
C H A P T E R  I 

I N T R O D U C T I O N

V e r y  f e w  p ro d u cts  m an u factu red  to d a y  are free  fro m  w a ste  stream s. 
W a ste w a te r  trea tm en t w a s  a p rim e c o n s id e r a tio n  in  th e  1 9 6 0 s  and 1 9 7 0 s  in  th e  
U n ite d  S ta te s , and  to d a y  th is  h as b e e n  m e t m o s t ly  w ith  s u c c e s s  in  c le a n in g  up  m an y  
rivers and  la k es . P ro b a b ly  m o re  c o m m o n , but m a n y  t im e s  le s s  n o t ic e a b le , is  the  
e m is s io n  o f  o rg a n ic  c o m p o u n d s  fro m  m a n u fa ctu r in g  th e  m u ltitu d e  o f  c o n su m e r  
p ro d u cts  u se d  e v e r y  d ay . In m o st  m a n u fa ctu r in g  p r o c e s s e s , e ith er  for  th e  raw  
m ater ia ls , in te r m e d ia te s , or th e  f in ish e d  p rod u cts , o rg a n ic  m a ter ia ls  are p resen t as 
c h e m ic a ls , s o lv e n ts , r e le a se  a g e n ts , c o a tin g s , d e c o m p o s it io n  p ro d u cts , p ig m e n ts , and  
so  o n  that e v e n tu a lly  m u st  b e  d isp o se d . In su ch  m a n u fa c tu r in g , th ere  are u su a lly  
g a se o u s  e f f lu e n ts  that c o n ta in  lo w  co n c e n tr a tio n s  o f  o r g a n ic s  and  are v e n te d  in to  the  
a tm o sp h ere . E x a m p le s  o f  c o m m e r c ia l o p era tio n s  that p ro d u ce  v o la tile  o rg a n ic  
c o m p o u n d s  (V O C s)  e m is s io n s  are c h e m ic a l p la n ts , p e tro leu m  r e fin er ie s , 
p h a rm a ce u tica l p la n ts , a u to m o b ile  m a n u fa ctu res , a irp lan e  m a n u fa c tu res , fo o d  
p r o c e sso r s , f ib er  m a n u fa c tu res , te x t ile  m a n u fa ctu res , p r in tin g  p la n ts , ca n  c o a tin g  
p la n ts , p a in tin g  fa c il it ie s  e tc . T h e se  o r g a n ic s  p resen t d ep en d  o n  th e p r o c e s s  and  can  
in c lu d e  k e to n e s , a ld e h y d e s , a ro m a tic s , p ara fin s, o le f in s ,  a c id s , ch lo r in a ted  
h y d ro c a r b o n s , and  h ig h e r  m o le c u le  w e ig h t  o r g a n ic s , w h ic h  o fte n  are p resen t as  
a e r o so ls . A  n u m b er  o f  m eth o d s  are a v a ila b le  for  a b a tin g  th e se  e m is s io n s , in c lu d in g  
liq u id  a b so rb tio n , s o l id  a d so rb tio n , scru b b in g , p r e c ip ita tio n , c o n d e n sa t io n , m em b ran e  
f iltra tion , b io d e g r a d a tio n , th erm al in c in era tio n , c a ta ly tic  in c in e r a tio n  etc . T h erm al 
in c in e r a tio n  is  th e  m o st  e f fe c t iv e  w a y  o f  en su r in g  c o m p le te  d e stru c tio n  o f  V O C s  and  
n o r m a lly  p er fo rm s at tem p era tu res in  e x c e s s  o f  7 0 0  °c. T o  lo w e r  th e o p era tio n a l  
tem p era tu re  and to  m a k e  th e p r o c e ss  m o re  e c o n o m ic a l , a d d in g  a c a ta ly s t , w h ic h  is  
c a lle d  c a ta ly tic  in c in era tio n , can  e n h a n c e  th e  c o m b u s t io n  p r o c e ss . T h e  ca ta ly tic  
in c in era tio n  m eth o d  h as b e c o m e  m o st  p op u la r  b e c a u se  its o p era tio n  tem p era tu re  is  
lo w , in  m a n y  c a se s , m o re  v e r sa tile  and  e c o n o m ic a l for  th e  lo w  c o n c e n tr a tio n s  o f  
org a n ic  e m is s io n s  ( i .e .,  <  5 ,0 0 0  v p p m ). C a ta ly tic  o x id a t io n  o f  V O C s  in  air is  carried  
ou t at lo w  reactan t co n ce n tr a tio n s  and  w ith  a v ery  la rge  s to ic h io m e tr ic  e x c e s s  o f
o x y g e n .
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T h e b a s ic  c a ta ly tic  o x id a t io n  rea c tio n  o f  an o rg a n ic  m o le c u le  is  sh o w n  b e lo w :

