas w ith  flow  rate at 15 m l/m in  w a s  released  to f lo w  
through our sam p le . T h e  sam ple w a s  heated from  roo m  tem perature to  540°c w ith  
h eatin g  rate o f  1 0 ° c /m in  and held at th is tem perature for  1 h. T h e sam ple w as coo led  
d o w n  to 80°c and read y to  m easure the surface area. T here w ere three steps to 
m easure the su rface area.

1) A d sorp tion  s tep

The 15 vol%  am m on iu m  ga s w ith  f lo w  rate at 15 m l/m in  w as f lo w e d  through  
th e  sam ple in stea d  o f  h e liu m , and h e ld  for 15 m inutes.

2) D eso rp tion  s tep

2.1) P h y si-so rp tio n

The h e liu m  gas at the sam e flo w  rate w as f lo w e d  through the sam p le  instead  
o f  am m onium  and also  h o ld  for another hour.

2 .2) C h em i-sorp tio n

Our sa m p le  w a s  heated  from  8 0 °c  to  540°c w ith  a h eatin g  rate o f  10°c /m in . 
T h e signal from  th is step  w as recorded every 1 secon d  and reported on  a 
m icrocom puter.
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4.2.6 Ultraviolet-Visible Spectroscopy (UV-Vis)

4.2.6.1 Measuring procedure

The harsh black holder w h ic h  con tained  0.3 gram  o f  sa m p le  w as p laced  into  
P erkin  Elm er L am bda 6 5 0 , U V /V IS  spectrom eter. T h e m easurem ent w as perform ed  
in refectan t m od e.

4.3 Reaction study in hydroxylation of benzene

4.3.1 Chemicals

The reactants u sed  for the reaction  stu d y are sh o w n  in  T a b le  4 .4 .

Table 4.3 The ch em ica ls used for  the reaction  study.

C hem ical Grade Supplier
B e n z e n e A n alytica l PS
H y d ro g en  p erox id e 30% A n alytica l M erck
N itr ic  acid  70% A n alytica l A P S

4.3.2 Apparatus

The cata lytic  test w as perform ed in  a flow  sy stem  as sh o w n  d iagram m atically  
in  F igu re  4 .3 . The reaction sy stem  co n sists  o f  a reactor, a saturator, a m ass f lo w  
co n tro l, a tim er, an autom atic tem perature controller, an e lectr ica l heating tape and  
ga s con tro llin g  system . The instrum ents u sed  in  th is  system  are listed  and exp lained  
as fo llo w s:
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4.3.2.1 Reactor

The reaction  w a s  perform ed in  a con ven tion a l g lass tu bular reactor (inside  
diam eter =  1 cm ), at atm ospheric pressure. Pellet cata lysts 0 .5  gram are p laced  
b etw een  tw o quartz w o o l layers in th e  glass tubular reactor.

4.3.2.2 Automatic temperature controller

This u n it con sisted  o f  a m agnetic sw itch  con n ected  to a  variable transform er 
and a N atto NT2438 tem perature controller con n ected  to  a th erm ocou p le  attached to  
the catalyst b ed  in  a reactor. The tem perature control se t  point is  adjustable w ith in  the 
range o f  0°c to  70°c at th e  m axim um  voltage output o f  220 vo lt.

4.3.2.3 Electrical heating tape

This u n it su p plies the required heated to  the reactor for reaction . T he reactor 
can b e  operated from r o o m  tem perature up to  70°c at the m axim u m  v o lta g e  o f  220 
vo lt.

4.3.2.4 Gas controlling system

The g a s  su p p ly in g  system  con sists o f  a cy lin d er o f  u ltra h igh  purity n itrogen  
that equ ipped  w ith  a pressu re regulator (0 - 1 2 0  p sig), a n  o n -o ff  v a lv e  and a m ass f lo w  
control w as u se d  for ad ju stin g the f lo w  rate.

