
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Catalyst Characterization

B E T  su rfa ce  areas o f  co m m erc ia l T iÛ 2 (D e g u ssa  P 2 5 ) , s o l-g e l  T i0 2 ,  
and l% P t/s o l-g e l  Ü O 2 are 6 3 .7 7 , 1 0 3 .1 , and 1 0 3 .5  m 2/g , r e sp e c tiv e ly . W h en  
th e se  c a ta ly s ts  are co a ted  on  g la ss  w o o l , th e  B E T  su rfa ce  areas o f  each  
c a ta ly st  d ecr e a se s  d ram a tica lly , 9 .5 4 , 1 .1 6 , and 5 .2 3  m 2/g  for D e g u ssa  P 2 5 , 
s o l-g e l  T i0 2 , and l% P t/so l-g e l  T i0 2  r e sp e c tiv e ly . T he cry sta l stru ctu res o f  the  
stu d ied  p h o to c a ta ly s ts  id en tifie d  b y  X R D  p attern s are sh o w n  c o m p a ra tiv e ly  in  
F ig u re  4.1 (a ), (b ), and (c ). T he co m m erc ia l T i0 2  (D e g u ssa  P 2 5 ) , s o l-g e l  T i0 2 ,  
and l% P t/s o l-g e l  T i0 2  sh o w  the an atase p eak s o b serv ed  n o ta b ly  at th e sam e  
p o s it io n  o f  2 0  w h ile  no p la tin u m  p eak  at 2 9  =  4 0  and 4 8  is  p resen t. 
It su g g e s ts  that Pt can  b e  w e l l  d isp ersed  on  TiC>2. F rom  th e  X R D  resu lts , it 
in d ica te s  that the co m m erc ia l TiC>2 is  m ore c ry sta llin e  than  b o th  s o l-g e l  TiC>2 

c a ta ly sts  s in c e  the s o l -g e l  TiC>2 w a s  c a lc in ed  at a r e la t iv e ly  h ig h  tem perature  
o f  4 0 0 C .

T h e su rfa ce  m o rp h o lo g y  o f  the stu d ied  ca ta ly sts  c o a ted  on  g la ss  w o o l  
w a s e x a m in ed  b y  u s in g  S E M . F igu re  4 .2  sh o w s  th e m o r p h o lo g y  o f  
D e g u ssa  P 2 5 , s o l -g e l  TiC>2, and 1% P t/s o l-g e l  TiC>2. A c c o r d in g  to  the fig u re , 
a ll ca ta ly sts  a g g lo m era te s  on  the su rfa ce  o f  the g la s s  w o o l in  th e ir  o w n  cry sta l  
sh ap e.

4.2 Effects o f Frequency

4 .2 .1  E ffe c t  o f  F req u en cy  on  B e n z e n e  C o n v ers io n
F ig u re  4 .3  sh o w s  the e ffe c t  o f  freq u en cy  o n  b e n z e n e  co n v e r s io n  

at 21 k v  and d ifferen t s ta g es . T h e c o n v e r s io n  o f  b en z e n e  d ecrea se s  w ith  
in crea s in g  freq u en cy  in  the range o f  50  to  7 0 0  H z. T h e reaso n  is  that a h ig h er  
freq u en cy  resu lts  in  a lo w er  current co rresp o n d in g  to th e red u ctio n  o f  th e  
n u m ber o f  e lec tro n s  gen era ted  (M o rin a g a  and S u zu k i, 1961  and 1 9 6 2 ) as
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co n firm ed  in  F ig u re  4 .4 . T h erefore , the op p ortu n ity  o f  c o l l is io n  b e tw een  
e lec tro n s  and O 2 m o le c u le s  d e c lin e s  w ith  red u cin g  current. F or each  
freq u en cy , th e  c o n v e r s io n  o f  b en zen e  in crea ses  w ith  the in crea se  in  the s ta g e  
n u m ber o f  reactors. T h is  is  due to  the r e s id en ce  tim e  is  in crea sed  w ith  th e  
in crea se  in  th e s ta g e  num ber.

Figure 4.1 (๖) X R D  pattern o f  so l-g e l TiC>2.
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Figure 4.3 E ffe c t  o f  freq u en cy  on  b en z e n e  c o n v e r s io n  at d ifferen t sta ge  
n u m ber o f  reactors at 21 k v .