H C  +  air (O 2) catajygj____►  C 0 2 +  H 20  (1 .1 )

T h e  a ctu a l o p era tin g  tem p era tu re and  am o u n t o f  p reh eat, d e p e n d  o n  th e  org a n ic  
m o le c u le , sp a c e  v e lo c i ty , c o m p o s it io n  o f  fe e d  ( i .e .,  co n ta m in a n ts , w a ter  vap or, and  
so  forth ), and  o r g a n ic  co n cen tra tio n .

O n e  w a y  o f  co m p a r in g  th erm al v e r su s  c a ta ly tic  a b a tem en t is  to  lo o k  at the  
e n erg y  req u ired  (a ir  p reh ea t tem p era tu re) to  ob ta in  a  p articu lar  q u a n tita tiv e  rem o v a l 
o f  a g iv e n  h y d ro ca rb o n  sp e c ie s . T h e  o p era tin g  tem p era tu res sh o w n  in  T a b le  1.1 are 
w e ll b e lo w  th e  c o r r e sp o n d in g  tem p era tu re n e c e ssa r y  to  in itia te  th erm al (n o n c a ta ly tic )  
o x id a tio n . T h e  c a ta ly s t  in it ia te s  rea c tio n  at lo w e r  tem p era tu res. T h is  d e m o n stra tes  th e  
m ajor a d v a n ta g e  o f  c a ta ly z e d  p r o c e s s e s , w h ic h  is  that th e y  p r o c e e d  fa ster  than  
n o n c a ta ly t ic  r e a c tio n s , a l lo w in g  lo w e r  tem p era tu res for th e  sa m e  am o u n t o f  
c o n v e r s io n . T h is  tra n sla tes  d ir e c tly  in to  im p r o v e d  e c o n o m ic s  for fu e l u se  and  le s s  
e x p e n s iv e  reactor  c o n str u c tio n  m ater ia ls , s in c e  c o r r o s io n  is  g rea tly  red u ced .

H e te r o g e n e o u s  c a ta ly tic  o x id a t io n  is  a w e ll- s tu d ie d  an d  in d u str ia lly  u se fu l  
p r o c e ss . C a ta ly tic  o x id a t io n , b o th  p artia l and  c o m p le te , is  an  im p ortan t p r o c e ss . B y  
far, th e  m a jo r ity  o f  o x id a t io n  c a ta ly s ts  and  c a ta ly tic  o x id a t io n  p r o c e s s e s  h a v e  b e e n  
d e v e lo p e d  fo r  th e se  in d u str ia lly  im p ortan t p a rtia lly  o x id iz e d  p rod u cts . H o w e v e r ,  
there are im p o rtan t d if fe r e n c e s  b e tw e e n  th e c o m m e r c ia l p r o c e s s e s  and th e c o m p le te  
c a ta ly tic  o x id a t io n  o f  V O C s  at trace c o n c e n tr a tio n  in  air. F or  in s ta n c e , in  partia l 
o x id a tio n , c o m p le te  o x id a t io n  to C 0 2 and  H 20  is  an u n d e s ir a b le  rea c tio n  o ccu rr in g  in  
p ara lle l or in  se r ie s  to  th e  o n e  o f  in terest. O th er d if fe r e n c e s  in c lu d e  th e  reactan t  
c o n c e n tr a tio n  and tem p era tu re , th e  ty p e  o f  c a ta ly s t  u se d , and  th e  c h e m ic a l nature o f  
th e  o x id iz a b le  c o m p o u n d . Industria l c a ta ly t ic  o x id a t io n  r e a c tio n s  are carr ied  ou t at 
h ig h  reactan t c o n c e n tr a tio n s  o v er  a v a r ie ty  o f  su p p o rted  m eta l c a ta ly s ts . B e c a u se  
m o st in d u str ia l p r o c e s se s  op era te  w ith  w e ll-c h a r a c te r iz e d  in le t  strea m s (u su a lly  o n e  
reactan t p lu s  an o x id a n t), there h as b e e n  litt le  n e e d  to  u n d erstan d  th e  c o m p le x  
p r o c e s se s  that m a y  o ccu r  in m ix tu res . In con trast to  th e se  in d u str ia l rea c tio n s , 
c a ta ly tic  o x id a t io n  o f  V O C s  in  air is  carr ied  o u t at lo w e r  c o n c e n tr a t io n s  (o fte n  le s s  
than 1 ,0 0 0  p p m ) and  w ith  a v ery  large  s to ic h io m e tr ic  e x c e s s  o f  o x y g e n . B e c a u se
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o x id a tio n  is  a  h ig h ly  e x o th e r m ic  rea c tio n , and  b e c a u se  in d u str ia l r e a c tio n s  are 
g e n e r a lly  carr ied  ou t at h ig h  reactan t c o n c e n tr a tio n s , th e se  p r o c e s s e s  are u su a lly  net 
p rod u cers o f  h eat. W h en  th e reactan t co n ce n tr a tio n  is  lo w , th e  p r o c e s s e s  are n et  
c o n su m e r s  o f  h eat i f  th e  en tire  g a s  stream  m u st b e  h ea ted  to  an  e le v a te d  tem p era tu re. 
It m a y  b e  e x p e n s iv e  to  h ea t th e  en tire  g a s  stream  to  a h ig h  tem p era tu re ( e .g .,  > 4 0 0  
°C ) to  a c h ie v e  a h ig h  r ea c tio n  rate. A s  a resu lt, c a ta ly tic  o x id a t io n  o f  trace  
c o n c e n tr a t io n s  o f  V O C s  is  m o re  e c o n o m ic a l i f  th e  r ea c tio n  is  carried  o u t at lo w e r  
tem p eratu re.

