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APPLICATION OF PHOTOCHEMICAL PROCESSES IN WASTEWATER TREATMENT

CHAPTER I  

INTRODUCTION 

G eneral

The American p u b l i c 's  i n t e r e s t  has re c e n t ly  been a ro u se d , concern­

ing  th e  to p ic  o f env ironm enta l q u a l i ty .  I t  i s  g e n e ra lly  acknowledged 

th a t  th e  war on p o l lu t io n  i s  underway in  t h i s  c o u n try . P o l lu t io n  has be­

come n o t on ly  a s c i e n t i f i c  and te c h n o lo g ic a l problem , b u t a  s o c ia l  and 

p o l i t i c a l  is s u e  as  w e ll .  I t  i s  u n d e rs tan d a b le  th a t  th e  p u b lic  being  

aware of th e  s ig n if ic a n c e  o f a  h e a l th f u l  environm ent, becomes v e ry  im­

p a t ie n t  and demands th a t  governm ent and in d u s t r ie s  cope w ith  t h i s  complex 

problem , which r e s u l te d  from c e n tu r ie s  o f n a t io n a l  c a re le s s n e s s  in  th e  

u se  of n a tu ra l  re s o u rc e s . To th e  s c i e n t i s t  and e n g in e e r , th e  p u b l i c 's  

concern  about p o l lu t io n  becomes a ch a lle n g e  and an im p e ra tiv e  d u ty  to  

develop and le a r n  more abou t th e  s c ie n c e  and techno logy  o f  e x is t in g  t r e a t ­

ment m ethods.

Water has rem arkab le  p r o p e r t i e s  and i s  a good a b so rb e n t o r  so lv e n t 

fo r  v a r io u s  su b s ta n c e s . A nother rem arkable q u a l i ty  o f  w a te r i s  th a t  i t  

can be c leaned  when i t  g e ts  d i r t y .  In  f a c t ,  i t  i s  alw ays p o s s ib le  th a t  

w ater can be reused  fo r  v a r io u s  purposes ag a in  and a g a in .

Water q u a l i ty  i s  th e  c r u c ia l  f a c to r  when q u a n t i ty  and q u a l i ty  a re
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considered. In spite of an increasing need for water, there is enough 

water in this country to meet the demand, not only in the years immediate­

ly ahead, but on into the future provided we use it properly.

Water q u a l i ty  d e t e r i o r i a t i o n  f i r s t  re c e iv e d  a t t e n t io n  a s  a p u b lic  

problem fo llo w in g  th e  o u tb rea k  o f  w ater borne d is e a s e s .  A lthough w ater 

p o l lu t io n  i s  n o t a new problem , th e  d if f e r e n c e  of th e  contem porary s i t u a ­

t io n  i s  th a t  i t  i s  no lo n g e r focused  s o le ly  on h e a l th  p ro te c t io n  b u t a ls o  

on a e s th e t ic  and r e c r e a t io n a l  a s p e c ts .  P re s id e n t Johnson in  s ig n in g  th e  

Water Q u a lity  Act o f 1965 summarized th e  w ater p o l lu t io n  problem  by s t a t ­

ing [4 7 ]:

"The clear fresh waters that were our national heritage, 
have become dumping grounds for garbage and filth. They poison 
our fish, they breed disease, they spoil our landscape."

The c o n v e n tio n a l m ethods o f  tre a tm e n t used fo r  a l t e r in g  th e  ch a ra c ­

t e r i s t i c s  o f l iq u id  w aste  a re  based p r im a r i ly  on b io lo g ic a l  o x id a tio n ,  

b io s o rp tio n  and oxygen t r a n s f e r  p ro c e s s e s . These methods w hich liave been 

s tu d ie d  e x te n s iv e ly ,  developed  and m o d ified , can produce a  p la n t  e f f lu e n t  

o f h igh  p u r i ty .  However, i t  has become e v id e n t th a t  m u n ic ip a l and in d u s­

t r i a l  w astes  now in c lu d e  many p o l lu ta n ts  th a t  a re  r e s i s t a n t  to  o r  even 

t o t a l l y  u n a ffe c te d  by th e  c o n v en tio n a l w aste  tre a tm e n t p ro c e s s .  Such 

co n tam in an ts , r e f r a c to r y  o r  "non -b io d eg rad ab le"  su b s ta n c e s , in c lu d e  bo th  

o rg an ic  and in o rg a n ic  m a te r ia ls .  Advanced w aste  tre a tm e n t o r  t e r t i a r y  

tre a tm e n t p ro c e sse s  a r e  re q u ire d  fo r  th e  rem oval o f  th e se  p o l lu ta n t s .  

Among th e  t e r t i a r y  p ro c e s se s  being  co n sid ered  a r e :  a d s o rp tio n , e l e c t r o d i ­

a l y s i s ,  re v e rs e  osm osis, corona d isc h a rg e  o x ygenation , d i s t i l l a t i o n ,  ion  

exchange, e t c .  There i s  no q u e s tio n  about p o t e n t i a l i t y  and te c h n ic a l  

f e a s i b i l i t y ,  b u t a s  i s  o f te n  th e  ca se  econom ical c o n s id e ra t io n  i s  a
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c r u c ia l  f a c to r .

For th e  rem oval o f  o rg a n ic  r e f r a c to r y  m a te r ia ls ,  a d s o rp tio n , coagu­

l a t i o n  and chem ical o x id a tio n  a re  considered  to  be th e  most p rom ising  

types  o f o p e ra t io n . A dso rp tio n  has th e  advantage o f being  a p p l ic a b le  f o r  

th e  rem oval o f a w ide v a r i e ty  of o rgan ic  compounds. The fo rc e s  o f ad so rp ­

t i o n  a re  g e n e ra liz e d  and p r im a r i ly  p h y s ic a l;  co n seq u en tly , a d so rp tio n  i s  

n o t as  n e a r ly  l im ite d  to  th e  same e x te n t by th e  chem ical s t r u c tu r e  o f th e  

o rg an ic  con tam inan ts  a s  a re  many o th e r  m ethods. A dso rp tio n  on a c t iv a te d  

carbon has long been reco g n ized  a s  one of th e  b a s ic  u n i t  o p e ra t io n s  fo r  

th e  p u r i f i c a t i o n  of s o lu t io n s .  A c tiv a ted  carbon  tre a tm e n t o f l iq u id s  i s  

a r e l a t i v e l y  sim ple  o p e ra t io n  re q u ir in g  a m inim al p h y s ic a l p la n t  and no 

e la b o ra te  s p e c ia l iz e d  equipm ent. A lthough th e  economic and te c h n ic a l  

f e a s i b i l i t y  o f g ra n u la r  a c t iv a te d  carbon tre a tm e n t has been e s ta b l i s h e d ,  

th e  a p p l ic a t io n  h as  been p r im a r i ly  lim ite d  to  th e  p o lish in g  o f th e  secon­

d ary  e f f lu e n t .

Powdered a c t iv a te d  carbon  adso rbs s o lu b le  o rg an ic  w astew ate r j u s t  

a s  g ra n u la r  carbon  d o es . Because o f th e  much sm a lle r  av erag e  p a r t i c l e  

s iz e ,  th e  a d so rp tio n  p e r u n i t  w eight of ad so rb en t can be expected  to  be 

more e f f i c i e n t ;  how ever, th e  sm all p a r t i c l e  s iz e  r e s u l t s  in  a  h ig h  p re s ­

su re  drop fo r  th e  f ix e d  bed o p e ra t io n . A s u i ta b le  and e f f i c i e n t  p ro ced u re  

fo r  r e a c t iv a t io n  o f th e  exhausted  carbon i s  a b s o lu te ly  needed to  make 

powdered carbon u se  become econom ically  f e a s ib le .

I n t e r e s t  in  chem ical c o a g u la tio n  as  a  p o s s ib le  means f o r  a t t a in in g  

a h ig h e r d eg ree  o f w astew ate r p u r i f i c a t io n  i s  q u i te  u n d e rs ta n d a b le . T h is 

p ro cess  fo r  many y e a rs  has been one of th e  most w idely  used and most 

v e r s a t i l e  w ater tre a tm e n t m ethods. R esearch work in  c o a g u la tio n  p ro c e sse s
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i s  throw ing  new l i g h t  on b a s ic  p r in c ip le s ,  and c o a g u la tio n  i s  becoming 

more of a  s c ie n c e  th a n  an a r t .

The u se  o f  o rg a n ic  c o a g u la n ts  and c o a g u la tio n  a id s  i s  becoming common. 

S tu d ie s  have been re p o r te d  on th e  u se  o f a n io n ic ,  c a t io n ic ,  n o n io n ic  coagu­

la n t  a i d s ,  and th e  e v a lu a tio n  o f n a tu ra l  and s y n th e t ic  p o ly e le c t r o ly te s .

The main problem  w ith  th e  u se  o f c o a g u la tio n , i n  th e  f u r th e r  tre a tm e n t o f 

sewage, i s  i t s  r e l a t i v e  in e f f e c t iv e n e s s  in  th e  rem oval o f  s o lu b le  im puri­

t i e s .

Chem ical o x id a tio n  has  th e  p o te n t ia l  o f removing o rg a n ic s  commonly 

used to  t r e a t  w as tew a te r, which a re  n o t o x id iz a b le  by b io lo g ic a l  p ro c e s s e s . 

The o x id a tio n  p ro d u c ts  w i l l  be p r im a r ily  carbon d io x id e ,  w a te r ,  n i t ro g e n  

oxide and ox ides o f  o th e r  e lem en ts . O x idation  methods th a t  m ight be  employ­

ed in c lu d e  th e  u se  o f ozone, hydrogen p e ro x id e , th e  hyd roxy l f r e e  r a d ic a l ,  

o x id a tio n  w ith  m o lecu la r oxygen, c a t a ly t i c  o x id a tio n  w ith  m o lecu la r oxygen, 

e le c tro c h e m ic a l tre a tm e n t,  e t c .  As o rg an ic  m a te r ia ls  have d i f f e r e n t  re a c ­

t i v i t i e s  tow ard oxygen, t h i s  o x id a tio n  p ro cess  i s  v e ry  dependent on th e  

s e l e c t i v i t y  o f th e  r e a c t io n s .  U nless c a t a ly s t  o r  r e a c t io n  c o n d itio n s  can 

be found to  make th e  o x id a n t l e s s  d is c r im in a t in g ,  i t  i s  u n l ik e ly  th a t  th e  

m entioned o x id iz in g  a g e n ts  can  se rv e  a s  re a g e n ts  f o r  g e n e ra l s o lu t io n s .

Problem

The aim o f advanced w aste  tre a tm e n t i s  focused  on th e  rem oval o f  th e  

rem ain ing  con tam inan ts th a t  a re  r e s i s t a n t  to  c o n v e n tio n a l tre a tm e n t 

m ethods. These con tam inan ts a re  r e f e r r e d  to  as r e f r a c to r y  o r  n o n -b io d e- 

g rad ab le  m a te r ia l s .  The term  n o n -b io d eg ra d ab le , which i s  commonly under­

stood  by s a n i t a r y  e n g in e e rs , i s  a c tu a l ly  a  m isnom er. I t  i s  t r u e  th a t  some 

compounds a r e  t o t a l l y  r e s i s t a n t  to  b io lo g ic a l  decom position  under a l l
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c irc u m stan c es ; however, in  w astew ate r tre a tm e n t th e  p o l lu ta n ts  which f a i l

to  be removed under th e  p ro cess  c o n d itio n s  a re  o f te n  c l a s s i f i e d  as non-

b io d e g ra d a b le . The i n f a l l i b i l i t y  p r in c ip le  has been c l e a r ly  and b r i e f l y

summarized by Gale [1 ]:

" I t  i s  p robab ly  n o t u n s c ie n t i f i c  to  su g g est th a t  somewhere 
o r o th e r  some organism s e x i s t  w hich can , under s u i ta b le  condi­
t i o n s ,  o x id iz e  any su b stan ce  which i s  th e o r e t i c a l ly  cap ab le  o f 
being  o x id iz e d ."

W ithout q u e s tio n , many compounds p e r s i s t  and a re  n o t degraded under 

c e r t a in  environm ental c o n d it io n s .  T his may r e s u l t  from f a c to r s  w hich en­

t i r e l y  p re c lu d e  growth o r  m etabolism . On th e  o th e r  hand, i t  i s  a f a c t  

th a t  th e re  a re  indeed r e c a l c i t r a n t  m o lecu le s , su b stan ces  th a t  a re  t o t a l l y  

r e s i s t a n t  to  b io lo g ic a l  decom position  under a l l  c irc u m sta n c e s . T his r e s i s ­

ta n ce  i s  n o t due to  th e  absence o f fa v o ra b le  c o n d itio n s  f o r  th e  b iochem ical 

r e a c t io n  to  o ccu r, b u t i s  u s u a l ly  in h e re n t to  th e  chem ical s t r u c tu r e  o f th e  

su b stan ce  i t s e l f .

In  g e n e ra l ,  th e  r a t e  o f any chem ical r e a c t io n  i s  dependent on th e  

r e a c ta n ts  and th e i r  c o n c e n tra t io n s .  In  w aste  tre a tm e n t sy stem s, th e  r e a c ­

t a n t s  a r e  th e  s p e c if ic  w aste  components and th e  enzyme system s a r e  p rov ided  

by th e  o rgan ism s. Even i f  a l l  th e  n e c e ssa ry  enzyme system s a re  p r e s e n t ,  

some compounds a re  removed a t  a f a s t e r  r a t e  th an  o th e rs .

The r e c a lc i t r a n c e  of some m o lecu les to  b io lo g ic a l  d e g ra d a tio n  can  be 

a t t r ib u t e d  to ;

1 . T heir s t r u c tu r e .  Because of th e  s iz e  o f h igh  m o lecu la r 

w eight compounds, d i r e c t  p e n e tr a t io n  o f th e  c e l l  membrane 

i s  n o t p o s s ib le  u n le s s  th e  la rg e  m olecu les a re  b roken in to  

sm a lle r fragm ents by h y d ro ly t ic  enzymes.

2. R ep ression  and in h ib i t i o n  e f f e c t s .
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High m o lecu la r w eight o rg an ic  m a te r ia ls  tend  to  r e s i s t  b iodégrada­

t io n ;  however, th e re  a re  ex cep tio n s  and th e  c o n tra ry  i s  n o t n e c e s s a r i ly

t r u e .  O xalic  a c id  and some low m o lecu la r w eigh t amines a re  non-b iodeg ra­

d a b le . N e v e r th e le s s , long ch a in  f a t t y  a c id s  can  be m e tab o lized  q u ite  

r e a d i ly .  D esp ite  th e  absence of a d i r e c t  r e la t io n s h ip  between m olecu lar 

s iz e  and b io d e g ra d a b i l i ty ,  frag m e n ta tio n  o f la rg e  m olecu les w i l l  g e n e ra lly  

make th e  p e n e t r a t io n  through th e  membrane e a s i e r ,  and enab le  th e  organism 

to  m e tab o lize  th e  compounds.

In  b io chem ical system s, i t  i s  commonly known th a t  h y d ro ly t ic  enzymes

a re  r e s p o n s ib le  fo r  th e  d eg rad a tio n  p ro c e s s  [1 8 ]. For la rg e  complex po ly ­

m eric su b s tan ces  s e v e ra l d i f f e r e n t  enzymes a r e  n e c e ssa ry  to  accom plish 

d e g ra d a tio n , and more than  one kind of organism  may be needed to  supply  

th e se  enzymes. U n fo rtu n a te ly , n e c e ssa ry  h y d ro ly t ic  enzymes o r  organism s 

a re  n o t alw ays a v a i la b le  in  a  w astew ater tre a tm e n t system . In  th o se  system s 

n o n -b io lo g ic a l d eg rad a tio n  of th e  r e f r a c to r y  m a te r ia ls  may c o n tr ib u te  s ig ­

n i f i c a n t l y  to  th e  c o n tro l  o f env ironm enta l c o n tam in a tio n . P h o to ly s is  o r 

r a d io l y s i s ,  coupled w ith  o x id a tio n , i s  one o f  th e  n o n -b io lo g ic a l degrada­

t io n  p ro cesse s  th a t  has some p r a c t i c a l i t i e s  in  w astew ater tre a tm e n t.

O b iac tiv e

The pu rpose of t h i s  s tudy  i s  to  in v e s t ig a t e  th e  p r a c t i c a l i t y  and 

f e a s i b i l i t y  of p h o to d eg rad a tio n , p h o to o x id a tio n  and p h o to s e n s it iz e d  o x i­

d a t io n  in  th e  frag m en ta tio n  o f r e f r a c to r y  o rg a n ic  m a te r ia ls  th a t  a re  l i k e ­

ly  to  be found in  p la n t  e f f lu e n ts .

P h o to d eg rad a tio n , p h o to o x id a tio n  and p h o to s e n s it iz e d  o x id a tio n  have 

been s tu d ie d  e x te n s iv e ly  by chem ists  d u rin g  th e  p a s t  two d ecad es; however; 

a p p l ic a t io n  in  w astew ater trea tm e n t i s  j u s t  b eg in n in g . Because o f th e
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com plexity  of th e  r e a c t io n s  in v o lv ed , i t  i s  deemed j u s t i f i a b l e  to  focus 

on a s im p lif ie d  system , b u t w ith  a n t ic ip a t io n  th a t  th e  d a ta  o b ta in ed  from 

th e se  in v e s t ig a t io n s  can  b e  used fo r  a b e t t e r  u n d ers tan d in g  o f th e  p ro c e s s .

The scope o f t h i s  r e s e a rc h  work w i l l  be lim ite d  to  th e  s tu d y  of 

pho tod eg rad a tio n  and p h o to o x id a tio n , d i r e c t  and in d i r e c t ,  of some o rg a n ic s  

having p a r t i c u la r  m o le c u la r  s t r u c tu r e s  known to  be slow ly  b io d e g ra d a b le . 

S evera l r e a c t io n  p a ram e te rs  a re  to  be in v e s t ig a te d  and t e s t s  on th e  su s­

c e p t i b i l i t y  o f r e a c t io n  p ro d u c ts  to  b io d é g ra d a tio n  w i l l  be conducted . No 

a ttem p t w i l l  be made to  a c q u ire  th e  knowledge o f th e  r e a c t io n  mechanisms 

of th e  p ro c e s s , a s  t h i s  i s  beyond th e  scope o f th e  work.

J u s t i f i c a t i o n

The th e o ry  o f p h o to o x id a tio n  and p h o to s e n s it iz e d  o x id a tio n  i s  w e ll 

understood  and e s ta b l i s h e d .  I t  i s  then  th e  d u ty  o f s c i e n t i s t s  and en g i­

n ee rs  to  ex p lo re  th e  p o t e n t i a l i t y  and p r a c t i c a l i t y  o f th e  e x i s t in g  theo ­

r i e s  to  cope w ith  th e  a c u te  p o l lu t io n  problem . The c o n v e n tio n a l b io lo g i ­

c a l w aste tre a tm e n t p ro c e s s  has proven In ad eq u a te  in  removing c e r t a in  

r e c a l c i t r a n t  m a te r ia l s ,  and p h y s ic a l-c h e m ic a l p ro c e sse s  a re  g e n e ra l ly  too 

c o s t ly .  A com bination  o f  b io lo g ic a l ,  p h y s ic a l and chem ical p ro c e s se s  

m ight be one s o lu t io n ,  a n o th e r  could  be th e  u se  o f l i g h t  s e n s i t i z e d  r e a c ­

t io n s .  Based on t h i s  r a t i o n a le  th e  study  o f photochem ical r e a c t io n s  in  

w astew ater tre a tm e n t i s  j u s t i f i a b l e .



CHAPTER I I  

LITERATURE REVIEW 

B asic  T heo ries  o f  P ho tochem istry

The Law o f P ho tochem istry  

In  pho tochem ical r e a c t io n s  th e  a c t iv a t io n  energy i s  p rov ided  by th e  

a b so rp tio n  o f  l i g h t  photons by th e  system . G ro tth u rs  (1817) and D raper 

(1943) fo rm u la ted  th e  f i r s t  law o f ph o to ch em istry  as fo llo w s : Only th e

l i g h t  which i s  absorbed  by a  m olecu le  can be  e f f e c t iv e  in  p roducing  ph o to ­

chem ical change in  th e  m olecu le  [ 8 ],

I t  i s  known th a t  th e re  m ust b e  some o v e rla p  betw een w aveleng ths o f 

l i g h t  e n te r in g  a  r e a c t io n  c e l l  and th o se  absorbed by th e  d e s ire d  compound, 

o r a c t i v a t o r ,  i f  a  l i g h t  r e a c t io n  i s  to  o ccu r. However, f o r  d e f in i t i v e  

and q u a n t i ta t iv e  s tu d ie s ,  th e  law m ust b e  a p p lie d  to  a l l  a s p e c ts  o f  a  

g iven pho tochem ical system .

At th e  b eg in n in g  o f  th e  c e n tu ry . S ta rk  (1908-1912) and E in s te in  

(1912-1913) deduced th e  second law . T h e ir o r ig in a l  law s ta t e d  th a t  each 

m olecule  ta k in g  p a r t  in  chem ical r e a c t io n  caused  by l i g h t  ab so rb s  one 

quantum [8 ] .  S u b seq u en tly , S ta rk  and B odenste in  (1913) p o in te d  ou t th a t  

th e  second law as s ta t e d  could only  be a p p lie d  to  th e  p rim ary  p ro cess  

s in c e  secondary  th e rm al ch a in  r e a c t io n s  cou ld  fo llo w  th e  p rim ary  p ro cess  

le a d in g  to  o v e r a l l  quantum y ie ld s  g r e a te r  th a n  one. H ence, th e  second

8
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law was r e s t a t e d ;  th e  a b so rp tio n  o f  l i g h t  by m olecu les i s  a one quantum 

p ro c e ss , so th a t  th e  sum of th e  prim ary  p ro cess  quantum y ie ld ,  (}>, must be 

u n i ty ,  th a t  i s  Z(j>̂  = 1 , where i s  th e  quantum y ie ld  o f  th e  i t h  prim ary  

p ro c e ss . The quantum y ie ld ,  (|), i s  d e fin e d  a s :

,  ______ number o f  r e a c t in g  o r formed m olecu les______
number o f  quanta absorbed  p e r u n i t  volume and tim e

The p rim ary  p ro cess  invo lved  may in c lu d e  d is s o c ia t io n ,  iso m e riz a ­

t io n ,  f lu o re s c e n c e , phosphorescence, r a d ia t io n le s s  t r a n s i t i o n  and a l l  

r e a c tio n  p a th s  w hich r e s u l t  in  th e  d e s t r u c t io n  and d e a c t iv a t io n  o f th e  

e x c ite d  s t a t e  m o lecu le s .

The a b s o rp tio n  o f m onochrom atic beams o f l i g h t  by a  homogeneous ab­

so rb in g  system  i s  fo rm ulated  by com bining B e e r 's  and L am b ert's  Law. The 

form commonly employed in  p h o tochem istry  i s :

=  I Q - c c  1  ( 1 )

o
where :

= l i g h t  energy of in c id e n t l i g h t  p e r  u n i t  tim e.

I  = l i g h t  energy p e r  u n i t  tim e tr a n s m itte d  through 
column of m a te r ia l ,  1 cm. in  le n g th .

c = c o n c e n tra tio n , m o l e / l i t e r .

G = m olar e x t in c t io n  c o e f f i c i e n t ,  l i te r /m o le -c m .

When more th a n  one abso rb ing  compound i s  p re s e n t  in  a homogeneous m ix tu re , 

the  Beer-Lam bert Law assumes th e  form :

= 10r(%EiC^) 1 (2 )
lo

where :

c^ = c o n c e n tra tio n  o f  i t h  compound.

e x t in c t io n  c o e f f ic ie n t  c 
a  p a r t i c u la r  w avelength .

e^ = e x t in c t io n  c o e f f ic ie n t  o f  th e  i t h  compound a t
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A quantum of light of frequency, V, has an energy represented by:

E = hv = hc/X (3)

and

h = P la n c k 's  c o n s ta n t ,  6 .625 s. 10 e rg -sec /q u an tu m .

c = 2.9979 X 10^® cm /sec.

X = w avelength .

V = freq u en cy .

A p ho tochem ist u s u a lly  employs term s o f K i lo - c a lo r ie s  o f  energy  and 

moles o f m a te r ia l .  The r e l a t i o n  between th e  w avelength  o r  frequency  o f 

l i g h t  and th e  energy  a s s o c ia te d  w ith  1 mole of p h o to n s , w hich i s  d e f in e d  

as an e i n s t e in ,  becom es:

E = ^  = = K c a l /e in s te in  (4)

w here:

23N = Avogadro number, 6.0225 x 10

The low est bond energy  in  o rg an ic  compounds i s  in  th e  ran g e  o f  about 40

Kcal/mole; from this, one can calculate that to be effective in photodisso-
o

c ia t io n ,  th e  w aveleng th  must be  no lo n g e r th an  7000 A.

I n te r a c t io n  o f  L igh t w ith  M olecules 

The in t e r a c t io n  o f  photons w ith  m olecu les and th e  p h y s ic a l  and chemi­

c a l  p ro cesse s  which fo llow  a b so rp tio n  o f l i g h t  a re  o f g re a t  i n t e r e s t  to  th e  

p h o tochem ist. The o v e r a l l  in t e r a c t io n s  can be d i f f e r e n t i a t e d  in to  prim ary 

p h y s ic a l and p rim ary  photochem ical p ro c e s se s . The f i r s t  in c lu d e s :  th e rm al 

quenching , f lu o re s c e n c e , phosphorescence, i n t e r n a l  c o n v e rs io n  and in t e r s y ­

stem  c ro s s in g . The photochem ical p ro cess  i s  p r im a r i ly  th e  fo rm atio n  o f 

m olecules in  th e  e x c ite d  s t a t e  and th e  p ro d u c tio n  o f  f r e e  r a d i c a l s .  These
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le ad  to  f u r th e r  chem ical r e a c t io n s ,  such  as p o ly m e riz a tio n , o x id a tio n , 

iso m e r iz a tio n , e tc .

The prim ary p h y s ic a l p ro cesse s  can be b e s t  d e sc r ib e d  by th e  Jab lonsky  

Diagram (F ig u re  1 ) . The d e f in i t i o n s  fo r  th e se  p ro cesses  a re :

1 . I n te r n a l  co n v ers io n  —n o n - ra d ia t iv e  t r a n s i t i o n  between 

s t a t e s  o f l i k e  m u l t i p l i c i t y .

2 . F luorescence —r a d ia t i v e  t r a n s i t i o n  between s t a t e s  o f 

l i k e  m u l t i p l i c i t y .

3. Phosphorescence —r a d ia t i v e  t r a n s i t i o n  betw een s t a t e s  

o f  d i f f e r e n t  m u l t i p l i c i t y .

4 . In te rsy s te m  C ro ssin g  —n o n - ra d ia t iv e  co nvers ion  between 

s t a t e s  o f d i f f e r e n t  m u l t ip l i c i ty .

5 . Quenching —d e a c t iv a t io n  o f  an e x c ite d  sp e c ie s  by o th e r  

components o f th e  system .

6 . S in g le t  and T r i p l e t  S ta te s  —m u l t ip l i c i ty  o f a sp e c ie s  

g iven  by 2S+1, w here S i s  th e  t o t a l  e le c tro n  s p in .  I f  

S = 0 , i . e .  th e  e le c t r o n s  a re  p a i re d ,  th e  sp in s  can ce l 

and th e  sp e c ie s  i s  s i n g l e t .  I f  two e le c tro n s  have p a ra ­

l l e l  s p in s ,  th e n  s = 1 and th e  sp e c ie s  i s  t r i p l e t .

The prim ary  photochem ical p ro c e s se s  which occur due to  e x c i ta t io n  of mole­

cu le s  a re  summarized in  T ab le  I  [ 8 ] .

The q u a n t i ta t iv e  t h e o r e t i c a l  p re d ic t io n  o f th e  n a tu re  and e f f ic ie n c y  

o f th e  p o s s ib le  prim ary p ro c e s se s  which occur as th e  in te rm e d ia te  r e s u l t  

o f l i g h t  a b so rp tio n  i s  n o t p o s s ib le  even fo r  sim ple m o lecu le s . However, 

one can f in d  th a t  sy s te m a tic  p a t te r n s  and c o r r e la t io n s  e x i s t  between 

chem ical s t r u c tu r e s  and photochem ical r e a c t io n  modes. U sing th e se  p a t te r n s .
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S in g le t  S ta te T r ip le t  S ta te

In te rsy s te m  c ro ss in g
S

I n te r n a l  Conversion

  t r l p l e t -
_ t r w le t  
a d s o rp tio n

S1
^ te r s y s t e m  c ro s s in g

Lowest T r ip le t  
S ta teF lu o rescen ce

Phosphores cence

V ib ra tio n a l and 
R o ta tio n a l S ub leve lsS

0

Ground S ta te

F igu re  1. Prim ary P h y s ic a l P ro cesse s  (A ccording to  Ja b lo n sk i)
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TABLE I

PRIMARY PHOTOCHEMICAL PROCESS

ABC(Si)

or

ABC (T^)

RH

ABC

•AB* + C  

•E + F

■ACB

ABC’ (S^) o r

•ABC'(T^) ABC (S^)

(ABCH) . + R. 

(ABC)^

•ABC + p rod u c t

•ABC+ + e~

^ --------► A B C + (°’  ̂ - )  +  D - ( o r  + )

   AB+ + C“

D is s o c ia t io n  in to  r a d ic a ls

In tra m o le c u la r  decom position 
in to  m olecu les

In tra m o le c u la r  rearrangem ent

P h o to iso m e riz a tio n

Hydrogen atom a b s t r a c t io n

P h o to d im e riz a tio n  (photo­
a d d i t io n )

P h o to s e n s it iz e d  re a c t io n

P h o to io n iz a tio n  

" E x te rn a l"  e le c tro n  t r a n s f e r  

" I n te r n a l "  e le c tro n  t r a n s f e r

(A f te r  C a lv e r t and P i t t . )
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one can make a  re a so n a b le  p r e d ic t io n  as to  th e  n a tu re  and e x te n t o f th e  

p rim ary  p ro cesse s  expected  in  r e la te d  compounds th a t  have n o t been s tu d ie d .

N o ta tio n  fo r  E le c tro n ic  S ta te s  o f D iatom ic M olecules

The n o ta t io n s  fo r  th a  s t a t e  of d ia tom ic  m olecu les t h a t  w i l l  be used  

in  th e  fo llo w in g  c h a p te rs  a r e  Z and A. Analogous to  th e  e l e c t r o n ic  con­

f ig u r a t io n  o f  atom s, th e  e l e c t r o n ic  s t a t e s  o f a d ia to m ic  m olecule a re  

c l a s s i f i e d  in  term s o f s e v e r a l  m o lecu la r quantum numbers. The f i r s t  o f 

th e s e ,  A, i s  th e  component o f th e  t o t a l  e l e c t r o n ic  o r b i t a l  an g u la r  momen­

tum, L, along  th e  in te r n u c le a r  a x i s .  V alues o f  A: 0 ,1 ,2 ,3 ;  a re  c l a s s i f i e d  

as Z, I T ,  A, and $ s t a t e s .  The m o lecu la r quantum number, S, i s  th e  sum o f 

v e c to rs  of th e  in d iv id u a l  e le c t r o n  s p in  moments in  u n i t s  o f h / 2ir, analogous 

to  atom s. When only p o s i t iv e  v a lu es  and zero  r e p re s e n t  S, th e  m u l t i p l i c i t y  

s t a t e  i s  2S+1, j u s t  as w ith  atom s.

In  a d d i t io n  to  th e se  quantum num bers, c e r t a in  o th e r  p ro p e r t ie s  o f 

th e  MO, M olecu lar O r b i ta l ,  m ust be s p e c if ie d  to  com plete ly  d e f in e  i t s  

energ y . I f  wave fu n c tio n , ij), changes s ig n  when th e  c o o rd in a te s  o f a l l  th e  

e le c t r o n s  a re  rep la ced  by t h e i r  n e g a tiv e  v a lu e s ,  th e  s t a t e  i s  u n gerade , "u" ; 

o th e rw is e , th e  s t a t e  i s  g e ra d e , "g " . These symbols a re  in d ic a te d  as sub­

s c r i p t s  to  A.

Symbols + and - ,  w r i t t e n  as s u b s c r ip ts  to  A, r e f e r  to  two types  o f 
+ _

s ig n  s t a t e s ,  Z and Z . The s t a t e  i s  p o s i t iv e  i f  i s  u n a l te re d  by r e f l e c ­

t io n  abou t a  p lan e  th rough  th e  two n u c le i ,  and n e g a tiv e  i f  i{i changes.

U sing th e se  n o ta t io n s ,  th e  ground s t a t e  and two s i n g l e t  s t a t e s  o f  

oxygen a re  re p re se n te d  by:

\
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S e le c tio n  Rules

The s e le c t io n  r u le s  [8 ,1 9 ,3 6 ,4 7 ]  th a t  w i l l  be enco u n te red  have a 

wave m echan ical background w ith  a r a d ia t iv e  e le c t ro n ic  t r a n s i t i o n  th a t  

may be c l a s s i f i e d  as "a llo w ed " , h igh  p r o b a b i l i ty ,  o r  " fo rb id d e n " , low 

p r o b a b i l i ty .  In  a c tu a l  p r a c t ic e  w ith  po lya tom ic m o lecu les  th e  s e le c t io n  

r u le s  o f te n  b reak  down s u f f i c i e n t ly  to  p erm it rea so n ab ly  s tro n g  a b so rp tio n  

p ro cesse s  to  o c c u r. One " fo rb id d en "  t r a n s i t i o n  o f g r e a t  im portance in  th i s  

d is c u s s io n  of p h o to o x id a tio n  i s  sp in  fo rb id d e n . For exam ple, r a d ia t iv e  

t r a n s i t i o n  in v o lv in g  a change o f  sp in  o r  m u l t ip l i c i ty  i s  s tro n g ly  fo rb id ­

den. Thus, s in g le  t r i p l e t  t r a n s i t i o n  o r  in te rsy s te m  c ro s s in g  i s  fo rb id d en ; 

however, r e a l  s t a t e s  a re  n o t p u re ly  s in g le t  o r  t r i p l e t ,  and th e  c ro s s in g  

phenomena o ccu rs  w ith  lower p r o b a b i l i ty  th an  o rd in a ry  i n t e r n a l  co n v ers io n .

B asic  K in e tic s  o f Photochem ical R eaction  [5 ,8 ,3 4 ]

In  photochem ical k in e t i c s ,  as in  therm al k in e t i c s ,  th e re  can be no 

g en e ra l fo rm u la tio n  o f a l l  changes th a t  can tak e  p la c e  even in  sim ple 

system s. A fte r  e x c i ta t io n ,  a  r a d ic a l  o r  m olecule may:

1 . Lose i t s  energy by spontaneous em ission  o f  a quantum, 

hv;

2. Decompose ch em ica lly ;

3 . Or be d ep rived  o f i t s  energy by c o l l i s io n s  w ith  m ole­

c u le s  o f i t s  own k ind  o r  o f  an o th e r  k ind .

The scheme w i l l  th en  be:
*

A + hv ------------► A k = e x c i ta t io n  by a b so rp tio n
o f r a d i a t i o n .

•jç
^  *’ + V k = f lu o re s c e n c e  o r  spontaneous

em ission  o r  r a d ia t io n .
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*
A -----------------— *■ P = spontaneous chem ical con­

v e rs io n  to  p ro d u c t P.
ic

A + A ------------ 2A k -  = d e a c tiv a tio n  by c o l l i s io n
o f i t s  own k in d .

*
A + B ----------A + B k , = d e a c tiv a tio n  by c o l l i s io n

w ith  m olecu les o f B.

D enoting "a" as th e  c o n c e n tra tio n  o f e x c ite d  r a d ic a ls  o r  m o lecu les,

and "n” as th e  c o n c e n tra tio n  o f o th e r  sp e c ie s  — th e  r a t e  o f  p ro d u c tio n ,

*
then  A becomes:

#  * V A  -  V  -  k )»  -  1̂ 2 “ a  -  ( 1)

The s ta t io n a r y  c o n d itio n  o f th e  a c t iv e  o r e x c ite d  s p e c ie s  i s  found when 

d a /d t  = 0 , hence:

k  n .
°  A+ k j  +  k^n^ + k^n j (2 )

The r a t e  o f chem ical change i s  k ^ a . I t  i s  concluded th a t  th e  r a t e  o f in ­

c re a se  in  th e  c o n c e n tra tio n  o f  p ro d u c t m olecule i s  :

dn k k -n .o 3 A
d t k^ + kg + k^n^ + k^n^ (3)

I f  th e  a c t iv a te d  m olecule i s  more l i k e l y  to  undergo chem ical change than  

any o f  th e  o th e r  p o s s ib le  changs, o r  i f  k_ i s  th e  dominant te rm , then :

d T  ’  V a  (4 )

I t  i s  a ls o  known th a t  k  = k . ,n  , where k . . i s  th e  f i r s t  o f  th e  E in s te in
0 i j  v ’ i j

th re e  c o e f f ic ie n t s  and n^ i s  th e  c o n c e n tra tio n  o f  photons in  th e  i r r a d i a ­

t in g  beam.

In tro d u c in g  th e  a b so rp tio n  c o e f f i c i e n t ,  a ,  which i s  d e fin e d  a s :

“  = k ^ j / c  = k ^ /n ^ c  (5 )
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and th e  l i g h t  in t e n s i ty ,  I  = cn^hv, where c i s  th e  v e lo c i ty  of l i g h t .

becomes ;

n a l  _V a l
k = n c a  = — —  = T~ (6)

o V n hv hv

or

dn ^

-A

which i s  th e  s im p le s t law  of photochem ical k in e t i c s .  That i s ,  th e  r a t e  

of fo rm a tio n  of p roduct P fo llo w s  th e  f i r s t  o rd e r  k in e t ic s  w ith  r e s p e c t  

to  A.

S e n s i t i z a t io n  [17 ,26 ,39 ]

From e a r l i e r  d is c u s s io n  i t  has been no ted  th a t  e x c ite d  m olecu les can 

be d e a c tiv a te d  by energy t r a n s f e r  in  th e  form of v ib r a t io n a l  energy to  th e  

su rround ing  s o lv e n t ,  o r to  m olecu les o f th e  same s p e c ie s  by a p ro cess  

th a t  in v o lv e s  c o l l i s io n .  T h is  r e le a s e d  energy  can be u t i l i z e d  to  e x c i te  

an o th e r s p e c ie s  e l e c t r o n i c a l ly ,  p rov ided  c e r t a in  c o n d itio n s  a re  s a t i s f i e d .  

In  o rd e r f o r  energy t r a n s f e r  to  o c c u r , th e  fo llo w in g  c o n d itio n s  m ust 

p r e v a i l  [1 9 ]:

1 . The donor e x c ite d  s t a t e  must be s u f f i c i e n t l y  long liv e d  

to  t r a n s f e r  i t s  energy to  an  a c c e p to r  b e fo re  v a r io u s  non- 

r a d ia t iv e  or r a d ia t iv e  decay r e a c t io n s  o ccu r.

2 . The ex c ite d  energy  of th e  a c c e p to r  should  n o t exceed th a t  

o f th e  donor; o th e rw is e , th e  p ro cess  would be endotherm ie 

and th e re fo re ,  im p o ss ib le .

3 . In  accordance w ith  th e  s e le c t io n  r u l e s ,  th e  t o t a l  sp in  

must be conserved .
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When th e se  c o n d itio n s  a re  s a t i s f i e d ,  v e ry  e f f i c i e n t  energy t r a n s f e r  can 

ta k e  p la c e . This energy t r a n s f e r ,  which i s  fo llow ed  by em ission  o r r e a c ­

t io n  o f th e  a c c e p to r ,  i s  c a l le d  s e n s i t i z a t i o n .  P ro p e rly  sp eak in g , th e  

donor o r  s e n s i t i z e r  w i l l  be transfo rm ed  to  i t s  o r ig in a l  s t a t e  and resume 

i t s  fu n c tio n  a s  a photon a b s o rb e r . However, in  th e  absence of an accep­

to r ,  o r i f  th e  a cc ep to r  c o n c e n tra t io n  i s  r e l a t i v e l y  low as compared to  

th a t  o f th e  donor, th e  s e n s i t i z e r  w i l l  undergo a chem ical o r p h y s ic a l 

r e a c t io n ,  w hich w i l l  r e s u l t  in  th e  in e f f e c t iv e n e s s  of i t s  p h o to s e n s i t iz a ­

t io n .