F r e q u e n c y  ( H z )

Figure 4.4 E ffe c t  o f  freq u en cy  on  current at d ifferen t s ta g e  n u m b er o f  reactor  
at 21 k v .
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4 .2 .2  E ffe c t  o f  F req u en cy  on  P rod u ct S e le c t iv ity
T h e e f fe c ts  o f  ap p lied  freq u en cy  on  C O  and C O 2 s e le c t iv it ie s  

are sh o w n  in  F ig u res  4 .5  and 4 .6 , r e sp e c tiv e ly . W h en  th e freq u en cy  in crea se s , 
th e  C O 2 s e le c t iv ity  d ecrea ses  w h erea s th e C O  s e le c t iv ity  in crea ses . A s  
m en tio n ed  b e fo r e , at lo w e r  freq u en cy , there are a large n u m b er o f  e lec tro n s  
g en era ted  from  the e lec tro d es  as sh o w n  in F ig u re  4 .4 . T h ese  e lec tro n s  and o  
a c t iv e  sp e c ie s  are acce lera ted  to h ig h er  en erg y  ca u sed  from  th e  h ig h er  e lec tr ic  
f ie ld  strength . T h erefore , the reac tio n  b e tw een  the o  a c t iv e  sp e c ie s  and C O  
b e c o m e s  m ore  e f fe c t iv e  lea d in g  to  h ig h er  C O 2 s e le c t iv ity . F or an y g iv e n  
freq u en cy , th e  C O 2 s e le c t iv ity  a lso  in crea ses  w h ile  C O  s e le c t iv ity  d ecrea se s  
w ith  the in crea se  in  the s ta g e  nu m ber o f  p la sm a  reactors b e c a u se  th e e lec tro n s  
h a v e  h ig h er  ch a n ce  to break  d o w n  O 2 to p rod u ce  the o x y g e n  a c t iv e  sp e c ie s .

Figure 4 .5  E ffe c t  o f  freq u en cy  on  C O  s e le c t iv ity  at d ifferen t s ta g e  n u m ber o f  
reactors at 21 k v .

W h en  A C  d isch a rg e  is  ap p lied , • ea ch  e le c tr o d e  p erform s  
a ltern a tiv e ly  as an an od e and ca th od e. T he sp a ce  ch arge  b e tw e e n  the tw o  
e lec tr o d e s  is  e lim in a ted  and th en  a n ew  sp a ce  ch arge  is  in it ia ted  ev ery  h a lf
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c y c le . W ith  in crea s in g  freq u en cy , a faster  reversa l o f  th e  e le c tr ic  f ie ld  red u ces  
the d eca y  o f  th e  sp a ce  ch arge. A c c e le r a tio n  o f  th e  rem a in in g  sp a ce  ch arge  b y  
the rev e rsin g  e lec tr ic  f ie ld  can  red u ce  th e  am ou nt o f  current n eed ed  to  
m ain ta in  th e d isch a rg e  (H ill, 1 9 9 7 ). In ad d itio n , th e a ltern a tin g  b eh a v io r  h as  
b een  p ro v en  e f fe c t iv e ly  in  e lim in a tin g  con tam in a n t a ccu m u la tio n  on  the  
e lec tr o d e s  re su ltin g  in  in crea sin g  c o n v e r s io n s  as com p ared  to  D C  d isch a rg e  
(L iu  e t  a l . ,  1 9 9 6 ). A lth o u g h  the p o w er  is  con sta n t, the e f fe c t  o f  freq u en cy  on  
th e  c o n v e r s io n  and s e le c t iv ity  c o m e s  from  the sp a ce  ch arg e  (e le c tr o n s , 
ra d ica ls , and io n s)  and ch a ra cter istics  o f  the d isch a rg e .

Figure 4 .6  E ffe c t  o f  freq u en cy  o n  C O 2 s e le c t iv ity  at d ifferen t s ta g e  n u m ber o f  
reactors at 21 k v .