T o  d o  th is , a h ig h ly  a c t iv e , n o n s e le c t iv e  c a ta ly s t  is  req u ired . T h is  is  in  d irect 
con trast to  a lm o st  a ll in d u str ia l o x id a t io n  rea c tio n s  w h e r e  s e le c t iv ity  for  partial 
o x id iz e d  p ro d u cts  is  e s se n tia l. A n o th e r  c o n s id e r a tio n  for  r em o v a l o f  trace  
co n ta m in a n ts  is  that, i f  th e  o x id a t io n  is  in c o m p le te , c o m p o u n d s  m o re  to x ic  than  the  
trace co n ta m in a n t m a y  b e  form ed .

S e le c t io n  o f  e f f e c t iv e ly  c a ta ly t ic  m a ter ia ls  for v a r io u s  o rg a n ic  p o llu ta n ts  h as  
b e e n  th e su b je c t  o f  m a n y  s tu d ie s . F or v o c  o x id a tio n , th e  a p p lied  c a ta ly s ts  can  b e  
d iv id e d  in to  th ree  m a in  c la sse s :  su p p o rted  n o b le  m e ta ls , s in g le  or m ix e d  m eta l 
o x id e s , an d  th e  c o m b in a tio n s  o f  n o b le  m eta l an d  m eta l o x id e . T h e  a c t iv e  c a ta ly s t  
m a ter ia ls  c a n  b e  su p p o rted  o n  th erm o sta b le  su b strates or  e v e n  fab r ica ted  in  th e  form  
o f  h o n e y c o m b s . T h e  p r e c io u s  m eta l c a ta ly s ts  are a v a ila b le  in  gran u lar and  m o n o lith ic  
fo rm s or a s  fo a m s  an d , th e  b a se  m eta l o x id e  c a ta ly s ts  are m o s t ly  in  gran u lar form .

M e ta l o x id e  c a ta ly s ts  for  o x id a t io n  p r o c e s se s  n o r m a lly  c o n s is t  o f  o x id e s  o f  
G rou p  V B  th ro u g h  IB  o f  th e  p er io d  tab le . A s  a g en era l ru le , th e se  c a ta ly s ts  are m ore  
p o iso n -to le r a n t  than  su p p o rted  n o b le  m e ta ls , th o u g h  th e y  are a lso  so m e w h a t  le s s  
a c t iv e  for  o x id a t io n  r ea c tio n s . T h e c h o ic e  o f  c a ta ly tic  c o m p o n e n ts , su p p ort m a ter ia ls , 
and  structural d e s ig n  ( i .e . p articu la te  or H o n e y c o m b  stru ctu res) is  o b v io u s ly  
d ep en d en t o n  th e  nature o f  th e  p o llu ta n ts , p o ten tia l p o iso n s  p resen t in  th e  g a s  stream , 
th e  d e g r e e  o f  ab a tem en t req u ired , th e  o p era tin g  c o n d it io n s , d es ired  c a ta ly s t  l i fe , and  
u lt im a te ly  e c o n o m ic s . C a ta ly tic  o x id a t io n  s y s te m s  are ty p ic a lly  lim ite d  to  stream s  
c o n ta in in g  lo w  v o c  c o n cen tra tio n s .