P h o to o x id a tio n  and P h o to s e n s it iz e d  O x idation  

In tro d u c t io n

Photochem ical r e a c t io n s  of o rg an ic  s u b s t r a te s  w ith  m o lecu la r oxygen 

have been e x te n s iv e ly  s tu d ie d  w ith  re s p e c t  to  t h e i r  p re p a ra t iv e  and mechan­

i s t i c  a s p e c ts  [3 ,1 4 ,1 5 ,1 7 ,2 6 ,2 8 ,4 2 ,4 3 ] ,  i . e .  th e  s tu d ie s  were em phasized 

on th e  p ro d u c tio n  of oxygenated compound(s) and th e  r e a c t io n  mechanisms 

in v o lv ed . Photooxygenation  can  be c l a s s i f i e d  in to  two m ajor ty p e s ,  

nam ely:

1 . Type I  O xygenation in  which f r e e  r a d ic a l s  and e l e c t r o n i ­

c a l ly  e x c ite d  s p e c ie s  a re  inv o lv ed ;

2. Type I I  O xygenation in  which only  e l e c t r o n i c a l ly  e x c ite d  

sp e c ie s  occur a s  in te rm e d ia te s ,  and th e  r e a c t io n  can be 

e i th e r  d i r e c t  o r  i n d i r e c t ,  p h o to s e n s it iz e d .

Type I  oxygenation  i s  a ls o  c h a ra c te r iz e d  by th e  o ccu rren ce  o f c h a in  

r e a c t io n s  and th e  fo llo w in g  r e a c t io n  scheme can  be assumed:
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RH + hv ------------------   (RH) a b so rp tio n

(EH) + RH------------ ► (RH)2  dim er iz a t io n

(RH) ----------------------------» RH + hv f lo u re sc e n c e

(RH)* -------------------------- »■ R* + H’ f r e e  r a d ic a l  fo rm a tio n

A fte r  th e  f r e e  r a d ic a l s  a re  form ed, th e  c h a in  r e a c t io n s  w i l l  fo llo w  th e  

common p a t t e r n ,  i . e .  i n i t i a t i o n ,  p ro p a g a tio n  and te rm in a tio n . 

I n i t i a t i o n :  F ree  r a d ic a ls  s o u r c e ------------------   R*

P ro p ag a tio n :

T erm ination :

-R -  +  Og    RO,

ROg" +  RH------------------------------------------- R O ^ H  + ---R --------

2R------------------------------------------------   R-R

R.  + ROg-----------------------------------  ROOR

ZROg •    ROOR + Og

e tc .

Depending on th e  system  c o n d itio n s  and th e  chem ical p r o p e r t ie s  of 

th e  p ro d u c ts , R-R, ROOR, e t c . ,  th e se  compounds can undergo decom position  

r e s u l t in g  in  sm a lle r  fragm en ts o r s ta b le  end p ro d u c ts .

Type I I  o x y g en a tio n  can be summarized by th e  r e a c t io n  scheme in t r o ­

duced by G o lln ick  [1 4 ,1 7 ] :

________________ D ire c t_________________________________ I n d ir e c t_______________
*  *

A + hv ----------------- A S + h v ------------------   S

I .  A c c e p to r-A c tiv a tio n  Mechanism
*  *  *

A + Og---------------- - AOg S + A    S + A

D ire c t Com bination Energy T ra n s fe r

A* + O g---------------   AO 2
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D ire c t In d ir e c t

A +  A (AA)

Complex Form ation

(AA) +  0 , A +  AD.

S +  A (SA)

Complex Form ation

(SA ) +  Or S +  AOr

I I .  O xygen-A ctivation  Mechanism

A + Or A +  Or

Energy T ra n s fe r

A + Or

AOr

(AO^)

Complex Form ation

(AOg) +  A A +  AOr

s + Or S + Or
Energy T ran sfe r

S +  0 ,

AOr

(sop

Complex Form ation

(S O ^) +  A A +  AOr

*  *  
(AA) , (A 0 _ )

w here:

A = s u b s t r a te
*

A = s in g le t  o r  t r i p l e t  e x c ite d  A

= e l e c t r o n i c a l ly  e x c ite d  complexes

S = s e n s i t i z e r
*

S = s in g le t  o r  t r i p l e t  e x c ite d  S

(SA) , (SOg) = e l e c t r o n i c a l ly  e x c ite d  complexes

In  many c a se s , th e  s u b s t r a te  A w i l l  have an  a b so rp tio n  peak  a t  sh o r t 

w avelength  ran g e . From th e  above schem es, i t  can be concluded th a t  Type 

I I  d i r e c t  and Type I  P ho tooxygenation  can only  be e f f i c i e n t  under th e  

exposure of UV and f a r  UV spectrum .

Some of th e  s u b s t r a t e s ,  o rg an ic  compounds, th a t  have an a b s o rp tio n  

peak a t  th e  UV range a r e ;  o rg an ic  a c id s  and e s t e r s ,  below 2500 K; a lc o h o ls  

and e t h e r s ,  below 2000 a l ip h a t i c  am ines, below 2500 and p h e n o ls .
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2380 X and 2780 S.

I t  i s  g e n e ra lly  tru e  th a t  o p e ra tin g  a t  a near or f a r  UV reg io n  is  

c o s t ly  and le s s  e f f i c i e n t ,  p r im a r i ly  because of th e  l i g h t  so u rce  and the 

a b so rp tio n  o f th e  e f f e c t iv e  spectrum  by th e  m a te r ia l  of th e  immersion w e ll 

and c o o lin g  system . On th e  o th e r  hand, many s e n s i t i z e r s  fo r  p h o to o x id a tio n  

a re  co lo re d  m a te r ia ls ,  dyes o r  p igm ents, and hence, l i g h t  o f th e  v i s ib l e  

spectrum  can be ap p lied  to  th e  p ro cess  [8 ,1 9 ,4 7 ] .

R eac tion  P ro cesse s  in  P h o to se n s itiz e d  R eac tions 

Bourdon and Schnuriger [6 ] in troduced  the  fo llo w in g  scheme a s  des­

c rib ed  in  F ig u re  2 to i l l u s t r a t e  th e  o v e ra l l  r e a c t io n s .  T his diagram  

shows th e  d e a c t iv a t io n  p ro cess  o f the  s e n s i t i z e r  m olecule from i t s  t r i p l e t  

s t a t e  to  ground s t a t e .  C om petition  between th e se  r e a c t io n s  w i l l  determ ine 

th e  ro u te  and e f f ic ie n c y  o f  th e  r e a c t io n .

Bourdon and S chnuriger p o in ted  ou t th a t  among th e se  p ro c e sse s  two 

r e a c t io n s  can  le ad  to  a chem ical tra n s fo rm a tio n . These r e a c t io n s  of a 

t r i p l e t  s e n s i t i z e r  w ith  oxygen and a reducing  compound a re  shown below:

3 /  (D— Og) \  RH 1
D_ + 0 ----- ) --------------------------------------- ► D + p ro d u c t (1)

3 Vr . + dh- y
+ p ro d u c t (2 )

The f i r s t  eq u a tio n  r e s u l t  i l l u s t r a t e s  oxygen t r a n s f e r  and th e  se ­

cond i l l u s t r a t e s  th e  t r a n s f e r  in  e le c tro n  o r  hydrogen a b s t r a c t io n .  In  

bo th  c a se s  th e  s e n s i t i z e r  i s  re g e n e ra te d  b u t th e  o x id a tio n  p ro d u c ts  a re  

n o t n e c e s s a r i ly  th e  same. An in h e re n t co m p e titio n  between r e a c t io n  (1)



2 2

léuco

D + p ro d u c ts+ RH
recom bination

RH
therm al

hv

hv

hv.Ph
therm al

[uenchii

D + p ro d u c tsD --0

quenching I 1.

gxygen

RH prod .

F ig u re  2 . Major R eac tion  P rocesses  in  P h o to s e n s itiz e d  R eaction  
(A fte r  Bourdon and S c h n u rig e r) .
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and (2) e x i s t s .  Depending upon th e  n a tu re  o f th e  s e n s i t i z e r ,  th e  m a tr ix

and th e  ex p erim en ta l c o n d i t io n s ,  th e  f i r s t  o f th e  second w i l l  be fav o red .

(D— 0^) i s  th e  m e ta s ta b le  p e ro x id e  p o s tu la te d  by Schenck a s  being  th e

n e c e ssa ry  in te rm e d ia te  in  p h o to s e n s it iz e d  o x id a tio n .

When th e  p h o to s e n s it iz e d  r e a c t io n s  ta k e  p la c e  in  a s o l id  m a tr ix  o r

in v o lv e  absorbed compounds, th e  r e l a t i v e  im portance o f  r e a c t io n  (1 ) and

(2) can be m o d ified . The c o n d itio n s  imposed by th e  medium can  fav o r th e
3

r e a c t io n  o f th e  t r i p l e t  s e n s i t i z e r ,  D^, w ith  oxygen o r th e  red u c in g  sub­

s t r a t e .  For exam ple, when th e  s e n s i t i z e r  m o lecu le  i s  s e p a ra te d  from th e  

red u c in g  m o lecu le , i t  can be p re d ic te d  th a t  th e  on ly  p o s s ib le  r e a c t io n  i s  

p h o to s e n s it iz e d  o x id a tio n  by th e  in te rm e d ia te  o f an a c t iv a te d  oxygen mole­

c u le ,  i . e .  r e a c t io n  (1 ) . B u t, i f  oxygen i s  o f low c o n c e n tra tio n  o r  i f  

th e  s e n s i t i z e r  i s  in  c lo s e  I n te r a c t io n  w ith  th e  red u c in g  s u b s t r a t e ,  th e  

d i r e c t  r e a c t io n  between them i s  l i k e ly  to  occu r v ia  r e a c t io n  (2 ) . Photo­

s e n s i t i z e d  o x id a tio n  o f an o rg a n ic  compound in  w hich th e  s e n s i t i z e r  and 

th e  o x id iz a b le  compound a re  se p a ra te d  w i l l  be review ed l a t e r  in  t h i s  

c h a p te r .

N atu re  o f S e n s i t i z e r s

F ig u re  2 shows th a t  th e  o ccu rren c e  of p h o to s e n s it iz e d  o x id a tio n  i s
3

h ig h ly  dependent on th e  e x is te n c e  o f D^, o r  th e  t r i p l e t  e x c i te d  s t a t e  of 

th e  s e n s i t i z e r .  The f a c t  th a t  s e n s i t i z a t i o n  in v o lv in g  th e  t r i p l e t  s t a t e  

i s  more fa v o ra b le  th an  th a t  in v o lv in g  th e  s in g l e t  s t a t e  i s  obv ious from 

th e  lo n g e r l i f e - t im e  of th e  fo rm er; i . e .  th e  in te rs y s te m  c ro s s in g ,  

i s  a c tu a l ly  s p in  fo rb id d e n .

The s e n s i t i z e r  o f pho tochem ical r e a c t io n s  can be grouped in to  th re e  

d i f f e r e n t  c la s s e s  [ 6 ] acco rd in g  to  t h e i r  m ain c h a r a c t e r i s t i c s .  T h is
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c l a s s i f i c a t i o n  which fo llo w s  i s  somewhat crude and lim ite d  to  dye 

s e n s i t i z e r s .

C lass  I  in c lu d e s  dyes w hich have a h ig h e r r e a c t i v i t y  f o r  oxygen than  

fo r  a red u c in g  a g e n t. T h e ir lo w est e x c ite d  s t a t e  i s  p ro b ab ly  a  t r i p l e t ,  

T^(n, ÏÏ ) .  They a re  f lo u r e s c e n t ,  p h o to re d u c ib le  and s e n s i t i z e  v a r io u s  

p h o to re a c tio n s  by th e i r  t r i p l e t  s t a t e .  They belong  to  th e  xan thene type  

d yes: a c r id in e ,  th i a z in e ,  some p o rp h y rin e s  and r ib o f l a v in .

C la ss  I I  in c lu d e s  dyes w hich r e a c t  r e a d i ly  w ith  hydrogen donors by 

a b s t r a c t in g  a  hydrogen atom. T h e ir  low est e x c ite d  s t a t e  i s  t r i p l e t ,

T^(n, TT ) .  Vat dyes and d e r iv a t iv e s  o f an th raq u in o n e  belong  to  t h i s  

C la ss .

C lass I I I  dyes a re  c lo s e ly  r e l a t e d  s t r u c t u r a l l y  to  C la ss  I I ,  b u t

have m oderate r e a c t i v i t y  to  oxygen. T heir t r i p l e t  s t a t e  i s  c o n s id e re d  to  

l '
*

be T. (t7, IT ) ,  a  f a c t  th a t  in d ic a te s  th ey  may a ls o  be r e la te d  to  C la ss  I .

Due to  th e  im portance o f C la ss  I  s e n s i t i z e r s  in  t h i s  r e s e a rc h  work, 

th e  rev iew  w i l l  be co n fin ed  to  t h i s  ty p e  o f s e n s i t i z in g  dye . As m entioned 

p re v io u s ly  in  t h i s  c h a p te r ,  one o f th e  c o n d itio n s  fa v o rin g  th e  s e n s i t iz e d  

re a c t io n  i s  th a t  th e  energy  of th e  donor, e x c ite d  t r i p l e t  s t a t e  o f th e  

s e n s i t i z e r ,  should  be h ig h e r th a n  th a t  o f th e  a c c e p to r ,  oxygen. Chambers 

and Kearns [10] have in v e s t ig a te d  th e  t r i p l e t  s t a t e s  of some common 

p h o to s e n s it iz in g  d y es . S in g le t  and t r i p l e t  energy le v e l s  o f  o rg a n ic  dye

monomers a r e  l i s t e d  in  Table I I .

In  most s e n s i t i z a t i o n  r e a c t io n s ,  r a th e r  c o n c e n tra te d  dye s o lu t io n s  

a re  used and co n seq u en tly  d im ers a re  th e  predom inant s e n s i t i z in g  s p e c ie s .  

Chambers and K earns found th a t  to  c a lc u la te  th e  energy  of th e  dim er t r i p ­

l e t  s t a t e s ,  1 .2  ± 0 .3  K cal shou ld  be s u b s tra c te d  from th e  monomer e n e rg ie s .
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TABLE I I

SINGLET AND TRIPLET ENERGY LEVELS OF ORGANIC DYE MONOMERS

Dye T —— S^ (Kcal) S^------- - S (K cal)

A crid in es

A crid in e  Orange 49.2 56

A c r if la v in 51.1 59

Iso a llo x azo n es

R ib o fla v in 50 57.8

X anthenes

F lu o re sc e in 47.2 55

E osin  B 45.5 52

E osin  Y 45.5 52.5

Rhodamine B 43 49 .3
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Oxygen quenches th e  s e n s i t i z e r  phosphorescence and accord ing  to  K autsky, 

a p io n e e r in  p h o to s e n s it iz e d  o x id a tio n  s tu d ie s ,  th e  quenching p ro cess  

comes from an energy t r a n s f e r  from th e  e x c ite d  dye to  oxygen r a i s in g  the  

oxygen m olecu le  to  i t s  e x c ite d  s in g l e t  s t a t e s ,  and These e le c ­

t r o n i c a l l y  e x c ite d  s in g le t  s t a t e s  o f oxygen a re  lo c a te d  37.5 K cal and

22.5 K cal above th e  t r i p l e t  ground s t a t e .  I t  i s  th en  obvious th a t  the  

energy t r a n s f e r  from ex c ite d  t r i p l e t  s e n s i t i z e r ,  w ith  an energy le v e l  

rang ing  from 43 to  51 K ca l, to  ground s t a t e  oxygen form ing two s in g le t  

s t a t e s  i s  therm odynam ically  p o s s ib le .  The n a tu re  of s in g le t  oxygen w i l l  

be d is c u s se d  l a t e r  in  more d e t a i l .

Some in o rg a n ic  pigm ents such as  ZnO, ZnS and TiOg, a re  known to 

p o sse ss  s e n s i t i z in g  p r o p e r t ie s .  E gerton  [ 6 ] conducted experim ents on th e  

te n d e rin g  o f c e l lu lo s e  f ib r e s  by some s e n s i t i z e r s .  These r e s u l t s  a re  

summarized in  T able I I I .

TABLE I I I

DEGRADATION OF UNDYED COTTON EXPOSED 50 MINUTES IN SUNLIGHT*

% lo s s  in' t e n s i l e  s t r e n g th

No f i lm  o f s e n s i t i z e r 10-13

TiOg 30

ZnO 66

ZnS 67

Caledon Yellow 5 G 47

E osin 76

A c r if la v in 100

*
p laced  over f i lm s  of s e n s i t i z e r  in  a i r  a t  1 0 0% r e l a t i v e  hum id ity .



27
E g o rto n 's  experim ent showed th e  o ccu rren ce  of s e n s i t iz e d  o x id a tio n  

" a t  a d is ta n c e " ,  o r where th e  o x id iz a b le  compound and s e n s i t i z e r  a re  held 

a t  a d is ta n c e  from each o th e r .  These phenomena had been s tu d ie d  e a r l i e r  

by K autsky. He suggested  th a t  th e  o x id iz in g  sp e c ie s  were s in g le t  oxygen 

th a t  had met o b je c tio n s  a s  to  th e  n a tu re  o f th e  o x id iz in g  e n t i t y ,  and 

could j u s t  a s  w e ll have been ; 0 ^ , HO^, v ib r a t io n a l ly  e x c ite d  Og o r hydro­

gen p e ro x id e .

O x idation  S pecies

S ince th e  p io n e e rin g  work o f  K autsky, th e re  has been d isag reem en t 

on th e  o x id a tio n  e n t i t i e s  in  th e  p h o to s e n s it iz e d  o x id a tio n . I t  has been 

proposed th a t  th e  o x id a tio n  sp e c ie s  could  be Og, HOg, e x c ite d  0 ^ and 

HgOg. S ev era l hypo theses have been made concern ing  th e  n a tu re  o f th e  o x i­

d iz in g  ag en t and acco rd in g  to  Egorton i t  cou ld  be;

1 . In  th e  absence o f w a te r , an  a c t iv a te d  form o f  oxygen,

1 -  *such a s  Og; Og o r  0 ^ ,  v ib r a t io n a l ly  e x c i te d ,  which i s

a b le  to  perform  o x id a tio n  only  a t  a  s h o r t d is ta n c e  o r 

under low oxygen p re s s u re .

2 . In  th e  p resen ce  o f w a te r ,  hydrogen p e ro x id e , which i s  

a b le  to  perform  o x id a tio n  a t  long d is ta n c e s .

Hydrogen P erox ide

Water ab so rb s  r a d ia t io n  to  a  s ig n i f i c a n t  e x te n t a t  w avelengths below 

2000  X ,  and th e  spectrum  o f th e  vapor i s  co n tin u o u s to  a  f i r s t  peak a t  

1650 X [3 ] ,  In  t h i s  w aveleng th  re g io n  th e re  i s  s u f f i c i e n t  energy  f o r  

p rim ary  r e a c t io n s .
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H^O + h v ----------- - Hg + 0 -117 K cal/m ole

H^O + hv ----------- ► H + OH -118 K cal/m ole

I t  i s  o f i n t e r e s t  to  m ention th a t  w h ile  r a d io l y s i s  o f w ater produces hy­

d ra te d  e le c tro n s  as  th e  dom inant s p e c ie s ,  in  p h o to ly s is  o f w a te r , th e  

y ie ld  in  h y d ra ted  e le c tro n s  i s  l e s s  th an  1 0 % o f th e  hydrogen atom y ie ld ,  

and only  one s ix th  o f th e  hydrogen atoms produced in  p h o to ly s is  g ive  

hydrogen gas as  compared to  50% in  r a d io l y s i s .

There i s  some u n c e r ta in ty  about th e  fo rm a tio n  of hydrogen perox ide  

in  th e  p h o to ly s is  o f a e ra te d  w ater u n le s s  a  s e n s i t i z in g  m a te r ia l  i s  p re ­

s e n t .  A c o n s id e ra b le  number o f s tu d ie s  on p h o to s e n s it iz e d  decom position  

o f w ater have been r e p o r te d ,  o f which a re  o f th e  more in te r e s t in g  i s  th e  

decom position  s e n s i t iz e d  by z in c -o x id e  [1 1 ,3 1 ] ,  In  th e  absence of mole­

c u la r  oxygen no r e a c t io n  o c c u rs , bu t hydrogen p e ro x id e  i s  formed wh-^n 

oxygen i s  p re s e n t and one mole o f  oxygen i s  consumed p e r mole of hydrogen 

perox ide  form ed. The r e a c t io n  i s  suggested  a s  fo llo w s :

1. E le c tro n  t r a n s f e r  to  a  w ater m o lecu le , a p rim ary  p ro c e ss .

ZnO-HgO + h v    ZnO' '̂MgO"

2. Immediate d is s o c ia t io n  of H^O .

ZnO'^HgO"-------------------- - ZnO''oH“ + H

3 . Form ation o f  HO^.

H +  O g --------------- ►HO2

4. R ecom bination r e a c t io n .

HOg + HOg-------------- "HgOg + Og

Markham and L a id le r  [31] conclude th a t  th e  p o s s i b i l i t y  of z inc
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p ero x id e  fo rm a tio n  was excluded due to  th e  f a c t  th a t  th e  p e ro x id e  was 

found e n t i r e ly  in  s o lu t io n .  The quantum y ie ld  fo r  t h i s  p h o to se n s it iz e d  

o x id a tio n  was 0 .25 in  th e  absence o f o rg an ic  m a te r ia ls ,  and 0 .5  when a 

sm all amount o f phenol was added to  th e  system . They a ls o  found th a t  th e  

a c t iv a t io n  energy  was 3 to  4 K cal.

Semi-Reduced Oxygen, 0^

The r e a c t io n  o f oxygen w ith  dyes in  t h e i r  t r i p l e t  s t a t e  —xanthene 

dyes in  p a r t i c u l a r ,  r e s u l t s  in  th e  p ro d u c tio n  of a sem i-o x id ized  r a d ic a l  

and sem i-reduced  oxygen m o lecu le . The r e a c t io n  scheme proposed by Weis 

and U ri [6 ] i s  a s  fo llo w s :

3 + -D + Og   D + Og

Og +  » HOg

Follow ing W eis 's  id e a s ,  Egorton t r i e d  to  confirm  th a t  " a c t iv a te d "  oxygen 

was th e  sem i-reduced  oxygen m o lecu le s , 0^. T h is p o s tu la t io n  was based 

on th e  s i m i l a r i t y  o f th e  p h o to s e n s it iz in g  p ro p e r t ie s  o f e o s in ,  a c r i f l a v i n ,  

th e  w h ite  p igm ents o f ZnO, ZnS and T i0 2 , and v a r io u s  v a t  d y es . I r r a d ia ­

t io n  of th e se  s e n s i t i z in g  m a te r ia ls  by l i g h t  in  th e  p resen ce  o f w ater and 

oxygen r e s u l t s  in  th e  fo rm atio n  o f hydrogen p e ro x id e  i s  e x p la in ed  by th e

fo llo w in g  r e a c t io n s :
* +  -  

Sens + Og ------- *“ Sens + 0^

o j  + H*"---------- -HOj

+ °2

The fo rm a tio n  o f hydrogen p e ro x id e  r e q u ire s  O2 a s  an in te rm e d ia te .  In  th e

case  o f ZnO, Egorton p o in te d  o u t th a t  e le c tro n s  e x c ite d  by l i g h t  a re  r a is e d  

to  th e  co n d u c tio n  band of ZnO and a re  th e n  trap p e d  a t  th e  s u r fa c e  by
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p h y s ic a l ly  abso rbed  oxygen.

Og + e l e c t r o n ------------► Og

P h y s ic a lly  C hem ically
Absorbed Absorbed

Then 0^ r e a c t s  w ith  h"*" and y ie ld s  hydrogen p e ro x id e .

The fo rm a tio n  o f hydrogen p ero x id e  can be b e t t e r  ex p la in ed  by th e

p a r t i c ip a t io n  o f th e  0 ^ io n  than  th rough th e  in te rm e d ia tio n  o f e x c ite d

1 *  
s in g le t  oxygen, O^, o r  v ib r a t io n a l ly  e x c ite d  oxygen, 0 ^ , f o r  w hich l i t t l e

in fo rm a tio n  i s  p r e s e n t ly  a v a i la b le  concern ing  th e  p o s s i b i l i t y  o f such a 

r e a c t io n .  These v iew s a r e  s tro n g ly  supported  by f l a s h  p h o to ly s is  e x p e r i­

ments perform ed by L in d q v is t on aqueous s o lu t io n s  o f  f lo u re s c e in  in  th e  

p resen ce  o f oxygen [2 0 ]. In  th e se  s o lu t io n s ,  oxygen a c t s  as an  e f f i c i e n t  

quencher;

S  + Og-------------- +  Og

o r chem ical quencher.

3d + Og-------------- + Og (or HgOg)

The p ro d u c tio n  o f sem i-ox id ized  dye by th e se  r e a c t io n s  i s  a p p re c i­

ab le  and i t  seems q u i te  re a so n a b le  to  conclude th a t  0 ^ and can  p lay

th e  r o le s  o f in te rm e d ia te s  in  p h o to s e n s it iz e d  o x id a tio n .
*

V ib ra t io n a l ly  E x c ited  Oxygen, 0^

R osenberg , e t .  a l .  [ 6 ] ,  on th e  b a s is  o f  experim en ts  s im i la r  to  th e  

ones o f K autsky , have suggested  th a t  th e  a c t iv a te d  form of oxygen may be 

v ib r a t io n a l ly  e x c i te d  m olecu lar oxygen. They s tu d ie d  th e  phosphorescence 

of a c r i f l a v i n  absorbed  on a s i l i c a  g e l p a r t i c l e  and concluded th a t  the  

r e a c t io n s  in v o lv ed  w ere:
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1. E x c i ta t io n  of oxygen to  v ib r a t io n a l  s t a t e ,  r e p re s e n te d :

by Og,

2 2 
*

2. And a r e a c t io n  o f 0^ w ith  a n o th e r  dye m olecu le  in  i t s  

t r i p l e t  s t a t e .

* 3
Og + D -------------  P roduct + hv

E xcited  S in g le t  M olecu lar Oxygen, and
       S, , R

O rig in a l ly ,  Kautsky made th e  p o s tu la t io n  th a t  th e  o x id iz in g  e n t i ty

1 +was oxygen in  i t s  m e ta -s ta b le  s in g le t  e x c ite d  s t a t e ,  E^, c h a ra c te r iz e d  

by an energy of 37 .3  Kcal above th e  ground s t a t e  — X = 7620 He l a t e r  

p o in te d  ou t th a t  an o th e r e x c ite d  s t a t e  oxygen o f lower energy  cou ld  be 

re s p o n s ib le  fo r  p h o to s e n s it iz e d  r e a c t io n s  a t  w avelengths g r e a te r  th an  

7600 &. S in g le t m o lecu la r oxygen, ^A^, having an energy  o f 22 K cal above 

ground s t a t e  w i l l  a llo w  th e  p h o to s e n s it iz e d  r e a c t io n  to  occur w ith  l i g h t  

up to  12,610 &. The p o te n t ia l  energy  cu rv es  o f oxygen a r e  i l l u s t r a t e d  in  

F ig u re  3.

D esp ite  th e  p io n e e rin g  works o f K autsky more than  t h i r t y  y e a rs  ago, 

i t  was n o t u n t i l  r e c e n t ly  th a t  p h o to ch em ists  came to  th e  c o n c lu s io n  th a t  

s in g le t  m o lecu la r oxygen p la y s  an im p o rtan t r o le  in  a s u r p r i s in g ly  d iv e rs e  

number o f a r e a s ,  i . e .  d y e - s e n s it iz e d  p h o to o x id a tio n , chem ilum inescence 

r e a c t io n ,  upper atm osphere ch e m is try , d e g ra d a tio n  o f m a te r ia l s ,  e t c .  [1 7 ].

S in g le t  m o lecu la r oxygen can be produced by chem ical o r p h y s ic a l 

m ethods. A summary o f  th o se  methods now in  u se  i s  g iven  below:

1 . Chemical Method

a . r e a c t io n  o f hydrogen p e ro x id e  w ith  h y p o c h lo r i te  o r
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100

P o te n t ia l  

Energy so 

K c a l /e in s te in

7619 1

12610 &

2.01 .5
In te rn u c le a r  D is tance  A

1.0

Figure 3. P o te n t ia l  Energy Curved f o r  Oxygen 
(A fte r O g ry z lo ).
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hypobrom ite. T h is method came from th e  s tu d ie s  of 

"red  lum inescence" observed  when c h lo r in e  gas was 

bubbled th rough  an a lk a l in e  s o lu tio n  o f hydrogen 

p e ro x id e . S p ec tro sco p ic  re s e a rc h  by Bowen and 

L loyd, Khan and K asha, O gryzlo , e t .  a l . ,  e s t a b l i s h ­

ed th a t  th e  em ission  was due to  th e  fo rm a tio n  o f 

s in g le t  oxygen in  th e  fo llo w in g  r e a c t io n ;

NaOCl + ------------ NaCl + Ĥ O + ^0^

b . r e a c tio n  o f  p o tassium  su p ero x id e  w ith  w a te r . Khan

[ 2 1 ] re p o rte d  th a t  t h i s  method could be a fa v o ra b le  

source fo r  p ro d u c tio n . Potassium  su p ero x id e  

c r y s ta l s  a re  io n ic  l a t t i c e s  o f K^ and 0 ^ io n s .  

T h e re fo re , th e  fo rm a tio n  o f s in g le t  oxygen i s  assum­

ed on th e  b a s is  of a o n e -e le c tro n  t r a n s f e r  r e a c t io n :

0 -  +  e -

The d e ta i le d  n a tu re  o f  t h i s  chem ical r e a c t io n  i s  no t 

c le a r ly  u n d e rs to o d .

c . therm al decom position  o f  a ry lp e ro x id e . T h is r e a c t io n
1

probably  fa v o rs  th e  p ro d u c tio n  of

d . h ig h ly  exo therm ic th e rm al and photochem ical r e a c t io n s  

o f ozone could  g iv e  r i s e  to  e l e c t r o n ic a l ly  e x c ite d  

m olecu lar oxygen. T his r e a c t io n  i s  o f  c o n s id e ra b le  

im portance in  a tm ospheric  ch em istry :

0 ^ + h v -------------------- + ^0 ^

The w avelength a t  w hich t h i s  r e a c t io n  can g iv e  ^A^
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i s  app rox im ate ly  3100 &.

2. P h y s ic a l Methods [17 ,37 ,50 ]

a .  p h o to s e n s i t iz a t io n  by v i s i b l e  o r n e a r u l t r a - v i o l e t  

l i g h t  a b s o rp tio n . T h is  p ro c e ss  i s  co n sid ered  a 

p h y s ic a l one, as  th e  fo rm atio n  of s in g le t  oxygen i s  

produced by energy t r a n s f e r  from th e  e x c ite d  s e n s i ­

t i z e r  to  normal oxygen. Most s e n s i t i z e r s  fav o r

and o n ly  w ith  in f r a r e d  s e n s i t i z e r s  cou ld  be
g

e x c lu s iv e ly  produced.

b . e l e c t r i c a l  d isc h a rg e  th ro u g h  a s tream  o f gaseous

oxygen. The p ro d u c ts  of an e l e c t r i c  d isc h a rg e

th rough  m o lecu la r oxygen c o n ta in  an  a p p re c ia b le

am ount, 10-20%, o f s in g l e t  oxygen. Scrubbing th e

m ix tu re  th rough  w ate r w i l l  e l im in a te  0 „ (^Z^)
^ g

s in c e  t h i s  s in g le t  s t a t e  i s  e a s i l y  quenched by 

w a te r m o lecu les. On th e  o th e r  hand , 0^ 

seems to  be  immune to  d e a c t iv a t io n  by w ater 

m o le c u le s .

The d e te c t io n  of th e  p resen ce  o f s i n g l e t  m o lecu la r oxygen in  a  sy­

stem may be a f f e c te d  by d i r e c t  o b s e rv a tio n  i f  c o n c e n tra tio n  p e rm its ;  

o th e rw ise , i n d i r e c t  d e te c t io n  by th e  r e s u l t  o f  s in g le t  oxygen r e a c t io n s  

should be perfo rm ed . The u s e fu l  d e te c t io n  methods a re  [1 7 ,5 0 ]:

Lum inescence sp ec tro sco p y  \

E le c tro n  param agnetic  resonance  

Mass sp ec tro sco p y  

Chem ical scavenger 

C a lo r im e tr ic
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The Role of S in g le t  M olecular Oxygen in  P h o to se n s itiz e d  O x ida tion

Because of th e  im portance o f s in g le t  m olecu lar oxygen in  p h o to se n s i­

t iz e d  o x id a tio n , a more e x te n s iv e  rev iew  w i l l  be p re se n te d . The mechanisms 

of th e  fo rm atio n  o f s in g le t  m o lecu la r oxygen in  p h o to s e n s it iz e d  r e a c t io n s ,  

which Kautsky proposed and which now appear to  be c o r r e c t ,  a r e  a s  fo llo w s 

[22]:

S e n s  — »^Sens E x c i ta t io n  o f s e n s i t i z e r  to
an e x c ite d  s in g le t  s t a t e .

1 3S e n s ------------------  Sens In te rsy s te m  c ro ss in g  o f  ex­
c i te d  s e n s i t i z e r  to  i t s  
low est t r i p l e t  s t a t e .

3 3 1Sens + Og------------ ►Sens + 0^ Form ation o f e x c ite d  s in g le t
oxygen, sigma o r d e l t a ,  by
energy t r a n s f e r  to  ground
s t a t e  oxygen.

1 _ ,ly +  1 . o
2 g g) + A  ^ Og R eac tio n , d e a c t iv a t io n ,  of

s in g le t  oxygen w ith  mole­
c u le  A.

A com parison o f  oxygenated p ro d u c ts  o b ta ined  from s e n s i t i z e d  photo­

oxygenation , w ith  th o se  formed under r e a c t io n  c o n d itio n s  where s in g le t  

oxygen m olecu les w ere known to  be p re s e n t (HgOg + NaOCl), g iv e s  ev idence 

to  th e  tru ism  o f th e  proposed scheme.

One o f th e  b a s ic  assum ptions in  th e  Kautsky photooxygenation  mechan­

ism i s  th a t  s i n g l e t  oxygen m o lecu les  a re  genera ted  by t r a n s f e r  o f energy 

from th e  t r i p l e t  s t a t e  o f th e  s e n s i t i z e r  to  ground s t a t e  oxygen. This 

energy t r a n s f e r  m igh t seem odd s in c e  two t r i p l e t  s t a t e  m olecu les a r e  l o s t  

and rep la ced  by two s in g l e t  m o lecu le s . T his mechanism i s  more u n d e rs ta n d ­

a b le  i f  viewed in  term s o f th e  sim p le  o r b i t a l  p ic tu r e  g iv en  in  F ig u re  4.

S ince no e le c t r o n  changes i t s  s p in  in  th e  t r a n s f e r  p ro c e ss  t h i s  i s  a
1 1 +sp in -a llo w ed  p ro c e s s ,  and e i th e r  A o r E can be form ed. A lthough th e se
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(a) (b)

Note: i n  (a ) A 0„ i s  form ed,
g ^

i n  (b) 0^ i s  formed.

F igure  4 . M olecular O r b i ta l  Diagram D esc rib in g  the  T ra n s fe r  of 
E x c i ta t io n  Energy from a  T r ip le t  S ta te  M olecule to  
M olecular Oxygen (A fte r  K eam s and Kahn).
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sim ple o r b i t a l  diagram s a re  on ly  meant to  be su g g e s tiv e , they  do p ro p e rly  

em phasize th e  f a c t  th a t  th e  energy t r a n s f e r  p rocess i s  s p in  allow ed and 

th a t  th e  exchange o f  e le c tro n s  betw een th e  s e n s i t i z e r  and m o lecu la r oxy­

gen i s  e s s e n t i a l .  Based on th e  o r b i t a l  diagram , any th r e e  o f  th e  lo w -ly in g  

s in g le t  s t a t e s  o f oxygen can b e  formed — two of th e se  a re  d e l t a s ,  22 K cal, 

and th e  o th e r  i s  sigm a, 38 K ca l. However, th i s  sim ple p ic tu r e  does n o t 

o f f e r  f u r th e r  guidance as to  th e  r e l a t i v e  r a te s  a t  which th e se  s t a t e s  a re  

g e n e ra te d . The im p o rtan t c o n c lu sio n  r e s u l t in g  from a d e t a i l  quantum mechan­

i c a l  a n a ly s is  ic  th a t  th e  quenching o f h ig h  energy s e n s i t i z e r s  — s e n s i t i z ­

e rs  w ith  t r i p l e t  s t a t e  e n e rg ie s  somewhat la rg e r  than  40 K cal— proceeds

1 + 1 p r im a r ily  by energy t r a n s f e r  to  1^ , w ith  energy t r a n s f e r  to  be ing

slow er by a f a c to r  o f  10. Sim ple quenching o f the  e x c i te d  s e n s i t i z e r  to

i t s  ground s t a t e ,  e l e c t r o n ic  s t a t e  w ith o u t energy t r a n s f e r ,  i s  p re d ic te d

to  be even s lo w er, p robab ly  by a f a c to r  o f  10- 1 0 0 .

The energy t r a n s f e r  o r quenching r a t e  co n stan t can be  approx im ate ly  

c a lc u la te d  by use o f  th e  fo llo w in g  r e la t io n s h ip  [2 2 ] ;

k = 0 .15 exp (-A e/4000)

where

k = r a t e  c o n s ta n t expected  i f  th e re  were 
° good m atching o f  th e  p u r i ly  e le c t r o n ic  

e n e rg ie s  o f  th e  i n i t i a l  and f i n a l  s t a t e s  
o f i n t e r e s t .

Ae = e le c t r o n ic  e x c i ta t io n  energy.

K eam s and Khan c a lc u la te d  th e  r a t e  c o n s ta n ts  fo r  th e  v a r io u s  p ro c e sse s  

o f i n t e r e s t  and th e  r e s u l t s  a re  p re se n te d  in  Table IV [2 2 ].
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TABLE IV
*

NUMERICAL VALUES OE RATE CONSTANTS DE VARIOUS PROCESSES

P rocess C a lc u la te d  Rate 
Cons ta n t

^Sens + ^0    Sens + ^0 lO ^^/sec.
i  ^ g

^Sens + ^0  ►Sens + ^0 (^A ) 10^^/s e c .z z g

^Sens + ^Og----------------► Sens + ^0^ 10^ /sec .

fo r  a s e n s i t i z e r  w ith  a t r i p l e t  s t a t e  energy  o f  60 K cal lo c a te d  4& 
from oxygen. (Eollows K eam s and K han.)

-10S ince two c o l l id in g  m olecu les i n  s o lu t io n  rem ain to g e th e r  f o r  10 

s e c . , th e  r e s u l t s  g iven in  Table IV in d ic a te  th a t  th e  energy t r a n s f e r  to  

e i t h e r  o r  w i l l  occur w ith  about a 100% e f f ic ie n c y  on every  c o l l i ­

s io n  betw een th e  t r i p l e t  s t a t e  s e n s i t i z e r  and oxygen. A sim ple a p p l ic a ­

t io n  o f th e  energy c o n se rv a tio n  le a d s  to  some in t e r e s t i n g  p re d ic t io n s  

re g a rd in g  th e  v a r ia t io n  in  th e  r e l a t i v e  g e n e ra tio n  r a te s  o f and ^A^

w ith  s e n s i t i z e r  t r i p l e t  energy . Eor a  s e n s i t i z e r  w ith  t r i p l e t  s t a t e

g
e n e rg ie s ,  E^, le s s  than  38 K cal, b u t g r e a te r  th an  22 K ca l, only ^A oxygen

can be g en era ted  by energy t r a n s f e r  so  t h a t  th e  r a t i o  i s  z e ro .

When E i s  la rg e r  than  38 K ca l, b o th  ^Z^ and ^A can be g en e ra ted  and 
^ g g

and th e o r e t i c a l ly  th e  ^Z^/^A^ shou ld  rem ain c o n s ta n t w ith  in c re a s in g  E^. 

The r e s u l t  o f th i s  q u a l i t a t i v e  c o n s id e ra t io n  le a d s  to  th e  curve g iven  in
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1 + 1F igu re  5 , which shows how th e  r e l a t i v e  m agnitude o f  th e  Z /  A r a t i o

ê 8

v a r ie s  w ith  th e  t r i p l e t  s t a t e  energy o f th e  s e n s i t i z e r ,  ran g in g  from 

25 to  70 K cal.

Foote [13] s tu d ie s  th e  s i n g l e t  oxygen r e a c t io n  in v o lv in g  th e  ad d i­

t io n  o f s in g l e t  oxygen to  v a r io u s  d ienes and a ro m a tic  h y d ro ca rb o n s . Some 

o f th e  acc ep to rs  and p ro d u c ts  formed on chem ical oxygenation  a re  shown in  

Table V.