T h e e f fe c t  o f  freq u en cy  on  p o w er  c o n su m p tio n  to  break  d o w n  
ea ch  b en z e n e  m o le c u le  is  sh o w n  in  F ig u re  4 .7 . F rom  th e f ig u re , th e op tim u m  
p o w er  is  o b ta in ed  w ith  the freq u en cy  in  th e ran ge o f  2 0 0  -  7 0 0  H z. S in c e  
lo w e r  freq u en cy  resu lts  in  a large nu m ber o f  e lec tro n s  g en era ted  lea d in g  to  
h ig h er  p o w er  co n su m p tio n . O n th e oth er hand , a h ig h er  freq u en cy  corresp o n d s  
to  the red u ctio n  o f  e lec tro n s  gen era ted  from  e lec tr o d e s  lea d in g  to  lo w er in g
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b e n z e n e  d e c o m p o s it io n . T o a c h ie v e  b o th  a m in im u m  p o w er  c o n su m p tio n  and a 
r e la t iv e ly  h ig h  b en z e n e  co n v e r s io n , 3 0 0  H z  w a s  se le c te d  for further  
ex p er im en ts . In a d d itio n , the am ou n ts o f  b y -p ro d u cts  at 3 0 0  H z  w ere  n o t  
d etec ted  at a s ig n if ic a n t  le v e l  b y  the G C.

It h as b een  a lso  rep orted  that o th er h yd ro carb on  (C 1-C 2) 
b y -p ro d u cts  from  the arom atic  d e c o m p o s itio n  in  a  p a ck ed -b ed  p la sm a  reactor  
are d e tec ted  w ith  v ery  lo w  le v e ls  (O g ata  e t  a l ,  2 0 0 2  and Suhr e t  a l ,  1 9 7 9 ). 
H o w e v e r , c o k e  d e p o s it  w a s  o b serv ed  at th e su rfa ce  o f  th e  p in  and p la te  
e le c tr o d e s . It can  b e  co n c lu d e d  that, under the o p tim u m  freq u en cy  o f  2 0 0 -5 0 0  
H z, C O  and C O 2 are th e m ain  p rod u cts o f  the sy stem .

0 100 200 300 400 500 600 700 800
F r e q u e n c y  ( H z )

Figure 4.7 E ffe c t  o f  freq u en cy  on  p o w er  co n su m p tio n  o f  b e n z e n e  at d ifferen t  
s ta g e  n u m b er o f  reactors at 21 k v .

4.3 Effects o f Applied Voltage

4 .3 .1  E ffe c t  on  B e n z e n e  C o n v ers io n
F ig u re  4 .8  sh o w s  the e f fe c t  o f  a p p lied  v o lta g e  on  b en z e n e  

co n v e r s io n . T h e c o n v e r s io n  o f  b e n z e n e  in crea se s  w ith  th e  in crea se  in  the  
a p p lied  v o lta g e  in  the ran ge o f  12 to  2 4  k v ,  w h ic h  is  in  con trast w ith  the e ffe c t
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o f  freq u en cy . T h e reaso n  is  that a h ig h er  v o lta g e  resu lts  in  h ig h er  e lec tr ic  f ie ld  
strength  as sh o w n  in  F ig u re  4 .9 , ra is in g  av erag e  e lec tro n  en erg y , w h ic h  
se q u e n tia lly  in crea se s  the c o n v ers io n . M o rin ag a  and S u zu k i (1 9 6 2 )  a lso  fou n d  
that, w ith  a f ix e d  g eo m etry , th e q u an tity  o f  e le c tr ic ity  transferred  b e tw e e n  
e lec tr o d e s  in c r e a se s  as the ap p lied  v o lta g e  in crea se s . K an g e t  a l. (2 0 0 2 )  a lso  
co n c lu d e d  that a d ecrea se  in  ap p lied  v o lta g e  resu lted  in  lo w e r in g  to lu en e  
d e c o m p o s itio n . A n  in crea se  in  the s ta g e  n u m ber o f  reactors in  op era tion  
in crea ses  the c o n v e r s io n  o f  b en zen e  b e ca u se  o f  a lo n g er  r e s id e n c e  tim e  lea d in g  
to  h ig h er  ch a n ce  o f  e lec tro n s  to break  d o w n  b en z e n e  m o le c u le s .
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Figure 4.8 E ffe c t  o f  a p p lied  v o lta g e  on  b en zen e  c o n v e r s io n  at d ifferen t s ta g e  
n u m ber o f  reactors at a feed  f lo w  rate o f  5 0 0  m l/m in , 3 0 0  H z , and a gap  
d ista n ce  o f  1 cm .