4.3.2.5 Gas chromatography

The fe e d  and p rod u cts w ere analyzed  b y  a gas chrom atograph equipped  w ith  a 
F ID  detector (S H IM A D Z U  G C 9A ). The operating con d itio n s o f  the G C  are listed  in  
T ab le  4.5.
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4.3.3 Reaction procedure

T he hydroxylation  o f  b en zen e  w ith  hydrogen  p erox id e w a s  carried out by  
u sin g a  con ven tion al f lo w  sh ow n  in  F igure 4.2 under the fo llo w in g  condition  
atm ospheric pressure and reaction tem perature 70°c

Table 4.4 O perating conditions for gas chrom atograph

Gas chrom atograph S H IM A D Z U  G C 9A

D etector F ID
P ack ed  colum n G P 10% S P -2 1 0 0
Carrier gas N 2  (99 .999 % )
Carrier ga s f lo w  rate (m l/m in) 3 0
Injector tem perature (°C) 2 5 0
D etector  tem perature (°C) 2 5 0
Initial co lu m n  tem perature (°C) 1 1 0

P rogram m e rate (°c /m in ) 1 0

Final co lu m n  tem perature (°C) 1 7 0
A n a ly zed  ch em ica ls B en zen e  an d  Phenol

T he procedures are described  in  the d eta il b e low .

1) 0.5 g  o f  catalyst p ellet o f  catalyst w a s p ack ed  in  the g la ss  tubular reactor 
and th e n  heat up  the reactor b y  ra isin g  the tem perature from  roo m  tem perature to
70°c

2 )  Fill b en zen e in  the saturator and se t the tem perature o f  th e  w ater bath at
40°c.

3 ) A djust the ou tlet pressure o f  n itrogen  to 1 .5  bar an d  turn on  the o n -o ff  
va lve  to  a llow  nitrogen gas to p a ss  through b enzene in sid e th e  saturator set in the 
w ater bath. The f lo w  rate w as adjusted at 3 0  m l/m in  b y  m ass f lo w  control. The outlet 
gas f lo w  rate can b e ch eck ed  by u s in g  a b u bb le f lo w  m eter.
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4 ) The fe e d  gas w a s  analyzed by u sin g  the F ID  gas chrom atograph. T he  
chrom atogram  d ata  w ere converted  into m ole o f  b en zen e  u sin g  a calibration curves 
(A p p end ix  C). T h en , w ait u n til the m ole  o f  b en zen e in  th e  feed  gas b ecom es constant.

5) Start th e reaction  by turn on the tim er that is  auto sw itch in g  (cy c lic  
experim ent) o f  liq u id  H 2 O 2  and gas b en zen e w ith  1 secon d  and 8 9 9  second , 
resp ectively . A l lo w  h yd ro gen  peroxide to p ass through the reactor for th e  required  
period tim e and fo l lo w  to b en zen e  side for the required p eriod  tim e. 6

6 ) T ake sam ple fo r  analyze from  the bottom  o f  the reactor. T he reaction  
product w as an a lyzed  by th e  F ID  gas chrom atograph.
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Figure 4.2 Sch em atic diagram  o f  th e  reaction  apparatus fo r  the h yd roxy la tion  o f  
b en zen e w ith  hydrogen  peroxide.

1. P ressu re R egulator 2 . G as Filter 3. M a ss F low  C ontrol
4. O n -O ff  V a lve 5. Saturator 6 . W ater Bath
7. S o le n o id  V a lv e 8 . T im er 9. H 2 O 2  Storage
10. O n -O ff  V a lve 1 1 . S o len o id  V a lv e 12. G lass R eactor
13. C a ta ly st B ed 14. H eating T ape 15. T herm ocouple
16. Tem perature Controller 17. V ariable V o lta g e  T ransform er 18. Y -T u b e
19. B u b b le  F lo w  M eter 2 0 . V en t G as B en zen e 21. S am pling P oint
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