TABLE V

ACCEPTORS AND THE PRODUCTS FORMED IN CHAMICAL 
PHOTOOXÏGENATION REACTIONS

Compounds P roducts

0

\

r  1r 0^
[ 6

H00~^

/

^ ^ C H

L
HOO ^CHs

H5C6

■OOH

OOH j ^ ^ O O H
OOH
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60<3rH
60wr—1

40 50 60

T r ip le t  Energy, E^, Kcal

70

F igu re  5 . V a r ia tio n  in  th e  ""E/^A R atio  w ith  the  S e n s i t i z e r  
T r ip le t  S ta te  Energy, E^ (A fte r  Kearns and K ahn).
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A nother type o f r e a c t io n  which i s  im p o rtan t in  the rm al a u to x id a tio n

[2 2 ] and p o s s ib ly  some p h o to o x id a tio n  r e a c tio n s  i s  th e  a b s t r a c t io n  re a c ­

t io n :

RH + Og------------- -R - + HO2

The s tu d ie s  o f th e  r e a c t io n  in v o lv in g  s in g le t  m o lecu la r oxygen r e -

3 —v e a l th e  f a c t  th a t  th e  ch em istry  of ground s t a t e  oxygen ( Ig )  i s  q u i te  

d i f f e r e n t  from sigma o r  d e l ta  oxygen, and th a t  r e a c t i v i t y  o f and 

and th e  n a tu re  and co u rse  o f r e a c tio n  can be p re d ic te d  by u se  o f th e  S ta te  

C o rre la tio n  Diagram [1 5 ,2 2 ] . This diagram i s  c o n s tru c te d  based on:

1. Thermochemical d a ta ,  i . e .  bond s t r e n g th s ,  re so n an ce  en e r­

g ie s ,  s t r a i n  e n e rg ie s ,  used to  lo c a te d  th e  ground s t a t e  

o f th e  r e a c ta n ts  r e l a t iv e  to  th e  ground s t a t e  o f  th e  p ro ­

d u c t .

2. S p ec tro sco p ic  d a ta  used to  lo c a te  th e  e x c ite d  s t a t e s  of 

th e  r e a c ta n ts  and p roducts  r e l a t i v e  to  t h e i r  ground 

s t a t e .

3 . Symmetry and sp in  s e le c t io n  r u le s  a p p lie d  to  determ ine 

w hich s t a t e  of th e  r e a c ta n ts  w i l l  c o r r e la te  w ith  a 

p a r t i c u la r  s t a t e  o f th e  p ro d u c t.

The consequence of th e  n o n -c ro ss in g  r u le  — s ta t e s  o f  th e  same 

m u l t ip l i c i ty  w i l l  n o t c ro s s  one a n o th e r , i s  th a t  th e  lo w es t s in g le t  s t a t e  

of th e  r e a c ta n t  c o r r e l a te s  w ith  th e  low est s in g le t  s t a t e  o f th e  p ro d u c t, 

and th e  second low est s in g le t  s t a t e  o f th e  r e a c ta n t  c o r r e l a t e s  w ith  th e  

second lo w es t s in g le t  s t a t e  of the  p ro d u c t, e t c .  Spin c o n se rv a tio n  r e ­

q u ire s  th a t  r e a c ta n t  t r i p l e t  s t a t e s  c o r r e la te  w ith  t r i p l e t  s t a t e s  of the  

p ro d u c ts , and again  th e  low est t r i p l e t  s t a t e  o f th e  r e a c ta n t  and th e
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p ro d u c t c o r r e l a te s  w ith  one a n o th e r .

U sing th e  a d d itio n  of m o lecu la r oxygen to  d ie n es  and app ly ing  the

S ta te  C o r re la tio n  Diagram, Kearns and Khan concluded th a t  ground s t a t e  

3 —oxygen ( was no t expected to  be r e a c t iv e  because t h i s  led  to  a t r i p ­

l e t  s t a t e  o f d ie n e -0 2  complex which c o r re la te d  w ith  an e x c ite d  t r i p l e t  

s t a t e  of th e  p ro d u c t. From th i s  i t  i s  g e n e ra lly  c o r r e c t  to  s t a t e  th a t  i t  

i s  u n l ik e ly  th a t  t r i p l e t  s t a t e  oxygen w i l l  undergo co n ce rted  a d d i t io n  to  

any a c c e p to r ,  u n le ss  th e  p roduct has a v ery  lo w -ly in g  e x c ite d  t r i p l e t  

s t a t e .  Based on th e  S ta te  C o r re la t io n  Diagram and O rb i ta l  C o rre la tio n  

Diagram , which can p ro v id e  in fo rm a tio n  on th e  i n i t i a l  b eh av io rs  of th e  

s t a t e s  o f th e  r e a c ta n ts  and p ro d u c ts , th e  fo llow ing  g e n e ra liz e d  conclu ­

s io n s  were fo rm ulated  :

1. Ground s t a t e  oxygen(^Z^) i s  u n re a c tiv e  because  th e  s t a t e  

o f th e  complex a s s o c ia te d  w ith  th i s  s t a t e  o f oxygen, co r­

r e l a t e s  en d o th e rm ica lly  w ith  e x c ite d  s t a t e s  o f th e  p ro d u c t.
1 +

Eg oxygen i s  a lso  u n re a c tiv e  in  co n ce rted  c y c lo -a d d it io n  

r e a c t io n .  E xceptions a r e  expected only  i f  a v e ry  s ta b le  

p ero x id e  o r  r a d ic a ls  a r e  form ed.

2 . i s  g e n e ra lly  r e a c t iv e  s in c e  t h i s  s t a t e  of the  complex 

u s u a lly  c o r r e la te s  sm oothly w ith  th e  ground s t a t e  of th e  

p ero x id e .

The l i f e t im e  of sigma and d e l t a  s in g le t  oxygen depends on the  condi­

t io n  in  which they  a re  g e n e ra te d . The d e a c tiv a tio n  p ro c e sse s  o f th e se  

s in g le t  s t a t e s  a re  p r im a r ily  due to  p h y s ic a l quenching and energy t r a n s ­

f e r  [1 5 ,3 7 ,5 0 ] . P h y s ica l quenching o ccu rs  when an e x c ite d  m olecule c o l­

l id e s  w ith  a normal m olecule and i t s  e le c tro n ic  e x c i ta t io n  energy i s



43
converted  to  v ib r a t io n a l  and r o ta t io n a l  en e rg y , i . e .  h e a t .

o r ) + M 0 .  + M
^ g g ^

I t  can a lso  occur when e x c ite d  oxygen m olecu le  s t r ik e s  th e  s u r fa c e  of the 

r e a c t io n  v e s s e l  and i s  d e a c t iv a te d .

s — ^

An im p o rtan t c h a r a c te r i s t i c  o f th e  d e l t a  s t a t e  i s  t h a t  i t  i s  rem ark­

ab ly  s ta b le  to  p h y s ic a l quenching . A rno ld , Kubo and Ogrylo [17] e s tim ated  

th a t  i t  could  s u f f e r  2 x 10^ c o l l i s io n s  w ith  th e  w a ll o f th e  v e s s e l  b e fo re  

d e a c t iv a t io n .  I t  i s  even more s ta b le  tow ard c o l l i s io n a l  d e a c t iv a t io n  by
g

an o th e r m o lecu le , and a t  l e a s t  10 c o l l i s i o n s  w ith  normal 0 ^ m olecu les

a re  re q u ire d  fo r  d e a c t iv a t io n  o f an  oxygen m o lecu le .

In  a condensed f lu id  w ith  hydrocarbon  o r  w ater as q u en ch ers , th e se

-2  -3
quenching r e s u l t s  suggest a l i f e t im e  o f abou t 10  to  10  s e c .  fo r  0 ^ ^

(^A ^). In  a  gaseous system  th e  l i f e t im e  o f 0^ (^A^) i s  much lo n g e r on

th e  o rd e r  o f 0 .0 5 -0 .5  se c . in  a i r  a t  one atm osphere p re s s u re .

The s t a t e  i s  much l e s s  s ta b le  toward d e a c t iv a t io n .  I t  i s  e s t i -  
g

mated [16] th a t  about 100  c o l l i s io n s  w ith  m olecu les o f hydrocarbon or

w ater a re  re q u ire d  fo r  i t s  d e a c t iv a t io n .  The p ro d u c t r e s u l t in g  from

th i s  quenching i s  presum ably th e  ^A s t a t e .  The l i f e t im e  o f sigma oxygen
_9

in  f lu id  s o lu tio n s  w i l l  be about 10 p e r  second and th e  r a t e  of quenching 

depends v e ry  much on th e  n a tu re  o f th e  quencher, M. Thus A rno ld , e t .  a l .  

re p o rte d  a quenching r a t e  c o n s ta n t ,  k^ , rang in g  from 7 x 10^ fo r  helium ;

1 .5  X 10^ fo r  Ng, Ar and CO; to  6 x 10^ f o r  w ate r —a l l  exp ressed  in  

l i t e r s  mole ^ se c . O ther in v e s t ig a to r s  showed th a t  compared to  o th e r
4

q uen ch ers , norm al oxygen i s  a v e ry  i n e f f i c i e n t  quencher (k^ = 6 x 10
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l i t e r  mole ^ sec [17]

Photodynam ic A ction  

Photodynamic a c t io n  may be d e fin e d  as  th e  dye s e n s i t iz e d  pho toox ida­

t io n  o f a b io lo g ic a l  su b s tan ce  w ith  s p e c i f ic  e f f e c t s  rang in g  from photo­

k i l l i n g  in  th e  h ig h e r o rgan ism s, to  a l t e r a t i o n  o f b io lo g ic a l  fu n c tio n  a t  

the  s u b - c e l lu la r  le v e l  [1 6 ]. The f i r s t  q u a n t i ta t iv e  s tu d ie s  on photody­

namic a c t io n  were made by Raab who found th a t  low c o n c e n tra tio n s  o f  a c r i -  

d in e s  and o th e r  dyes, which had no e f f e c t  on m icroorganism s such a s  param e- 

cum in  th e  d a rk , led  to  ra p id  d e a th  on il lu m in a tio n  in  th e  p re sen ce  of 

oxygen [4 3 ]. These s tu d ie s  led  to  th e  im p o rtan t c o n c lu sio n  th a t  alm ost 

any type of b io lo g ic a l  system , i . e .  p la n t s ,  an im als , c e l l s ,  v i r u s e s ,  

b io lo g ic a l ly  im portan t m o lecu le s , can  be s e n s i t iz e d  and become s u b je c t  to  

photodamage and d e s t ru c t io n  by a p p ro p r ia te  dyes. O rganic compounds in  

b io lo g ic a l  system s which undergo s e n s i t iz e d  p h o to a u to x id a tio n  in c lu d e  a l ­

co h o ls , a ld eh y d es , am ines, amino a c id s ,  c a rb o h y d ra te s , e s t e r s ,  in d o le s ,  

k e to n es , n it ro g e n  h e te r o c y c l i c s , o l e f i n s ,  n u c le ic  a c id s ,  n u c le o s id e s ,  nu­

c le o t id e s ,  o rg a n ic  a c id s ,  p h e n o ls , p y rim id in e s , p y ro le s  and s te r o id  h o r­

mones [4 3 ]. I t  i s  v e ry  l i k e l y  th a t  compounds a b le  to  undergo a u to x id a tio n  

under a g iv en  s e t  of c o n d itio n s  w i l l  a lso  be o x id ized  in  a d y e - s e n s it iz e d  

p h o to - re a c tio n  under th e  same c o n d it io n s .  I t  was f u r th e r  d isco v ere d  th a t  

s a tu ra te d  and u n s u b s t i tu te d  a l i p h a t i c  compounds a re  r e s i s t a n t  to  s e n s i t i z e d  

p h o to o x id a tio n ; w hereas, benzo ic  and arom atic  h e te ro c y c lic  compounds a re  

g e n e ra lly  more s u s c e p t ib le  to  p h o to s e n s it iz e d  o x id a tio n . Benzene i s  n o t 

s e n s i t i v e ,  b u t th e  in t ro d u c t io n  of amino o r  hydroxyl groups to  th e  r in g  

g r e a t ly  in c re a s e  th e  s e n s i t i v i t y  o f p h o to o x id a tio n , w h ile  th e  in t ro d u c t io n  

of cyano, h a lo g en , o r n i t r o  g roups have l i t t l e  e f f e c t .
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H yalu ron ic  a c id ,  a h igh  m o lecu la r w eight l i n e a r  polymer of a l t e r n a t ­

ing  ace ty lg lu co sam in e  and g lu c o ro n ic  a c id  u n i t s ,  i s  depolym erized by 

il lu m in a tio n  in  th e  p resen ce  of a p p ro p r ia te  dyes and oxygen [4 3 ] . E ffec ­

t iv e  dyes in c lu d e  hem otoporphyrin and r ib o f l a v in .  A v a r i e ty  o f o th e r  

dyes in c lu d in g  a c r i f l a v i n ,  a c r id in e  o ran g e , c r y s ta l  v i o l e t ,  e o s in ,  methy­

le n e  b lu e  and n e u t r a l  red  a ls o  d e c re a se  th e  v i s c o s i ty  o f h y a lu ro n ic  

ac id  s o lu t io n  on il lu m in a tio n  in  th e  p resen ce  of oxygen. T his in d ic a te s  

th a t  d ep o ly m eriz a tio n  ta k es  p la c e  s ig n i f i c a n t l y .

In  m ost c a s e s ,  th e  in te rm e d ia te s  in  photodynamic a c t io n  a re  s h o r t­

liv e d  and v e ry  r e a c t iv e ;  hence, th e  r e a c t io n  could proceed  s im u ltan e o u sly  

by more th an  one mechanism w ith  th e  predom inant mechanism depending on 

th e  s e n s i t i z e r s ,  th e  s u b s t r a te s ,  and th e  r e a c t io n  c o n d itio n s  [4 3 ].

The s o lv e n t in  most photodynamic system s i s  w ate r [4 3 ]. Some 

a u th o rs  have suggested  th a t  w a te r i s  s p l i t  in to  0 , OH, e tc .  a s  a prim ary  

r e a c ta n t  in  s e n s i t i z e d  p h o to o x id a tio n  and photochem ical r e a c t io n s .  How­

e v e r , l a t e r  in v e s t ig a to r s ,  R ab inow itch , Moore, H olstrom  and O s te r ,  K u rtin . 

L a tin o  and S o r ig , concluded th a t  photochem ical s p l i t t i n g  of w ater in  

photodynamic system s was u n l ik e ly .  O ther in v e s t ig a to r s  have shown th a t  

w ater i s  n o t a p rim ary  r e a c ta n t  w ith  p h o to ex c ited  s e n s i t i z e r s ,  b u t can 

a c t  a s  n u c le o p h il ic  re a g e n ts  a t ta c k in g  th e  e le c tro n  d e f i c i e n t ,  o x id ized  

s u b s t r a te .  There have been no sy s te m a tic  s tu d ie s  on s o lv e n t p a r t i c ip a t io n  

in  photodynamic system s and th u s  fo r  any g iven  system  th e  in t e r a c t io n  of 

th e  so lv e n t m ust be e s ta b l is h e d .

Spikes and S tra ig h t  summarized th e  r e a c t io n  th a t  have been shown to  

o c c u r, o r have been p o s tu la te d  to  o c c u r , by way of th e  t r i p l e t  s t a t e  in  a 

photodynamic system . The r e a c t io n s  invo lved  a re  ta b u la te d  in  T ab les VI
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TABLE VI
PROBABLE ELEMENTARY REACTIONS OCCURING BY WAY

OF THE TRIPLET, T , STATE o

^A + T0 ------ ^A + S0 (1 )

+ To -----► ^A* + So (2)

\ + To ----- - • (A---- S)' (3)

+ T ------0 ----- ► "A j  . ' Sred  + ox (4)

°A + S ---o ----- - • (S---- A) • (5)

°A + T ------0 - — (S---- A) ( 6)

°A + T ------0 ------► -A + -S jox red (7)

°A + T -----o ----- - -A ,  + -Sred  ox (8 )

°A + To
3

------- A + S (9)

N ote: (A fte r  Spikes and S t r a ig h t . )

and V II ,  w here:

S and T = th e  s in g l e t  and low est energy t r i p l e t  s t a t e
of s e n s i t i z e r  r e s p e c t iv e ly ;

°A = any d e a c t iv a t in g  ag en t in  th e  low est s in g le t
s t a t e ;

3
(A )  = m o lecu la r oxygen in  i t s  low est t r i p l e t  s t a t e ;

(^A) = th e  e x c ite d  s in g le t  s t a t e  of oxygen, ;

3 *( A ) = v ib r a t io n a l ly  e x c ited  s t a t e  of m o lecu la r
o x y g en ,^ !" ;

•(A S ) ' = r e a c t iv e  s e n s it iz e r -o x y g e n  in te rm e d ia te ,  p e r­
haps a p e ro x id e  o r m oloxide, a charge  t r a n s f e r  
com plex;
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TABLE VII
IMPORTANT REACTIONS IN SENSITIZED PHOTOOXIDATION, 

PHOTOOXIDATION AND PHOTOREDUCTION

T0
+

°2

To +
°2

To + R

To + R

^0 + RH^

To + So

To + To

•Sox + *1

•Sox + R

•»2 h R

■°2 b -S{

• s  ,red + 1

red

ox

2
S , + iR  —red  ox

" ^ o  + ° 2 (1 0 )

" '^ox  + ' ° 2 (1 1 )

► S + R o (1 2 )

" "Sred + '^o x (13)

" " = ^ e d  + 'H ^ o x
(14)

-  ' S + • S j  ox red (15)

* '^ox  + '^ re d (16)

(17)

* S + R o px (18)

..HO^CHgOg) + (19)

^ ^ 0  + ° 2 (2 0 )

-"So + "Oz (21 )

S + R o ( 2 2 )

Note: (A fte r  Spikes and S t r a ig h t . )

= sem i-reduced r a d ic a l  o f m o lecu la r oxygen;

 ̂ ^ox^’  ̂̂ red^ = sem i-ox id ized  and sem i-reduced  s e n s i t i z e r
r a d ic a ls ;

• (S----A)* = r e a c t iv e  r a d ic a l  produced by th e  e x c i ta t io n
of a ground s t a t e  complex betw een s e n s i t i z e r  
and s u b s t r a te ;

*
(S-------A) = r e a c t iv e  charge t r a n s f e r  complex between

s e n s i t i z e r  t r i p l e t  and s u b s t r a te ;

(•A ) ,  ('A  j )  = sem i-ox id ized  and sem i-reduced  s u b s t r a teox red  , .  ,r a d ic a l s ;
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R = a weak an ae ro b ic  reducing  s u b s t r a te ;

(RHg) = s tro n g  a n ae ro b ic  reducing  s u b s t r a te ;

= p ro to n a ted  form o f th e  sem i-reduced  
s e n s i t i z e r ;

(•HR ) = sem i-ox id ized  red u c in g  ag en t w hich can
r e a c t  w ith  («HS^^^) to  p ro d u c t leu co  dye.

G rossw einer [16] summarized th e  mechanism d e riv e d  fo r  s e n s i t i z a t i o n  

by aqueous e o s in  under an ae ro b ic  c o n d itio n s  in  F ig u re  6 and T able V I I I .  In  

th e  absence o f r e a c t iv e  s u b s t r a te s  th e  t r i p l e t  s t a t e ,  T^, i s  quenched by 

in te r a c t in g  w ith  i t s e l f  o r  w ith  ground s t a t e  m o lecu le s , S^. A lte rn a t iv e ­

ly  an  e le c t ro n  t r a n s f e r  r e a c t io n  may o ccu r r e s u l t in g  in  th e  fo rm atio n  of 

sem i-qu inone, R, and sem i-ox id ized  in te rm e d ia te ,  X, o f phenoxyl s t r u c tu r e .  

The dye r a d ic a l  may r e a c t  to g e th e r  to  r e s to r e  the  o r ig in a l  dye to  form 

eq u a l p a r ts  of the  c o lo r l e s s  leu co , L, and th e  dye. The h ig h  e le c tro n  

a f f i n i t y  to  t r i p l e t  e o s in  i s  i l l u s t r a t e d  by i t s  a b i l i t y  to  o x id iz e  many 

k in d s  of a rom atic  m o lecu les and even hydrogen p e ro x id e . The mechanism in  

F ig u re  6 may be m odified  by in te rm o le c u la r  in t e r a c t io n s ,  such  as aggrega­

t io n  o r com plexing, w hich a re  l i k e ly  to  be s ig n i f i c a n t  in  photodynamic 

sy stem s. T able V III summarizes th e  known p ro cesse s  o f t h i s  ty p e  in v o lv in g  

th e  t r i p l e t  s t a t e .

The p resen ce  o f m o lecu la r oxygen in tro d u c e s  a d d i t io n a l  co m p lica tio n s  

to  th e  mechanism o f th e  prim ary s e n s i t i z a t i o n  r e a c t io n s .  I t  i s  p o s s ib le  

t h a t  oxygen a t ta c k s  th e  s u b s t r a te  o n ly  a f t e r  th e  l a t t e r  has been p a r t i a l l y  

o x id ized  by th e  e x c ite d  dye. M olecular oxygen may a c t  a s  a c a r r i e r  o f ex­

c i t a t i o n  energy or an  o x id iz in g  p o te n t i a l  from th e  e x c ite d  dye m olecule to  

th e  s u b s t r a te .  The e f f e c t iv e  o x id iz in g  e n t i t y  m ight be a  ty p e  of dye- 

oxygen complex. When oxygen i s  p re s e n t  th e  reduced dye w i l l  be  re s to re d
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QH

+ X

hv
X + R

R

L + S

■2S,

N ote: = e x c ite d  dye; = f i r s t  s i n g l e t ;  = lo w est t r i p l e t

s t a t e ;  R = sem i-qu inone; X = sem i-o x id ized  e o s in ; L = 

leuco  b a s e ; QH = r e a c t iv e  s u b s t r a te ;  Q- = i n i t i a l  o x id a tio n  

p ro d u c t; QĤ * = i n i t i a l  re d u c tio n  p roduct

F igure 6 . G eneral Mechanism For P h o to s e n s i t iz a t io n  by 
Aqueous Eosin Under A erobic C o n d itio n s .
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TABLE VIII
INTERACTIONS THAT MODIFY TRIPLET EXCITATION AND DECAY PROCESS

T r ip le t  Energy T ra n s fe r

T^ + S ^    S^ + T^1 o o 1

T-T A n n ih ila t io n  (P Type Delayed F lu o rescen ce)

T- + T- -------------   S, + S -------------" 2S + hv1 1  1 o o

E-Type Delayed F lu o rescen ce

T — ^  ^ s + hv '
l i e

B ipho ton ic  S e n s i t i z a t io n

T- + hv ------------ - T*------- 25— ^ s + Q'
1 o

B ipho ton ic  Io n iz a t io n

* OH + -T^ + hv    T  + OH + e

E x c i ta t io n  of Dye A ggregates

(— S S S S — ) + h v  » ( - -S  S S.S S — ) -►(— S S T-S^S - - )o o o o  o o l o o  o o l o o

E x c i ta t io n  o f  Bound Dye

< s .)b  + + (S .)b

E x c i ta t io n  of Charge T ra n s fe r  Complex 

(S^-QH") + hv-------------- (S-QH)*--------------   (T^-QH)

N ote: T^, T^ = donor and a c c e p to r  t r i p l e t  s t a t e ;

d SiS^, S^ = donor and a c c e p to r  s in g le t  s t a t e .  

(A fte r G ro ssw ein er.)
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by i t s  r e a c t io n  w ith  oxygen w h ile  th e  s u b s t r a te  may be fu r th e r  o x id ized . 

Table IX summarizes th e  o v e r a l l  dye s e n s i t i z a t i o n  p ro c e sse s  in  th e  p resen ce  

of oxygen. The f r e e  r a d ic a l  c h a in  r e a c t io n  of G o lln ic k  and Schenck, r e a c ­

t io n  (b) w hich y ie ld s  p e ro x id e  and r e s to r a t io n  o f  th e  s e n s i t i z e r ,  i s  

a p p l ic a b le  on ly  when th e  s u b s t r a te  i s  f r e e  to  m ig ra te .

B eginning w ith  th e  p io n e e rin g  works of K autsky in  1937, a number of 

experim en ts have shown th a t  p h o to s e n s it iz e d  o x id a tio n  can ta k e  p la c e  even 

when th e  dye and the  s u b s t r a te  a re  s e p a ra te d . The o x id a tio n  e n t i t i e s  

proposed by d i f f e r e n t  w orkers th a t  e x p la in  th e  r e a c t io n  mechanism in c lu d e  

e x c ite d  s in g l e t  m olecu lar oxygen [2 2 ] ,  ground s t a t e  oxygen w ith  h igh  v i ­

b r a t io n a l  energy , and th e  r a d ic a l  io n , 0 ^ '.  The fo rm a tio n  o f th e  dye 

oxygen o r m oloxide has re c e iv e d  th e  s tro n g e s t  su p p o rt from the  work of 

Schenck. R eac tion  ( e ) , T able IX, in d ic a te s  th e  m oloxide mechanism.

Bourdon and S chnuriger [ 6 ] p o in ted  ou t th a t  th e  a c tu a l  pa th  o f an 

oxygen s e n s i t i z e r  a c t iv a t io n  depends on th e  s p e c i f i c  dye and th e  r e a c t io n  

c o n d itio n s .  For exam ple, r e a c t io n  (a) in  Table IX r e q u ir e s  th e  su p p re ss io n  

of t r i p l e t  d e a c t iv a t io n  by oxygen to  be e f f e c t iv e .  F in a l ly ,  i t  should be 

m entioned th a t  th e  n a tu re  of th e  s u b s t r a te  a lso  d e te rm in es  w hether th e  

s e n s i t i z e r - s u b s t r a t e  o r s e n s it iz e r -o x y g e n  in t e r a c t io n s  a re  im portan t in  

th e  i n i t i a l  r e a c t io n .

The m ech an is tic  c o n s id e ra t io n  rev iew  in v o lv es  o n ly  th e  f i r s t  molecu­

l a r  s t e p s ,  w h ile  th e  o b se rv ab le  e f f e c t s  alm ost c e r t a in l y  depend on th e  

subsequen t chem ical r e a c t io n  o f th e  i n i t i a l  r a d ic a l  p ro d u c ts  and o th e r  

f a c to r s  in  th e  system , e .g .  s o lv e n t p a r t i c ip a t io n ,  te m p era tu re , e tc .

P h o to se n s itiz e d  O x idation  "At a D is tan ce"

A s e n s i t iz e d  p h o to re a c tio n  occu rin g  in  th e  s o l id  s t a t e  can be



(a)

(b)

(c)

TABLE IX
DYE SENSITIZATION PROCESSES IN THE PRESENCE OF OXYGEN

T^ + QH

T^ + QH

+ *2

Q. + R 

0 „

Q + S ox o

Q- + R

QO,

QO,

QH

QOgH + Q-

So + ° 2

QH

QOgH

(d) T i 4. 0 ^ 0^ + X

+ Q.
O2

ox

(e) SO. QH S^ + QOgH

Note; Q. = f r e e  r a d ic a l  r e s u l t in g  from o n e -e le c tro n  o x id a tio n ;

Q^^ = o x id a tio n  p roduct of u n s p e c if ie d  type ;

Q0 2 *= peroxy r a d ic a l ;

Q02H= s ta b le  p roducts  o f p ero x id e  ( b ) , o r adduct ( c ) , (e) ty p e s .

(A fte r  G rossw einer.)
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governed o r m od ified  by th e  fo llo w in g  [ 6 ] ;

1. F a c to rs  a f f e c t in g  th e  n a tu re  of th e  s t a t e  o f th e  s e n s i t i z ­

ing  a g e n t .

a . r i g i d i t y  of th e  medium o r a d so rp tio n  w hich p rev en t 

the rm al d e a c t iv a t io n  p ro c e sse s  and d ep o p u la tio n  by 

im p u r it ie s  and oxygen.

b . d im e r iz a tio n  o f th e  s e n s i t i z e r  favo red  by adso rp ­

t io n  on s o l id  su rfa c e  o r on m acrom olecules.

c . m o d if ic a tio n  o f th e  e le c t r o n ic  s t r u c tu r e  o f th e  

s e n s i t i z e r  by a d so rp tio n .

2. F a c to rs  a f f e c t in g  th e  p h o to s e n s i t iz a t io n  p ro c e s s , i . e .  

th e  r e l a t i o n  e x is t in g  betw een th e  s e n s i t i z e r  and the  

s e n s i t i z e d  m o lecu le . T his p ro c e ss  w i l l  be dependent 

upon:

a .  energy  t r a n s f e r ;

b . charge  t r a n s f e r ;

c . d i f f u s io n  o f a c t iv a te d  sm all m o lecu les  o r a c t iv a te d

s p e c ie s .  The r o le  and th e  im portance o f th e se  fa c ­

to r s  have been d isc u sse d  q u i te  e x te n s iv e ly  by s e v e ra l  

a u th o rs  [6 ,8 ,3 5 ,4 7 ] .

A rem ark should  be made concern ing  th e  im portance o f oxygen a s  a 

quencher o f th e  t r i p l e t  s t a t e ,  and th e  p e rm e a b il i ty  o f th e  polym eric 

m a trix  fo r  t h i s  g a s . A low p e rm e a b ility  toward oxygen w i l l  co n seq u en tly  

d ec re a se  th e  quenching o f th e  t r i p l e t ,  enhance i t s  l i f e t im e ,  and a llo w  

th e  phosphorescence to  be observed ; how ever, i t  w i l l  p re v e n t th e  o c c u rr ­

ence o f p h o to s e n s it iz e d  o x id a tio n  w hich can happen on ly  in  perm eable 

polym ers.
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The p h o to s e n s it iz e d  r e a c t io n  in  th e  s o l id  s t a t e  i s  more fa v o ra b le  

due to  the  f a c t  th a t  th e  c o n c e n tra tio n  of th e  s e n s i t i z e r  can re a c h  lo c a l ly  

h ig h  v a lu e s  w ith  th e  subsequen t fo rm atio n  of d im ers , a g g re g a te s  and m icro­

c r y s t a l s .  These v a r io u s  s t a t e s  o f a s s o c ia t io n ,  i . e .  d im ers , a g g re g a te s , 

e t c . ,  o f th e  s e n s i t i z e r  m o lecu les a re  h ig h ly  fa v o ra b le  to  v a r io u s  e le c ­

tr o n ic  p ro c e s se s , such as th e  energy m ig ra tio n  in  m o lecu la r c r y s t a l  by 

e x c ito n  mechanism.

The two ty p es  o f w e ll known phenomena in  w hich th e  r e a c t io n s  occur 

" a t  a d is ta n c e "  a re  photodynamic a c t io n  and th e  d y e -p h o to s e n s it iz e d  te n ­

d e rin g  o f t e x t i l e  f i b e r s .  G en era lly  sp eak in g , when a dye i s  in  c o n ta c t  

w ith  or in  th e  neighborhood o f an o rg a n ic  compound, on a s o l id  o r semi­

s o l id  medium i t s  i l lu m in a t io n  in  th e  p resen ce  of oxygen, a i r ,  v e ry  o f te n  

produces a  photochem ical tra n s fo rm a tio n  o f th e  o rg a n ic  compound. T his i s  

sometimes accompanied by sim u ltaneous b le ach in g  o f th e  dye. In  m ost cases  

th e se  a re  o x id a tio n - re d u c tio n  r e a c t io n s .  T h e ir  n a tu re  depends on th e  phy­

s i c a l  and chem ical p ro p e r t ie s  of th e  s e n s i t i z e r ,  on th e  o rg a n ic  compound 

and on th e  r e la t io n s h ip  w hich e x i s t s  between them , such  as  d i s ta n c e ,  a sso ­

c i a t i v e  f o r c e s ,  e t c .  As th e se  r e a c t io n s  ta k e  p la c e  in  th e  p re se n c e  o f a i r ,  

th e  f i n a l  r e s u l t  i s  o x id a tio n , a lth o u g h  in te rm e d ia te  s te p s  may occu r w ith ­

o u t oxygen p a r t i c ip a t io n  which in v o lv es  th e  re d u c t io n  o f  one o f th e  two 

r e a c ta n t s .  The n a tu re  o f th e  r e a c t io n  i s  dependent upon th e  lo c a l  oxygen 

p re s s u re ,  th a t  i s  upon th e  d eg ree  of excess oxygen to  th e  e x c ite d  m olecu les 

and to  ev e n tu a l a c t iv a te d  in te rm e d ia te s .  T h is i s  q u i te  u n d e rs ta n d a b le  i f  

th e  r e a c t io n  mechanisms w hich in d ic a te  in te r a c t io n s  betw een oxygen and th e  

t r i p l e t  s t a t e  s e n s i t i z e r  o r a c t iv a te d  s u b s t r a te  m o lecu les  a re  c o n s id e re d .

The s e n s i t i z e r  r e s p o n s ib le  fo r  th e se  r e a c t io n s  h as  been review ed
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e a r l i e r  in  th i s  c h a p te r . Evidence shows th a t  th e  s e n s i t i z e r s  which a re  

e f f e c t iv e  in  the  d e g ra d a tio n  o f t e x t i l e  f i b r e s  —n a tu ra l  o r  a r t i f i c a l :  

c o t to n ,  w ool, n y lo n , s i l k ,  e t c . — do n o t belong n e c e s s a r i ly  to  th e  same 

types o f  dyes which have been  found to  s e n s i t i z e  th e  photodynam ic a c t io n  

E g e r to n 's  experim en t, a s  has  been m entioned e a r l i e r ,  showed th e  

ev idence  o f  th e  p h o to ten d e rin g  o f c e l lu lo s e  f ib r e s  by v a r io u s  s e n s i t i z e r s ,  

pigm ents and dyes. I t  was K autsky who f i r s t  dem onstrated  th a t  a p ho tosen ­

s i t i z e d  o x id a tio n  r e a c t io n  cou ld  occur where s e n s i t i z e r  and o x id iz a b le  

compounds w ere he ld  a t  a d is ta n c e  from each o th e r .  He used d i f f e r e n t  

dyes absorbed  on th e  su r fa c e  o f s o l id  s i l i c a  g e l  o r aluminium ox ide g e l ,  

and s u i t a b l e  o x id iz a b le  o rg a n ic  compounds, leuco  m a la c h ite  g re e n , ab so rb ­

ed on l a r g e r  p a r t i c l e s  of s i l i c a  g e l  a s  a c c e p to rs .  When t h i s  m ix tu re  was 

i r r a d i a te d  in  th e  p resen ce  o f  oxygen, a b lu e  c o lo r  was o b served . T his r e ­

s u lte d  from th e  p h o to x e n sitzed  o x id a tio n  o f  leuco  m a la c h ite  g reen  w ith  

p ro d u c tio n  o f  th e  co rresp o n d in g  dy e . The r e a c t io n  i s  dependent on oxygen 

p re s su re  a s  can be seen  in  T ab le X.

TABLE X

EFFECT OF OXYGEN PRESSURE ON THE COLORATION OF 
LEUCO MALACHITE GREEN UNDER ILLUMINATION

Oxygen P re ssu re Time o f  I llu m in a ­ C o lo ra tio n  o f M alach ite
10-4 nun Hg t i o n ,  M inutes Green Produced

0 .4 10 none
1 .4 10 none

12 10 f a i n t
18 10 s tro n g  b lu e
24 10 f a i n t
40 10 none

(A fte r  Kautsky)
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From t h i s  experim ent Kautsky concluded th a t  o x id a tio n  was perform ed 

by oxygen in  i t s  e x c ite d  s i n g l e t ,  w hich was ab le  to  d i f f u s e  from th e  sen­

s i t i z e r  to  th e  a c c e p to r . The o b s e rv a tio n s  in d ic a te  th a t  an  optimum oxygen 

p re s s u re ,  c o n c e n tra tio n , de te rm in es  th e  e f f ic ie n c y  of th e  p ro c e s s . This 

phenomenon i s  in h e re n t w ith  th e  n a tu re  o f photochem ical r e a c t io n s  a t  con­

c e n tra te d  s o lu t io n s ,  w here th e  nom inal c o n c e n tra tio n  quenching r e a c t io n  

becomes th e  c o n t ro l l in g  f a c to r  in  th e  o v e r a l l  r e a c t io n .  Hence, h ig h e r 

oxygen p re s s u re s  a re  re s p o n s ib le  fo r  th e  d e a c t iv a t io n  o f  th e  e x c ite d  oxy­

gen by c o l l i s i o n s .  The ad v erse  e f f e c t  o f th e  r e a c ta n t s ,  to  th e  e x te n t of 

th e  r e a c t io n ,  w i l l  be  d isc u sse d  in  th e  fo llo w in g  s e c t io n .

Rosenberg and Humpries [41] s tu d ie d  th e  p a r t i c ip a t io n  o f e x c ite d  

oxygen in  a  chem ilum inescence r e a c t io n  w ith in  a system  c o n s is t in g  o f an

a b so rb a te  o f  p u r i f ie d  a c r i f l a v i n  on s i l i c a  g e l .  They concluded th a t  th e
1 +

o x id a tio n  e n t i t i e s  were e i th e r  th e  s in g le t  e x c ite d  O^, Z , o r  th e  v ib r a -
*

t i o n a l ly  e x c i te d  oxygen, 0 ^ , in  th e  ground e le c t ro n ic  s t a t e .  Evidence
*

p o in ted  w ith  h ig h  p r o b a b i l i ty  to  th e  r o le  o f th e  0 ^  in  th e  r e a c t io n s  in ­

v e s t ig a te d .  The p resen ce  o f s in g le t  e x c ite d  oxygen, had to  be ru le d

o u t as  o b se rv a tio n s  in d ic a te d  th a t  th e  oxygen consum ption was in h ib i te d  

by CO2 , a rg o n , N^O and CH^. T his i s  in  c o n tra d ic t io n  to  th e  n a tu re  o f 0^,

A , which i s  p r a c t i c a l ly  in v u ln e ra b le  to  d e a c t iv a t in g  c o l l i s io n s  [1 5 ,5 0 ].
*

The o x id iz in g  e n t i t i e s  — e x c ite d  s in g le t  oxygen, 0 ^ , 0^ and HgOg, 

which a re  r e s p o n s ib le  fo r  th e  p h o to s e n s it iz e d  o x id a tio n  a t  a d is ta n c e ,  

have been s tu d ie d  by many in v e s t ig a to r s .  The r e s u l t s  a s  appear in  Table 

XI can be used  to  p o s tu la te  th e  e x is te n c e  o f  o x id a tio n  sp e c ie s  in  photo­

s e n s i t iz e d  o x id a tio n  in  th e  s o l id  s t a t e .  This summary i s  based on th e  

u n d ers tan d in g  th a t  v a r io u s  s p e c ie s  have th e  a b i l i t y  to  d i f f u s e  over a
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c e r t a in  d is ta n c e  from th e  s e n s i t i z e r .  In  co n c lu s io n , i t  i s  n ece ssa ry  to  

n o te  th a t  the  p re s e n t knowledge of th e  mechanism o f p h o to s e n s i t iz a t io n  in  

an o rg an ic  s o l id  i s  based on re a c tio n s  in  s o lu t io n s ,  and many o f th e  th e o r­

ie s  d iscu ssed  a re  e s s e n t i a l ly  e x t ra p o la t iv e .

TABLE XI

POSTULATED NATURE OF OXIDIZING ENTITIES IN PHOTOSENSITIZED 
OXIDATION IN THE SOLID STATE

H+fHgO)

(D Og) (op « .  H.02 2
a c t iv a te d

in te rm o le c u la r
d is ta n c e  d <10 & 10  x<d<m d'^ mm

(up to  8mm)

c o n d itio n  o f
o b se rv a tio n  s o lu tio n low oxygen p resence

p re s s u re of w ater

absorbed no w ater
s t a t e

perm eable
m a trix

(A fte r  Bourdon and S c h n u rig e r0

M echan istic  and K in e tic  S tu d ie s  on S e n s itiz e d  P h o to o x id a tio n  

R eac tio n  Mechanism

Some o f th e  r e a c t io n  pathways and mechanisms o f th e  p h o to s e n s it iz e d  

o x id a tio n  under p a r t i c u la r  c o n d itio n s  have been review ed e a r l i e r .  This 

s e c tio n  w i l l  cover th e  g e n e ra liz e d  form o f th e  r e a c t io n  mechanism.
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There a re  two mechanisms [19] by which oxygen i s  in c o rp o ra te d  in to  

photochem ical o x id a tio n  r e a c t io n s .  The f i r s t  i s  th e  B lackstrom  mechanism, 

or p h o to s e n s it iz e d  o x id a tio n  mechanism. I t s  main f e a tu r e  i s  a b s t r a c t io n  

of hydrogen by th e  t r i p l e t  s t a t e  s e n s i t i z e r  fo llow ed by o x id a tio n  o f th e  

newly c re a te d  r a d i c a l .
hv

Sens  --------------------------- ► " Sens '

.S en s. + AH----------------- ► .Sens-H  + A.