4 .3 .2  E ffe c t  on  P rod u ct S e le c t iv ity
T h e e ffe c ts  o f  ap p lied  v o lta g e  o n  C O  and C O 2 s e le c t iv ity  are 

sh o w n  in  F ig u res  4 .1 0  and 4 .1 1 , r e sp e c tiv e ly . A s  th e  a p p lied  v o lta g e  in crea se s , 
the C O 2 s e le c t iv ity  in crea ses  w h erea s th e C O  se le c t iv ity  d ecrea se s . T h is  is  
b e c a u se  th e  in crea se  in  the v o lta g e  resu lts  in  the in crea sed  current as sh o w n  in

F e e d  b e n z e n e  c o n c e n t r a t io n  =  1 , 5 0 0  p p m  
ฒ  4  s t a g e s  ฒ  3 s t a g e s  n  2  s t a g e s  131 s ta g e

12 1 5  1 8
V o l t a g e  (k V )

2 4
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F ig u re  4 .1 1 . A s  a resu lt, there are m ore o x y g e n  a c tiv e  s p e c ie s  a v a ila b le  to  
o x id iz e  C O  m o le c u le s  lea d in g  to h ig h er  C O 2 s e le c t iv ity . F or an y  g iv e n  a p p lied  
v o lta g e , th e C O  s e le c t iv ity  d ecrea se s  w h ile  the C O 2 s e le c t iv ity  in crea se s  w h en  
the gas m ix tu re  is  p a ssed  throu gh  a h ig h er  sta g e  n u m b er o f  th e p la sm a  
reactors. T h e reaso n  is  that a h ig h er  nu m ber o f  m u lt i-s ta g e  p la sm a  reactors  
in crea se s  th e  r e s id e n c e  tim e  o f  the gas. C o n seq u en tly , the o x id a tio n  rea c tio n  
in crea ses .

In th is  stu d y , an ap p lied  v o lta g e  15 k v  w a s  se le c te d  for further 
ex p er im en ts  s in c e , at th is  v o lta g e , the sy s tem  can  p ro v id e  a r e la t iv e ly  h ig h  
b en zen e  c o n v e r s io n  w ith  rea so n a b ly  lo w  p o w er  co n su m p tio n .

F eed  b en zen e concentration  
M  4  stages H 3  stages

■  2 stages 111 stage

1 ,5 0 0  ppm

12
V oltage (kV)

24

Figure 4.9 E ffe c t  o f  ap p lied  v o lta g e  on  current at d ifferen t s ta g e  n u m ber o f  
reactors at a feed  f lo w  rate o f  5 0 0  m l/m in , 3 0 0  H z, and a gap d is ta n ce  o f  1 cm .
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F e e d  b e n z e n  c o n c e n t r a t io n  =  1 ,5 0 0  p p m
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Figure 4.10 E ffe c t  o f  ap p lied  v o lta g e  on  CO  s e le c t iv ity  at d ifferen t sta g e  
n u m ber o f  reac tors at feed  f lo w  rate o f  5 0 0  m l/m in , 3 0 0  H z, and a gap d ista n ce  
o f  1 cm .
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Figure 4.11 E ffe c t  o f  a p p lied  v o lta g e  on  C 0 2 s e le c t iv ity  at d ifferen t sta ge  
n u m ber o f  reactors at fe ed  f lo w  rate o f  5 0 0  m l/m in , .300 H z , and a gap d ista n ce  
o f  1 cm .
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4.4 Effects o f Feed Flow Rate