P la tin u m  o x id a t io n  ca ta ly s ts , w h ic h  h a v e  h ig h ly  a c t iv e  and  n o n -s e le c t iv e  
p ro p erties , and  rem ain  th erm a lly  sta b le  u n til 6 5 0  °c, are th e  m o st  c o m m o n ly  u sed
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o n e s  for  air p u r if ic a tio n . T a b le  1.2  s h o w s  s o m e  P t/A l2 0 3  c a ta ly s ts  d e v e lo p e d  for  
v o c  o x id a t io n  a p p lic a tio n s .

A d d it io n  o f  a s e c o n d  m eta l c o m p o n e n t  m a y  g iv e  th e  c a ta ly s t  h ig h e r  s ta b ility . 
C o k in g  is  d e c r e a se d , an d  th e m e ta llic  c r y s ta llite s  ap p ear m o re  resistan t to  ag in g . 
B im e ta llic  c a ta ly s ts  are w id e ly  u se d  b ut th ere  is  c o n tr o v e r sy  as to  the e x a c t  nature o f  
in tera c tio n s  b e tw e e n  th e  tw o  m e ta llic  c o m p o n e n ts , w h ic h  lea d s  to th e  p o s it iv e  
b im eta l e f fe c t . O ften  th e e x te n t  o f  in tera c tio n  b e tw e e n  th e  m e ta ll ic  c o m p o n e n ts  in  a  
d isp e r se d  sta te  is  co rre la ted  w ith  th e e a se  o f  a l lo y  fo rm a tio n  in  th e  b u lk  sta te , th o u g h  
th is  m a y  n o t a lw a y s  b e  true e s p e c ia l ly  in  th e  c a se  o f  sm a ll p a r tic le s  d isp e r se d  o n  a 
h ig h  su r fa ce  area su p p ort. It is  e s se n t ia l to  co rre la te  th e  m icro stru ctu re  and  su rfa ce  
c o m p o s it io n  o f  th e  ca ta ly s t  w ith  its a d so rp tio n  b e h a v io r  and  r e a c tiv ity . In ord er to  
s u c c e s s fu lly  d o  that o n e  h a s to  b e  a b le  to  d eterm in e  th e  nature o f  m e ta l-m e ta l and  
m eta l-su p p o r t in tera c tio n s  that o c cu r  in  th e  p articu lar  c a ta ly s t  sy s te m  that is  b e in g  
in v e s t ig a te d . In b im e ta llic  c a ta ly s ts  a l lo y s  m a y  or m a y  n o t b e  form ed . I f  p r o o f  o f  
s ig n if ic a n t  a l lo y  fo r m a tio n  is  p resen t th en  it w o u ld  b e  r e a so n a b le  to  a ssu m e  that th ese  
a llo y s  co n tr ib u te  to  th e  b im e ta l e f fe c t . E v e n  i f  a l lo y s  are n o t p resen t th ere  c o u ld  be  
s ig n if ic a n t  in tera c tio n  b e tw e e n  a to m s o f  th e  p rim ary m eta l and a to m s o f  the  
se c o n d a r y  m eta l in  su p p o rted  b im e ta llic  c a ta ly s ts . It is  im p o rtan t to  u n d erstan d  the  
nature o f  th is  in tera ctio n  as th is  c o u ld  s ig n if ic a n tly  a lter  th e  b e h a v io r  o f  th e  c a ta ly st. 
A d d it iv e s  su c h  as รท h a v e  p r o v e n  to  in c r e a se  th e  lo n g -term  a c t iv ity  and  p e r fo rm a n ce  
o f  p la tin u m  c a ta ly s ts  for re fo r m in g  a p p lic a t io n s  in  th e  o i l  in d u stry . T o  th e b e s t  o f  our  
k n o w le d g e , th ere  h a v e  b e e n  n o  sy s te m a tic  s tu d ie s  o f  th e  e f fe c t  o f  รท a d d it iv e s  in  
m a in ta in in g  th e  a c t iv ity  o f  Pt v o c  o x id a t io n  ca ta ly sts .