A* + O g----------------- » AOO*

AOO- + AH----------------- ►AOOH + A-

AOO* + *Sens-H ---------» AOOH + Sens

Examples o f p h o to s e n s it iz e d  r e a c t io n s  th a t  fo llo w  t h i s  mechanism 

a re  found in  th e  o x id a tio n  o f secondary a lc o h o ls  to  hydroxy h y d ro p ero x id e ,

which in  aqueous media decompose to  form ketone and hydrogen p e ro x id e .

H OH 0

R -  C = > R -  c -  R ' _ J Î2 £ -» R  -  C -  R ' + H_0,
I I  '  '
OH OOH

The secondary  mechanism, th a t  o f p h o to s e n s it iz e d  oxygen t r a n s f e r ,  

in v o lv es  th e  d i r e c t  com bination  o f th e  s u b s t r a te  w ith  oxygen. There a re  

two p ro p o sa ls  re g a rd in g  th e  s t a t e  o f th e  oxygen in v o lv ed . Schenck [1 4 ,1 9 ] , 

th e  main c o n t r ib u to r  to  th e  f i e l d  o f p h o to s e n s it iz e d  o xygenation  r e a c t io n s ,  

s tro n g ly  advoca tes t h a t  th e  in te r a c t io n  betw een an e l e c t r o n i c a l ly  e x c ite d  

s e n s i t i z e r ,  t r i p l e t ,  and oxygen should  r e s u l t  in  a  chem ical a d d i t io n  re a c ­

t io n  r a th e r  th an  in  a p h y s ic a l energy t r a n s f e r .

Sens ------------ —--------------- • S e n s * ( t r ip le t )

•Sens. + O g------------------ - . Sens -0 -0 .

A + * S ens-0 -0* ---------- AO  ̂ + Sens
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F oote [13,19] fa v o rs  th e  id e a  o f s in g l e t  oxygen b e ing  th e  s o le

ag en t in  th e  energy t r a n s f e r  s te p :

S e n s ----------------------- —---------------------------   Sens ( t r i p l e t )
*

Og ( t r i p l e t )  + Sens ( t r i p l e t ) ----------  O2 ( s in g le t )  + Sens

A + O2 ( s i n g l e t ) -------------------------------- -AO 2

Chem ical r e a c tio n s  o f t h i s  ty p e , in  w hich the  s e n s i t i z e r  i s  a  dye 

such a s  Bengal Red or f lu o r e s c e in ,  in c lu d e  th e  o x id a tio n  o f d ie n e s ,  fu ran s  

and s u b s t i tu te d  o le f in s .  The fo rm atio n  o f hydroperox ide in  p h o to s e n s i t iz ­

ed o x y g e n - tra n s fe r  r e a c t io n s ,  th a t  fo llo w  th e  Schenck ty p e  o f mechanism, 

occur o n ly  when hydrogen i s  p re s e n t in  th e  a l l y l i c  p o s i t io n  o f  th e  o le f in .  

Oxygen alw ays becomes a t ta c h e d  to  one carbon  o f th e  do u b le  bond and then  

s h i f t s  to  th e  a l l y l i c  p o s i t io n .

1 2  3 1 2  3

C = C -  C — —   C -  C = C
I Sens I
H DOH

K in e tic s

The k in e t ic s  o f p ho tooxygenation , d i r e c t  and in d i r e c t  have been s tu d ­

ied  and d is c u s se d  by many in v e s t ig a to r s  [8 ,9 ,1 4 ,1 5 ,1 7 ,2 6 ,3 1 ,5 1 ] .  B efore 

rev iew in g  th e  k in e t ic s  o f p a r t i c u la r  photochem ical r e a c t io n s ,  i t  i s  deemed 

n e c e ssa ry  to  d is c u s s  th e  fundam entals o f photochem ical r e a c t io n  r a t e s .

In  th e  beg inn ing  o f t h i s  c h a p te r ,  th e  fo llo w in g  fo rm ula was develop­

ed :

Î jl  I _
d t  "  “ hv*A

T his in d ic a te s  th a t  under c o n s ta n t c o n d i t io n s ,  i . e .  l i g h t  i n t e n s i t y ,  wave­

le n g th , geom etry of th e  r e a c to r ,  te m p era tu re ; th e  fo rm atio n  o f  r e a c t io n
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p ro d u c ts  o r th e  d isa p p e a ra n c e  o f A per u n i t  tim e i s  p ro p o r tio n a l to  n^,

dn dn.

- I T -
w hich i s  f i r s t  o rd e r  k in e t i c s .

I t  i s  acknowledged th a t  th e  v a r ia b le s  o f absorbed l i g h t  in t e n s i ty  

and w aveleng th , o r  energy  in p u t ,  a re  un iq u e  to  th e  study  o f photochem ical 

r e a c t io n s  [8 ] .  The e f f e c t  o f con tinuous and in te r m i t te n t  i l lu m in a t io n  on 

th e  r a t e s  of a r e a c t io n  g iv e  im p o rtan t in fo rm a tio n  concern ing  th e  r e a c t io n  

mechanism. The in t e n s i t y  dependence o f th e  p ro d u c tio n  r a t e  o f a p roduct 

can h e lp  to  e s t a b l i s h  w hether a p roduct i s  formed in  a p rim ary  o r secon­

d ary  r e a c t io n .  S in ce  o n ly  one quantum i s  absorbed  to  i n i t i a t e  th e  p rim ary  

p ro c e s s ,  th e  r a t e s  o f p rim ary  p ro cesse s  a r e  d i r e c t l y  p ro p o r tio n a l  to  the  

absorbed l i g h t  i n t e n s i t y ,  I .  The quantum y ie ld s  of p rim ary  p ro d u c ts  a re  

independen t to  I ,  s in c e :

d t

where:

= EtQ_^A/Vh.

Ê  = t o t a l  energy in c id e n t on th e  system  per second.

= 1 -1 0  = f r a c t io n  of energy  absorbed by m olecu le .

V = volume o f i r r a d ia te d  system

b u t ,

d t  hv

hence :

♦a ■ “ t o
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R ates of p ro d u c ts  formed in  secondary  r e a c t io n s  u s u a lly  show something 

o th e r  than  f i r s t  power dependence on I .  In  g e n e ra l ,  b im o lecu la r te rm ina­

t io n  by a r e a c t io n  in v o lv in g  a c t iv e  c h a in -c a r ry in g  s p e c ie s  r e s u l t s  in

h.r a t e  p ro p o r t io n a l  to  I  . This r e la t io n s h ip  can be observed from the 

s tu d y  of th e  photochem ical fo rm atio n  o f  HBr from Br^ and [8 ] ,  where 

i t  i s  found t h a t :

d[HBrJ. ^

In  a sim ple f i r s t  o rder r e a c t io n  one would expect th a t  th e  r e a c t io n  

r a t e  c o n s ta n t ,  k , w i l l  no t be a f f e c te d  by th e  i n i t i a l  c o n c e n tra tio n . V a ri­

ous photochem ical r e a c t io n s  a re  g e n e ra l ly  assumed to  fo llo w  un im o lecu la r 

r e a c t io n ,  a lth o u g h  in  th e  s t r i c t e s t  sen se  th e y  m ight be co n sid ered  bimo­

le c u la r  r e a c t io n s  betw een a m olecule and a  quantum o f l i g h t .  Lindeman 

suggested  a  re a so n a b le  scheme fo r  t h i s  a p p a re n t u n im o lecu lar r e a c t io n  in  

term s of the  c o l l i s i o n  th eo ry  [8 ] .

The m o lecu le s . A, a re  a c t iv a te d  by c o l l i s i o n  w ith  o th e r  m olecu les of 
*

A to  an e x c ite d  s t a t e ,  A .

A + A  ^ -----   A* + A (1)
*

The fo rm atio n  o f  p ro d u c ts  can occur on ly  th ro u g h  A .

* ko
A ------------- --------- P ro d u c ts  (2)

•k
A can be d e a c tiv a te d  by b im o lecu la r r e a c t io n :

A* + A ------ ^=2--------- .  2A (3)

I f  (1) and (3) a re  f a s t e r  than  (2 ) ,  th en  th e  r a t e  w i l l  be determ ined  by:

-  ^  = k^[A*] (4)

*
A i s  d e riv ed  from th e  re a c t io n  sequence based  on th e  assum ption th a t  i t s  

r a t e  of fo rm ation  i s  equal to  i t s  r a t e  o f  d e s t r u c t io n ,  d [A ]/d t = 0. The
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r a t e  of r e a c t io n  i s  g iven  by:

. Ü M  .
d t  + k_2 [A]

When k_2 [A]»kj^ in  th e  p resen ce  of h ig h  A c o n c e n tra tio n s , (5) becomes 

a f i r s t  o rd e r  r e a c t io n :

At low A c o n c e n tra t io n s ,  k 2 [A]<<k^ th e  re a c tio n  ap p ea rs  to  become second

order as th e  r a t e  o f A d is a p p e a rs :

-  ^  = k2[A]2 (7)

Assuming th a t  th e  r e a c t io n  i s  f i r s t  o rd e r ,  th e  r a t e  c o n s ta n t ,  k^ , e v a lu a t­

ed ex p e rim e n ta lly , i s  shown as ;

\  + k_2 [A] (G)

Rearrangement o f eq u a tio n  (8 ) g iv e s  th e  fo llow ing  r e la t io n s h ip :

1 1 k ,
r  = k—  + F k  ( 9 )

*7[A] *1^2

P lo t t in g  th e  v a lu e s  of 1 /k^  v s  1 / [A] w i l l  g iv e  a  s t r a i g h t  l i n e  w ith  a 

s lo p e  and an in te r c e p t io n  equal to  l / k 2 and k_2 /k^k 2 r e s p e c t iv e ly .

The above r e la t io n s h ip  shows th a t  th e  o v e ra l l  r a t e  c o n s ta n t , k^ , 

measured e x p e rim e n ta lly , in c re a s e s  a s  th e  s u b s t r a te  c o n c e n tra tio n , [A], 

in c re a s e s , p rov ided  th e  assum ptions hold  fo r  th e  p ro cess  in vo lved .

The tem p era tu re  dependence o f experim en ta l r a t e  d a ta  u s u a lly  can  be 

p resen ted  by the  A rrhen ius e q u a tio n :

k  = Ae'^a/RT
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where;

k = th e  r e a c t io n  r a t e  c o n s ta n t;

A = p re -e x p o n e n tia l  f a c to r  or frequency  f a c to r ;

= ex p erim en ta l a c t iv a t io n  energy ;

T = a b s o lu te  tem p era tu re  in  °K, and

R = gas c o n s ta n t .

R eaction  r a t e  th e o r ie s  have been developed w hich g iv e  th e o r e t i c a l  s i g n i f i ­

cance to  the  v a r io u s  term s in  t h i s  eq u a tio n . Two such th e o r ie s  a re  in  

common use today — th e  c o l l i s i o n  th e o ry  and th e  t r a n s i t i o n  s t a t e  th e o ry . 

E xtension  use of th e  c o l l i s i o n  th e o ry  has been s tim u la te d  by th e  s im p li­

c i t y  o f i t s  a p p l ic a t io n  a lth o u g h  i t  i s  reco g n ized  to  be a v e ry  incom plete  

and an in a c c u ra te  p ic tu r e  o f th e  t r u e  n a tu re  o f  chem ical r e a c t io n s .  Many 

l im i ta t io n s  o f th e  o ld e r  c o l l i s i o n  th e o ry  a re  overcome by th e  t r a n s i t i o n  

s t a t e  th e o ry .

The r e a c tio n  r a t e  dependency on tem p era tu re  can  be b e s t  d e sc r ib e d  

—E /RTby th e  v a lu es  of e ^ f o r  v a r io u s  and te m p era tu re  a s  p re se n te d  in

Table X II. For a  g iven  E^, th e  f r a c t io n  o f c o l l i s io n s  w hich have e n e rg ie s

g re a te r  th a  E^ in c re a s e s  as  th e  tem p era tu re  r i s e s ,  r e f l e c t i n g  th e  u su a l

in c re a se  in  te m p era tu re . I t  can be seen  th a t  fo r  a  g iv e n  E^, th e  h ig h e r

“E /RTE^, th e  g re a te r  th e  r a t e  of in c re a s e  o f e & , and th e  r e a c t io n  r a t e

w ith  tem peratu re  in c re a s e .  Thus a  r e a c t io n  r a t e  w ith  E^ = 5 K cal/m ole , 

which i s  th e  range fo r  pho tooxygenation  r e a c t io n s ,  w i l l  in c re a s e  by a  fa c ­

to r  o f approx im ate ly  2.95 x 10 fo r  a tem p era tu re  r i s e  o f 200°, from SOO^K 

to  500°K. W hile a r e a c t io n  w ith  E^ = 25 K cal/m ole in c re a s e s  by 1 .94  x 10^ 

fo r  th e  same tem p era tu re  change, n e g le c tin g  th e  tem p era tu re  dependence of 

A.
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TABLE XII
—E /RT

VALUES OF e a ' FOR VARIOUS E^ AND TEMPERATURE VALUES [8 ]

T em perature , °K
^ car/m ore

300 400 500 600

0 1 1 1 1

2 3.5x10"^ 8 . 1x 10“ ^ 1.3x10"^ 1.9x10"^

5 2 . 2x10“ ^ 1.9x10“ ^ 6 .5x10 '^ 1.5x10” ^

10
-85.2x10 3 .4 x l0 “ ® 4.3x10“^ 2 . 8x 10"^

25
-19

6 . 2x 10 2 . 2x 10"^^ -1 1
1 . 2x10

-1 1
7.9x10

30 2.8xlO"37 4.8xlO"2B 1.4xlO "22 -19
6 . 2x10

The afo rem en tioned  d is c u s s io n  i s  a rev iew  o f te m p era tu re  dependence 

of r e a c t io n  r a t e  c o n s ta n t .  In  c o n t r a s t  to  th e  n a tu re  o f  r e a c t io n  r a t e  

which i s  g e n e ra lly  te m p era tu re  s e n s i t i v e ,  th e  r a t e  of fo rm a tio n  o r th e  

quantum y ie ld  o f some p ro d u c ts  i s  in s e n s i t iv e  to  te m p era tu re  change. E vi­

dence in d ic a te s  th a t  most p rim ary  d i s s o c ia t iv e  p ro c e s se s  a r e  s l i g h t l y  

a f f e c te d  by te m p era tu re . A rem arkab le  d if f e r e n c e  o f pho tochem ical r e a c ­

t io n s  w ith  the rm al r e a c t io n  where o n ly  h ig h  energy m o lecu les  r e a c t ,  i s  

th a t  m o le c u le s , which absorb  pho tons and undergo pho tochem ical changes, 

have th e  u s u a l d i s t r i b u t io n  o f  th e rm al e n e rg ie s  in  t h e i r  ground s t a t e .

The in c re a s e  in  therm al e n e rg ie s  encoun tered  in  th e  te m p era tu re  ran g e  o f 

th e  u su a l photochem ical s tu d y  i s  sm all compared to  th e  m agnitude o f th e  

e l e c t r o n ic  e x c i ta t io n  induced by th e  absorbed quantum. For exam ple, a
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r i s e  in  tem p era tu re  f o r  a c e ty la ld e h y d e , a b s o rp tio n  peak o f 2900-3000 & 

from 20° to  220°C, cau ses  an in c re a s e  in  average  therm al energy o f about 

3 K cal/m ole; w h ile  th e  u su a l e le c t r o n ic  e x c i ta t io n s  a re  n e a r  100 K cal/m ole 

— 2.859 X 10^: 2900 = 99 K cal/m ole . T h e re fo re , in  m ost c a se s  the rm al en er­

g ie s  a re  un im portan t in  d e te rm in in g  th e  mode and e f f ic ie n c y  o f photodecom­

p o s i t io n .  Tem perature dependence o f a p rim ary  p ro c e ss  may be s ig n i f i c a n t  

in  c e r t a in  c a se s ;  fo r  exam ple, where in a d eq u a te  energy  fo r  bond r u p tu re  

i s  a v a i la b le  from th e  absorbed  quantum, o r when th e re  i s  an a c t iv a te d  

energy  fo r  th e  d is s o c ia t io n  o f th e  l i g h t  a c t iv a te d  m o lecu le . As w i l l  be 

shown l a t e r ,  th e  prim ary  pho tooxygenation  p ro cess  i s  r e l a t i v e l y  in s e n s i t iv e  

to  tem p era tu re  change.

Another a sp e c t o f pho tochem ical k in e t i c s  th a t  should  be examined i s  

th e  e f f e c t  o f a gaseous o r condensed phase on th e  system . A b r i e f  rev iew  

of th e  r e a c t io n  k in e t ic s  in  condensed system s w i l l  be p re sen te d  h e re .

The l iq u id  s t a t e  i s  n o t understood  in  th e  same d e t a i l  a s  a r e  th e  

gaseous and s o l id  s t a t e s .  In  gaseous s t a t e s  th e  in t e r a c t io n  betw een th e  

in d iv id u a l  m olecu les a re  u s u a l ly  r e l a t i v e l y  u n im p o rtan t. The m o lecu les  

th e r e f o r e ,  behave la r g e ly  in  a  random manner and can be t r e a te d  in  term s

of th e  k in e t ic s  th e o ry , w hich d e a ls  w ith  such random ness. S o l id s ,  hav ing  

a re g u la r  s t r u c tu r e  can  a ls o  be t r e a te d  in  a  s a t i s f a c to r y  m anner. L iq u id s , 

on th e  o th e r  hand, have n e i th e r  a  co m p le te ly  random nor a co m p le te ly  regu ­

l a r  s t r u c tu r e  and th e i r  th e o r e t i c a l  tre a tm e n t i s  co n seq u en tly  much more 

co m p lica ted . The r a t e  c o n s ta n ts  fo r  a g iv en  r e a c t io n  between n e u t r a l  f r e e  

r a d ic a l s  and m olecu les do n o t u s u a l ly  d i f f e r  g r e a t ly  in  th e  two p h a se s . 

C e r ta in  therm al r e a c t io n s  of io n s  and photochem ical prim ary  p ro c e s se s  in ­

v o lv in g  ion  fo rm ation  and e le c t ro n  t r a n s f e r ,  unknown to  th e  gas p h a se ,
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become e n e r g e t ic a l ly  fa v o ra b le  and a re  im p o rtan t in  s o lu t io n  of h ig h  d i ­

e l e c t r i c  c o n s ta n t .  I f  homogeneous l i g h t  a b s o rp tio n  i s  m a in ta in e d , then  

th e  l iq u id  phase system s a r e  u s u a l ly  le s s  com plica ted  by w a l l - r e a c t io n s ,  

th an  th e  gas phase  co u n te r p a r t s ,  because o f much low er d i f f u s io n  r a t e s  

fo r  the l iq u id  system s.

The most s t r ik in g  o f th e  e f f e c t s  encountered  in  s o lu tio n -p h a s e  

pho tochem istry  i s  th e  so c a l le d  "cage e f f e c t " ,  o r F ranc-R abinow itch  [3 ,5 ] 

e f f e c t .  In  th e  case  o f pho tochem ical r e a c t io n s  in  s o lu t io n s ,  a p a i r  of 

f r e e  r a d ic a l s  produced i n i t i a l l y  may, because  they  a re  caged in  by su r­

rounding s o lv e n t m o lecu le s , recom bine b e fo re  th ey  can  s e p a ra te  from one 

a n o th e r . This phenomenon i s  known a s  p rim ary  reco m b in a tio n , as  opposed 

to  secondary recom bination  w hich occurs  a f t e r  th e  f r e e  r a d ic a l s  have 

se p a ra te d  from one a n o th e r . As a  r e s u l t  o f t h i s  cage e f f e c t ,  th e  quantum 

y ie ld  of p ro d u c ts  d e riv e d  from f r e e  r a d ic a l  fo rm atio n  a r e  o f te n  s i g n i f i ­

c a n t ly  low er th an  th e  analogous gas phase ex p erim en ts .

R eac tio n  K in e t ic s  o f P h o to o x id a tio n

Some q u a n t i t a t iv e  a n a ly se s  o f th e  k in e t ic s  ty p e  I I ,  d i r e c t  and in ­

d i r e c t  pho tooxygenation  r e a c t io n s ,  have been made by s e v e ra l  in v e s t ig a to r s  

[1 3 ,1 4 ,1 5 ,1 7 ,2 8 ,4 2 ] . The a n a ly se s  d e a l w ith  th e  pho tooxygenation  o f 2 ,5  

d im ethy l fu ra n  and a l ly l - t h io u r e a  s e n s i t iz e d  by xan thene  d y es , and c h lo ro ­

p h y l l ,  r e s p e c t iv e ly ,  and w ith  d i r e c t  pho tooxygenation  o f a n th ra cen e  and 

9 ,1 0 -d ip h e n y la n th ra c e n e . G o lln ick  [14 ,15 ,17] conclude th a t  th e re  i s  no 

need to  p o s tu la te  an in te rm e d ia te  complex fo rm a tio n . The fo rm atio n  can 

be rep la ced  by s in g le t  oxygen and t h i s  le a d s  to  th e  fo llo w in g  r e a c t io n  

sequence;



+ hv _ ^abs 1 .

^2 , 1 ,

k3
. 1 ,

. 3

k5 1

+ ' 0 ,
1

2

3o k? 1T* °2

kg 3

+ A kg 1

67
S A b so rp tiono 1

---------------- -------------- ► ^S. + hv F lu o rescen ce0 1

-------------------------------   ""S I n te r n a i  co n v ers io n
1 0

^ I nt er  system  c ro s s in g
to  th e  t r i p l e t  s t a t e

3 --------------------------------- In te rsy s te m  c ro s s in g
to  th e  s in g le t  s t a t e

^3^ + ^6 + ^0^ Energy t r a n s f e r

- 3 ^  k? Ig^ + Form ation o f s in g le t
oxygen

^ D e a c t i v a t i o n  o f  '0 ^  

+ A ---------- ^ --------»^(A0^)^ P roduct Form ation

w here:

S = A in  d i r e c t  pho tooxygenation .

S = p h o to s e n s i t iz e r  d i f f e r e n t  from A in  in d i r e c t
pho tooxygenation  r e a c t io n .

1 1 3S , S . , = s in g le t  ground s t a t e ,  f i r s t  e x c ite d
°  s in g le t  s t a t e  and f i r s t  t r i p l e t  s ta ts

of S, r e s p e c t iv e ly .

^A^ = s in g le t  ground s t a t e  o f A.

^(AOg)^ = s in g le t  ground s t a t e  o f AO2 .

3
Og = t r i p l e t  ground s t a t e  oxygen.

= e x c ite d  s in g le t  oxygen, d e l ta  o r sigm a.
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The quantum y ie ld  o f th e  AO  ̂ fo rm a tio n  i s  g iven  by:

 ̂ [0 2 ] ky kg[A]
"  kg + k ]  + + kg[Og] 6 ^4 kg + k^[Og] \ g  + kg [A]

I f  kg/kg<<A, o r i f  s u b s t r a te  A i s  v e ry  r e a c t iv e  toward oxygen a s  in  th e

case  of 2 ,5  d im ethy l fu ra n , th e n  th e  quantum y ie ld ,  '^AOg, i s  eq u a l to  th e

s in g le t  oxygen fo rm atio n , *̂1^ , g iv en  by:
^2

rf, [O2 ] ^7 _
^°2  "  kg +  kg + k^ +  kg[Og] ^^6 h kg +  k^[Og] °2

Based on th e  assum ption th a t  on ly  t r i p l e t  s t a t e  s e n s i t i z e r s  ta k e

p a r t  in  th e  fo rm atio n  of s in g le t  oxygen and a t  h ig h  oxygen c o n c e n tra tio n , 

-2  -3
10 -  10 m o l e / l i t e r ,  th en  kg<<k^[Og], k^»kg[O g] and th e  above eq u a tio n

reduces to :

*“ 2 “  k j  + 1=3 + \  '  \

In  o th e r  w ords, th e  quantum y ie ld  of th e  p ro d u c t fo rm atio n  d e te rm in ­

ed a t  a h ig h  oxygen c o n c e n tra tio n  eq u a ls  th e  quantum y ie ld  of t r i p l e t  sen­

s i t i z e r  fo rm atio n .

The quantum y ie ld  o f p ro d u c t fo rm ation  o f p h o to se n s it iz e d  oxygena­

t io n  r e a c t io n s  o f s u b s t r a te  o th e r  th en  2 ,5  d im ethy l fu ren  i s  g iv en  by th e  

g en era l e q u a tio n ,

* A 0 .  .  h  —2 Og A + 3
<i>i

w ith  3 = kg/kg and Og g iven  by th e  above r e la t io n s h ip  o b ta in ed  from a 

2 ,5  d im ethy l fu ra n  pho tooxygenation  r e a c t io n .  Most s u b s t r a te s  a re  l e s s  

r e a c t iv e  th an  2 ,5  d im eth y l fu ra n  toward so th a t  A » k g /k g , w hich was used 

in  th e  p rev io u s  d is c u s s io n ,  i s  n o t v a l id  even a t  r e l a t i v e ly  la rg e
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c o n c e n tra tio n s . I t  i s  found th a t  6 i s  independent on th e  n a tu re  o f th e

s e n s i t i z e r ,  b u t s l i g h t l y  dependent on th e  so lv e n t u sed . On th e  o th e r  

hand, 0 ^  o f th e  s e n s i t i z e r  rem ains p r a c t i c a l ly  u n a f fe c te d  by th e  change

of s o lv e n ts .

The change of 6 w ith  a s o lv e n t may be due to  e i t h e r  a change of th e  

l i f e t im e  o f  s in g le t  oxygen, 1 /k g , o r a change o f th e  r e a c t i v i t y  o f  the  

s u b s t r a te  toward s in g l e t  oxygen, k ^ , o r b o th .

The tem p era tu re  dependence o f p h o to s e n s it iz e d  o x y g en ta tio n  r e a c tio n s  

o f s e v e ra l  s u b s t r a te s  h as  been s tu d ie d  by Schenck, Koch and co-w orkers 

[14]. Using Rose Bengal a s  th e  s e n s i t i z e r  and a -p in e n e  a s  th e  s u b s t r a te  in  

d i f f e r e n t  s o lv e n ts ,  th e  quantum y ie ld s  o f pho tooxygenation  drop to  about 

50% of th e  room te m p era tu re  v a lu es  when th e  tem p era tu re  i s  low ered to  

-120°C (so lv e n t A) o r  -140 to  -150 (s o lv e n t D and C, r e s p e c t iv e l y ) . (See 

Table X I I I .)

TABLE X III

TEMPERATURE DEPENDENCE OF SENSITIZED PHOTOOXYGENATION 
OF a-PINENE IN DIFFERENT SOLVENTS

Og Consumption, m l/m in. 
S o lv en t

T em perature, C
A B C D

20 40 47 42
-30 39 - 47 42
-50 38 - 46 42
-70 35 38 45 41.7

-1 0 0 30 36 44 37.4
-1 2 0 20 26 33 32.6
-140 - 13 30 27
-150 - 8 20 -

Note: A = n -p ro p a n o l;m e th a n o l;a c e to n e  = 2 :2 :1
B = p ro p an o l; m e thano l; a ce to n e ; propane = 2 :2 :1 :1
C = n -p ro p a n o l; m ethanol; p ropane; e th e r ;  p e t r o l  e th e r  = 2 :2 :1 :6 :5
D = e th e r ;  e th a n o l;  e th y l a c e ta te  = 3 :4 :4
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The tem p era tu re  c o e f f i c i e n t ,  p e r  10°C, i s  thus about 1 .005 , showing th a t  

th e  a c t iv a t io n  energy o f  t h i s  p a r t i c u l a r  pho tooxygenation  i s  c lo s e  to  

z e ro . (See Table X II .)  With o l e f i n s ,  a c t iv a t io n  en e rg ie s  w ere d e te r ­

mined to  be betw een 1 and 5 K cal/m ole (T able XIV).

TABLE XIV

ACTIVATION ENERGIES OF THE TERMINATION STEP IN 
PHOTOSENSITIZED OXYGENATION REACTIONS

S u b s tra te A c tiv a tio n  Energy 
K cal/m ole

2 ,5  d im ethy l fu ra n 0*

fu ran 0^

a - te rp in e n e 0.5®

1 ,3  cyclohexad iene 1 . 1 ®

th io u re a 1 .5 ^

cy c lo p en ta d ien e 2.4®

f u r f u r a l 3 .4 ^

isoam ylam ine 6 . 0 ®

N ote: a  ^ ,s e n s i t i z e r  = Rose Bengal

^ s e n s i t i z e r  = M ethylene Blue

Young, e t .  a l . [17] compared th e  r e a c t io n  mechanisms and k in e t ic s  

o f  p h o to s e n s it iz e d  o x id a tio n  and d i r e c t  p h o to o x id a tio n . Using 2 -a ry l  

fu ra n  as th e  s u b s t r a te  and Rose Bengal as th e  s e n s i t i z e r ,  th e  r e a c tio n  

schemes a re  o u tl in e d  as fo llo w s .

1. P h o to se n s itz e d  O x id a tio n  ( i n d i r e c t ) :
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hv

1,S ISC

3S

1So

[3 0 ,] S f  o
[A]

k rx
AO.

w here:

k
i s c

r a te  c o n s ta n t f o r  in te r s y s te m  c ro ss in g

k^ = r a t e  c o n s ta n t o f f lu o re sc e n c e

A = s u b s t r a te

The k in e t ic s  f o r  th e  d isap p ea ran ce  o f th e  a ry lfu r a n  a re  re p re se n te d  by;

.  k - - S — —
d t k ^ [A l  + k .

where 1_ r e p re s e n ts  th e  r a t e  o f fo rm atio n  of s i n g l e t  oxygen. The above 
2

r e la t io n s h ip  i s  s im i la r  to  th a t  g iven  on page 6 8 , i f  expressed  in  term s

‘*’1o f quantum y ie ld  o f  p roduct fo rm a tio n , AO^, and 0^ . At low c o n ce n tra ­

t io n s  o f s u b s t r a t e ,  10 ^ to  10 ^ m o l e / l i t e r ,  w here k ^ /k ^ ^ , = 6 , i s  in  th e  

-2  -3o rd e r  o f  10 -  10 , th e  e q u a tio n  reduces to :

_ dA _ k V f l
d t  Oj kg

W i i l .Cn  0 . 0  j-^Z

2 . D ire c t P h o to o x id a tio n  :

sc

(I_)hv

o

[ \ + r x ( l ) AO,

[A]

\x(2)
30

(A)

(B)
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At lilf'ii c o n c e n tra tio n s  of A, tlie m ajor p lio tooxidat Lon p ro d u c ts , >987., 

occur v ia  path  (B). However, a t  low c o n c e n tra t io n s ,  10 path  (A) is  

fav o red . One in t e r e s t in g  a sp e c t o f pa th  (A) i s  th e  p o s s i b i l i ty  th a t  th i s  

r e a c t io n  could d i f f e r  from th e  s in g l e t  oxygen r e a c t io n .

The r a t e  d isap p ea ran ce  o f  A a t  low c o n c e n tra tio n  i s  exp ressed  by 

th e  fo llow ing  eq u a tio n :

-  V W

where e i s  th e  e x t in c t io n  c o e f f ie n t  and i s  th e  quantum y ie ld  o f f lu o r ­

escen ce .

Zwicher and G rossw einer [51] s tu d ie d  th e  p h o to sen tized  o x id a tio n  

o f aqueous phenol by e o s in . The elem en tary  p ro cesses  and th e i r  co rrespond­

ing  r a te  c o n s ta ts  a re  ta b u la te d  in  Table XIV, where D i s  th e  ground s t a t e

1 * 3of aqueous e o s in ,  D i s  th e  lo w est e x c ite d  s in g l e t  s t a t e  and D i s  th e

low est t r i p l e t  s t a t e .  T h e ir works p r im a r ily  em phasized th e  s tu d ie s  o f 

th e  p h o to e x c ita t io n  o f e o s in ,  th e  n a tu re  o f t r i p l e t  e o s in , th e  r e a c t io n  

o f t r i p l e t  e o s in  and f re e  r a d ic a l  r e a c t io n s .

Kasche and L in d q v is t conducted  th e  k in e t i c  ana ly ses  o f th e  p r i ­

mary r e a c t io n  betw een t r i p l e t  f lu o re s c e in  and m o lecu la r oxygen in  aqueous 

s o lu tio n s  over a  w ide range o f pH [20] based  on th e  fo llow ing  r e a c tio n  

seq u en ces .

T    S k^ (1)

T + T --------------   S + T kg (2)

T + S --------------   S + S k^ (3)

T + T ---------------  X + R k^ (4)

T + S --------------   X + R k^ (5)

T ,S ,R  and X re p re s e n t  th e  t r i p l e t ,  ground s t a t e ,  sem ireduced and semi­

o x id ized  dye, r e s p e c t iv e ly .
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TABLE XV

ELEMENTARY REACTIONS OF THE EOSIN-PHOTOSENSITIZED 
OXIDATION OF PHENOL IN AQUEOUS SOLUTION[51]

D + h v -------------   ^D

(1) ► D + hv = 1.3x10 s e c .

(2) ^D ---------------  D + h e a t = 4.4x10^ sec  ^

(3) ^D --------------   D + l i g h t  + h e a t  = 420 sec  ^

(3) ^D + ^D ---------------- 2D 2k = 2.4x10^ s e c “^

(4) ^D + C,!' OH   D + C.H.OH k . = 1.4x10^° sec~^
6 3 6 5 4

(5) \  + Og -------------- - D + Og k^ = 1.6x10^ s e c “^

(6 ) + 0„ ---------------► P roducts  k , = 9.1x10^ M ^ se c  ^
3 ^ * 5 -1  -1(7) D + CgH^OH ► DH- + C^H^O- k^ = 1.5x10 M sec

(8) DH- + C H 0 ----------- D + C.H OH k = 6x10^ sec"^6 5 ^6 5 8
9 -1= 3.5x10^ M

.16

(9) D~ + C^HgO- ---------  D + CgH^OH + H"̂  k^ = 3.5x10^ sec

(10) DH- + DH. ------------ - D + DHg ^^10^11 "  1-4x10

(11) CgH^Q. + CgH^O. ► Products

(12) CgH^O. + H -   CgH^OH 2k^^ + k^g = 6x10^ sec“ ^
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The r e s u l t s  o f  th e  s tu d y  o f re a c t io n s  betw een th e  t r i p l e t  dye and molecu­

l a r  oxygen a lso  in d ic a te  ev idence f o r  th e  occu rrence  o f  a "p h y s ic a l quench­

in g "  r e a c t io n ,

T + Og------------- " S + Og kg (6)

and a chem ical quenching r e a c t io n .

T + Og -X  + HOgCor Og) (7)

They concluded th a t  th e  r a t e  o f  t r i p l e t  decay a f t e r  f la s h  exposure can be 

ex p ressed  by th e  e q u a tio n : 

dlnC„
^ = k . + (k„ + 2k,)C  + (k , + k^)Crd t 1 ' 2  4 ' " 6  7 / Og

where C and a re  th e  c o n c e n tra tio n  o f  f lu o re s c e in  and oxygen, re s p e c -  
^2

t i v e l y .

T erm ination  R eactions 

In  th e  te rm in a tio n  s te p  o f  th e  photooxygenation  r e a c t io n ,  s i n g le t  

oxygen o r  o th e r  o x id iz in g  s p e c ie s  r e a c t  w ith  a s u i ta b le  s u b s t r a te  to  p ro ­

duce oxygenation  p ro d u c ts  which may b e  s ta b l e  o r u n s ta b le .  In  th e  l a t t e r  

c a s e ,  te rm in a tio n  re a c tio n s  such as rearrangem en t, decom position  o r  r e a c ­

t io n s  w ith  s o lv e n ts  can occu r which may r e s u l t  in  th e  c o m p lica tio n  o f  th e  

r e a c t io n  mechanism [1 4 ].

I t  i s  beyond th e  scope o f t h i s  work to  review  a l l  th e  te rm in a tio n  

r e a c t io n s  in v o lv ed  in  pho tooxygenation  p ro c e sse s . The fo llo w in g  l i t e r a ­

tu r e  review  w i l l  be r e s t r i c t e d  to  th e  f a t e  o f  p ero x id es  o r  h y d ro p ero x id e , 

which w ith  h ig h  p r o b a b i l i ty ,  a re  th e  in te rm e d ia te s  i n  th e  d i r e c t  o r  i n ­

d i r e c t  p h o to o x id a tio n  o f th e  o rg a n ic  compounds o f i n t e r e s t .

There a re  d i f f e r e n t  ways th a t  p ero x id es  o r  h y d roperox ides can
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decompose. T hree o f th e se  mechanisms a re  p re se n te d  h e re  [1 2 ,3 9 ].

1. U nim olecular hom oly tic  s c is s io n  o f 0 -0  bond.

R-O-O-R------------   2R0*

The r a d i c a l s  produced by d is s o c ia t io n  can  e i t h e r  decompose 

f u r th e r  by B -sc is so n , o r a t ta c k  o th e r  m o lecu les  in  th e  

system  r e s u l t in g  in  th e  fo rm ation  of new r a d i c a l s .  The 

a c t iv a t io n  e n e rg ie s  f o r  th e  s e r ie s  o f  e th y l  p ero x id e  

th rough  t - b u ty l  p e ro x id e  a re  34 to  37 K cal/m ole . Decom­

p o s i t io n  p ro d u c ts  fo r  e th y l p ero x id e  a re  e th a n o l and 

a c e ta ld e h y d e , r e s u l t in g  from th e  d is p ro p o r t io n a t io n  be­

tween ethoxy  r a d ic a l s :

ZCH^CHgO--------------   CHg-CHg-OR + CĤ CHO

They could  a ls o  r e s u l t  from a ch a in  p ro cess  in  w hich an 

e thoxy r a d ic a l  e x t r a c t s  hydrogen from a p ero x id e  mole­

c u le  and i s  su b se q u en tly  decomposed by 3- s c i s s io n .

CHgCHgOOCHgCHg 4" CH^CHgO----- .CHgCHOOCHgCHg + CHgCHgOH
CHgCHOOCHgCHg ^ ^ s c is s io n  + CH^CH^O-

2. Induced decom position  i s  a b im o lecu la r p ro c e ss  of r a d ic a l s  

com bining w ith  a p ero x id e  causing  i t s  d ecom position . The 

a t ta c k in g  r a d ic a l s  can be produced d i r e c t l y  from th e  perox­

id e  i t s e l f  o r by subsequent r e a c t io n s .  The mechanism of 

th e  induced decom position  depends on th e  s t r u c tu r e  o f  th e  

p e ro x id e . I t  can be a hydrogen a b s t r a c t io n  as in  sim ple 

a lk y l  p e ro x id e ,

R- + R^CH-O-O-CHR^---------- -EH + R^C-O-O-CHR^
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or an a t ta c k  on 0 -0  bonds as  in  benzoyl p e ro x id e .

R. + (j)—C—00—C—‘j' ------- ► ({)—CO2 "b R—0—C—<()

0 0

The induced decom position  r e a c t io n  consumes the  i n i t i a ­

to r ,  R*, w ith o u t in c re a s in g  th e  number of r a d ic a l s .

3. D ecom position by d e to n a tio n  i s  l i t t l e  understood  and i s  

n o t l i k e ly  to  occur a t  low p ero x id e  c o n c e n tra tio n . Perox­

id e s  d i f f e r  in  t h e i r  s u s c e p t i b i l i t y  to  decom position  by 

d e to n a tio n . In  g e n e ra l ,  th e  lower th e  m o lecu la r w eigh t 

th e  more s u s c e p t ib le  i s  th e  p ero x id e  to  e x p lo s io n . For 

exam ple, o f th e  a lk y l  p e ro x id e s , m ethyl p ero x id e  i s  ex­

trem ely  d an g ero u s , w hereas t - b u ty l  perox ide  i s  u n u su a lly  

s ta b l e .

The above m entioned decom position  modes a re  th e  g e n e ra l therm al re a c ­

t io n s  and p rim ary  p h o to d is s o c ia t io n  w i l l  be review ed in  th e  fo llo w in g  d i s ­

cu ss io n . Prim ary pho todecom position  of p e ro x id es  p roceeds w ith  th e  rup ­

tu re  o f a  weak R-O-O-R' bond [8 ] ,  and in  m ost cases  i s  a f f e c te d  by the

n a tu re  o f  th e  s o lv e n t and energy in p u t ,  w avelength  o f l i g h t  so u rc e .

t  t
ROOR' + h v  ►RO + R'O

RO and R’O a re  th e  in te rm e d ia te  e x c ite d  r a d ic a l s .