4 .4 .1  E ffe c t  o n  B e n z e n e  C o n v ersio n
A  F ig u res  4 .1 2  illu stra tes  the e f fe c ts  o f  the feed  f lo w  rate on  

b en z e n e  c o n v e r s io n . For a ll o f  the s ta g e  n u m b ers in  o p era tio n , b en zen e  
c o n v e r s io n  d ecrea se s  w ith  in crea s in g  the feed  f lo w  rate in  th e  stu d ied  range o f  
6 0  to  3 8 0  m l/m in  b e ca u se  an in crea se  in  the feed  f lo w  rate co rresp o n d s to  a 
d ecrea se  in  th e  r e s id en ce  tim e. F or any g iv e n  feed  f lo w  rates, a h ig h er  sta g e  
n u m b er o f  p la sm a  reactors in  u se  resu lts  in  h ig h er  c o n v e r s io n  o f  b en zen e . 
W ith  a d ecrea se  in  the feed  f lo w  rate or an in crea se  in  the s ta g e  nu m ber o f  
p la sm a  reactors in  op era tion , e lec tro n s  h a v e  h ig h er  p o s s ib i l ity  to c o l l id e  w ith  
b en z e n e  and (ว2 m o le c u le s  lea d in g  to  h ig h er  c o n v e r s io n  o f  b o th  reactan ts.
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Figure 4.12 E ffe c t  o f  fe ed  f lo w  rate on  b en z e n e  c o n v e r s io n  at d ifferen t s ta g e  
n u m ber o f  reac tors at 15 k v ,  5 0 0  H z , and a gap - d is ta n ce  o f  1 cm .

F e e d  b e n z e n e  c o n c e n t r a t io n  =  1 ,5 0 0  p p m

6 0  1 5 8  2 3 5  3 8 0
F l o w r a t e  ( m l / m i n )
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4 .4 .2  E ffe c t  on  P rod u ct S e le c t iv ity
T h e e f fe c ts  o f  feed  f lo w  rate on  C O  and C O 2 s e le c t iv ity  are 

sh o w n  in  F ig u res  4 .1 3  and 4 .1 4 , r e sp e c tiv e ly . F or an y  g iv e n  s ta g e  n u m b ej, the  
C O  s e le c t iv ity  in crea se s  w ith  in crea s in g  the feed  f lo w  rate w h ile  th e o p p o s ite  
trend w a s  o b serv ed  for the C O 2 s e le c t iv ity . A  h ig h er  ga s f lo w  rate or a lo w er  
o f  s ta g e  n u m b er red u ces  the op p ortu n ity  o f  c o l l is io n  b e tw e e n  e lec tro n s  and O 2 

m o le c u le s . T h erefo re , th e  o x id a tio n  o f  C O  is  red u ced  re su ltin g  in  lo w er  C O 2 

form ation .
A t th e lo w e s t  feed  f lo w  rate, so m e  b y -p ro d u cts  (C 1-C 2 

h y d ro ca rb o n s) w ere  d e tec ted  at an in s ig n ific a n t  le v e l and a lm o st  co m p le te  
b en z e n e  c o n v e r s io n  w a s  ob serv ed . T h u s, a ran ge o f  the feed  f lo w  rate o f  6 0 -  
158 m l/m in  w a s  se le c te d  for further stu d y  in  order to  d e term in e  the oth er  
e f fe c t s  su ch  as s ta g e  n u m ber and the p resen ce  o f  p h o to ca ta ly st .

6 0  1 5 8  2 3 5  3 8 0
F l o w r a t e  ( m l / m m )

Figure 4.13 E ffe c t  o f  feed  f lo w  rate on  C O  se le c t iv ity  at d ifferen t sta g e  
nu m ber o f  reac tors at 15 k v ,  5 0 0  H z, and a gap  d ista n ce  o f  1 cm .

F e e d  b e n z e n e  c o n c e n t r a t io n  =  1 , 5 0 0  p p m  

ฒ  4  s t a g e s

■  2  s t a g e s
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Figure 4.14 E ffe c t  o f  fe ed  f lo w  rate on  C O 2 s e le c t iv ity  at d ifferen t sta g e  
n u m ber o f  reac tors at 15 k v ,  5 0 0  H z , and a gap  d ista n ce  o f  1 cm .