In th is  w o rk  w e  h a v e  s tu d ied  tw o  d iffe r e n t se r ie s  o f  P t-S n /A fO a  ca ta ly s ts . 
T h e first se r ie s  w a s  p rep ared  b y  c o im p r e g n a tio n , w h ile  th e  s e c o n d  se r ie s  w a s  
p rep ared  b y  se q u en tia l im p reg n a tio n  w ith  รท first fo l lo w e d  b y  Pt a s  se c o n d  
c o m p o n e n t . In b o th  o f  th e  p rep aration  m e th o d s , th e  p rim ary m eta l (p la tin u m )  
n o m in a l lo a d in g  w a s  k ep t c o n sta n t at 1 w t%  w h ile  th e  a m o u n t o f  th e  s e c o n d  m eta l 
w a s  v a r ied . T h e  a d so rp tio n  b eh a v io r , su rfa ce  c o m p o s it io n , and th e a c t iv ity  for  
m eth a n o l o x id a t io n  h a v e  b e e n  in v e stig a te d . A n  e ffo r t h as a lso  b e e n  m a d e  to  corre la te  
th e  su r fa ce  ch a ra c te r is tic s  o f  the c a ta ly s ts  w ith  their  b u lk  c o m p o s it io n  and  stru ctu re, 
w h ic h  w e r e  d e term in ed  u s in g  tr a n sm iss io n  e le c tr o n  m ic r o s c o p y , h ig h -r e so lu t io n
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tr a n sm iss io n  e le c tr o n  m ic r o sc o p y , and  e n e r g y  d isp e r se  X -r a y  sp e c tr o sc o p y . T h e  
a d so rp tio n  b e h a v io r s  o f  th e  c a ta ly s ts  w er e  s tu d ied  b y  s ta tic -v o lu m e tr ic  c h e m iso r p tio n  
and p u lse  c h e m iso r p tio n  o f  h y d r o g e n  and  o x y g e n . T h e  su r fa ce  o x id a t io n  sta tes  o f  the  
c o m p o n e n ts  o f  th e  c a ta ly s ts  w er e  o b ta in e d  b y  X -r a y  p h o to e le c tr o n  sp e c tr o sc o p y . A  
f lo w  reactor  w a s  u se d  to  s tu d y  th e o x id a t io n  o f  m eth a n o l.
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Table 1.1 Operating temperatures for catalytic abatement of volatile organic
compounds

N a m e  o f  
c o n stitu e n t

C h e m ic a l fo rm u la
O p era tin g  

tem p era tu re  (°C )

C o n cen tra tio n  
b e fo r e  treatm en t  

(p p m )

S ty ren e C 6H 6C H C H 2 2 5 0 3 1 0

A c e ta ld e h y d e C H 3C H O 3 5 0 2 4 0

B e n z e n e c 6h 8 2 1 0 3 8 0

T o lu e n e c 6h 5c h 3 2 1 0 3 2 0

M -x y le n e C 6H 5(C H 3) 2 1 0 2 7 0

P h en o l c 6h 5o h 3 0 0 3 8 0

F o r m a ld e h y d e H C H O 150 4 1 0

A c e t ic  a c id C H 2C O O H 3 5 0 5 9 0

A c e to n e C H 3C O C H 3 3 5 0 4 1 0

E th y l a ce ta te c h 3c o o c 2h 5 3 5 0 3 5 0

M e th y l a lc o h o l c h 3o h 150 8 3 0

E th y l a lc o h o l c 2h 5o h 3 5 0 5 5 0

C a rb on  m o n o x id e C O 150 4 ,0 0 0



T a b l e  1 .2  E x a m p le s  o f  P t /A l2 0 3  v o c  o x id a t io n  c a ta ly s t  a p p lic a t io n s

G as stream com p osition
G as stream  

tem perature (°C)
Pressure

(atm )

Space
velocity
(vol/hr)

A pplication

D iam ine in air 23 0 -3 0 0 1 N R
O dor rem oval from  
n ylon  production
É^ses

M ineral o il and other 
vapors w  from an o ffset  
print m g p rocess

30 0 -40 0 1 N R
O dor control from  
offset printing

3 7 4  ppm  ethanol,
194 ppm  n-propanol,
11 ppm  n-propylacetate

26 0 -3 7 0 1
30 ,00 0 -
70 ,000

C ontrol o f  
em ission s from  
printing p rocess

H 2, n o , C O , C 3H 6, c o 2, 
H 20  ๒ 0.6-2.1%  0 2, 
83% N 2

20 0-50 0 N R 30 ,00 0 Exhaust control
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