R e la t iv e ly  e x c e ss iv e  e n e rg ie s  a re  c a r r ie d  o f f  by th e  s e p a ra tin g  r a d i ­

c a l s ,  i . e .  56 K cal/m ole a t  3130 & and 78 K cal/m ole a t  2537 &. Examples of 

th e  decom position  r e a c t io n  o f some a lk y l  p e ro x id es  a re  g iven  below :

1. D im ethyl p e ro x id e  w i l l  undergo p h o to d is s o c ia tio n  a t  2537 

& and may be fo llow ed  by com plete frag m e n ta tio n  o f  CH_0^.

t  tCHgOOCHg + hv ----------   CHgO (o r CHgO + H) + CH^O
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2. In  th e  UV re g io n ,  th e  fo llo w in g  r e a c t io n  i s  p o s tu la te d  

fo r  d ie th y lp e ro x id e :

CgHgOOCgHg + h v    (o r CHgO + CH^) +

3. At 3200 t - b u ty l  hydroperox ide decomposes fo llo w in g  

th i s  r e a c t io n  mode:
t

(CH2 ) 2C00H + hv --------------   (CH^j^CO + OH

CHgCOCHg +  CHg

R eacto r D esign F orm ula tion  

C assano, e t .  a l . [9] d e riv ed  s e v e ra l  m athem atical r e la t io n s h ip s  fo r  

d i f f e r e n t  ty p es  o f r e a c to r s .  The d e r iv a t io n  o f  eq u a tio n s  i s  based on a 

sim ple r e a c t io n  system  obeying th e  fo llo w in g  c o n d itio n s :

1 . Iso th e rm a l.

2 . C onstan t p h y s ic a l p r o p e r t i e s .

3 . Monochromatic l i g h t .

4 . No d a rk  r e a c t io n s .

5 . R ate  i s  f i r s t  o rd e r  w ith  re s p e c t  to  l i g h t  a b s o rp tio n  by 

one o f th e  r e a c ta n t s ,  and f i r s t  o rd e r  w ith  r e s p e c t  to  

th e  c o n c e n tra tio n  o f th e  same r e a c ta n t .

6 . F la t  c o n c e n tra tio n  and v e lo c i ty  p r o f i l e s .

7 . N e g lig ib le  r e f l e c t i o n  o f r a d ia t io n .

8 . S teady s t a t e  flow .

Three ty p e s  o f r e a c to r s  o f i n t e r e s t  a r e :  th e  p a r a l l e l  p l a t e ,  c y l in d r ic a l  

r e a c to r  and an n u la r r e a c to r .

P a r a l l e l  P la te  R eactor

T his e x i s t s  when l i g h t  ra y s  a re  uniform  (F ig u re  7) p a r a l l e l  and



(A)

•D - r

(3)

\  l /
D— :

(C)

_

F igure  7. R eactor Geom etries [9],



79
p e rp e n d ic u la r  to  th e  w a ll o f th e  r e a c to r .  The w a ll c o n s is ts  of p a r a l l e l  

p la t e s  w ith  a  l i g h t  p a th ,  D, and a  flow  le n g th , L. The r a t e  of p ro d u c tio n  

i s :

SI = kl^C (1 )

R a d ia tio n  e q u a t io n , is  g iven  by:

d l/d x  = - p i  = -aC I (2)

W ith boundary c o n d itio n s  a p p lie d :

X = 0 , I  = I  (3)w

For c o n s ta n t t r a n s p o r t  p r o p e r t i e s ,  monochromatic l i g h t  and in c o m p re s s ib il­

i t y  flow , th e  mass b a lan ce  i s  g e n e ra lly  exp ressed  a s :

-VC^ + (D^ + + 0^ = 3C / a t  (4)

where i s  th e  lo c a l  r a t e  o f p ro d u c tio n  o f s p e c ie s  i .

The mass b a lan ce  eq u a tio n  fo r  th e  p a r a l l e l  p la t e  r e a c to r  red u ces  to :

;  = a  ( 5 )

where th e  bar d e s ig n a te s  average v a lu es  a c ro s s  th e  l i g h t  p a th  of th ic k n e s s ,  

D. The boundary c o n d itio n s  a re :

z = 0 , C = ( 6 )

S u b s t i tu t in g  = p i  = aCI in to  E quation (1 ) ,  th e n :

a = klaC^ (7)

In te g ra t in g  E quation (2) and (3) to  g iv e  I  a t  any x ,  and s u b s t i tu t in g  th e  

r e s u l t  fo r  I  in  E quation  (7 ) ,  g iv e s :

k l  C
â = ■ [1-exp (-aCD] (8 )

S o lu tio n  o f E quation  (5) and ( 6) y ie ld s :

V k l  c
— = /^ ^ l-e x p (-a C D )] — dC (9)
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The d im en sio n le ss  group on th e  l e f t  i s  a m easure o f V /D , th e  volume r e -K

q u ired  per u n i t  of l i g h t  p a th . I t  i s  a fu n c tio n  o f co n v ers io n  x ,

X = 1 -  C/C = l - r  (10)
o

E quation  (9) can th en  he expressed  in  te rm s o f  F;

V ^kl 1 ^
^  = I  [1-exp  (-a C D )]  —  (1 1 )QD r I" r

C y lin d r ic a l  R eactor

The lamp i s  o u ts id e  th e  r e a c to r  and p ro v id e s  un ifo rm , p a r a l l e l  and 

r a d ic a l  r a d ia t io n .  I t  i s  known th a t  fo r  u n id i r e c t i o n a l ,  monochromatic 

r a d ia t io n ,  th e  r a d ia t io n  e q u a tio n  i s  g iven  by;

V -I = - p | l |  (12)

where th e  p ro d u c t p | l |  i s  th e  v o lu m etric  a b s o rp tio n  r a t e  I ^ .  For c y l in ­

d r i c a l  r e a c to r .  E quation  (12) i s  reduced to :

g  ^  ( e l)  = ± p l (13)

w ith  boundary c o n d itio n s .

r  = R, I  = I ^  (14)

R ep lacing  p w ith  «C and in te g r a t in g  i t  g iv e s :

I  R
I  = {exp [ -a c (R -r)]  + exp [ -aC(R+r)]} (15)

P roceed ing  w ith  th e  p a r a l l e l  p l a t e  r e a c to r  le a d s  to  th e  f i n a l  r e s u l t ;

= k r  [ l-e x p (-a C ^ D ]'^  f -  (16)

A nnular R eacto r

In  t h i s  ty p e  o f r e a c to r ,  th e  r a d ia t io n  comes from a  c y l in d r ic a l  lamp 

in s id e  th e  annulus in  a  u n ifo rm , p a r a l l e l  and r a d ia l  beams (F ig u re  7 c ) .

I f  th e  i n t e n s i ty  i s  I ^  and th e  r a t i o  o f o u te r  to  in n e r  ra d iu s  o f  th e
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annulus i s  y = Rg/R^, th e  f i n a l  r e s u l t  i s :

^R^^w _ 1 + Y , l [ l - e x p  (-aC D) ] ^dP
" - q T  ‘  2 f  r

The n o ta t io n s  used in  th e  above d is c u s s io n  a r e :

C = c o n c e n tra tio n , g ram -m ole/cc.

D = le n g th  of l i g h t ,  cm.
2

I  = l i g h t  i n t e n s i ty ,  e in s te in /s e c .c m  .
2

= v o lum etric  r a t e  of l i g h t  a b so rp tio n , e in s te in /s e c .c m  . 

k = k in e t ic  c o n s ta n t .

L = le n g th , cm.

Q = vo lum etric  flow  r a t e ,  c c /s e c .

R = r a d iu s ,  cm.

r  = r a d ia l  d is ta n c e ,  cm.

= r e a to r  volume, cc .

V = v e lo c i ty ,  cm /sec.

X = le n g th , cm. c o n v e rs io n  or mole f r a c t io n ,

z = a x ia l  d is ta n c e .
2

a = m olal a b s o r p t iv i ty ,  cm /gram -m ole.

0 = lo c a l  r a te  o f r e a c t io n ,  p ro d u c tio n , g ram -m o le /cc .sec .

y = a t te n u a t io n  c o e f f i c i e n t ,

s u b s c r ip ts :

f  = e x i t  or f i n a l  c o n d i tio n ,

w = r e a c to r  w a ll .

X = X d ir e c t io n ,

z = z d i r e c t io n ,  a x i a l .

= av e rag e . 

o = i n i t i a l  o r i n l e t  c o n d itio n .

(17)
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A p p lic a tio n  o f Photochem ical P ro cesses  in  W astewater Treatm ent

Photochem ical r e a c t io n s  r e l a t i n g  more s p e c i f i c a l ly  to  th e  p o l lu t io n  

abatem ent f i e l d  have been re p o rte d  by s e v e ra l a g r i c u l tu r a l  ch em is ts .

M itch e l [7] n o tic e d  th a t  under u l t r a v i o l e t  exposure , p e s t ic id e  compounds 

can undergo s t r u c t u r a l  changes. The b leach in g  phenomena in d ic a te s  the  

p o s s i b i l i t y  of c o lo r  rem oval by r a d ia t io n  p ro cess . The u se  o f UV ra y s  fo r 

th e  d i s in f e c t io n  o f a p u b lic  w ater supply  was re p o rte d  by L uckiesh .

B u lla  and E dgerly  [7] s tu d ie d  th e  photochem ical d e g ra d a tio n  o f some 

c h lo r in a te d  hydrocarbons: a l d r i n ,  d i e ld r in  and e n d r in . Using th e  G eneral 

E le c tr ic  G15TS G erm icidal M ercury Vapor Lamp th a t  p ro v id es  an u l t r a v i o l e t  

em ission of app rox im ate ly  2 .9  w, 0 .69  c a l / s e c ,  over a  v e ry  broad w avelength 

band c e n te re d  a t  2537 they  s tu d ie d  th e  e f f e c t  o f tim e , power in p u t and 

dep th  of th e  s o lu t io n .  The r e s u l t s  o f th e i r  in v e s t ig a t io n s  can be summar­

ized  as fo llo w s :

^ ^-k(Tlme)

= e 'i(P o w er)

uepcn: = a (Depth)^

where :

k , j , a  and b a re  c o n s ta n ts  th a t  can be determ ined  ex p e rim e n ta lly ;

C and C a re  c o n c e n tra tio n s  a t  tim e = 0; and o

tim e = t ,  r e s p e c t iv e ly .

Combining th e  th re e  p a ram ete rs , th e  g en e ra l eq u a tio n  i s  g iven  by:

F ra c tio n  degraded = 1 -  C/C^ = m ( D e p th ) ( 1 - e  ^ ( P o w e r ) ^

where m, n and y a re  c o n s ta n ts .

The b io a ssa y  s tudy  o f th e  i r r a d ia te d  a ld r in  s o lu t io n  showed a

Time: C/Co

Power : c /c *

Depth: C/C*
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s ig n i f i c a n t  r e d u c t io n  in  t o x i c i t y  to  b l u e g i l l s .  The c o s t e s tim a tio n  fo r  

50% d e g ra d a tio n  o f p e s t ic id e s  a t  10 cm. d ep th  i s  g iven  in  T ab le  XVI.

TABLE XVI

COST ESTIMATION FOR 50% DEGRADATION OF PESTICIDES AT 10 CM DEPTH

Compound C o s t/m ill io n  g a l lo n s

$

A ld r in 24.50

D ie ld r in 73.00

E ndrin 57.00

N ote: based  on power consum ption a t  $0.015/Kw. h r .  [7 ] .

A s tu d y  was made by M einer, e t .  a l .  [32] o f  th e  e f f e c t s  of u l t r a v io ­

l e t  r a d ia t io n  on th e  r a t e  and e x te n t  o f c h lo r in e  o x id a tio n  o f  o rg an ic  ma­

t e r i a l s  in  a h ig h ly  n i t r i f i e d  e f f lu e n t  from b io lo g ic a l  sewage tre a tm e n t 

p la n ts .  They concluded th a t  th e  e x te n t o f o x id a tio n , w hich can be ach iev ­

ed by c h lo r in e  combined w ith  UV r a d ia t io n ,  i s  u s u a lly  much g r e a te r  th an  

th a t  which can  be achieved by c h lo r in e  a lo n e .

The r a t e  o f c a ta ly t ic  o x id a tio n  i s  dependent on pH, and a pH o f 5 

was found to  be th e  optimum as  f a r  as  th e  r a t e  was concerned . In  seven 

d i f f e r e n t  experim en ts  perform ed a t  pH 5 , th e  average COD d e c re a se  was 67% 

in  5 m in u tes , 79% in  10 m inu tes and 95% in  15 m in u tes .

The r a t e  o f o rgan ic  o x id a tio n  i s  n o t p ro p o r tio n a l to  th e  c h lo r in e  

c o n c e n tra tio n . A la rg e  excess o f c h lo r in e  d id  n o t enhance th e  r e a c t io n  

r a t e ,  b u t sim ply  in c re ased  th e  amount o f c h lo r in e  re q u ire d  to  reduce a 

g iven  amount o f  o rgan ic  m a tte r .
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Tem perature has no s ig n i f i c a n t  e f f e c t  on th e  r a t e  and e x te n t  o f 

c a t a ly t i c  o x id a tio n  a t  pH 5. A s u b s ta n t i a l  r e d u c t io n  in  bo th  th e  r a t e  and 

e x te n t by th e  p re se n c e  o f ammonia was o b served . U V -catalyzed c h lo r in e  

o x id a tio n  in d ic a te d  th a t  phenol, 2 ,4  d in i t r o p h e n o l , g ly c in e , fo rm ic  ac id  

and 0 - d in i t r o  benzene a re  o x id ized  ra p id ly  and e x te n s iv e ly . P ro cess  co s ts  

o f 7.2c? and 1 1 .Ic? p e r  1000 g a llo n s  w ere e s tim a te d  based  on s e v e r a l  types 

o f com m ercially  a v a i la b le  lam ps.

Kinney and Iv an u sk i [23] conducted re s e a rc h  work on th e  p h o to c a ta -  

l y t i c  o x id a tio n  o f d is s o lv e d  o rg an ic  m a tte r  by i r r a d i a t i n g  s l u r r i e s  o f 

z i n c - t i t a n a t e  (ZnTiOg), z in c -o x id e , t i ta n iu m  d io x id e  and beach  sand  by

sunlam ps. The co n c lu sio n s  drawn from t h e i r  works a re :

1. That th e  re a c t?  'c  appears to  fo llow  f i r s t  o rd e r  k i n e t i c s .

2. ZnO ap pears  to  be lu p e r io r  f o r  th e  l i g h t  induced o x id a t io n .

3. At a c o n c e n tra tio n  o f 100 to  200 mg/1 o f o rg an ic  ca rb o n ;

80% o f p h en o l, 67% b en zo ic  a c id , 44% a c e t ic  a c id , 40% 

sodium s t e a r a t e  and 16% su c ro se  w ere o x id iz e d  in  24 hours 

w ith  10 g / 1  z in c -o x id e .

4. Rose Bengal and Sudan Orange a re  i n e f f e c t iv e  s e n s i t i z e r s .

5. Beach sand showed some p h o to s e n s i t iz a t io n  p ro p e r t ie s  when 

i l lu m in a te d ,  e ig h ty  seven  p e rc e n t pheno l was removed in  

72 h o u rs .  This s tro n g ly  su g g es ts  th a t  p h o to c a ta ly s ts  a re  

w idely  d i s t r ib u te d  in  n a tu re  and th a t  p h o to s e n s it iz e d  

o x id a tio n  i s  a mechanism whereby d is s o lv e d  o rg an ic  m a tte r  

i s  o x id iz e d  in  th e  n a tu r a l  environm ent o f  stream s and 

la k e s .

6 . D isso lv ed  o rg an ic  m a tte r  in  a sample o f dom estic sewage
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was reduced , 50% in  24 h r s .  and 75% in  70 h r s .

7. The l im i t in g  f a c to r  appears  to  be th e  a c t i v i t y  o f th e

s e n s i t i z e r ,  s in c e  l i g h t  in t e n s i ty  dropped s u b s ta n ia l ly  

w ith o u t m easurab le  d e c re a se  i n  r e a c t io n  r a t e .

8 . The a p p l ic a t io n  o f p h o to s e n s it iz e d  o x id a tio n  i s  more 

f e a s ib le  in  system s w ith  h ig h  c o n c e n tra tio n s  o f o r­

g an ic  m a tte r  s in c e  th e  amount removed a t  c o n s ta n t i r r a ­

d ia t io n  in c re a s e s  w ith  in c re a se d  c o n c e n tra tio n .

T his l a s t  co n c lu sio n  may be t r u e  URder p a r t i c u la r  r e a c t io n  cond i­

t io n s .  In  th e  subsequen t c h a p te r  th e  ex p erim en ta l ev idence w i l l  in d i ­

c a te  th a t  a d e v ia tio n  from th i s  i s  p o s s ib le .

Sm ith [49] has been in v e s t ig a t in g  th e  p ro sp e c t o f a  pho tochem ical 

p ro cess  as means of t e r t i a r y  w a te r  tr e a tm e n t.  P re lim in a ry  r e s u l t s  in d i ­

c a te  th a t  a re d u c tio n  in  COD o f 25-50% can be ach ieved  w ith o u t a s e n s i ­

t i z e r .  When Fe io n  was added as a s e n s i t i z e r ,  th e  re d u c tio n  was no t 

s u b s t a n t i a l l y  g r e a te r .

The work of M ille r  and Narang [3 3 ], a lthough  n o t d i r e c te d  toward 

th e  photochem ical r e a c t io n  in  w a te r  p o l lu t io n  abatem en t, may le a d  to  a 

f e a s ib le  p ro cess  fo r  th e  rem oval o f p e s t i c id e s .  They d isc o v e re d  th a t  

p h o to ly s is  o f c e r ta in  a lk y l  h a l id e s  and a ro m a tic  amines p roduces d eh a lo - 

g e n a tio n  o f  h a l id e s .  These re a c tio n s  invo lved  a pho to induced  charge 

t r a n s f e r  from th e  amine to  th e  h a l id e .  P h o to ly s is  o f DDT and d ie th y lam in e  

a t  3100 & y ie ld s  l , l - d ic h lo ro -2 ,2 -b is (p - c h lo ro p h e n y l)  e th y le n e  (DDC), 

l , l - d ic h lo r o - 2 ,2 - b is ( p - c h lo r o p h e n y l)  e th an e  (DDD), p , p ’-d ic h lo ro b e n z o p h e - 

none (DDCO) and HCL. P h o to ly s is  o f  DDT does n o t occur u n le ss  an in d u ce r 

which has a low io n iz a t io n  p o te n t i a l  such as d ie th y la n i l in e ,  i s  p re s e n t .
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The r e s u l t s  o f th e i r  s tu d ie s  a re  summarized in  T able XVII.

TABLE XVII
EFFICIENCY OF INDUCED PHOTOLYSIS OF DDT[33]

Inducer 

(M X 10"^)

HCl Formed 

(moles X 10^)

DDT Consumed 

(moles X 1 0^)

None 0 0

Tr ipheny lam ine 1 .3 6.5

N, N-D ie th y la n i l in e 8.7

Benzophenone 0 0

Q uino line 0 0

D iphenyl S u lf id e 1 .5 2

p -N itro  to lu en e 0

p-Phenylened iam in e 20 6.5

1-A m inoanthraquinone 0 0

B enzid ine 6 .6 5 .6

N ote: D eterm ined by i r r a d i a t i o n  o f 100 mg. o f 98% p,p'-DDT in  50 ml o f
cyclohexane f o r  5 h r s .

P ra th e r  [38] s tu d ie d  th e  a u to x id a tio n  o f r e f in e r y  w aste and he a s ­

sumed th a t  th e  ch a in  r e a c t io n s  a s  d esc rib e d  on p . 19 were a p p lic a b le  to  

p ro c e s s .  Using an a e r a t io n  tow er, 25 ' x 4* x 6 ' ,  P ra th e r  succeeded in  

rem oving over 50% of a p p lie d  COD. R esidence tim e f o r  w ater flow ing 

th ro u g h  th e  tower was e s tim a ted  a t  3 to  6 m in u tes , and a i r  flow  th rough  

th e  tow er averaged 7600 cfm. He p o s tu la te d  th a t  l i g h t  would enhance th e  

r e a c t io n  r a t e .
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B ishop, e t .  a l  [4] conducted re s e a rc h  on c a t a ly t i c  hydrogen perox ide  

o x id a tio n  of r e f r a c to r y  o rg a n ic  m a te r ia l  in  secondary  m unicipal w aste  

tre a tm e n t p la n t  e f f lu e n t s ,  in  co n ce n tra te d  m u n ic ip a l e f f lu e n ts  from a 

d i s t i l l a t i o n  p ro c e s s , in  c o lla p se d  foam ate from foaming s tu d ie s  and in  

v e ry  d i l u t e  m u n ic ip a l e f f lu e n t  from carbon a b s o rp tio n  tre a tm e n t. ACS re a ­

g en t g rad e  f e r r i c  s u l f a t e ,  f e r r i c  ammonium s u l f a t e  and fe r ro u s  ammonium 

s u l f a t e  were used as c a t a ly s t s .  The r e a c t io n  mechanisms b e lie v e d  to  be 

r e s p o n s ib le  fo r  th e  p ro c e ss  w ere:

%1
F e " ^ +

» 2 ° 2

F e - ^ +
H 2 °2

F e " ^ + • OH

p n  .
2

F e " * ^ +
° 2

HgOg + • OH

RH + • OH

R +
° 2

ROD' + RH

ROOH + F e + +

ROOH + F e - ^

Fe++ + oh“  + •OH

F e ^ + -HOg + h'^

F e " ^ + oh“

°2 +

Fe'*^ +
° 2

HOg" + HgO

R. + H^O

ROC'

ROOH + R-

RO. + F e ^ + 0H~

RO^. + Fe++ + H+

They concluded th a t :

1 . The f e r r i c - f e r r o u s  io n  hydrogen p e ro x id e  c a t a ly t i c  system s 

ox id ized  an a p p re c ia b le  p o r t io n ,  70%, o f th e  r e f r a c to r y  o r­

gan ic  m a te r ia l .

2. The p ro cess  invo lved  f r e e  r a d ic a l  o x id a t io n ,  'OH, and 

a u to x id a tio n  a t  an  optimum pH of 3 -5 .
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3. The Fe* * * c a ta ly s t  re q u ire d  an e le v a te d  te m p e ra tu re , 65°C, 

to  produce p r a c t i c a l  o x id a tio n  r a t e s .  The fe r ro u s  system , 

on th e  o th e r  hand, produced ra p id  o x id a tio n  a t  am bient 

te m p e ra tu re s .

4. T h i r ty - s ix  to  s ix ty - f iv e  p e rc e n t o f COD was o x id ized  to  

carbon  d io x id e  and w a te r , b u t an o x id a tio n  r e s i s t a n t  

r e s id u a l  rem ained.

5. In  th e  f e r r ic -p e ro x id e  system , s to ic h io m e tr ic  r a t i o s  of 

an o x id a n t to  w astew ater COD produced an o x id a tio n  e f f i ­

c ie n c y  of approx im ate ly  60% fo r  a 22-hou r r e a c t io n  tim e. 

In  th e  fe r ro u s  system , th e  o x id a tio n  e f f ic ie n c e s  w ere

15 to  50% lower than  th e  fo rm er, bu t re q u ire d  o n ly  a 

20 -m inu te  r e a c t io n  tim e.

6 . B ecause of th e  h igh  c o s t  o f hydrogen p e ro x id e  and th e  

l im ite d  pH ran g e , 3 -5 , o f th e  o x id a n t, th e  f e r r i c - f e r r ­

ous io n  hydrogen p e ro x id e  c a t a ly t i c  system s were n o t 

p r a c t i c a l  as  a source  o f o x id a n ts  fo r  u se  in  w astew ate r 

tre a tm e n t.



CHAPTER III

MATERIALS AND METHODOLOGY

In tro d u c tio n

The l i t e r a t u r e  c i te d  i n  th e  p rev ious c h a p te r  in d ic a te s  th a t  d i r e c t  

o r  in d i r e c t  photochem ical oxygenation  has been s tu d ie d  by s e v e ra l  in v e s t i ­

g a to rs ;  however, th e  a p p l ic a t io n  in  w ater p o l lu t io n  abatem ent th a t  has 

been p u b lish ed  i s  p r im a r ily  th e  works o f B u lla  & E dgerly  [7 ] ,  Kinney & 

Ivanusk i [23] and Smith [4 9 ] . The pho tochem ists w orking w ith  pu re  compounds, 

g e n e ra lly  non-aqueous s o lu t io n s  and h igh  c o n c e n tra t io n s ,  a re  p r im a r ily  in ­

te re s te d  in  th e  mechanisms and th e  p re p a ra tio n s  o f photooxygenated p ro d u c ts . 

In  c o n t r a s t ,  s a n i ta ry  e n g in e e rs  d e a lin g  w ith  d i l u t e  aqueous system s a re  

m ainly  concerned about th e  e x te n t  o f th e  r e a c t io n s ,  i . e .  th e  re d u c t io n  o f 

Chemical Oxygen Demand (COD) and B iochem ical Oxygen Demand (BOD).

As s ta te d  in  th e  o b je c t iv e  o f t h i s  re s e a rc h  w ork, th e  s tu d y  w i l l  be 

d ire c te d  s p e c i f i c a l ly  toward a c q u ir in g  knowledge p e r t in e n t  to  p ro cess  ch a ra c ­

t e r i s t i c s  o f pho tooxygenation  in  aqueous system s. One o f  th e  most im p o rtan t 

r e a c t io n  p aram eters  i s  th e  r a t e  a t  which th e  s u b s t r a te  i s  transfo rm ed  o r  oxy­

genated in to  i t s  co rrespond ing  r e a c t io n  p ro d u c t( s ) ,  and th e  r a t e  o f com plete 

d e s tru c t io n  o f th e  o rg an ic  compound being i r r a d i a te d .  W ith in  such experim en­

t a l  framework, th e  in v e s t ig a t io n s  were perform ed in  th r e e  s ta g e s :

1. P re lim in a ry  experim en ts  w ith  th e  o b je c t iv e  b e in g  to  s tu d y  th e

89
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s u s c e p t i b i l i t y  o f  some o rg an ic  compounds to  pho todegrada­

t i o n ,  d i r e c t  p h o to o x id a tio n  and in d i r e c t  ( s e n s i t iz e d )  

p h o to o x id a tio n  and to  determ ine  th e  r e a c t i v i t y  o f dye and 

pigm ent s e n s i t i z e r s .

2. Subsequent experim ents from th e  r e s u l t s  o b ta in e d . F iv e  

o r  s ix  compounds, having p a r t i c u l a r  s t r u c tu r e s ,  a ro m a tic , 

s t r a i g h t  cha in  o r c y c l ic ,  a r e  f u r th e r  in v e s t ig a te d  to  de­

te rm in e  th e i r  r a t e s  o f r e a c t io n ,  s u s c e p t i b i l i t y  to  pho to­

d e g ra d a tio n , r e a c t iv i t y  to  oxygen and th e  e x te n t o f  th e  

r e a c t io n  in  term s of COD and BOD re d u c t io n .

3. F in a l experim ents to  s tudy  th e  a p p l i c a b i l i t y  o f  ph o to o x i­

d a t io n  to  some in d u s t r i a l  w a s te s ,  i . e .  aqueous s o lu t io n  

c o n ta in in g  v e g e ta b le  o i l ,  p ap er pulp  and cyan ide .

S e le c tio n  of O rganic M a te r ia ls

There a re  numerous o rg an ic  compounds known to  be r e s i s t a n t  to  b io ­

chem ical o x id a tio n .  N e v e rth e le ss , as  d isc u sse d  e a r l i e r  in  C hapter I ,  th e re  

i s  no g e n e ra liz e d  p a t te r n  th a t  can be used to  p r e d ic t  th e  s u s c e p t i b i l i t y  

of o rg an ic  compounds to  b io d é g ra d a tio n . The s tu d ie s  made to  d a te  a re  p r i ­

m a rily  r e la te d  to  th e  b a s ic  co ncep ts  o f d i s s im i la t io n  [4 0 ] , nonb iodegrada- 

b i l i t y  [18] o r  ta b u la t io n  o f  th e  r e l a t i v e  r e s is ta n c e  d eg ree  o f  o rg a n ic  com­

pounds to  b io ch em ica l o x id a tio n  [4 6 ].

To s tu d y  th e  e x te n t o f p h o to d eg rad a tio n  o r  p h o to o x id a tio n  o f  o rg an ic  

m a te r ia ls  in  aqueous s o lu t io n s ,  th e  s e le c t io n  o f  th e  compounds cannot be 

based s o le ly  on th e i r  r e c a lc i t r a n c e  to  b io o x id a tio n . O ther f a c to r s  to  be 

co n sid ered  a re  t h e i r  s o l u b i l i t i e s  in  w a te r , t h e i r  method o f  d e te c t io n ,  and
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unique chem ical s t r u c tu r e s :  a l i p h a t i c ,  arom atic  o r c y c l ic .  Based on th e se

req u ire m en ts  th e  fo llo w in g  compounds w ere s e le c te d  fo r  th e  s tu d ie s .

M ethanol, Formic A cid , E th an o l, A ce tic  A cid , P ro p an o l,
P ro p io n ic  Acid and B utanol

I t  i s  p o s tu la te d  th a t  th e  in te rm e d ia te  in  th e  p h o to d e g ra d a tio n  o r 

p h o to o x id a tio n  w i l l  be th e  C^, o r  fragm en ts . The f a t e  o f  th e se  low 

carbon  fragm ents when exposed to  photons under th e  p resen ce  o r absence of 

oxygen w i l l  de te rm in e  th e  e x te n t o f th e  photochem ical r e a c t io n .  I f  th e se  

compounds a re  r e a d i ly  o x id ized  o r  d is s o c ia te d  in to  CO o r CO^, th en  th e  r e ­

d u c tio n  o f COD o r  BOD of th e  co rresp o n d in g  s o lu t io n  would be s u b s ta n t i a l .

On th e  o th e r  hand should  th e se  chem icals show a h igh  r e s is ta n c e  to  photo­

o x id a tio n  o r  i f  th e  oxygenated p ro d u c ts  a re  n o t CO or CO  ̂ and rem ain in  

s o lu t io n ,  then  i t  can be concluded th a t  th e  rem oval o f o x id iz a b le  o rg an ic s  

from aqueous s o lu t io n s ,  m easured in  term s o f COD, by photochem ical r e a c tio n  

i s  n o t e f f e c t iv e .

Is o -B u ty l A lcoho l, t-am yl A lcohol

I t  i s  known th a t  th e  b ranch ing  o f s t r a i g h t  cha in  a l i p h a t i c  compounds 

can make i t  more amenable to  p h o to d e g ra d a tio n  than  i t s  co rresp o n d in g  

s t r a i g h t  ch a in  homologs.

Hexyl A lcohol

Hexanol i s  q u i te  r e a d i ly  b io o x id iz e d ; however, th e  s tu d y  on th e  reac ­

t i v i t y  and d e g ra d a b il i ty  o f t h i s  a lc o h o l may re v e a l some in fo rm a tio n  th a t  

could be e x tra p o la te d  to  long ch a in  a l ip h a t i c  compounds. The s e le c t io n  i s  

a lso  based on th e  f a c t  th a t  hexano l i s  th e  l a s t  o f th e  homologs th a t  i s  

f a i r l y  s o lu b le  in  w a te r .

Phenols

Phenol and i t s  d e r iv a t iv e s  a re  g e n e ra lly  to x ic  to  th e  w astew ate rs
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organism s. However, i f  a c c lim a tiz e d , th e  organism s w i l l  be ab le  to use 

th e se  compounds fo r  t h e i r  carbon so u rce . C onsidering  th e  h igh  energy bond 

in  th e  benzene r in g  and th e  problem s th a t  pheno l o r  i t s  d e r iv a tiv e s  may 

c re a te  in  th e  env ironm ent, i t  i s  w orthw hile  to  e x p lo re  how photodegrada­

t io n  o r  p h o to o x id a tio n  can b reak  th i s  compound in to  sm a lle r  le s s  to x ic  

fragm en ts .

Toluene

Under g e n e ra l c o n d itio n s , to lu en e  i s  b iodeg raded  v e ry  s low ly , b u t ben­

zo ic  a c id  which i s  th e  o x id a tio n  p ro d u c t i s  more amenable to  b iochem ical 

o x id a tio n  than  i t s  p a re n t compound [46].

Hexyl Amine

Malney and Gerhold [30] s tu d ie d  th e  a b i l i t y  o f a c t iv a te d  sludge from 

m u n ic ip a l w aste  tre a tm e n t p la n ts  to  o x id iz e  v a r io u s  a l ip h a t i c  compounds.

The ex p erim en ta l r e s u l t s  in d ic a te  th a t  a l l  am ines, in c lu d in g  hexyl am ine, 

a re  to x ic  to  s ludge  organism s. P h o to ch e m ica lly , a l ip h a t i c  amines w i l l  un­

dergo p h o to d is s o c ia t io n  in to  RNH r a d ic a l  and hydrogen, o r  a breakdown of 

C-N bond. The a b so rp tio n  peak o f th e  amine m ostly  l i e s  below 2500 R.

Based on t h i s  c o n s id e ra t io n , i t  i s  in t e r e s t in g  to  s tudy  th e  s u s c e p t i b i l i t y  

o f  hexy l amine to  photochem ical r e a c t io n s .

Sodium S te a ra te

S te a r ic  ac id  i s  in s o lu b le  in  w ater b u t i t s  sodium s a l t  i s  f a i r l y  so lu ­

b le .  The breakdown s tudy  of t h i s  d e r iv a t iv e  may g iv e  some in fo rm atio n  as 

to  th e  e x te n t v e g e ta b le  o i l ,  in  which s t e a r i c  a c id  i s  commonly found, can 

undergo p h o to o x id a tio n .

Dodecyl Sodium -S ulfa te

Dodecane, a  s t r a i g h t  cha in  hydrocarbon , which may be one o f th e  

c o n s t i tu e n ts  in  a r e f in e r y  w as te , i s  in s o lu b le  in  w a te r . I t  was found th a t
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even a t  low c o n c e n tra t io n s ,  l e s s  than  500 ppm, th e  s t r ip p in g  o f  dodecane 

by o x y g en /a ir  was much f a s t e r  than  th e  r a t e  o f th e  photochem ical r e a c t io n .  

A lso, th e  sodium s a l t  o f th e  su lfo n a ted  dodecane d is s o lv e s  in  w ater and 

hence, i t  can be used fo r  th e  experim ent. I t  i s  r e a l iz e d  t h a t  th e  s u lf o ­

nated  d e r iv a t iv e  may have e n t i r e ly  d i f f e r e n t  s u s c e p t ib i l i ty  to  photochem i­

c a l r e a c t io n s .  In  s p i t e  o f t h i s ,  i t  i s  in t e r e s t in g  to  o b serve  how a C^2 

s t r a ig h t  ch a in  a l ip h a t i c  compound undergoes p h o to o x id a tio n .

C e llu lo se

C e rta in  organism s can u se  c e l lu lo s e  fo r  th e i r  carbon so u rc e , b u t th i s  

compound i s  g e n e ra lly  b iodegraded  very  slow ly . The fra g m e n ta tio n  of th i s  

cha in  h ig h  m o lecu la r w eigh t o rg an ic  could r e s u l t  in  redu c in g  i t s  r e s is ta n c e  

to  b iochem ica l o x id a tio n .

V egetable O il

E d ib le  o i l ,  g rea se  and f a t s  f re q u e n tly  cause problem s in  dom estic 

w aste tre a tm e n t sy stem s. I f  an unconven tional e f f e c t iv e  method could  be 

developed, i t  w i l l  undoub ted ly  be very  h e lp fu l  in  im proving th e  perform ance 

of th e  tre a tm e n t p la n t .

Cyanide

This to x ic  a n io n ic  compound i s  u s u a l ly  e lim in a te d  by o x id a tio n -re d u c -  

t io n  p ro c e sse s  u s in g  c h lo r in e  gas under h igh  a lk a l in e  c o n d i t io n s .  This 

trea tm en t method i s  co n sid ered  to  be th e  most p r a c t i c a l  and econom ical; 

however, a t  l e a s t  a 24-hour r e a c tio n  tim e i s  re q u ire d  fo r  com plete ox ida­

tio n .  I t  i s  p o s tu la te d  th a t  s in g le t  oxygen w i l l  r e a c t  w ith  a  s in g le t  s t a t e  

cyanide and o x id iz e  t h i s  obnoxious in o rg an ic  io n  in to  n it ro g e n  and carbon 

d io x id e .
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S e le c tio n  o f S e n s i t i z e r s

As d isc u sse d  in  C hapter I I ,  th e  s e n s i t i z e r s  o f i n t e r e s t  in  p ho toox i­

d a t io n  a re  th o se  th a t  show h ig h  r e a c t i v i t y  to  oxygen. Based on th e  c l a s s i ­

f i c a t i o n  suggested  by Bourdon and S ch n u rig e r, and th e  experim en ta l r e s u l t s

of o th e r  in v e s t ig a to r s  [1 4 ,1 7 ,4 3 ] , th e  fo llo w in g  s e n s i t i z e r s  were used in  

th e  p re lim in a ry  experim en ts:

A crid in e  Orange (A crid ine  Dye)

E osin  Yellow

R h .d a .in e  B (Xanthene Dye)

M ethylene Blue 

Rose Bengal 

C ry s ta l V io le t

Pigm ent s e n s i t i z e r s  th a t  a re  known to  have a s u b s ta n t i a l  r e a c t i v i t y  

to  oxygen a re  th e  ox ides o f z in c , t i ta n iu m  and th e  s u l f id e  of z in c  [1 6 ,1 1 , 

2 3 ,3 1 ]. In  s p i t e  o f  th e  p rev io u s  work in  pigm ent s e n s i t i z a t i o n ,  i t  i s  con­

s id e re d  w orthw hile  to  make com parison s tu d ie s  o f t h i s  p ro cess  w ith  th e  

o th e r  o x id a tio n  r e a c t io n s ,  d i r e c t  and dye s e n s i t i z e d  o x id a tio n . On th e  

b a s is  o f t h i s  c o n s id e ra tio n ,  th e  in o rg a n ic  s e n s i t i z e r s  chosen w ere:

ZnO

Zn3

ZnCOg

TiOg

To s tu d y  th e  p h o to s e n s it iz e d  o x id a tio n  " a t  a  d is ta n c e " ,  s i l i c a  g e l  

and io n  exchange r e s in s  were used as  in e r t  s o l id  p a r t i c l e s  on which th e  dye 

m olecu les w ere a t ta c h e d . C ation  exchange r e s in s ,  Dowex-50x, 20-50 mesh 

and 50-100 mesh, can be used to  b ind  a c r id in e  orange and m ethylene b lu e  a s  

th e se  dyes a re  c a t io n ic  in  n a tu re .  A nionic e o s in  yellow  can be a tta c h e d
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to  an an io n ic  exchange r e s i n ,  Dowex IX, 20-50 mesh and 50-100 mesh.

Photochem ical R eactor 

There a re  v a r io u s  r e a c to r s  a v a i la b le ,  b u t th e  one co n s id e red  to  be 

th e  most p r a c t i c a l  f o r  t h i s  ex p e rim en ta l work fo r  sam pling i s  th e  1000  m l. 

Ace Glass Model 6523, w ate r ja c k e te d  r e a c t io n  v e s s e l  w ith  s to p co ck . For 

th e  s tu d ie s  of p h o to d e g ra d a tio n  and d i r e c t  p h o to o x id a tio n , a q u a rtz  immer­

s io n  w e ll (Ace G lass Model 6515-B-27) was used and b o r o s i l i c a te  immersion 

w e ll (Ace G lass Model 6517-E-lO) was s e le c te d  fo r  th e  p h o to s e n s it iz e d  re a c ­

t io n  experim en ts. These im m ersion w e lls  a re  doub le -w alled  w ith  i n l e t  and 

o u t l e t  tu b es  f o r  co o lin g  w a te r .

The photochem ical im mersion lamps co n sid ered  to  be a p p ro p r ia te  a re  

th e  Hanovia h ig h  p re s s u re  550- and 450-w att q u a rtz  mercury vapor lamps hav­

ing  a s p e c tr a l  energy  d i s t r i b u t i o n  a s  p re se n te d  in  Table A -1, Appendix A.