4.5 Effect o f the Presence of Different Photocatalysts

4 .5 .1  E ffe c t  o n  B e n z e n e  C o n v ers io n
T a b le  4.1 sh o w s  th e e f fe c ts  o f  the p r esen ce  o f  d ifferen t  

p h o ta ca ta ly sts  co a ted  on  g la ss  w o o l o n  b en z e n e  c o n v e r s io n  and its  p rod u ct 
s e le c t iv ity . It appears that a ll the c a ta ly sts  (D e g ù ssa  P 2 5 , s o l-g e l  T i0 2  and  
l% P t/s o l-g e l  TiC>2) in crea se  the b en z e n e  c o n v e r s io n  b y  8%  w ith  1 s ta g e  in  
op era tio n  and b y  2 % w ith  2 s ta g es  in  op era tion . E v en  th o u g h  th e  sam e e ffe c t  
w a s n ot o b se r v e d  in  a s ig n ific a n t  le v e l  w ith  a s ta g e  nu m ber in  o p era tio n  h ig h er  
than  2 , th e  o p era tio n  in  h ig h er  s ta g e  nu m ber o f  p la sm a  reactor p la y s  an  
im p ortan t ro le  on  the s e le c t iv ity . T h e resu lts  im p ly  that th e  en erg y  re lea sed  
from  the p la sm a  can  e x c ite  TiC>2 lea d in g  to  th e o x id a tio n  and red u ctio n  
rea c tio n s o n  th e  TiC>2 su rface.

Feed benzene concentration = 1,500 ppm M 4 stages
- 9  3 stages1m M2 stages

-

1 m

เ ^  9  1 stage

60 158 235 380Flowrate (ml/min)
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4 .5 .2  E ffe c t  on  P rod u ct S e le c t iv ity
D u rin g  the p la sm a  g en era tio n , there is  en erg y  that can  a c tiv a te  

TiC^; th ere fo re , the ca ta ly st  m ay  h e lp  the o x id a tio n  o f  b en zen e . W ith  4 s ta g es  
in  o p era tio n , the p resen ce  o f  e ith er s o l-g e l  T iÛ 2 or the c o m m erc ia l TiC>2 

(D e g u ssa  P 2 5 )  in crea se s  the C O 2 s e le c t iv ity  b y  6-10%  and d ecrea se s  th e CO  
s e le c t iv ity  b y  3-4% . It can  b e ex p la in ed  that T iÛ 2 attr ib utes to  th e  a cce lera tio n  
o f  su p ero x id e  rad ica l an ion  form ation , O 2*’, and c o n se q u e n tly  d ecrea se s  the  
reco m b in a tio n  p ro c e ss  and en h an ce  the ca ta ly tic  a c t iv ity  (B la z k o v a  e t  a l ,
1 9 9 8 ).

F rom  th ese  resu lts , it can  b e  co n c lu d e d  that b en z e n e  is  
d o m in a n tly  rem o v ed  b y  the p la sm a  d isch a rg e  w h erea s  o n ly  in s ig n if ic a n t  e f fe c t  
from  c a ta ly s is  w a s  o b serv ed . A lth o u g h  the am ou nt o f  c a ta ly st  lo a d ed  on  the  
g la s s  w o o l is  sm a ll, the  co m b in a tio n  e ffe c t  o n ly  a ffe c ts  the s e le c t iv it ie s  o f  C O  
and C O 2. T h e m u lt is ta g e  p la sm a  reactor u sed  in  th is  stu d y  d id  d em on stra ted  
that the p r e se n c e  o f  p h o to ca ta ly st  co u ld  en h an ce  b oth  b en z e n e  c o n v e r s io n  and  
C O 2 s e le c t iv ity .
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Tables 4.1 E ffe c t  o f  p h o to ca ta ly sts  co a ted  on  g la ss  w o o l at th e f lo w  rate o f  
6 0  m l/m in , 5 0 0  H z , 1 5 ,0 0 0  V , and a gap d ista n ce  o f  1 cm

T ypes o f  catalyst Stage(s)
% C onversion % S electiv ity

B en zen e CO C 0 2
1 81.1 8.0 54 .2

N o  catalyst 2 89.3 4.2 64 .2
3 91 .9 4.1 66 .9
4 91 .7 5.7 70.5
1 91.1 10.1 57.5

D eg u ssa  P25 2 91 .7 4.2 67 .2
3 92 .7 2.8 68 .5
4 92.3 2.1 76 .7
1 89 .2 7.8 67 .4

S o l-G el T i0 2 2 91 .5 5.8 77 .5
3 91 .6 3.1 80 .6
4 91 .7 2.6 81 .0
1 87.5 4.3 68.1

1% P t/S o l-G el T i 0 2 2 91.8 0.9 77 .2
3 100 ' 1.6 74 .5
4 91 .6 2.1 80 .4
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