To r e s t r i c t  p o r tio n s  o f th e  r a d ia te d  energy from reach in g  th e  r e a c ta n t  ma­

t e r i a l ,  and to  s tu d y  w hich p o r t io n  o f  th e  spectrum  c r e a te s  th e  r e a c t io n ,  

th re e  d i f f e r e n t  a b s o rp tio n  s le e v e s  w ere used . These in c lu d ed  Ace G lass 

Vycor 7010-40, Corex 9700-42 and Kimax KG-33-44.

For th e  above photochem ical lam ps, a r e a c t iv e  type tra n s fo rm e r which 

can supply th e  e x t r a  v o lta g e  and c u r re n t  re q u ire d  to  i n i t i a t e  th e  a rc  was 

u sed . I t  i s  an open "co re  and c o i l"  ty p e , Ace G lass Model 6515-36-D-62.

A n a ly t ic a l  Techniques 

An F-M Gas Chromatograph Model 810 w ith  flam e d e te c to r  was used fo r  

de term in ing  th e  change in  c o n c e n tra tio n  o f th e  i r r a d ia te d  ch em ica ls . Gas 

chrom atography i s  known fo r  i t s  v e r s a t i l i t y ,  speed , s im p l ic i ty  and low c o s t .  

In  re c e n t y ea rs  i t  has become one o f  th e  most u s e fu l  and p o p u la r a n a ly t ic a l
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t o o l s .  The a p p l ic a t io n s  have reached  in to  a l l  b ranches o f chem istry  de­

s p i t e  i t s  l i m i t a t i o n s ,  which a re ;

1 . The sample must have an a p p re c ia b le  vapor p re s su re  a t  th e  

column te m p era tu re .

2. The chrom atograph p ro v id es  on ly  a  l im ite d  amount of d a ta

— r e te n t io n  tim e, peak s iz e  and peak shape.

3. And must com prise among sp eed , r e s o lu t io n  and c a p c ity ; i t  i s  

im p o ss ib le  to  op tim ize  a l l  th r e e  a t  th e  same tim e .

Based on th e  u n d ers tan d in g  of th e  n a tu re  and l im i ta t io n s  o f th e  gas 

chrom atography and c o n s id e rin g  th e  o b je c t iv e  o f th e  re s e a rc h  work, th e  use 

o f th i s  a n a ly t ic a l  to o l  fo r  m easurem ents o f  th e  co n v ers io n  o f th e  i r r a d i a t ­

ed s o lu t io n  was deemed a p p ro p r ia te .

The s e le c t io n  o f the  s u i ta b le  d e te c to r  i s  an o th er f a c to r  th a t  i s  

h ig h ly  im p o rtan t a s  t h i s  can de te rm in e  th e  r e p r o d u c ib i l i ty  o f th e  d a ta  ob­

ta in e d .  A flam e io n iz a t io n  d e te c to r  i s  c h a ra c te r iz e d  fo r  i t s  i n s e n s i t i v i t y

to  w a te r , perm anent g a s , Co, CO  ̂ and m ost in o rg a n ic  compounds; th e r e f o r e ,  

i t  i s  advantageous and conven ien t fo r  th e  a n a ly s is  o f aqueous s o lu t io n s .

On th e  o th e r  hand, th e  resp o n se  o f  a  flam e d e te c to r  depends upon " th e  

number o f m o lecu les per u n i t  o f tim e" th a t  e n te r  th e  d e te c to r  and i s  n o t 

dependent on th e  c o n c e n tra tio n  o f th e se  m o lecu les  in  th e  c a r r i e r  g a s .

T his i s  th e  o p p o s ite  o f  therm al c o n d u c t iv ity  d e te c to r s ,  which a re  s e n s i t iv e  

to  c o n c e n tra tio n  and respond a c c o rd in g ly . In  s p i t e  o f t h i s  re sp o n se , a 

flam e d e te c to r  can s t i l l  be used fo r  m easuring  r e l a t i v e  change o f  chem ical 

c o n c e n tra tio n s  in  s o lu t io n s ,  p rov ided  th e  o p e ra t io n  c o n d itio n s  a re  k ep t 

c o n s ta n t .  The r e p r o d u c ib i l i ty  i s  v e ry  much a f f e c te d  by th e  method in  

w hich th e  sam ple i s  in je c te d .  Because o f t h i s ,  th e  in j e c t io n  o f th e
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samples should  be c a r r ie d  ou t c a r e fu l ly  and in  a  p ro p er manner throughout 

th e  a n a ly se s .

S tandard  columns as  recommended in  th e  l i t e r a t u r e  [27 ,41] were used . 

These a r e :  Carbowax 20-M f o r  a lc o h o ls ,  k e to n es  and am ines; and Apiezon L 

fo r  p h en o ls . Newly packed columns c o n ta in in g  d i f f e r e n t  pack ing  m a te r ia ls ,  

such Porapak Q, AS and P w ere t r i e d  b u t th ey  were i n f e r i o r  and le s s  e f f i ­

c ie n t  th an  th e  p rev io u s m entioned m a te r ia ls .  Iso th e rm a l c o n d itio n s  were 

a p p lied  w ith  th e  oven tem p era tu re  s e t  a t  th e  b o i l in g  p o in t  o f th e  chem ical 

being in je c te d  in to  th e  chrom atograph.

Helium was used as  a c a r r i e r  gas a t  a flow  r a t e  o f approx im ate ly  100 

m l/m in. I t  was found e x p e rim e n ta lly  th a t  th e  co rresp o n d in g  optimum flow  

r a te s  fo r  hydrogen and a i r  were 55 m l/m in. and 375 m l/m in ., r e s p e c t iv e ly .

COD t e s t s  as d e sc rib e d  in  S tandard  Methods [41] w ere conducted fo r  

th e  d e te rm in a tio n  o f th e  rem ain ing  o x id iz a b le  o rg a n ic s .  BOD t e s t s  were 

a lso  ru n , u s in g  fo r  seed a s e t t l e d  e f f lu e n t ,  24 h r s . , from an a e ra t io n  

u n i t  which was fed a r t i c i f i c i a l  sewage having  th e  com po sitio n  as  l i s t e d  in  

Table B-1, Appendix B. I t  has to  be p o in ted  ou t th a t  th e  u se  o f a r t i f i c i a l  

sewage th a t  i s  no t c o n d itio n ed  o r a c c lim a tiz e d  to  th e  i r r a d i a te d  chem ical 

may produce erroneous r e s u l t s .  The e r ro r s  invo lved  may be due to  th e  p o i­

soning o f th e  organism s by th e  i r r a d i a te d  chem ical o r to  th e  f a i l u r e  o f 

th e  organism s to  use th e  chem ical fo r  t h e i r  carbon so u rc e . A lthough con­

d it io n in g  i s  d e s i r a b le ,  i t  i s  n o t p r a c t i c a l  because  th e  com position  o f th e  

i r r a d ia te d  w aste  i s  unknown. Taking in to  c o n s id e ra t io n  th a t  th e  BOD t e s t s  

were in ten d ed  to  m easure th e  r e l a t i v e  change in  b io d e g ra d a b i l i ty  o f th e  

o r ig in a l  and th e  i r r a d i a te d  s o lu t io n s ,  th e  u se  o f  u n co n d itio n ed  sludge fo r  

seed was more r e a l i s t i c  th a n  th e  a p p l ic a t io n  o f a c c l im it iz e d  organism s.
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Cyanide concentrations were determined by using titrimetric and 

colorimetric procedures as described in Standard Methods [41].

Experimental Procedures

In the preliminary experiments the following organic compounds and 

sensitizers were irradiated:

Organic Compounds Sensitizers
Phenol Acridine Orange
t-amyl Alcohol Eosin Yellow
Hexyl-Amine Methylene Blue
Dodecane Crystal Violet
Xylene Bhodamine B
Toluene Rose Bengal
Benzene Zinc Oxide
Hexanol

One thousand milliliters of solutions, with concentrations ranging 

from 100 to lOOO mg/1, were exposed to UV irradiation for 2-4 hours. The 

selection of the reaction time is arbitrary, as the main purpose of these 

experiments is to observe the relative reactivity of the compounds, or 

sensitizers, to photochemical reactions. Three parameters considered to 

be the controlling ones are:

1. Substrate concentration;

2. Sensitizer concentration or sensitizer to substrate ratio;

3. And, light source or effective spectra.

On the basis of this understanding, the above mentioned chemicals were 

tested for susceptibility toward photodegradation, direct photooxidation 

and photosensitized oxidation. For the first two processes, a quartz 

immersion well that allowed at least 50% of the UV region to pass through 

was used, while a borosilicate immersion well was used for the photosentized
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re a c t io n .  A lthough i t  i s  conce iv ab le  th a t  s h o r te r  w aveleng ths can enhance 

th e  s e n s i t i z a t i o n  r e a c t io n ,  th e  s tu d y  of th e  e f f e c t iv e n e s s  o f th e  v i s ib l e  

s p e c tra  to  p h o to s e n s it iz e d  oxygenation  i f  s u c c e s s fu l ,  can produce meaning­

f u l  and a p p lic a b le  in fo rm a tio n .

From e a r l i e r  d is c u s s io n s  in  C hapter I I ,  i t  i s  known th a t  th e  fo rm ation  

of m olecu lar s in g le t  oxygen i s  by way o f energy  t r a n s f e r  from th e  ex c ite d  

t r i p l e t  s e n s i t i z e r  to  th e  ground s t a t e  oxygen. C onsid erin g  th e  energy 

le v e ls  o f th e  e x c ite d  m o lecu la r s in g le t  oxygen, 22 K cal and 37 R eal above 

ground s t a t e ,  l i g h t  o f  th e  v i s i b l e  re g io n  w i l l  have s u f f i c i e n t  energy fo r  

th e  fo rm ation  o f th e  t r i p l e t  s t a t e  s e n s i t i z e r  and w i l l  su b se q u en tly  t r a n s ­

f e r  i t s  energy to  ground s t a t e  oxygen and form th e  e x c ite d  s t a t e .  In  ad d i­

tio n  to  th i s  energy  c o n s id e ra t io n ,  th e  a p p l ic a t io n  o f  th e  v i s i b l e  s p e c tra  

w i l l  be more f e a s ib le  in  p r a c t ic e  th an  in  th e  u se  o f s h o r t  w aveleng ths.

Due to  th e  low s o l u b i l i t y  o f oxygen in  w a te r , 8-9  mg/1 a t  20°C, i t  

was assumed th a t  a c c u ra te  c o n tro l  o f  th e  oxygen gas flow  r a t e  in to  th e  sy­

stem was n o t c r i t i c a l .  I t  was a ls o  assumed th a t  th e  d i f f u s io n  r a t e  o f 

gaseous oxygen in to  th e  aqueous s o lu t io n  i s  much f a s t e r  th an  th e  r a t e  of 

o v e ra l l  m o lecu la r s i n g l e t  oxygen fo rm a tio n . By b u b b lin g  oxygen co n tin u o u s­

ly ,  thus keeping th e  oxygen c o n c e n tra tio n  in  th e  s o lu t io n  c o n s ta n t th rough­

o u t th e  p ro c e ss , i t  was assumed th a t  th e re  would be an excess  o f o x id an t 

fo r  com plete o x id a tio n  to  occu r.

A c o n s ta n t flow  of oxygen o r a i r  was m a in ta in ed  d u rin g  th e  r e a c tio n  

and the  flow  was s e t  a t  a  r a t e  such th a t  i t  would n o t cause  ex c e ss iv e  lo s s  

o r foaming in  th e  r e a c to r .

For th e  f i r s t  few ru n s , 5 m l. sam ples w ere c o l le c te d  a t  10-15 m inute 

i n t e r v a ls .  I t  was l a t e r  changes to  60-m inute i n t e r v a l s  a s  th e  r a t e  was



1 0 0

e v id e n tly  slow . F ive  m ic r o l i te r s  o f th e  s o lu t io n  were th e n  in je c te d  in to  

th e  Gas Chromatograph u sing  a 10 m i c r o l i t e r  Honeywell U n im etric  s y r in g e .

The change in  peak h e ig h t ,  which i s  p ro p o r t io n a l  to  th e  t o t a l  a re a  o f 

chromatogram, was m easured which in d ic a te d  th e  r e l a t i v e  c o n c e n tra tio n  o f 

th e  rem aining o rg an ic  compound in  th e  s o lu t io n .

I t  i s  n e c e ssa ry  to  p o in t ou t t h a t  th e  r e p r o d u c ib i l i ty  of th e  m easure­

m ents by chrom atographic tech n iq u e  was su b je c te d  to  many f a c to r s ;  one of 

which was th e  method o f in je c t io n .  From ex p erien ce  and by re p e a tin g  th e  

measurement fo r  each sam ple, th e  accu racy  was h e ld  w ith in  a  range o f 

approx im ate ly  2.5%, w h ile  o th e r  c o n d i t io n s ,  i . e .  gas flow  r a t e ,  te m p e ra tu re , 

e t c . ,  rem ained c o n s ta n t .

From th e  r e s u l t s  o f th e  p re lim in a ry  ex p erim en ts , s e v e ra l  chem ica ls

were found to  have unique m o lecu la r s t r u c tu r e s  and fo u r s e n s i t i z e r s  were

fu r th e r  ex p lo red .

Compounds S e n s i t iz e r s

Phenol ZnO

Cyclohexanone E osin  Yellow

H exanol, Hexyl-Amine A crid in e  Orange

E thano l Rose Bengal

R eac tion  tim e was 4 to  8 hours and BOD and COD t e s t s  w ere ru n  fo r  each sam­

p le .  The s e le c t io n  o f r e a c t io n  tim e was ag a in  a r b i t r a r y ,  b u t i t  was con­

s id e re d  n ece ssa ry  to  extend i t  in  o rd e r  th a t  a d d i t io n a l  in fo rm a tio n  could 

be o b ta in ed .

For th e  s tu d y  o f s e n s i t iz e d  o x id a t io n ,  " a t  a d is ta n c e "  io n  exchange 

r e s in s  were used as th e  i n e r t  m a te r ia ls  on which th e  s e n s i t i z e r  m olecu les 

could  be a t ta c h e d . Two hundred m i l l i l i t e r s ,  w et, o f a  c a t io n ic  exchange 

r e s in  (Dowes 50X in  Na-form) were exhausted  by a co n c e n tra te d  s o lu t io n  o f
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A crid in e  Orange fo llow ed  by r in s in g  with, d i s t i l l e d  w a te r . The same p roce­

dure  was a p p lie d  to  an ion  exchanger (Dower IX) u s in g  a s a tu ra te d  s o lu t io n  

o f w a te r  s o lu b le  e o s in  ye llow . F i f ty  and one hundred m i l l i l i t e r s  o f th e  

dyed r e s in s  were used to  determ ine th e  e f f e c t iv e n e s s  o f  th e  p h o to s e n s i t iz ­

ed o x id a tio n  " a t  a  d is ta n c e "  of phenol and a lc o h o l.

The fo llo w in g  s e t  of experim ents w ere p r im a r i ly  in ten d ed  to  s tu d y  

th e  e x te n t o f  p h o to d eg rad a tio n  and p h o to o x id a tio n  in  term s of changing th e  

COD of th e  i r r a d i a te d  s o lu t io n s .  Only s e n s i t i z e r s  showing r e a c t i v i t y  to  

t h i s  p ro c e ss  would th e n  be f u r th e r  in v e s t ig a te d .  To observe  th e  chem ical 

s t r u c tu r e  e f f e c t  and c h a in  le n g th  o f th e  photon induced  fra g m e n ta tio n  p ro ­

c e s s ,  th e  fo llo w in g  chem icals were i r r a d i a te d ;

M ethanol Formic Acid

E th an o l A c e tic  Acid

P ropano l P ro p io n ic  Acid

B utano l Iso -B u ta n o l

t-am y l A lcohol n-H exanol

N a -S te a ra te  Dodecyl Sodium S u lfa te

Phenol Cyclohexanone

For th e se  experim en ts  10 m l. sam ples were drawn a t  30 o r 60 m inu te 

in t e r v a l s .  COD and BOD t e s t s  were made to  d e te rm in e  th e  r e s id u a l  oxygen 

demand. The c o n c e n tra tio n  o f the  r e s id u a l  chem ical was determ ined  by u s­

ing a gas chrom atograph whenever p o s s ib le .

The co nclud ing  experim ents were designed  to  e x p lo re  th e  a p p l ic a t io n  

o f known p ro cess  c o n d itio n s  o f some m a te r ia ls  w hich a r e  commonly found as 

main p o l lu ta n ts  in  in d u s t r i a l  w astew a te rs . The m a te r ia ls  be in g  pho to lyzed  

w ere: v e g e ta b le  o i l ,  soybean o i l  w hich c o n ta in s  over 50% u n sa tu ra te d  f a t t y  

a c id s ;  paper pu lp  and f r e e  cy an id e , CN .
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Emulsions c o n ta in in g  2 .5 -5  m l. o f o i l  p e r  l i t e r  w ere d i r e c t l y  photo­

ox id ized  fo r  a p e rio d  o f e ig h t  h o u rs . To m easure th e  e x te n t  of th e  re a c ­

t io n ,  BOD and COD t e s t s  w ere ru n  on sam ples c o l le c te d  a t  60 m inute i n t e r ­

v a ls  .

Suspension  o f ap p rox im ate ly  150 mg/1 o f paper p u lp , p rep a red  from 

to i le d  p a p e r, was p h o to o x id ized  and p h o to s e n s it iz e d , u s in g  ZnO. The same 

a n a ly t ic a l  p ro ced u res  w ere u t i l i z e d  as  in  th e  p re lim in a ry  ex p erim en ts .

Cyanide s o lu tio n  c o n ta in in g  125-100,000 mg/1 f r e e  CN was pho toox i­

d ized  d i r e c t l y  a t  a pH above 12. The e f f e c t  o f  ZnO was a l s o  s tu d ie d . The 

rem aining CN in  s o lu t io n  was measured by t i t r a t i o n  and c o lo r im e tr ic  methods 

as d e sc rib e d  in  S tandard  Methods [44 ].

As a f i n a l  exp erim en t, l i g h t  induced c h lo r in a t io n ,  u s in g  sodium hypo­

c h lo r i t e  s o lu t io n ,  was ex p lo red  fo r  i t s  e f f e c t iv e n e s s  in  th e  d e s t ru c t io n  

o f f re e  cyan ide  in  aqueous s o lu t io n .  This experim ent i s  i l l u s t r a t e d  in  

F ig u re  C-1 o f Appendix C.



CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSION

P re lim in a ry  Experim ents 

As d esc rib e d  in  th e  p rev io u s  c h a p te r , th e  o b je c t iv e  o f th i s  experim en­

t a l  work i s  to  s tu d y  th e  r e l a t i v e  e f fe c t iv e n e s s  o f p h o to d e g ra d a tio n , photo­

o x id a tio n  and p h o to s e n s it iz e d  o x id a tio n  in  aqueous sy s te m s . Knowledge o f 

th e  physicochem ical p ro cesses  in v o lv ed  in  an aqueous system  i s  no t f u l l y  

e s ta b l is h e d ,  h en ce , th e  experim ents perform ed w ere o r ie n te d  toward a c q u ir ­

in g  in fo rm a tio n  p e r t in e n t  to  b a s ic  p rocess c h a r a c te r i s t i c s .

One o f th e se  c h a r a c te r i s t i c s  i s  th e  compound s u s c e p t i b i l i ty  to  photo­

chem ical r e a c t io n s .  In  C hapter I I  th e  im p o s s ib i l i ty  o f  o b ta in in g  a quan­

t i t a t i v e  th e o r e t i c a l  p r e d ic t io n  o f  th e  n a tu re  and e f f ic ie n c y  of th e  p o s s i­

b le  prim ary  p ro c e s s , which occu r as th e  im mediate r e s u l t  o f  l i g h t  absorp­

t io n  — even f o r  sim ple m olecu les i s  d isc u sse d . In  aqueous system s th e  

p a r t i c ip a t io n  o f s o lv a n t m olecu les o r unlinown f a c to r s  compound th e  r e a c t io n  

problem s. On th e  b a s is  o f  th e s e  c o n s id e ra tio n s , th e  s u s c e p t ib i l i ty  o f  an 

o rg an ic  compound undergoing  photochem ical r e a c t io n  in  an  aqueous system  

can only be  ev a lu a te d  e x p e rim e n ta lly .

The experim ents produced and th e i r  r e s u l t s  a re  found in  Tables D-1 

through D-18 o f Appendix D. I t  shou ld  be no ted  th a t  a  n eg a tiv e  r e s u l t  

does n o t n e c e s s a r i ly  mean th a t  th e  o rg an ic  compound I r r a d ia te d  i s  r e s i s t a n t

103
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to  th e  photochem ical r e a c t io n .  The outcome o f th e se  experim ents on ly  in ­

d ic a te s  th e  r e l a t i v e  r e a c t iv i ty  o f  th o se  compounds to  photochem ical p ro ­

cesses under th e  a p p lie d  re a c t io n  c o n d it io n s ,  i . e .  30°C, 550 w a tt  h ig h -  

p re s su re  lamp, 1000 m l. r e a c to r ,  e t c .  I t  i s  a  common b e l i e f  th a t  most 

o rg an ic  compounds can be p ho tochem ically  decomposed under a p p ro p r ia te  

r e a c t io n  c o n d itio n s .

A d is c u s s io n  of r e s u l t s  can b e  summarized as fo llo w s:

1 . Phenol has a maximum a b so rp tio n  peak a t  2780 & and below 

2380 %, co n seq u en tly , th e  compound can on ly  be  degraded 

pho tochem ically  i f  i r r a d i a te d  by l i g h t  in  th e  UV re g io n .

2. D ire c t p h o to o x id a tio n  i s  more e f f e c t iv e  th an  photodecom­

p o s i t io n  as in d ic a te d  by 60% co n v ers io n , compared to  on ly  

40% by th e  l a t t e r  in  the  same re a c t io n  tim e. The so lu ­

t io n  becomes tu rb id  and g ra d u a lly  tu rn s  dark  brown, which 

may be a t t r ib u t e d  to  th e  fo rm atio n  o f humic a c id  com pound(s), 

o r  co lo re d  p ro d u c t(s )  from an o x id a tiv e  coup ling  r e a c t io n .

3. Phenol could  be p h o to o x id ized  in  th e  p resen ce  o f ZnO and 

p re lim in a ry  experim ents showed th a t  Z n O /su b stra te  r a t i o s  

c o n tro l  th e  e x te n t o f th e  r e a c t io n .  T h e o re t ic a l ly ,  th e  

optimum Z n O /su b stra te  r a t i o  i s  2 :1 . But as h as  been shown 

e lsew h ere , the  fo rm atio n  o f  hydrogen p e ro x id e , which i s  th e  

o x id iz in g  e n t i ty  in  the p ro c e s s ,  i s  a f f e c te d  by the  con­

c e n t r a t io n  o f o rg an ic  compounds p re s e n t in  th e  system  and 

tends to  d ec re ase  when th e  c o n c e n tra tio n  exceeds optimum 

c o n c e n tra tio n  [1 1 ,3 1 ]. I t  i s  a ls o  t r u e  th a t  th e  p ro d u c tio n  

o f HgOg in c re a s e s  w ith  an in c re a s e  o f  ZnO, b u t under
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c o n s ta n t l i g h t  in t e n s i ty  th e  b lo ck in g  o f  the  l i g h t  may become 

th e  l i m i t in g  f a c to r .

4 . The s e n s i t i z e d  o x id a tio n  o f phenol by dye s e n s i t i z e r s  such 

a s : M ethylene B lue , A crid in e  Orange, Rose Bengal and Bhod- 

amine B, i s  no t as e f f i c i e n t  as i t  was th e o r e t ic a l ly  a n t i ­

c ip a te d .  These dyes a re  known to  be r e a c t iv e  to  oxygen and 

have t r i p l e t  energy above 45 K cal/m o le , which i s  s u f f i c i e n t  

f o r  th e  fo rm atio n  of s in g le t  m o lecu la r oxygen, sigma or 

d e l t a .  The in e f f e c t iv e n e s s  o f t h i s  p ro cess  may be r e la te d  

to  some o f  th e  b a s ic  re a c t io n s  in v o lv ed .

a . th e  r a t e  o f fo rm ation  o f s in g le t  m o lecu la r oxygen was 

v e ry  slow , o r th e  p h y s ic a l/c h e m ic a l d e a c tiv a tio n  of 

th e  formed s in g l e t  oxygen by o th e r  m o lecu le s , was much 

f a s t e r  than  i t s  fo rm a tio n ; h en ce , no n e t  r e s u l t  was 

o b ta in e d .

b . as d isc u sse d  in  C hapter I I ,  th e  r a t e  o f fo rm ation  o f 

oxygenated  p ro d u c ts  a t  h ig h  oxygen c o n c e n tra tio n  i s  

c o n t ro l le d  by th e  fo rm atio n  r a t e  o f  th e  s e n s i t i z e r 's  

t r i p l e t  s t a t e .  At low oxygen c o n c e n tra t io n , the  

quantum y ie ld  o f p ro d u c t fo rm atio n  i s  [1 4 ,1 7 ];

F or a s u b s t r a te  th a t  i s  n o t o v e rly  r e a c t iv e  to  oxygen 

th e  fo llo w in g  e q u a tio n  a p p l i e s ,

♦aOj .  *10 ,  {[A1/(IA] +

w here B i s  d e fin e d  as k g /k g . I f  k g , i . e .  th e  d e a c t iv a t io n
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1r a t e  c o n s ta n t o f  0 ^ , i s  h ig h  and 0 ^ i s  low , th en  th e  

quantum y ie ld  o f  p ro d u c t fo rm atio n , AO^, w i l l  a lso  be 

low. This i s  a ls o  t r u e  fo r  d y e - s e n s it iz e d  o x id a tio n  of 

p heno l.

5. Phenol can be p h o to o x id ized  when Eosin Yellow i s  used as

a s e n s i t i z e r .  T his dye i s  more r e a c t iv e  th an  th e  o th e r  

s e n s i t i z e r s  u sed , b u t th e  conversion  o f  phenol in to  i t s  

co rresp o n d in g  oxygenated  p ro d u c t(s )  i s  n o t s tro n g ly  de­

pendent on th e  c o n c e n tra tio n  o f th e  s e n s i t i z e r  as one 

would e x p e c t. The co n v ers io n  rem ains app rox im ate ly  con­

s t a n t ,  46-42%, when th e  s e n s i t i z e r  c o n c e n tra tio n  i s  in ­

c rea sed  f iv e  fo ld  — from 100 mg/1 to  500 mg/1.

6 . t-am y l a lc o h o l i s  n o t degraded when i r r a d i a te d  under UV

l i g h t .  S in ce  most a lc o h o l has th e  f i r s t  a b so rp tio n  band

below 2000  8. [8 ] ,  th e  f a i l u r e  o f th i s  p h o to d e g ra d a tio n  

p ro cess  i s  due p r im a r ily  to  th e  la c k  o f  e n e rg e t ic  photons 

hav in g  s u f f i c i e n t  energy  to  b reak  the  b o n d s .

7. A pproxim ately 60% o f  t - a n y l  a lc o h o l could  be converted

by d i r e c t  p h o to o x id a tio n . This s u b s t a n t i a l  tra n s fo rm a tio n  

o f th e  a lc o h o l could  n o t be expected  on th e  b a s is  o f  th e  

re a c t io n  scheme o u t l in e d  by Young [17] and o th e r  i n v e s t i ­

g a to rs  [14 ,15] th a t  re q u ire d  th e  p resen ce  o f  h ig h ly  en e r­

g e t ic  p h o to n s , s h o r t  w av eleng ths. An e x p la n a tio n  w i l l  be 

p re se n te d  l a t e r  in  t h i s  c h a p te r .

8 . The co n v ers io n  o f t-am y l a lc o h o l by ZnO s e n s i t i z a t i o n  o x i­

d a tio n  i s  l e s s  e f f i c i e n t  compared to  th a t  o f ph en o l.
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9. No s ig n i f i c a n t  change of t-am yl a lc o h o l i s  observed  in  th e  

d y e - s e n s i t iz e d  re a c t io n .

a . r e la te d  to  th e  in e f f ic ie n c y  o f  the  p ro d u c tio n  o f 

m o lecu la r s in g le t  oxygen (as  d isc u sse d  in  4 a ) ;

b . th a t  s in c e  th e  co nvers ion  was m easured by gas 

chrom atographic te c h n iq u e s , i f  th e  oxygenated 

p ro d u c t(s )  has th e  same r e te n t io n  tim e as th a t  

o f  th e  a lc o h o l, th e  o v e rla p p in g  o f th e  peaks 

makes th e  e s tim a tio n  o f th e  co n v ers io n  e rro n e o u s .

10. About 60% of hexy1-am ine i s  p h o to o x id ized  in  2 1 /2  h o u rs , 

b u t  on the  o th e r  hand, p h o to ly s is  in  th e  absence o f  oxygen 

does n o t r e s u l t  in  any s ig n i f i c a n t  change.

A bso rp tion  o f  photons by a p rim ary  amine w i l l  r e s u l t  in

th e  d is s o c ia t io n  o f th e  m olecu le  in to :

RNH + hv ------------► RNH + H
2

In  a  condensed system  th e  reco m b in a tio n  o f  th e  r a d ic a ls  

i s  v e ry  l i k e ly  to  occu r; and h e n c e , th e  n e t  r e a c t io n  r e ­

s u l t  i s  n e g l ig ib le .  H exyl-am ine i s  r e s i s t a n t  to  p ero x id e  

o x id a tio n , ZnO s e n s i t i z e d  p h o to o x id a tio n . However, th e  

measurement o f  th e  r e s id u a l  amine in  th e  i r r a d i a t e d  s o lu ­

t io n  in d ic a te s  th a t  th e  compound i s  s u s c e p t ib le  to  dye- 

s e n s i t i z e d  o x id a tio n .

11. The r a t e  o f tran s fo rm a tio n  o f h e x y l a lc o h o l in to  i t s  oxy­

genated  p ro d u c t(s )  by d i r e c t  p h o to x o id a tio n  i s  com parable 

to  th a t  o b ta in ed  from th e  ZnO system . T his slow ness must 

be c o r r e la te d  to  th e  la c k  o f e n e rg e t ic  photons o r  th e
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in e f f ic ie n c y  o f th e  t r i p l e t  fo rm a tio n , which i s  th e  con­

t r o l l i n g  r e a c t io n .  A more d e ta i le d  in te r p r e ta t io n  and 

d is c u s s io n  w i l l  be p re se n te d  l a t e r .

The s tudy  o f  the  p h o to s e n s it iz e d  o x id a tio n  " a t  a  d is ta n c e " ,  i . e .  a 

heterogeneous system  where th e  dye s e n s i t i z e r  m olecules a re  a t ta c h e d  on 

in e r t  m a te r ia l ,  was d isc o n tin u e d  because o f  th e  d i f f i c u l t y  in  f in d in g  

s u i ta b le  m edia. For t h i s  p u rp o se , the  i n e r t  m a te r ia l  must meet th e  fo llow - 

req u ire m en ts :

1. I t s  s p e c i f i c  g ra v ity  must be s l i g h t l y  g re a te r  than  t h a t  o f 

w a te r in  o rd e r  th a t  th e  p a r t i c l e s  can be d i s t r ib u te d  u n i­

form ly in  th e  su sp en sio n  by sim ple m ixing;

2. The m a te r ia l  must s tro n g ly  b ind  th e  s e n s i t i z e r  m olecules 

so th a t  they w i l l  n o t be leach ed  o f f  during  th e  r e a c t io n .

U n su ccessfu lln ess  in  o b ta in in g  a m a te r ia l  having th e se  p ro p e r t ie s  

and in e f fe c t iv e n e s s  of th e  dye s e n s i t i z e d  p h o to o x id a tio n  made i t  n ecessa ry  

to  d isc o n tin u e  th i s  s tu d y .

Subsequent Experim ents

Having acq u ired  some d a ta  on th e  e f f e c t iv e n e s s  of th e  photochem ical 

p ro c e s se s , i . e .  p h o to d e g ra d a tio n , p h o to o x id a tio n  and p h o to s e n s it iz e d  o x i­

d a t io n ,  th e  subsequen t experim ents were s p e c i f i c a l ly  d i r e c te d  tow ard ob­

ta in in g  more in fo rm a tio n  concern ing  p e r t in e n t  p rocess c h a r a c t e r i s t i c s .

I t  i s  sp e c u la te d  th a t  p h y s ic a l o r  chem ical re a c tio n s  th a t  can b r in g  

about s t r u c t u r a l  change w i l l  a f f e c t ,  to  a c e r t a in  e x te n t ,  th e  b io d eg rad a­

b i l i t y  of the compound. As d iscu ssed  in  C hapter I ,  th e  s u s c e p t i b i l i t y  o f 

an o rg an ic  compound to  b ioch em ica l d e g ra d a tio n  depends s tro n g ly  on v a rio u s  

f a c to r s ,  e .g .  s e l e c t i v i t y  of th e  o rgan ism s, env ironm enta l c o n d it io n s ,  e tc .
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Hence, i t  i s  alm ost im p o ss ib le  to  p r e d ic t  th e  n a tu re  o f  th e  r e a c t io n  p ro ­

duct w ith  re s p e c t  to  i t s  r e c a lc i t r a n c e .  In  t h i s  s tu d y  th e  problem  has 

become more com plicated  as th e  chem ical s t r u c tu r e  and th e  com position  of 

the  i r r a d i a t e d  s o lu tio n s  a re  unknown. T h e re fo re , th e  b io d e g ra d a b il i ty  o f 

th e  compound(s) can only be determ ined e x p e rim e n ta lly  by BOD t e s t  o r  o th e r  

a p p ro p r ia te  m ethods.

A nother a sp e c t o f th i s  p ro cess  th a t  concerns s a n i ta r y  en g in ee rs  i s  

th e  rem oval e f f ic ie n c y  o f th e  o x id iz a b le  o rg an ic s  m easured in  term s o f BOD 

and COD. I t  i s  no t only th e  e f f e c t iv e n e s s  o r  com pleteness in  rem oving th e  

u n d e s ira b le  o rg an ic s  from th e  s o lu tio n s  th a t  i s  im p o r ta n t, b u t a ls o  th e  

r a te  a t  which th i s  p ro cess  ta k es  p la c e . The a n a ly s is  o f th e  ex p e rim en ta l da­

ta  le a d s  to  th e  g e n e ra liz e d  co n c lu sio n s  d isc u sse d  in  th e  fo llo w in g  s e c t io n s .

E f fe c t  of Photochem ical R eac tion  on BOD/COD R atios 

In  p re s e n tin g  th e  o b je c tiv e s  o f  t h i s  re s e a rc h  p r o je c t  i t  was a n t i c i ­

pa ted  th a t  th e  changes i n  chem ical s t r u c t u r e ,  as th e  r e s u l t  o f p h o to ly s is  

would make th e  compound(s) more amenable to  b io ch em ica l r e a c t io n s .  This 

may be t r u e  fo r  some compounds such as to lu e n e , o r  i t  may be t h e o r e t i c a l l y  

p o s s ib le  to  f in d  an optimum re a c t io n  c o n d itio n  f o r  a compound such  th a t  

the  r e a c t io n  p ro d u c t w i l l  show h igh  resp o n se  to  b a c t e r i a l  grow th.

The r e s u l t s  o f BOD and COD t e s t s  o f th e  o r ig in a l  and t r e a te d  s o lu t io n s  

in d ic a te  th a t  of th e  s ix ty -o n e  sam ples, w ith in  th e  accuracy  o f th e  t e s t  

—±7.5%, t h i r t y - e ig h t  d id  n o t show any s ig n i f i c a n t  change in  BOD/COD 

r a t i o s .  S even teen , 28%, showed re d u c tio n s  and s i x ,  o r  10%, cou ld  be con­

s id e re d  as having  h ig h e r  r a t i o s .  The r e s u l t s  o f th e se  BOD/COD m easure­

ments a re  summarized in  T ab le E-1 o f Appendix E.
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An a tte m p t to  f in d  a g e n e r a l iz a t io n  based on th e  d a ta  o b ta in ed  was 

u n su c c e ss fu l because o f th e  in c o n s is te n c y  o f th e  t e s t  r e s u l t s ,  which may 

be a t t r i b u t e d  to  a n a ly t ic a l  e r r o r s  o r o th e r  unknown f a c to r s .

C onstan t BOD/COD r a t i o  o f th e  o r ig in a l  s o lu t io n  and th e  i r r a d i a t e d  

s o lu t io n  canno t be in te r p r e te d  as a  t r u e  c o n s ta n t v a lu e  of th e  co rresp o n d - 

BOD and COD. In  th e  ca se  o f  p h o to ly s is  th e  r e s u l t s  in  th e  frag m e n ta tio n  

o f th e  compound in to  CO, CÔ  o r  o th e r  gaseous p ro d u c ts ,  th e  BOD and COD 

w i l l  d e c re a se  p ro p o r t io n a l ly  and th e  r a t i o  may rem ain  c o n s ta n t .  On th e  

o th e r  h an d , i f  th e  r e a c t io n  p ro d u c t(s )  rem ains i n  s o lu t io n  and i s  more 

amenable to  b io o x id a tio n ,  d ich rom ate  o x id a tio n , o r  i f  th e  r e a c t io n  p ro d u c t 

e x e r ts  l e s s  BOD and COD than  th e  o r ig in a l  compound, th e  v a lu e  o f BOD/COD 

w i l l  n o t change s ig n i f i c a n t l y .

An in c re a s e  in  BOD/COD r a t i o  does n o t n e c e s s a r i ly  le ad  to  th e  conclu ­

s io n  th a t  th e  i r r a d i a te d  s o lu t io n  i s  more s u s c e p t ib le  to  b io d é g ra d a tio n  

than  th e  co rresp o n d in g  o r ig i n a l  s o lu t io n .  I f  th e  p ro d u c t o b ta in ed  from 

th e  i r r a d i a t i o n  p ro cess  e x e r ts  th e  same BOD, b u t  l e s s  COD than  does th e  

unexposed s o lu t io n ,  an in c re a s e  i n  BOD/COD r a t i o  may be observed .

A s im i la r  f a l la c io u s  i n t e r p r e t a t i o n  i s  a lso  p o s s ib le  fo r  th e  d e c re a se  

in  BOD/COD r a t i o .  Suppose th e  i r r a d i a t e d  s o lu t io n  e x e r ts  th e  same BOD 

b u t h ig h e r  COD than  th e  o r ig i n a l  s o lu t io n  does, o r  th e  r e a c t io n  p ro d u c t 

i s  v ery  to x ic  to  th e  organism s used as seed b u t i t  r e a c ts  r e a d i ly  w ith  

d ich ro m ate , then  in  bo th  cases  one would expec t a  d e c re a se  in  BOD/COD r a t i o .

A lthough th e  e v a lu a tio n  of BOD/COD r a t i o s  o f th e  pho to lyzed  s o lu ­

tio n s  sounds ambiguous and m is le a d in g , th e  t e s t s  le a d  to  a t e n ta t i v e  con­

c lu s io n  th a t  p re - tre a tm e n t o f  i n d u s t r i a l  w astes by a pho tochem ical p ro cess  

w i l l  g e n e ra l ly  n o t enhance th e  b io ch em ica l p ro cess  which may be used as a
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subsequen t tre a tm e n t method.

The E x ten t o f th e  R eac tion

The e x te n t of th e  r e a c t io n  as un d ers to o d  in  th i s  s tu d y , i s  th e  e f f e c ­

t iv e n e s s  in  removing th e  s u b s t r a te  o r i t s  r e a c t io n  p ro d u c ts  from th e  so lu ­

t io n  in  term s o f COD rem ain in g .

The d is c u s s io n  in  C hapter I I  in d ic a te s  th a t  th e  k in e t ic s  o f pho toox i­

d a t io n  r e a c t io n ,  d i r e c t  o r i n d i r e c t ,  a re  w e ll  e s ta b l is h e d .  T h e re fo re , a 

q u a n t i t a t iv e  s tu d y  on th e  r e a c t io n  can b e  perform ed s a t i s f a c t o r i l y .  How­

e v e r ,  th i s  i s  beyond th e  scope o f  t h i s  r e s e a rc h  and from a s a n i ta r y  en g i­

n e e r in g  p o in t  o f v iew , one i s  on ly  concerned w ith  th e  o v e r a l l  k in e t ic s  of 

th e  p ro cess  w ith  re s p e c t  to  o rg a n ic  rem oval. A s a n i ta r y  e n g in e e r i s  in ­

c l in e d  to  apply  th e  "b lack -b o x "  approach whenever i t  i s  deemed p r a c t i c a l .

On th e  b a s is  o f  t h i s  u n d e rs ta n d in g , th e  k in e t i c  s tu d ie s  w i l l  be sim­

p l i f i e d  b ecau se ;

1. The r e a c t io n  can be  assumed to  be  psuedo f i r s t  o rd e r  w ith  

r e s p e c t  to  th e  s u b s t r a te  p h o to ly zed .

2. The o v e r a l l  r e a c t io n  i s  u n id i r e c t io n a l .

3. A ll th e  in te rm e d ia te s  formed i n  th e  r e a c t io n  s te p s  a re  

s h o r t l iv e d ,  r e l a t i v e  to  th e  r e a c t io n  tim e a p p lie d .

In  th e  p rev io u s  w ork, th e  in v e s t ig a to r s  sh a red  a common b e l i e f  th a t  

th e  r e a c tio n s  fo llow  f i r s t  o rd e r k in e t ic s  w ith  re s p e c t  to  COD, o r  t o t a l  

o rg a n ic  carbon rem oval. Depending on r e a c t io n  c o n d it io n s ,  w hich w i l l  be 

d isc u sse d  l a t e r ,  th i s  assum ption  i s  t r u e  to  a c e r t a in  e x te n t .

The p lo t t in g  o f th e  d a ta  i s  based  p r im a r i ly  on th e  assum ption  th a t  

co n v ers io n  o f th e  compound in to  i t s  co rresp o n d in g  p ro d u c ts , o r  th e  removal
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o f  th e  o x id iz a b le  o rg a n ic ,  in  term s o f  BOD and COD, i s  a pseudo f i r s t  

o rd e r r e a c t io n  w ith  r e s p e c t  to  th e  compound i r r a d i a t i o n .  Using th e  sim ple 

r e l a t i o n  g iven  by:

-d C /d t = kC

o r i t s  in te g ra te d  form .

o r .

In  C /C = k t o r

lo g  G /C = k /2 .3 0 3 t = k ' t^ o r

where:

C = i n i t i a l  c o n c e n tra tio n  (mg/1 s u b s t r a te  o r  i t s
co rrespond ing  COD o r BOD)

C  ̂ = c o n c e n tra tio n  rem aining in  th e  s o lu t io n .

P lo t t in g  th e  v a lu e s  o f C^/C^ v s . tim e on sem i-log  paper w i l l  g iv e  a 

s t r a i g h t  l i n e  w ith  a s lo p e  equal to  k ' o r k /2 .3 0 3 .

For a sim ple second o rd e r  r e a c t io n ,  th e  in te g ra te d  form of th e  r a t e  

eq u a tio n  i s :

1 /Cp -  1 /C^ = k t  

T h e re fo re , p lo t t in g  th e  v a lu e s  of 1/C^ v s .  tim e w i l l  produce a s t r a i g h t  

l i n e .

The p lo t t in g s  o f th e  v a lu e s  o f C^/C^ v s . 30 o r 60 m inute r e a c t io n  

tim e in t e r v a l s ,  show th e  fo llo w in g  p ro cess  c h a r a c t e r i s t i c s :

Phenol

F igure  8 d e p ic ts  th a t  the  p h o to d eg rad a tio n  o f phenol fo llo w s f i r s t  

o rd e r  k in e t ic s  w ith  r e s p e c t  to  th e  s u b s t r a te .  However, a f t e r  a  4 hour ex­

p o su re , th e  r e a c t io n  c e a se s  as in d ic a te d  by th e  c o n s ta n t ,  C^/C^ ( l i n e  1

of F igu re  8 ) .  I t  i s  v e ry  l i k e ly  th a t  a f t e r  a s u b s ta n t i a l  amount o f
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conversion  (p h o to d eg rad a tio n ) 
conversion  ( d i r e c t  o x id a tio n )  
conversion  (ZnO s e n s i t i z e d  re a c tio n )  
COD removal ( d i r e c t  o x id a tio n )
COD removal (ZnO s e n s i t i z e d 'r e a c t io n )

100

42 31 5 6 87 9 10

Reaction Ti#e,

F ig u re  8 . The E x ten t o f  P h o to d eg rad a tio n , ZnO S e n s itiz e d  and 
D irec t P h o to o x id a tio n  o f  Aqueous S o lu tio n  o f  P henol, 
500 mg/1.
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phenol i s  degraded , th e  d e a c t iv a t io n  o f th e  a c t iv a te d  sp e c ie s  o r r a d ic a ls  

i s  as  f a s t  as th e  r a t e  of d e g ra d a tio n . Hence, th e  n e t r e s u l t  o f th e  re a c ­

t io n  i s  n e g l ig ib le ,  o r  cannot be d e te c te d  a n a ly t ic a l l y .

Assuming th a t  th e  th e o r e t ic a l  minimum energy  to  b reak  a l l  th e  bonds 

in  one mole of phenol eq u a ls  th e  t o t a l  bond e n e rg ie s  as  g iven  in  th e  l i t ­

e r a tu r e .  The energy then  re q u ire d  w i l l  be;

5 C-H = 5 X 99

3 C-C = 3 X 83

3 C=C = 3 X 147

1 C-0 = 3-x 84

1269 K cal/m ole

C onsidering  th a t  phenol has a maximum a b so rp tio n  peak a t  2780 & and below 

2380, and th e  UV lamp used em its a t o t a l  o f app rox im ate ly  3 .4  w a tts  o r 

3 .4  J o u le ,  i t  i s  th en  p o s s ib le  to  c a lc u la te  t h e o r e t i c a l l y  th e  tim e needed 

to  b reak  a l l  th e  bonds o f 500 mg/1 phenol in  th e  aqueous s o lu tio n .

500 mg/1 = 5.35 x 10 ^ m ole/1

T his co rresponds to  th e  re q u ire d  th e o re t ic a l  f i s s i o n  energy o f 6 .75 K cal. 

The energy a v a i la b le  i s ;

-4
3 .4  J o u le /s e c  = 8.126 x 10 K c a l/se c .

hence , th e  th e o r e t ic a l  tim e re q u ire d , assuming 100% e f f ic ie n c y ,  f o r  t o t a l  

breakdown i s :

6.75 f 8 .126 X 10 ^ = 8306 seconds o r 138 m inutes

Suppose th a t  75% of th e  ra d ia te d  energy i s  absorbed by th e  im mersion 

w e ll ,  co o lin g  w a te r , e t c .  Then, 552 m inutes o r  9 .2  hours w i l l  be s u f f i ­

c ie n t  to  d e s tru c t  a l l  th e  bonds in  500 mg/1 p h en o l. Comparing t h i s  th eo ­

r e t i c a l  v a lu e  to  th e  r e s u l t  o b ta in e d , i t  i s  v e ry  obvious how in e f f e c t iv e  

th e  p h o to d eg rad a tio n  p ro cess  i s .
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The in e f f e c t iv e n e s s  o f t h i s  p ro cess  i s  b e lie v e d  to  be in c o rp o ra te d  

in  th e  d e a c t iv a t io n  o f  th e  a c t iv a te d  s p e c ie s  o r  r a d ic a l s .  The mechanism 

of th e  d e a c t iv a t io n  r e a c t io n  i s  g iven  by:

ROH +  hv ------------   ROH*

(HgO)

R0“ * + Ĥ O"̂

RO + hv

(EgO)

ROH + 0H“ 

w here: R = pheny l.

The low co n v ers io n  o f phenol by p h o to d e g ra d a tio n  does n o t r e s u l t  in  

a m easurab le  change in  th e  t o t a l  o x id iz a b le  o rg a n ic ,  GOD. T h is  in d ic a te s

th a t  th e  d isap p ea ran ce  o f  th e  s u b s t r a te ,  as  m easured by th e  rem ain ing  phe­

n o l c o n c e n tra t io n , was p r im a r i ly  due to  th e  change in  th e  chem ica l s t r u c ­

tu r e  a s  a  r e s u l t  o f th e  c leav ag e  of one o r  two bonds w ith o u t form ing any 

gaseous p ro d u c ts , i . e .  CO, CO^j CH^, e t c .

The r a t e  o f co n v ers io n  o f phenol by ZnO s e n s i t iz e d  o x id a tio n  i s  much 

f a s t e r  th an  by th e  p re v io u s  m entioned p ro c e s s . The r e a c t io n  fo llo w s  a 

f i r s t  o rd e r  k in e t ic s  w ith  r e s p e c t  to  th e  s u b s t r a te .  A ccording to  Markham 

and L a id le r  [3 1 ], th e  ZnO s e n s i t i z e d  o x id a tio n  o f phenol r e s u l t s  in  th e  

d e s t r u c t io n  o f th e  a ro m a tic  r in g .  The ye llow ing  o f th e  s o lu t io n  i s  assum­

ed to  be due to  th e  fo rm a tio n  o f humic a c id  compounds.

The rem oval r a t e  o f  th e  o x id iz a b le  o rg an ic  by ZnO s e n s i t i z e d  o x id a ­

t io n  i s  re p re se n te d  by l i n e  5 o f F igure  8 .

In  th e  in te r p r e ta t io n  o f th e  r a t e  d a ta  in  term s of COD rem oval an
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assum ption  has to  be made,  i . e .  th e  r e a c t io n  p ro d u c ts  a re  CO, CÔ  o r o th e r  

compounds th a t  w i l l  n o t rem ain  in  s o lu t io n .  This assum ption i s  j u s t i f i a b l e  

on th e  grounds th a t  th e  f i n a l  p ro d u c ts  of any o x id a tio n  p ro cess  a re  g en e r­

a l l y  CO2 , CO o r o th e r  s ta b le  low m olecu la r w eigh t oxy-compounds. In  th e  

even t th e  above assum ption i s  t r u e ,  then  th e  change in  COD w i l l  be d i r e c t l y  

r e la te d  to  th e  change in  th e  co rrespond ing  s u b s t r a te  th a t  e x e r ts  COD.

T here i s  an o th er p o s s i b i l i t y  to  be c o n s id e re d . The d ec re a se  in  COD 

i s  n o t caused  by th e  re d u c tio n  of th e  o x id iz a b le  m a tte r  in  th e  system , b u t 

by th e  low COD e x e r t io n  r a t e  o f th e  r e a c t io n  p ro d u c t. In  th e  case  o f  phe­

n o l o x id a tio n  th a t  p o s s i b i l i t y  can  be excluded on th e  b a s is  o f th e  know­

led g e  th a t  th e  p h o to o x id a tio n  p ro c e ss  of t h i s  o rg a n ic  in v o lv es  b re a k in g  of 

th e  a ro m a tic  r in g  and c o n se q u e n tly , th e  p ro d u c ts  a re  amenable to  chrornate 

o x id a tio n .

The r e a c t io n  mechanism o f ZnO s e n s i t iz e d  o x id a tio n  o f phenol i s  w e ll 

e s ta b l is h e d  by Markham and L a id le r  [31 ].

The p lo t t i n g  o f th e  d a ta  (F ig u re  8 ) shows t h a t  a t  th e  b e g in n in g , th e  

r e a c t io n  p roceeded  a t  a slow  r a t e  and may be c o r r e la te d  to  th e  d e s t r u c t io n  

o f th e  a ro m a tic  r in g .  The r e a c t io n  would th en  p ro ceed  a t  a f a s t e r  r a t e  

and would u s u a l ly  be accompanied by th e  d isa p p e a ra n c e  o r re d u c tio n  o f  th e  

c o lo r .  I t  i s  re a so n a b le  to  c o n s id e r  th a t  th e  r e a c t io n s  involved  in  t h i s  

p ro cess  c o n s is t  o f a s e r i e s  o f  f i r s t  o rd e r r e a c t io n s  as in d ic a te d  in  F ig u re  

8 by th e  s t r a i g h t  l i n e  p o r t io n  having  d i f f e r e n t  s lo p e s ,  r e a c t io n  r a t e  con­

s t a n t  .

The r a t e  o f co nvers ion  of phenol by d i r e c t  p h o to o x id a tio n  i s  much 

f a s t e r  th an  th a t  o f ZnO s e n s i t i z e d  o x id a tio n . The r e a c t io n  i s  a p p a re n tly  

f i r s t  o rd e r  w ith  re s p e c t  to  th e  s u b s t r a te .  V is u a l ly ,  th e  r e a c t io n  was
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s im i la r  to  s e n s i t iz e d  o x id a tio n  in  regard  to  th e  yellow ing  o f th e  s o lu t io n  

and d isap p ea ran ce  of th e  c o lo r  under prolonged exposure.

For a d i r e c t  p h o to o x id a tio n  r e a c t io n  in v o lv in g  i r r a d i a t i o n  w ith  UV 

l i g h t ,  th e  r a t e  o f COD rem oval i s  r e l a t i v e ly  f a s t e r  th an  th a t  ach ieved  by 

a ZnO s e n s i t iz e d  r e a c t io n .  R e fe rr in g  to  th e  r e a c t io n  scheme o u tl in e d  by 

Young, e t .  a l .  [1 7 ], th e  d isap p ea ran ce  of s u b s t r a te .  A, i s  re p re se n te d  by:

-  È  -  ^
Under one re a c t io n  c o n d it io n , th e  term :

can be  co n sid ered  c o n s ta n t ,  hence:

-  = k ' [A]

r e p re s e n ts  a r a t e  eq u a tio n  o f f i r s t  o rd er r e a c t io n .

However, as th e  r e a c t io n  p ro ceed s, th e  in te rm e d ia te  p roduct AO  ̂ w i l l  

be f u r th e r  pho to lyzed  and th e  r e a c t io n  scheme may o r may no t go v ia  th e  

same r o u te .  A lthough th e  r e a c t io n  m ight fo llo w  f i r s t  o rd er k in e t i c s ,  one 

canno t ex p ec t th a t  th e  r e a c t io n  r a t e  c o n s ta n t ,  k ' ,  w i l l  rem ain unchanged 

because o f p o s s ib le  su c c e s s iv e  o r p a r a l l e l  r e a c t io n s  o ccu rrin g  in  th e  sy­

stem . The in c re a s e  o r d e c re a se  o f k ' w i l l  depend on th e  n a tu re  o f th e  

oxygenated p ro d u c t, AO^. I f  th e  in te rm e d ia te  p ro d u c t, which can be a  

p e ro x id e  o r  hyd roperox ide , i s  v e ry  s u s c e p tib le  to  p h y s ic a l o r  chem ical 

fra g m e n ta tio n  o r decom position , th en  in  prolonged i r r a d i a t i o n  one can 

ex p ec t t h a t  k ' in c re a s e s .

In  F igu re  8 , l i n e  4 , i t  can be observed th a t  th e  re a c t io n  in v o lv in g  

COD rem oval i s  slow a t  th e  e a r ly  s ta g e s  o f th e  p ro c e s s . This can be in ­

te rp r e te d  th a t  th e  c o n t ro l l in g  r e a c t io n  a t  t h a t  p e rio d  of tim e i s  th e
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fo rm atio n  of th e  oxygenated p ro d u c t, AO^. S ubsequen tly , th e  in te rm e d ia te  

i s  pho to lyzed  and th e  change in  th e  s lo p e  in d ic a te s  th a t  th e  p ro d u c t i s  

more am enable to  p h o to o x id a tio n  o r p h o to d e g ra d a tio n , which b r in g s  about a 

f a s t  r e d u c t io n  o f th e  o x id iz a b le  compounds. For p h eno l, th e  ab ru p t change 

of th e  r e a c t io n  r a t e  i s  accompanied by th e  d isap p ea ran ce  o f  c o lo r .  This 

can su p p o rt th e  h y p o th e sis  th a t  th e  oxygenated p ro d u c ts  a re  more amenable 

to  p h o to o x id a tio n  than  th e  s u b s t r a te  i t s e l f .  I t  i s  a lso  p o s s ib le  th a t  r e ­

d u c tio n  o f c o lo r ,  as a r e s u l t  of d e s t r u c t io n  o f th e  ch em ica l(s )  in v o lv ed , 

makes th e  b lo ck in g  o f l i g h t  p e n e tr a t io n  in s ig n i f ic a n t  and hen ce , s u f f i c i e n t  

energy i s  a v a i la b le  fo r  f u r th e r  d e s t r u c t io n  o f th e  in te rm e d ia te s .

The e f f e c t  o f pH on th e  e x te n t  o f d i r e c t  p h o to o x id a tio n  can be seen

in  F ig u re  9 . I t  i s  obvious th a t  a  low pH has  a s u b s t a n t i a l  e f f e c t  on th e  

co u rse  o f th e  r e a c t io n  as in d ic a te d  by th e  sudden change in  r a t e  c o n s ta n t ,  

s lo p e  o f th e  l i n e .  A pplying th e  s im p lif ie d  approach  as m entioned e a r l i e r ,  

th e re  i s  a tendency fo r  th e  r e a c t io n  to  proceed a t  a  f a s t e r  r a t e  a t  low pH 

than  a t  h ig h  pH. There a re  two p o s s i b i l i t i e s  th a t  t h i s  can be a t t r ib u t e d  to ;

1 . The system  i t s e l f  —p a r t i c u l a r ly  th e  l i g h t  so u rc e . I f  th e  

lamp needs a c o n s id e ra b ly  long tim e, 4-5 h o u rs , to  reac h  

i t s  maximum in t e n s i ty ,  and th e  r a t e  o f d isap p ea ran ce  o f the 

s u b s t r a te  i s  dependent on th e  i n t e n s i t y ,  then  n a tu r a l ly  th a t

c o n d itio n  w i l l  e f f e c t  th e  r e a c t io n .  To check t h i s ,  th e  ex­

perim en ts  were re p e a te d  under th e  same c o n d i t io n s ,  excep t in  

one t r i a l  when th e  lamp was on fo r  about 5 hours b e fo re  th e

s u b s t r a te  was in tro d u ced  in to  th e  r e a c to r .  P lo t t in g  o f th e

o b ta in ed  d a ta  i s  g iven  in  F ig u re  10.
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3 . pH; 12-13
10 -

1 109874 63 521
R e a c tio n .Time^, H rs.

F ig u re  9 . The E ffe c t o f  pH on th e  E x ten t o f  D ire c t P h o to o x id a tio n  
o f Aqueous S o lu tio n  o f Pheno l, 1000 mg/1.
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2. I f  th e  r e a c t io n  p ro d u c ts  a re  CO  ̂ and o th e r  ac id  s o lu b le  

compounds, then  accord ing  to  th e  Le C h a te lie r  p r in c ip le ,  

a t  low pH th e  r e a c t io n  as w r i t t e n  w i l l  go to  th e  r i g h t  

in  fav o r o f th e  decom position  o f  th e  p ro d u c ts  a t  a f a s t e r  

r a t e  th a n  under n e u t ra l  o r a lk a l in e  c o n d it io n s .

P + Og  .............. - POg ; -  P ro d u c ts  + COg

hv
P ro d u c ts  + Og ,, -  CO2 + an o th e r p ro d u c t, e t c .

U n fo r tu n a te ly , th i s  h y p o th e s is  cannot be confirm ed due to  

th e  d i f f i c u l t y  in  tra p p in g  and an ly z in g  th e  gaseous p ro - . 

d u c t ( s ) .

The e f f e c t  o f  i n i t i a l  c o n c e n tra tio n s  to  r e a c t io n  r a t e s  in  term s of 

COD rem oval i s  p re se n te d  in  F ig u re  11.

R e fe rr in g  to  th e  d is c u s s io n  by Young, e t .  a l .  [1 7 ], and c o n s id e r in g  

th e  r e a c t io n  k in e t i c s  o f s in g le t  oxygen fo rm atio n  g iv en  by th e  e x p re s s io n  

[15]:

*AOg = ***^Sens ^2^^^
+ kg [A]

a t  h ig h  c o n c e n tra tio n s  of A, th e  e q u a tio n  reduces to  :

*AOg =

where :

A = s u b s t r a te  

AOg = oxygenated p roduct 
3

A^ = s u b s t r a te  a t  t r i p l e t  s t a t e  

This r e la t io n s h ip  im p lie s  th a t  th e  r a t e  o f fo rm atio n  o f AOg, o r  d is a p p e a r -
3

ance o f s u b s t r a te  A, i s  determ ined by th e  r a t e  o f fo rm atio n  o f  A^.
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1 . l i g h t  was on a t  t  = 0 h r .
2. s o lu t io n  was in tro d u ced  a t  t  = 5  h r s .

10

o
8

oo
8

1
1 2 3 4 5 6 7 8 9

R eac tio n  Time, H rs.

F ig u re  10, The E f fe c t  o f L ig h t Source on th e  E x ten t o f D irec t 
P h o to o x id a tio n  o f Aqueous S o lu tio n  o f P heno l, XOOO 
mg/1, a t  pH 2.
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1 . 100  mg/ 1
2. 250 mg/1
3 . 350 mg/1
4 . 500 mg/1
5. 1000 mg/1

100

Q
8

o

§
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1
1 2 3 4 5 6 7 8

R eac tio n  Time, H rs.

F igure  11. E x ten t o f  I n i t i a l  C o n cen tra tio n s  on th e  E x ten t o f  Photo­
o x id a tio n  o f Aqueous S o lu tio n  o f P h en o l, 100 mg/1-1000 mg/1.
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Kaske and L in d q v is t [20] have s tu d ie d  th e  r e a c t io n  o f  th e  s e n s i t i z e r  

t r i p l e t  s t a t e .  Based on th e  mechanisms as d iscu ssed  in  Chapter I I ,  i t  i s  

rea so n ab le  to  assume th a t  a t  h igh  c o n c e n tra tio n s  o f s u b s t r a te  A, th e  sen­

s i t i z e r ,  and under c o n s ta n t l i g h t  in t e n s i t y ,  th e  c o n c e n tra tio n  quenching 

r e a c t io n  w i l l  become im p o rta n t. C onsequently , th e  o v e r a l l  r a t e  c o n s ta n t 

of d i r e c t  p h o to o x id a tio n  w i l l  no t be independent on i n i t i a l  c o n c e n tra tio n s .

The p lo t t in g  in  F ig u re  11 in d ic a te s  th a t  a t  a h ig h  c o n c e n tra tio n ,

1000  mg/1 , th e  r e a c t io n  fo llo w s  f i r s t  o rd e r , o r more p r e c i s e ly  pseudo- 

f i r s t  o rd e r k in e t i c s ,  based  on th e  d a ta  ob ta in ed  w ith in  th e  experim en ta l 

r e a c t io n  tim e. At a low er c o n c e n tra tio n , 100-500 m g/1, th e  p h o to o x id a tio n  

of aqueous phenol i s  n e i th e r  sim ple f i r s t  o rder nor sim ple  second o rd e r , 

as c o n c lu s iv e ly  in d ic a te d  in  F ig u res  11 and 12.

Due to  p re s e n t  knowledge and experim en ta l d a ta ,  i t  i s  d i f f i c u l t  to  

g ive  a s a t i s f a c to r y  in t e r p r e t a t i o n  f o r  th e  S -type  cu rve  a s  shown in  F ig u re

11. However, a p a r t i a l  and q u a l i t a t iv e  e x p la n a tio n  fo r  th i s  phenomenon 

could be found by r e la t in g  th e  p ro cess  to  th e  n a tu re  o f  th e  in te rm e d ia te  

o r r e a c t io n  p ro d u c t.

P h o to o x id a tio n  o f low m o lecu la r w eight a lc o h o ls  and a c id s ,  as  w i l l  

be d iscu ssed  l a t e r ,  may throw  some l i g h t  on th e  n a tu re  of th e  o x id a tio n  

o f pheno l. I t  i s  assumed th a t  th e  p h o to o x id a tio n  of phenol i s  coupled by 

frag m e n ta tio n , fo llow ed by subsequent o x id a tio n  o f th e  frag m en ts , i n t e r ­

m e d ia te s . As th e  r e a c t io n  p roceeds to  th e  f i n a l  s ta g e ,  th e  o x id iz a b le  

o rg an ic s  a re  m ostly  low m o lecu la r w eigh t fragm en ts . The slow ness of th e  

r e a c t io n  i s  m easured by th e  low r e a c t io n  r a t e  c o n s ta n t w hich r e f l e c t s  th e  

s u s c e p t ib i l i ty  o f th e  compound(s) to  p h o to o x id a tio n . T his e x p la n a tio n  i s  

based upon th e  s i m i l a r i t i e s  o f  p h o to ly s is  o f aqueous m ethano l.
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Figure 12. The Effect of Initial Concentration on the Extent
of Photooxidation of Aqueous Solution of Phenol.
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Figure 13. The Effect of Initial Concentration on the Reaction
Rates of Photooxidation of Phenol in Aqueous Solution.
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I f  th e  p ro cess  does c o n s is t  o f su c c e s s iv e  f i r s t  o rd er r e a c t io n s ,  and 

i f  th e  o v e r a l l  r e a c t io n  r a t e  c o n s ta n t i s  e s tim a te d  by ta k in g  th e  average 

v a lu e  c a lc u la te d  from:

\ v g .  ^ i  ^ ^ i"  ^T o ta l

where :

t .  = th e  r e a c t io n  tim e co rresp o n d in g  to  th e  s t r a i g h t
^ l i n e  p o r tio n  w ith  s lo p e ;

= th e  f i r s t  o rd e r r e a c t io n  r a t e  c o n s ta n t ,

*"Total = th e  tim e re q u ire d  fo r  com plete  o x id a tio n .

Then, by p l o t t i n g  th e  r e a c t io n  r a t e  as ex p la in ed  by:

-d C /d t = k C avg .

v s . i n i t i a l  c o n c e n tra t io n , C, g iv e s  th e  cu rv e  a s  shown in  F ig u re  13.

The l a s t  p o in t  o f  t h i s  curve was e s tim a ted  by e x t r a p o la t io n  and i s  under­

stood  to  be s l i g h t l y  o v e r-e s tim a te d . In  s p i t e  o f t h i s ,  th e  l i n e  shows a 

d e c l in e  tre n d  a t  h ig h  c o n c e n tra t io n s ,  in d ic a t in g  th a t  th e re  must be a 

maximum c o n c e n tra t io n  beyond w hich th e  r e a c t io n  r a t e  w i l l  drop s u b s t a n t i a l ­

ly .  I t  i s  a ls o  re a so n a b le  to  assume th a t  th e  maximum c o n c e n tra tio n  w i l l

s t ro n g ly  depend on th e  p ro cess  c o n d itio n s  and on th e  compound i t s e l f .

To su p p o rt th e  above p ro p o s i t io n ,  th e  e x p e rim en ta l d a ta  were p lo t te d  

in  d i f f e r e n t  w ays. F igu re  14 r e p re s e n ts  th e  p lo t t i n g  o f th e  r a t e s  o f COD 

rem oval d u rin g  th e  f i r s t  hour o f th e  p ro cess  v s .  i n i t i a l  c o n c e n tra tio n s .  

F ig u re  15 p lo t s  th e  change o f  COD p e r u n i t  tim e v s .  r e a c t io n  tim e fo r  d i f ­

f e r e n t  i n i t i a l  c o n c e n tra tio n . T h is  q u a l i t a t i v e  e v a lu a tio n  s tro n g ly  sug­

g e s ts  t h a t  th e  r e a c t io n  r a t e  in  d i r e c t  p h o to o x id a tio n  w i l l  n o t in c re a s e  

u n lim ite d ly  as  th e  c o n c e n tra tio n  in c re a s e s  as  h a s  been  p re d ic te d  by o th e r  

in v e s t ig a to r s  [23 ].
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Figure 14. The Effect of Initial Concentration on the Removal
Rate During the First Hour of Reaction.
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F ig u re  15. The R ate o f  COD Removal f o r  D i f f e r e n t  I n i t i a l  C o n c e n tra tio n s  
o f  Aqueous Phenol S o lu t io n s .
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R e c a llin g  E quation  9 , page 62, th e  r e la t io n s h ip  im p l ic i t l y  shows an 

in c re a se  in  A c o n c e n tra tio n  w i l l  r e s u l t  in  th e  in c re a s e  in  th e  co rrespond­

ing  r e a c t io n ,  k^ . S u b s ti tu t in g  fo r  k^ and p lo t t in g  th e  av erag e

v a lu e s  o f th e  r e a c t io n  c o n s ta n t v s .  i n i t i a l  c o n c e n tra t io n , p roduces a  l in e  

w ith  a n e g a tiv e  s lo p e . This in d i r e c t ly  im p lie s  th a t  th e  p h o to o x id a tio n  of 

phenol in  aqueous s o lu t io n  cannot be assumed as a f i r s t  o rd e r r e a c t io n  

w ith  re s p e c t  to  th e  r e a c ta n t .

The BOD re d u c t io n  o f th e  i r r a d ia te d  pheno l s o lu t io n  i s  n o t c o n s is ­

t e n t .  W ithout knowing th e  c o n s t i tu e n t( s )  p re s e n t in  th e  s o lu t io n ,  i t  i s  

im possib le  to  e x p la in  th e  in c o n s is te n c y  of th e  BOD re d u c tio n  as  a  fu n c tio n  

of tim e. The f lu c tu a t io n  o f BOD v a lu es  m ight be  due to  some to x ic  m a te r­

i a l s  formed in  th e  r e a c t io n  s te p .  P h o to o x id a tio n  o f th e  to x ic  compound(s) 

could change th e  to x i c i t y  and hence , th e  BOD measured would be h ig h e r than  

th e  p rev io u s  one. One obvious p o in t i s  th a t  BOD i s  g e n e ra lly  l e s s  than  

COD, o r  th e  BOD/COD r a t i o  i s  l e s s  than  u n i ty .  T h is d a ta  i s  shown in  

F ig u re  16.

Cyclohexanone.

The r e s u l t  o f  th e  pho tod eg rad atio n  and d i r e c t  p h o to o x id a tio n  o f cy­

clohexanone in  aqueous s o lu tio n  in d ic a te s  th a t  t h i s  compound undergoes 

photochem ical r e a c t io n  q u i te  r e a d i ly .  The chromatogram d id  n o t show th e  

p resence  o f a  ketone a f t e r  an i r r a d i a t i o n  o f  60 m in u tes . The modes o f 

pho todecom position  o f c y c l ic  k e tones  have been in te r p r e te d  by v a r io u s  

w orkers [8 ,1 9 ] ,  and g e n e ra lly  th e  re a c t io n  i s  v e ry  dependent on th e  con­

densed o r gaseous p hase  o f th e  system  and th e  n a tu re  o f th e  s o lv e n t .  In  

aqueous s o lu t io n  th e  p o s s ib le  r e a t io n  [19] i s ;
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C=0 „  _ ^COOH

hv r  I V
HgO J

cap ro ic  ac id

w ith  c ap ro ic  a c id  as  th e  m ajor p ro d u c t.

The d isa p p e a ra n c e  o f  cyclohexanone in  th e  i r r a d ia te d  s o lu t io n  d id  

n o t r e s u l t  in  th e  re d u c tio n  o f COD, in d ic a t in g  th a t  th e  r e a c t io n  d id  n o t 

in v o lv e  th e  fo rm a tio n  o f CO as g iven  elsew here [8 ,1 9 ] . The f a i l u r e  of 

th i s  p ro cess  to  red u ce  th e  COD i s  n o t s u rp r is in g  i f  th e  r e a c t io n  i s  l i m i t ­

ed to  tra n s fo rm a tio n  o f th e  ke tone  to  c a p ro ic  a c id .  C aproic a c id  i s  f a i r l y  

so lu b le  in  w ate r and has s ix  carbon  atoms as  does th e  k e to n e . T h e re fo re , 

th e  th e o r e t ic a l  COD v a lu e s  o f b o th  compounds a r e  approx im ate ly  th e  same. 

C onsider th e  r e a c t io n :
+H„0

(CH2 )g-C 0 + hv ----------- - CHgCCHgi^COOH

k eto n e  ac id

Assuming th a t  x mg/1 cyclohexanone i s  converted  to  c a p ro ic  a c id ,  th e n , x/M 

m illi-m o le  o f  c a p ro ic  a c id  w i l l  be form ed. The th e o r e t ic a l  COD v a lu e s  fo r  

b o th  compounds can  be c a lc u la te d  from th e  fo llo w in g  s to ic h io m e tr ic  equa­

t io n s  :

k e to n e : (CHg)^-^] + 8 0 ^ -----------» 600% + SHgO

a c id :  CH2 (CH2 )^C00H + 8O2 ----------- " 6CO2 + 6H2O

The above e q u a tio n s  su g g es t th a t  bo th  compounds use  th e  same amount o f 

oxygen. Any d i f f e r e n c e  th a t  may appear in  th e  COD t e s t s  can b e  r e l a t e d  to  

th e  s u s c e p t i b i l i t y  o f th e  co rrespond ing  compound.

A fte r  p ro longed  i r r a d i a t i o n ,  a  p h o to d eg rad a tio n  p ro cess  cou ld  b r in g  

about a s l i g h t  re d u c t io n  in  COD from th e  s o lu t io n .  I t  i s  b e lie v e d  th a t
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th e  c a p ro ic  ac id  which was formed a s  an in te rm e d ia te  i s  p h o to ly zed , coupl­

ed by frag m en ta tio n  and fo rm atio n  o f CO  ̂ or CO. The e x te n t o f th e se  

pho tochem ical r e a c tio n s  o f aqueous cyclohexanone i s  shown in  F igu re  17.

The d e a c t iv a t io n  r e a c t io n s  canno t be r e s p o n s ib le  fo r  the  slow ness 

in  th e  re d u c tio n  o f th e  o x id iz a b le  o rg a n ic .  I f  th i s  were t r u e ,  th e  conver­

s io n  r a t e  o r  d isap p ea ran ce  o f th e  ke to n e  would a lso  be slow .

The conversion  of cyclohexanone by ZnO p h o to s e n s it iz e d  o x id a tio n  i s

much slow er than  th a t  o f d i r e c t  p h o to o x id a tio n  o r p h o to d e g ra d a tio n . In

r e t r o s p e c t ,  t h i s  i s  n o t s u r p r is in g  a s  th e  f i r s t  a b so rp tio n  re g io n  of th e

ke to n e  i s  2400-3200 &, w ith  À = 2900 &. The b o r o s i l i c a te  immersionmax

w e ll w hich was used fo r  t h i s  experim en t absorbed a s u b s ta n t i a l  p o r t io n  of 

th e  s h o r t  w aveleng ths. C onsequen tly , th e  a v a i la b le  energy  n ecessa ry  fo r  

th e  p ro cess  to  occur i s  much l e s s  th a n  in  th e  o th e r  two system s, where a 

q u a r tz  im mersion w e ll was u sed . H ence, th e  r a t e  o f co n v ers io n  i s  r e ta r d ­

ed s ig n i f i c a n t l y .

No in fo rm a tio n  cou ld  be found to  d e s c r ib e  th e  r e a c t io n  s te p s  in v o lv ­

ed i n  th e  re d u c tio n  o f th e  o x id iz a b le  o rg a n ic (s )  in  t h i s  ZnO s e n s i t i z a t i o n  

p ro c e s s . Based on th e  n a tu re  o f th e  k e to n es  and th e  g e n e ra liz e d  pho tosen­

s i t i z e d  o x id a tio n  mechanism, i t  i s  re a so n a b le  to  assume th a t  th e  o x id a tio n  

produced a f i s s io n  a t  th e  C-GO bond, fo llow ed by th e  fo rm atio n  o f o rgan ic  

a c id s ,  p e ro x id es  o r h y d ro p e ro x id e s .

The r a t e  o f rem oval o f  th e  o x id iz a b le  o rg an ic  compound(s) by ZnO 

p h o to s e n s it iz e d  o x id a tio n  i s  a p p a re n tly  very  slow . Except fo r  s h o r te r  la g ,  

th e  r a t e  i s  of th e  same m agnitude a s  th a t  o f p h o to d e g ra d a tio n . Assuming 

hydrogen p ero x id e  to  be  th e  o n ly  o x id iz in g  sp e c ie s  i n  t h i s  system , th e  

r e l a t i v e  low r e a c t io n  r a t e  i s  a c tu a l ly  in h e re n t to  th e  o x id a tio n
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F ig u re  17. The E x ten t o f  P h o to d eg rad a tio n , D ire c t P hotooxi­
d a tio n  and ZnO S e n s it iz e d  O xidation  o f  Cyclohexa­
none in  Aqueous S o lu tio n  Measured in  Terms o f COD 
and Rate o f C onversion.
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c h a r a c te r i s t i c  of th e  p e ro x id e . As d is c lo se d  by Bishop [ 4 ] ,  hydrogen 

pero x id e  ox id ized  an a p p re c ia b le  p o r t io n  of r e f r a c to r y  m a te r ia l  in  th e  

p resence  o f f e r r o u s - f e r r ic  c a t a l y s t  and a t  an optimum pH of 3 -5 . In  th e  

ZnO s e n s i t i z a t i o n  p ro cess  th e  pH was 7 , s l i g h t ly  h ig h e r ,  and th e  a p p ro p ri­

a te  c a t a ly s t  was no t p r e s e n t .  T h e re fo re , i t  i s  co n ce iv ab le  th a t  th e  re a c ­

t io n  p roceeds more s lo w ly . T his i s  o f c o u rse , a p a r t i a l  e x p la n a tio n , bu t 

c o n s id e r in g  th e  o th e r ex p erim en ta l r e s u l t s  i t  can be concluded th a t  ZnO 

p h o to s e n s it iz e d  o x id a tio n  i s  n o t an  e f f e c t iv e  p ro cess  in  red u c in g  th e  

o x id iz a b le  o rg an ic s  m easured by COD.

The r a t e  o f d isap p ea ran ce  o f cyclohexanone by d i r e c t  p h o to o x id a tio n  

i s  in  th e  same o rder o f m agnitude as  th a t  o f th e  p h o to d e g ra d a tio n  p ro c e s s . 

C onsidering  th a t  th e  p h y s ic a l c o n d it io n s  o f b o th  p ro c e sse s  a re  th e  same, 

i t  i s  j u s t i f i a b l e  to  assume th a t  th e  p rim ary  p ro cess  invo lved  i s  re sp o n s i­

b le  fo r  th e  d e s tru c t io n  o f th e  cyclohexanone. Hence, th e  r a t e s  of conver­

s io n  fo r  th e  two p h o to -p ro ce sse s  a re  approx im ate ly  e q u a l.

Comparing th e  o th e r  two p re v io u s ly  m entioned p ro c e s s e s ,  pho todegra­

d a tio n  and ZnO s e n s i t iz e d  o x id a tio n ,  d i r e c t  p h o to o x id a tio n  o f  cyclohexa­

none in  aqueous s o lu t io n  s u b s t a n t i a l l y  red u ces  th e  COD. The d a ta  p lo t te d ,

i . e .  COD /COD v s . tim e o r 1/COD v s .  tim e , r e v e a ls  th a t  th e  r e a c t io n s  a re  o r  r

n o t sim ple f i r s t  o r second o rd e r  (F ig u re s  18 and 1 9 ). In  in te r p r e t in g  th e  

d a ta ,  i t  i s  reaso n ab le  to  s p e c u la te  th a t  th e  r e a c t io n s  c o n s is t  o f a s e ­

quence o f pseudo f i r s t  o rd e r  r e a c t io n s .

The mechanisms of t h i s  p ro c e ss  i s  n o t known. But one can th e o r iz e  

th e  p ro b ab le  r e a c t io n  p a th s ,  b u t  assum ing:

1. The a b so rp tio n  o f pho tons r e s u l t s  in  th e  fo rm a tio n  o f 

cap ro ic  a c id ,  CHg(CH2 )^C00H;
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F ig u re  18. The E x ten t o f D ire c t P h o to o x id a tio n  o f Aqueous S o lu tio n  
o f Cyclohexanone, 1000 mg/1, in  Terms o f COD R eduction .
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F ig u re  19. The E x ten t o f  D ire c t P h o to o x id a tio n  o f Aqueous S o lu tio n  
o f Cyclohexanone, 1000 mg/1, in  Terms o f  Cod R eduction.
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2. The subsequent r e a c t io n  in v o lv es  th e  o x id a tio n  o f the  

ac id  to  p e ra c id  w hich in  tu rn  undergoes decom position .

Then;

R-COOH R-COOOH

R'CO.OH + ho  2
h v ,0 h v ,0 ,

ROH ----------------- ^ R'COOH ------------- ► R'COOOH — ► R'OH + CÔ

hv *R.CO.OH-----------► RCO + OH

The e f f e c t  o f pH on th e  d i r e c t  p h o to o x id a tio n  o f cyclohexanone i s  

g iven in  F ig u re  20 and s im i la r  phenomenon o f  phenol has been observed .

The h ig h  OH c o n c e n tra tio n  may accoun t fo r  th e  r e ta r d a t io n  o f th e  fo rm a tio n

of c a p ro ic  a c id ,  o r th e  enhancement o f o th e r  r e a c t io n ( s )  which a f f e c t  th e  

o v e ra l l  r e a c t io n  sequence.

The re d u c tio n  of COD as  th e  r e s u l t  o f th e  c a rb o x y la tio n  o f  ca p ro ic  

ac id  i s  v e ry  im probable under o x id a tio n  c o n d it io n .

2CH2(CH2)^C00Na + OH"------------- »2CHg(CH2)2CH2 + Na2C0^

I f  p o s s ib le  OH could  be expected  to  enhance th e  COD re d u c tio n  p ro c e s s .

At n e u t r a l  and a c id  c o n d itio n s  th e  r e a c t io n  fo llo w s th e  same t r e n d ,  

bu t in  th e  l a t t e r  c o n d itio n  th e  r e a c t io n  seemed to  be s ig n i f i c a n t l y  en­

hanced by th e  p resen ce  o f  hydrogen io n s .  W hether t h i s  i s  r e la te d  to  th e

o ccu rrence  o f a r e a c t io n  in v o lv in g  th e  fo rm a tio n  o f CO2 —which acco rd in g  

to  Le C h a te lie r  w i l l  be a f f e c te d  by h"*"— was n o t n o t confirm ed experim en­

t a l l y .

The e f f e c t s  o f i n i t i a l  cyclohexanone c o n c e n tra tio n  on th e  e x te n t o f 

th e  r e a c t io n  waè n o t s tu d ie d  because th e  r e s u l t s  were expected  to  be a n a lo ­

gous to  phenol o r h e x y la lc o h o l. The m agnitude o f th e  e f f e c t  may be
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Figure 20. The Effect of pH on the Extent of Direct Photooxidation
of Aqueous Solution of Cyclohexanone, 1000 mg/1.
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d i f f e r e n t  b u t th e  c o n c e n tra tio n  quenching r e a c t io n ,  which i s  assumed to  be 

th e  c o n t ro l l in g  f a c to r ,  w i l l  undoubtedly  change th e  co u rse  o f th e  o v e r a l l  

r e a c t io n .

H exy1-Alcohol

As d isc lo se d  by th e  p re lim in a ry  experim ents (Appendix D, Table D -3 ), 

hexanol was n o t s u sc e p tib le  to  p h o to d eg rad a tio n  under th e  r e a c t io n  cond i­

t io n s  ap p lie d  to  th e  system , 550 w a tt h ig h -p re s su re  lamp. The co n v ers io n  

by i r r a d i a t i o n  was n o t s ig n i f i c a n t  and so no f u r th e r  a ttem p t was made to  

s tu d y  th e  e x te n t of t h i s  p ro c e ss .

The in e f fe c t iv e n e s s  of p h o to d eg rad a tio n  u s in g  a 550 w a tt h ig h -p re s ­

su re  lamp i s  p r im a r ily  due to  th e  la c k  o f s u f f i c i e n t  energy fo r  th e  mole­

c u le  to  undergo a p h o to - re a c tio n . In  g e n e ra l,  a lc o h o ls  have an a b s o rp tio n  

band below 2000 &. S ince th e  lamp r a d ia te s  2200 & and above w av eleng ths, 

i t  f a i l s  to  induce th e  r e a c t io n .

The mode of photodecom position  o f a normal a lc o h o l i s  w e ll known and 

has been  s tu d ie d  by many w orkers. The a b so rp tio n  o f  photons w i l l  le ad  to  

th e  fo rm atio n  o f r a d ic a l s  and th e  c leav ag e  o f th e  m o lecu le . The r e a c t io n  

ro u te  o r  p ro d u c ts  w i l l  be s tro n g ly  dependent on th e  a lc o h o l, c o n d itio n s  

of th e  system , gaseous o r condensed, and th e  a v a i la b le  energy.

Due to  th e  la c k  o f s u f f i c i e n t  energy fo r  th e  fo rm atio n  o f th e  e x c i t ­

ed s t a t e  hexano l, th e  r e a c t io n  mechanism o f p h o to o x id a tio n  as proposed by 

Young [17] o r  G o lln ick  [14] cannot be a p p lie d  d i r e c t l y  to  th e  pho toox ida­

t io n  o f  hexano l. The r e a c t io n  can  be assumed to  be i n i t i a t e d  by a u to x id a -  

t i o n ,  i . e .  o x id a tio n  by oxygen a t  i t s  ground s t a t e ,  which r e s u l t s  in  th e  

fo rm a tio n  o f an ac id  o r an oxy-compound th a t  has an  a b so rp tio n  band above 

2200 &. This ac id  can then  be p h o toox id ized  and th e  r e a c t io n  may fo llo w
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th e  g e n e ra liz e d  ro u te  as  su g g ested  by s e v e ra l  in v e s t ig a to r s  1 8 ,1 9 ]. I f  

t h i s  r e a c t io n  ta k e s  p la c e  a s  p o s tu la te d ,  th en  one would ex p ec t th a t  a lag  

must e x i s t  because  a u to x id a tio n  i s  u s u a lly  a slow  p ro c e s s . However, the  

p lo t t in g  o f th e  conversion  d a ta  (F ig u re  21) shows th a t  th e  r e a c t io n  fo llow s 

a f i r s t  o r d e r ,  o r more l i k e  a  pseudo f i r s t  o rd e r k in e t ic s  w ith o u t any ob­

se rv a b le  " in d u c tio n  tim e" . The absence o f th e  la g  su g g e s ts  th a t  th e  photo­

o x id a tio n  o f  hexanol by d i r e c t  i r r a d i a t i o n  i s  n o t i n i t i a t e d  sim ply by 

a u to x id a tio n ,  b u t o th e r  r e a c t io n s ,  such as  ch a in  o r a u to c a ta ly t i c  r e a c t io n s ,  

may c o n t r ib u te  to  th e  o v e r a l l  p ro c e s s .

R e fe rr in g  to  F ig u re  21, i t  i s  v e ry  obvious th a t  th e  r a t e  o f  conver­

s io n  o f hexano l by ZnO s e n s i t i z a t i o n  r e a c t io n  i s  s u b s t a n t i a l l y  low er than  

th a t  by d i r e c t  p h o to o x id a tio n . A gain, th e  e x p la n a tio n  l i e s  i n  th e  o x id iz ­

ing  n a tu re  o f hydrogen p e ro x id e  a s  p re v io u s ly  d isc u sse d .

The rem oval o f th e  o x id iz a b le  o rg a n ic s  (COD) by th e  ZnO s e n s i t iz e d  

o x id a tio n  i s  a p p a re n tly  l e s s  e f f e c t iv e  in  com parison to  t h a t  ach ieved  by 

d i r e c t  p h o to o x id a tio n . In  an  e ig h t  hour r e a c t io n ,  on ly  44% COD was removed 

as compared to  80% by d i r e c t  p h o to o x id a tio n .

The r e a c t io n  scheme o f t h i s  p a r t i c u la r  p ro c e s s , i . e .  ZnO s e n s i t iz e d  

r e a c t io n  o r d i r e c t  p h o to o x id a tio n  o f h ex ano l, i s  n o t known. The decompo­

s i t i o n  o f  th e  formed hyd ro p ero x id e  a t  i t s  0 - 0  bond has to  be  exc luded , as 

t h i s  w i l l  n o t r e s u l t  in  a m easurab le  change in  COD o f th e  s o lu t io n  i r r a d i a t ­

ed.

Suppose th a t  th e  r e s id u a l  o rg a n ic s  a re  q u a n t i t a t iv e ly  m easured by a 

COD t e s t .  Then th e  re d u c t io n  in  COD must be r e la te d  to  th e  frag m e n ta tio n  

of th e  compound in to  CO, CO  ̂ and o th e r  gaseous p ro d u c ts . The fo rm atio n  o f 

CH^, CgH^ o r  o th e r  s a tu r a te d /u n s a tu r a te d  low m o lecu la r w e ig h t hydrocarbons
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1. C o n v e rs io n (d ire c t o x id a tio n )
2 . COD ( d i r e c t  o x id a tio n )
3 . Conversion (ZnO s e n s i t iz e d )
4 . COD (Zno s e n s i t iz e d )
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F ig u re  21. The E x ten t o f  P h o to o x id a tio n  and ZnO S e n s it iz e d  Oxida­
t io n  o f  Aqueous S o lu tio n  o f H exanol, 820 mg/1, Measured 
in  Terms o f  COD and R ate o f  C onversion.
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i s  th e o r e t ic a l ly  n o t p o s s ib le  under o x id a tio n  c o n d itio n s  as th e se  compounds 

have low er o x id a tio n  s t a t e s  th an  a lc o h o ls .  I f  CO o r COg, o r b o th , a re  th e  

m ajor p ro d u c ts , then  th e  f i r s t  o x id a tio n  p ro d u c t has to  be th e  co rrespond ­

in g  ac id  which can undergo p h o to d e g ra d a tio n , o r  d i r e c t  p h o to o x id a tio n , ac­

co rd ing  to  th e  r e a c t io n s  d e sc r ib e d  e a r l i e r  in  t h i s  c h a p te r . The p roduct 

o f th i s  subsequen t r e a c t io n  can be p e ra c id  w hich decomposes in to  COg and 

a lc o h o l,  w ith  one carbon  atom le s s  th an  th e  o r ig in a l  compound. The a lc o ­

h o l w i l l  then  be f u r th e r  ox id ized  fo llow ing  a  s im i la r  or d i f f e r e n t  ro u te .  

R egard less o f th e  r e a c t io n  scheme i t  fo llo w s , th e  p ro cess  m ust in v o lv e  

frag m e n ta tio n  th a t  can b r in g  abou t re d u c tio n  in  COD.

The e f f e c t  o f  i n i t i a l  c o n c e n tra tio n  on d i r e c t  p h o to o x id a tio n  o f an 

aqueous s o lu t io n  o f  hexanol i s  i l l u s t r a t e d  in  F ig u re  22. The p lo t t in g  of 

th e  experim en ta l d a ta  d e p ic ts  s t r ik i n g  s im i la r i ty  th a t  o b ta in ed  from th e  

i r r a d i a t i o n  o f p h en o l. There i s  one ex cep tio n  th a t  i s  n o t w e ll  u n d ers to o d . 

The com plete o x id a tio n  o f 205 mg/1 hexanol could  be ach ieved  in  4 1 /2  hours 

as compared to  5 1 /2  hours fo r  a c o n c e n tra tio n  o f 82 mg/1. S a t i s f a c to r y  

e x p la n a tio n  could n o t be found and ex p erim en ta l e r r o r  has to  be excluded 

s in c e  re p e a tin g  th e  experim ent p rov ided  th e  same r e s u l t s .

In  s p i t e  o f th e  d e v ia tio n  from th e  g e n e ra l tre n d  th e re  i s  a c o n s is ­

tency  —th e  p re sen ce  o f a la g  a t  th e  beg inn ing  o f th e  r e a c t io n .  The ex­

p la n a tio n  of th i s  la g  can be approached from th e  n a tu re  o f  a u to x id a tio n , 

which i s  c h a ra c te r iz e d  by i t s  s low ness, as  a r e s u l t  o f i t s  low r e a c t i v i t y  

of t r i p l e t  ground s t a t e  m o lecu la r oxygen to  a s in g l e t  s t a t e  s u b s t r a te .

F igure 23 shows th e  e f f e c t  o f  pH on th e  p h o to o x id a tio n  o f  h exano l. 

The r a t e  of r e a c t io n  in  ac id  and n e u t r a l  c o n d itio n s  can be co n sid e re d  to  

be th e  same o rd e r o f m agnitude. The h igh  hydrogen io n  c o n c e n tra tio n  d id
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2. 0 .25  m l/1
3. 0 .50 m l/1
4. 1.00 m l/1100

R eac tion  Time, H rs.

Figure 22. The Effect of Initial Concentration on the Photooxi­
dation of Hexanol in Aqueous Solution.
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F igure  23. The E ffe c t o f pH on th e  E x ten t o f D ire c t Photooxi­
d a tio n  o f Aqueous S o lu tio n  o f H exanol, 1 m l/1 , in  
Terms of COD R eduction .
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n o t enhance th e  r e a c t io n  s u b s t a n t i a l l y  as i t  d id  in  th e  phenol o r cy c lo ­

hexanone s o lu t io n s .  E a r l i e r  in  th e  d is c u s s io n ,  i t  was assumed th a t  an 

ac id  i s  th e  f i r s t  in te rm e d ia te  in  t h i s  p ro c e s s .  T h e re fo re , i f  th e  t r a n s ­

fo rm atio n  o f th e  a lc o h o l to  th e  a c id  i s  th e  c o n t ro l l in g  r e a c t io n ,  th en  th e  

o v e r a l l  r a t e  w i l l  n o t be p a r t i c u l a r ly  a f f e c te d  by o th e r  f a c to r s  th a t  do 

n o t in c re a s e  th e  r a t e  o f a c id  fo rm atio n .

The e f f e c t  o f hydroxy l io n s  on th e  r e a c t io n  may be a s s o c ia te d  w ith  

th e  ad v e rse  n a tu re  of th e  a lk a l in e  c o n d itio n s  and th e  fo rm atio n  o f a p e r ­

a c id .  R e c a llin g  th e  fo rm a tio n  r e a c t io n  o f  p e ra c id  as d isc u sse d  in  l i t e r a ­

tu r e ,  i t  i s  known th a t  th e  r e a c t io n  w i l l  o ccu r only  in  th e  p re sen ce  o f 1% 

s u l f u r i c  a c id .  I f ,  in  f a c t ,  th e  decom position  o f th e  p e ra c id  governs th e  

e x te n t  o f t h i s  r e a c t io n ,  i . e .  COD rem oval, th e n  n a tu r a l ly  OH w i l l  r e p re s s  

th e  r a t e  o f the  o v e r a l l  r e a c t io n .

F ig u re  24 i l l u s t r a t e s  th e  r e a c t io n  o f p h en o l, cyclohexanone and hex­

ano l w ith  approx im ate ly  th e  same i n i t i a l  c o n c e n tra tio n  ex p ressed  in  term s 

of mg/1 COD.

Cyclohexanone i s  r e a d i ly  decomposed and transfo rm ed  in to  c a p ro ic  

a c id ,  which in  tu rn  undergoes ra p id  f ra g m e n ta tio n  th a t  b r in g s  abou t th e  

e l im in a tio n  of th e  o x id iz a b le  o rg a n ic s . H exanol can be p h o to o x id ized  and 

decomposed in to  sm a lle r  fragm en ts  by way o f th e  assumed a u to x id a tio n  o r 

a u to c a ta ly t i c  o x id a tio n , i t s  p rim ary  p ro c e s s . On th e  b a s is  o f t h i s  sug­

g es ted  mechanism th e  rem oval of COD o f th e  s o lu t io n  could  n o t be expected  

to  proceed as f a s t  as t h a t  o f th e  k e to n e . The decom position  o r o x id a tio n  

o f p h en o l, in v o lv es  b re a k in g  th e  aro m atic  r in g  which r e q u ir e s  more energy . 

Because of o th e r  c o m p lica tin g  f a c to r s ,  i . e .  d e a c t iv a t io n ,  fo rm a tio n  o f 

c o lo re d  p ro d u c ts , th e  r e a c t io n  r a t e  m easured e x p e rim en ta lly  m ust be low er
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F igure  24. A D ire c t P h o to o x id a tio n  Comparison o f Aqueous S o lu tio n s  
o f H exanol, Cyclohexanone and P heno l.
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than  th a t  o f  th e  o th e r  p re v io u s ly  m entioned compounds.

E thy1-A lcohol

The r e s u l t s  o f th e  s tu d ie s  on th e  e x te n t o f p h o to d e g ra d a tio n , ZnO 

s e n s i t i z e d  o x id a tio n  and d i r e c t  p h o to o x id a tio n  a r e  p re sen te d  in  F ig u re  25. 

The r e a c t io n  k in e t ic s  a re  somewhat s im ila r  to  th a t  of pheno l. Under th e  

ex p erim en ta l c o n d itio n s  a p p lie d  to  th e  system , n o te  th a t  th e  pho todegrada­

t io n  i s  v e ry  in e f f e c t iv e  in  tran sfo rm in g  or removing th e  e th an o l from th e  

s o lu t io n .  N otice a ls o  th a t  one consequence o f th e  o x id a tio n  by hydrogen 

p ero x id e  in  th e  absence o f a c a t a ly s t  i s  th a t  th e  r a t e s  o f co n v ers io n  and 

re d u c tio n  o f  th e  o x id iz a b le  o rg a n ic  a re  such th a t  a v e ry  long r e a c t io n  

tim e i s  re q u ire d  to  ach iev e  com plete rem oval. In  s p i t e  o f th e  f a c t  th a t  

e th a n o l has  an a b so rp tio n  peak below 2000  &, th e  a lc o h o l undergoes ra p id  

p h o to o x id a tio n , coupled w ith  decom position . Assuming th a t  th e  p ro cess  

c o n s is ts  o f a s e r ie s  o f c o n se c u tiv e  r e a c t io n s ,  th e  la g  o r low k v a lu e  

th a t  ap p ea rs  in  th e  p lo t t in g  may in d ic a te  th a t  th e  mechanism of th e  e th a ­

n o l p h o to o x id a tio n  fo llo w s th e  same p r in c ip le  e lu c id a te d  from th e  o x id a tio n  

of h ex an o l.

B u tan o l, Iso b u ta n o l and t-am y l A lcohol

The e x te n t o f d i r e c t  p h o to o x id a tio n  o f C^-C^ a lc o h o ls ,  as m easured 

by th e  rem ain ing  COD, i s  i l l u s t r a t e d  in  F igure  26. I t  p o in ts  to  a co n c lu ­

s io n ;  th a t  th e  r a t e  o f frag m e n ta tio n  o r t o t a l  o x id a tio n  o f a lc o h o l v a r ie s  

w ith  i t s  chem ical s t r u c tu r e .  The o x id a tio n  o f n -b u ta n o l ,  4 carbon a tom s, 

and a  branched t-am yl a lc o h o l,  5 carbon  atom s, p roceeds a t  about th e  same 

r a t e ;  w h ereas , is o -b u ta n o l,  a secondary  a lc o h o l w ith  4 carbon atom s, in d i ­

c a te s  h ig h e r  s u s c e p t i b i l i ty  th an  i t s  co rrespond ing  p rim ary  a lc o h o l. For 

th e  pu rpose  of com parison th e  hexanol d a ta  (Cg) was p lo t te d  a lo n g s id e  th e
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1. Conversion (p ho todeg radation )
2. COD (p h o to d eg rad a tio n )
3. Conversion ( d i r e c t  o x id a tio n )
4. COD ( d i r e c t  o x id a tio n )
5. Conversion (ZnO s e n s i t iz e d )
6 . COD (ZnO s e n s i t i z e d )
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F ig u re  25. The E x ten t o f P h o to d eg rad a tio n , D ire c t P h o to o x id a tio n  
and ZnO S e n s it iz e d  O x idation  o f  E th an o l in  Aqueous 
S o lu tio n  Measured in  Terms o f COD and R ate o f C onversion.
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1. Iso b u ta n o l
2 . n -b u tan o l
3 . t-am yl a lc o h o l
4. Hexanol
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Figure 26. The Extent of Direct Photooxidation of Aqueous Solutions
of C ,-C , A lcoho ls. 4 6
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o th e r  th r e e  a lc o h o ls .

P h o to o x id a tio n  o f  C .-C ,A lcohols and T h e ir  Acids _____________________I  o__________________________

The d a ta  o b ta in ed  from th e  d i r e c t  p h o to o x id a tio n  o f  C^-C^ a lc o h o ls  

and a c id s  a re  p re se n te d  in  F ig u res  27 and 28. The f i r s t  i l l u s t r a t e s  th e  

r e a c t io n  b eh av io r o f fo rm ic , a c e t ic  and p ro p io n ic  a c id s ;  w hereas, th e  

l a t t e r  re p re s e n ts  r e a c t io n s  modes of th e  a lc o h o ls  — a l l  in  term s of COD 

re d u c tio n . The in c o n s is te n c y  o f th e  d a ta  makes th e  in t e r p r e ta t io n  d i f f i ­

c u l t  and th e  problem  i s  compounded b y  th e  la c k  o f  o th e r  in fo rm a tio n . The 

co n c lu sio n s  p re se n te d  h e re  a re  drawn from q u a l i t a t i v e  e v a lu a tio n s .

1 . The rem oval o f  COD from an a c e t ic  a c id  s o lu t io n  shows 

d i f f e r e n t  tre n d s  to  th a t  o f p ro p io n ic  o r form ic a c id .

The d i f f e r e n c e  may be cause  by th e  i n i t i a l  a c e t ic  ac id  

c o n c e n tra t io n , which was low er th an  th e  c o n c e n tra tio n s  

o f th e  o th e r  two a c id s .

2 . The change in  th e  r e a c t io n  r a t e  c o n s ta n t in  th e  o x id a tio n  

o f p ro p io n ic  ac id  can be r e l a t e d  to  th e  o x id a tio n  o f  th e  

p ro d u c ts  —p o s s ib ly  C  ̂ oxy-compounds, i f  th e  r e a c t io n  goes 

v ia  th e  fo rm atio n  o f p e ra c id  and i s  fo llow ed  by i t s  decom­

p o s i t io n .  T h is a rgum enta tion  i s  re a so n a b le  fo r  p ro p io n ic  

a c id , b u t n o t fo r  form ic a c id .

3 . With th e  ex cep tio n  o f m e thano l, th e  r e s u l t s  show th a t  fo r  

th e  s e r i e s  C^-C^ a lc o h o ls ,  and one d e r iv a t iv e  o f th e  

lower th e  number of C atom s, th e  f a s t e r  th e  r e a c t io n  w i l l  

proceed  to  com pletion . Why m ethanol does n o t fo llo w  th i s  

p a t te r n  i s  n o t u nderstood . I t  must be  p o in te d  o u t th a t  in  

a l l  c a se s  a  la g  or in d u c tio n -tim e  e x i s t s  w ith  m ethano l.
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1. Formic Acid
2 . A ce tic  Acid
3. P ro p io n ic  Acid
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Figure 27. The Extent of Direct Photooxidation of Aqueous
Solutions of Organic Acids, C^-Cg.
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1 . M ethanol
2 . E thanol
3 . P ropanol
4 . Hexanol
5 . n -b u ta n o l
6 . Dodecyl N a -s u lfa te
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Figure 28. The Extent of Direct Photooxidation of C^-C^ Alcohols
in Aqueous Solutions.
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which i s  the  m ost s ig n i f i c a n t .  W hether t h i s  can be c o r r e la te d  to  the 

slow ness of th e  a u to x id a tio n  th a t  i s  assumed to  be th e  i n i t i a l  s te p ,  i s  

n o t known.

P h o to o x id a tio n  o f Dodecyl Sod ium -S u lfa te  and Socium S te a ra te

The o x id a tio n  o f  dodecyl N a - s u lf a te ,  and N a - s te a r a te ,  C^g,

in d ic a te s  th a t  th e se  compounds a re  more r e a d i ly  o x id ized  by d i r e c t  photo­

o x id a tio n  than  by ZnO s e n s i t i z e d  r e a c t io n s .  The r e s u l t s  a re  p re se n te d  in  

F ig u re  29 and th e  i n t e r p r e ta t io n  o f th e  d a ta  i s  analogous to  th e  p rev io u s  

d is c u s s io n  fo r  hexanol and o th e r  compounds.

The d a ta  o b ta in ed  from th i s  s e t  of experim ents w ere ta b u la te d  in  

Appendix E, T ab les E-2 th rough  E-24.

F in a l E xperim ents

Having acq u ired  some b a s ic  in fo rm a tio n  p e r ta in in g  to  th e  n a tu re  o f 

th e  p h o to o x id a tio n  p ro c e s s ,  a s e t  o f experim en ts was perform ed to  ex p lo re  

th e  a p p l i c a b i l i t y  of pho tochem ical r e a c t io n s  on some i n d u s t r i a l  w aste 

c o n s t i tu e n ts .  As m entioned e a r l i e r ,  th e  m a te r ia ls  chosen  w ere : v e g e ta b le  

o i l  (soybean o i l ) ,  paper pulp  and f r e e  cy an id e . The r e s u l t s  and d is c u s s io n  

a re  p re sen te d  below. 

v eg e tab le  O il

Soybean o i l  c o n ta in s  a r e l a t i v e l y  la rg e  amount o f u n sa tu ra te d  f a t t y  

a c id s ,  i . e .  o l e i c ,  l i n o l e i c  and l i n o le n i c .  The com position  o f t h i s  o i l  

i s  :

T o ta l s a tu r a te d ,  m ain ly  s t e a r i c  and p a lm it ic :  11.9-15.8%

T o ta l u n s a tu ra te d , m ain ly  o le ic  and l i n o l e i c :  88.1-84.2%

T ables F-1 to  F-9 o f Appendix F summarize th e  r e s u l t s  o f  the  e x p e r i­

m ents. The change in  COD of th e  i r r a d i a te d  d i l u t e  o i l  em ulsion  i s  n o t
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1. Dodecyl N a -su lfa te  ( d i r e c t  o x id a tio n )
2 . Dodecyl N a -su lfa te  (ZnO s e n s i t iz e d )
3. N a -s te a ra te  ( d i r e c t  o x id a tio n )
4 . N a -s te a ra te  (ZnO s e n s i t iz e d )
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F igure 29. The E xten t of D ire c t P h o to o x id a tio n  and ZnO S e n s it iz e d  
O xidation  of Aqueous S o lu tio n s  of Dodecyl N a -s u lfa te  
and N a -s te a ra te .
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c o n s is te n t .  The in c re a s e  o f COD may be due to  th e  photochem ical r e a c tio n  

th a t  causes th e  o i l  to  become more s u s c e p t ib le  to  d ich rom ate  o x id a tio n .

The d e c re a se , how ever, can be due e i th e r  to  th e  r e s u l t  o f f rag m e n ta tio n  o r 

th e  p o ly m e riz a tio n  w hich was observed . At th e  end o f th e  experim en t, i t  

was found th a t  a c o n s id e ra b le  amount o f s t ic k y  m a te r ia l  was formed on th e  

w a ll of th e  im m ersion w e ll .  P o ly m eriza tio n  i s  l i k e ly  to  occur because of 

th e  p resen ce  o f double bonds in  th e  m ajor c o n s t i tu e n ts  o f th e  o i l .  From 

th i s  in fo rm a tio n , i t  i s  n o t p o s s ib le  to  s t a t e  c o n c lu s iv e ly  th a t  th e  reduc­

t io n  of COD i s  th e  r e s u l t  o f  p h o to frag m en ta tio n , or t h a t  th e  rem oval of 

th e  o x id iz a b le  o rg a n ic  from th e  s o lu t io n  i s  by way of p o ly m e riz a tio n .

D ire c t p h o to o x id a tio n  o f  pure l i n o l e i c  a c id  (T ab le F -3 , Appendix F) 

showed th a t  th e  re d u c t io n  o f  COD th a t  could  be ach ieved  in  8 hou rs  was r e ­

l a t i v e l y  low. S im ila r  s t i c k y  m a te r ia l  was formed on th e  im m ersion w e ll . 

This le a d s  to  a  t e n ta t i v e  co n c lu s io n  th a t  th e  d e c re a se  in  f a t t y  ac id  con­

c e n t r a t io n  i s  th e  r e s u l t  o f  p o ly m e riz a tio n  r a th e r  th an  fra g m e n ta tio n .

This may be th e  mechanism f o r  th e  re d u c tio n  o f o x id iz a b le  o rg a n ic s  from 

o i l  em ulsion.

P aper-P u lp

The r e s u l t s  o f ZnO p h o to s e n s i t iz a t io n  and d i r e c t  p h o to o x id a tio n  of 

paper pulp  su sp en sio n  a re  p re sen te d  in  T ables F-4 and F -5 , Appendix F.

The d a ta  c l e a r ly  in d ic a te s  th a t  th e  outcome o f t h i s  experim ent i s  in co n c lu ­

s iv e .  The in c o n s is te n c y  i s  b e lie v e d  to  be due p r im a r i ly  to  th e  e r ro r  in  

sam pling. As th e  c e l lu lo s e  f ib r e s  do n o t have th e  same le n g th  and i t  was 

d i f f i c u l t  to  keep th e  su sp en sio n  in  uniform  c o n d it io n , th e  sam ples m ight 

no t be r e p r e s e n ta t iv e  o f th e  a c tu a l  s t a t e .  V is u a l ly ,  th e re  was no s ig n i ­

f ic a n t  change in  th e  su sp en sio n  appearance; th e r e f o r e ,  an in s ig n i f i c a n t
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re d u c tio n  in  COD i s  co n ce iv ab le .

The c o n d itio n  o f th e  chem ica l r e a c to r  was such th a t  i t  was im p o ss i­

b le  to  o b ta in  r e p r e s e n ta t iv e  sam ples, and because tim e d id  n o t p e rm it,  no 

f u r th e r  a tte m p ts  were made to  ex p lo re  th e  e x te n t o f p h o to o x id a tio n  o f paper 

p u lp .

F ree Cyanide

A nother in t e r e s t in g  a p p l ic a t io n  o f  photochem ical r e a c t io n s  i s  th e  

d i r e c t  p h o to o x id a tio n  o f f r e e  cy an id e  in  aqueous s o lu t io n .  The e x p e r i­

m ents were co n fin ed  to  th e  d i r e c t  p h o to o x id a tio n  and ZnO s e n s i t i z e d  o x id a ­

t io n  o f f r e e  cy an id e . The r e s u l t s  w ere com piled in  T ables F- 6  th ro u g h  F-9 

of Appendix F.

F ree CN b e in g  s in g le t  in  i t s  ground s t a t e ,  has an a b s o rp tio n  band 

below 3880 S , and i s  sp e c u la te d  to  r e a c t  q u i te  r e a d i ly  w ith  s i n g l e t  mole­

c u la r  oxygen. The r e a c t io n  mechanism f o r  th e  fo rm ation  o f th e  f i r s t  i n t e r ­

m ediate  —p o s s ib ly  -OCN— i s  assumed to  fo llo w  th e  pathway su g g ested  by 

Young [17].

hv

CN.1

3CN.

■"CN

+ \

0 ,

-OCN

Since th e  a n a ly t ic a l  method u sed , s i l v e r  n i t r a t e  t i t r a t i o n  o r  c o lo ­

r im e try , d e te c ts  on ly  f r e e  CN , th e  d isap p ea ran ce  of th e  i r r a d i a te d  io n s  

d id  no t n e c e s s a r i ly  imply th a t  CN had been com plete ly  o x id ized  to  COg and 

n it ro g e n . The r a t e s  o f r e a c t io n s ,  in  term s o f rem aining f r e e  cy an id e  and 

th e  e f f e c t  o f th e  i n i t i a l  c o n c e n tra t io n s ,  a re  shown in  F ig u re  30.
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1 . 118 mg/ 1
2 . 2,283 mg/1
3 . 14,250 mg/1
4 . 118,080 mg/ 1

10

1
3 4 5 6 7

R eac tion  Time, H rs.

Figure 30. The Effect of Initial Concentration on the Extent of
Direct Photooxidation of Free Cyanide in Aqueous
Solution.
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The r e a c t io n  i s  presum ably pseudo f i r s t  o rd er w ith  re s p e c t  to  f re e  

CN and th e  c o n c e n tra tio n  quenching p ro c e s s  re v e rs e s  th e  r e a c t io n  s i g n i f i ­

c a n t ly  a t  a h igh  CN c o n c e n tra tio n .

I t  i s  p o in ted  ou t th a t  because o f th e  h ig h  s e n s i t i v i t y  o f  th e  an a ly ­

t i c a l  method u sed , a h ig h  d i lu t io n  r a t i o  was ap p lied  fo r  each t i t r a t i o n  

conducted . Hence, any e r ro r  invo lved  in  th e  t e s t  would be m agn ified  in  

th e  f i n a l  r e s u l t .  This may be th e  cau se  o f  th e  in c o n s is te n c y  of th e  d a ta

as  observed  in  th e  p lo t t in g s ,  i . e .  l i n e  re p re s e n t in g  1 0 0 ,0 0 0  mg/ 1  i n i t i a l  

c o n c e n tra tio n .

The e f f e c t  o f w avelengths on th e  e x te n t o f cyanide o x id a tio n  was 

s tu d ie d  by running  a s e r ie s  of experim en ts  u s in g  d i f f e r e n t  a b so rp tio n  

s le e v e s .  The s le e v e s  used have th e  fo llo w in g  c h a r a c t e r i s t i c s :

Approximate A(S) fo r  %
A b so rp tion  S leeve T h ick n ess , mm T ransm ission  In d ic a te d

50% 30% 100%

Vycor 2 2230 2170 2130

Corex 2 2830 2800 2670

Kimax 2 3270 3200 3090

Table XVIII r e p re s e n ts  th e  ex p e rim en ta l d a ta  and th e  r e s u l t s  in d ic a te  

c o n c lu s iv e ly  th a t  w avelengths above 2300 a a re  no t e f f e c t iv e  in  th e  photo­

o x id a tio n  o f a f re e  cyan ide .

Table XIX shows th e  e f f e c t  of o x id iz in g  ag en ts  u sed , oxygen v s .  a i r .  

In  th e  event th a t  s in g le t  m olecu lar oxygen i s  th e  m ajor o x id iz in g  s p e c ie s ,  

th en  th e  lower e f f ic ie n c y  of a i r  in  t h i s  p ro cess  can be r e la te d  to  th e  

c o n c e n tra tio n  o f e x c ite d  oxygen p re s e n t  a t  any one tim e. A ir ,  c o n ta in in g  

21% of oxygen, w i l l  produce a t  most o n e - f i f t h  o f th e  e x c ite d  oxygen fo r



TABLE XVIII

DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE BY 
PURE OXYGEN AND AIR USING 450 WATT HIGH-PRESSURE LAMP

Oxygen

R e a c tio n  Time, H rs. CNrem ain ing  

mg/ 1

% Removal

A ir

CNrem ain in g  

mg/ 1

% Removal

0 1176 - 1078 -

1 980 16.7 1078 0

2 737 37 .5 980 9 .1

3 539 54 .2 852 21

4 441 62 .5 736 31.7
5 245 79 .2 637 4 0 .9
6 49 95 .8 539 50

7 49 9 5 .8 442 5 9 .1
8 0 100 392 63 .6

Ln
VO



TABLE XIX

DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE USING 450 WATT 
HIGH-PRESSURE LAMP WITH DIFFERENT ABSORPTION SLEEVES AT pH 12

R eac tio n ABSORPTION SLEEVE
3, n rS .

None Vycor Corex Kimax

cn" % rem. cn" % rem. cn” % rem. cn" % rem.

0 1176 — 1176 - 1176 - 1127 -

1 980 16.7 1029 12 .5 1176 0 1127 0

2 735 37 .5 931 2 0 . 8 1176 0 1127 0

3 539 5 4 .6 784 3 3 .3 1176 0 1127 0

4 441 62.5 735 37 .5 1176 0 1127 0

5 245 79 .2 588 50 1176 0 1127 0

6 49 96 441 62 .5 1176 0 1127 0

7 49 96 392 66.7 1176 0 1127 0

8 0 100 342 70 .8 1176 0 1127 0

O
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th e  same flow  r a te  o f  co rresp o n d in g  g a se s . In  a d d i t io n ,  th e  e f f ic ie n c y  

of the  fo rm atio n  of s i n g l e t  oxygen w i l l  be f u r th e r  a f f e c te d  by th e  p h y s ic a l /  

chem ical d e a c t iv a t io n  o f th e  e x c ite d  s t a t e  by quenching m olecu les p re s e n t 

in  a i r .

Table XX r e p re s e n ts  th e  s ig n if ic a n c e  o f th e  energy sou rce  a p p lie d  

to  th e  system . For c o n s ta n t p h y s ic a l and chem ical c o n d i t io n s ,  geom etry of 

th e  r e a c to r ,  c o n c e n tra t io n , s u b s t r a te ,  e t c . ,  i t  i s  re a so n a b le  to  assume 

th a t  e f f ic ie n c y  of th e  p ro cess  w i l l  on ly  in c re a s e  p ro p o r t io n a l ly  w ith in  a 

c e r t a in  re g io n , beyond which th e  energy in p u t must have a d im in ish in g  r e ­

tu rn .

Table XXI shows th e  r e s u l t s  o f a u to x id a tio n  o f an aqueous s o lu t io n  on 

f r e e  cy an id e . The f a i l u r e  o f t h i s  p ro c e ss  to  red u ce  a m easurab le amount 

of th e  io n s  m a n ife s ts  th e  involvem ent o f th e  e x c ite d  s t a t e  CN in  th e  pho to­

o x id a tio n  and th e  e lm in a tio n  o f f r e e  cy an id e .

The r e s u l t s  from th e  ZnO s e n s i t i z e d  o x id a tio n  o f f r e e  cyan ide a re  

g iven  in  Table XXII. The in e f f e c t iv e n e s s  o f t h i s  p ro cess  to  o x id iz e  f r e e  

cyanide io n s  can be c o r r e la te d  to  show th e  slow ness o f hydrogen p ero x id e

o x id a tio n  in  th e  absence o f a  c a t a ly s t  and a t  a h ig h  pH.

The s tudy  o f th e  e f f e c t  of l i g h t  on th e  h y p o c h lo rin a tio n  o f f r e e  

cyanide u s in g  sodium h y p o c h lo r i te  s o lu t io n  was a ls o  conducted , b u t th e  

r e s u l t s  were in c o n c lu s iv e . T able XXIII r e p re s e n ts  one s e t  o f th e  experim en­

t a l  d a ta .

Energy Consumption

Based on th e  d a ta  o b ta in e d , i t  would be prem ature to  make any c o s t

e s tim a te s  fo r  th e  p ro c e s s .  There a re  s e v e ra l  im p o rtan t f a c to r s  to  c o n s id e r



TABLE XX

EFFECT OF LIGHT SOURCE ON THE DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE

450 w a tt  lamp
R eac tio n  Time, H rs.

CN■ rem a in in g  

mg/ 1

% Removal

550 w a tt  lamp

CNrem a in in g  

mg/ 1

% Removal

0 1176 - 1176 ■ -

1 980 16 .7 883 2 4 .9

2 735 3 7 .5 490 5 8 .3

3 539 54 .3 142 8 7 .9

4 441 62 .5 49 9 5 .8

5 245 69 .2 0 100

6 49 95.8

7 49 95.8

8 0 100

o\S3



TABLE XXI

AUTOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE AT pH 12

R eac tio n  Time, H rs. cn" . . ,1re m a in in g , mg/ 1
% Removal

0 2300 -

1% 2300 0

2̂ 3 2300 0

3% 2300 0

4!s 2300 0

5% 2300 0

2300 0

7 2300 0

8h 2300 0

S



TABLE XXII

ZnO PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE 
CN":ZnO = 1 :1 ,  USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time, H rs. CN~ . .re m a in in g , mg/1 % Removal

0 2200 -

2 2200 0

3 2200 0

4 2200 0

5 2200 0

7 2180 0 ,9

9 2180 0 .9

o\
■Jï-



TABLE XXIII

PHOTOINDUCED HYPOCHLORINATION OF AOUEOUS SOLUTION OF FREE CYANIDE 
NaOCl:NaOH;CN" = 6 :6 :1 ,  WEIGHT BASIS,USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  Time, H rs . CN . .re m a in in g , mg/1 % Removal

0 4160 -

h 1040 75

1 960 76 .9

2 660 84 .1

3 600 8 5 .6

4 540 87

5 14 99.7

6 10 99.7

7 6 99 .8

8 0 0

N ote: By m is ta k e  th e sodium h y p o c h lo r i te  added was l e s s  th an th e  s t a t e d  r a t i o .

o\
Ln
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in  e s tim a tin g  th e  c o s t  o f photochem ical o x id a tio n  on a p la n t  s c a le .  These 

a re :

1. The c o s t o f oxygen;

2. The c o s t o f u l t r a v i o l e t  lamps;

3. The power c o s t ;

4. And th e  c o s t  o f th e  s t r u c tu r e  which in c lu d e s  o p e ra t io n

c o s t ,  i . e .  la b o r ,  m a in ta in an ce , i n t e r e s t  c h a rg e s , e t c . ,  

c a p i t a l ,  e t c .

The consum ption o f  oxygen i s  very  i n e f f i c i e n t ,  p r im a r i ly  becau se  o f 

i t s  low s o l u b i l i t y  in  w a te r , 9 .2  mg/1 a t  20° C in  d i s t i l l e d  w a te r , and be­

cause th e  p ro cess  i s  g e n e ra lly  conducted under a tm ospheric  c o n d i t io n s .

In  th e  d is c u s s io n ,  i t  has been p o in ted  ou t th a t  th e  o v e r a l l  r e a c t io n  de­

pends s tro n g ly  on th e  r a t e  a t  w hich s in g le t  m o lecu la r oxygen, o r o th e r  

a c t iv e  oxygen com plexes, a re  formed and on th e  r e a c t i v i t y  o f th e  s u b s t r a te  

to  th e  o x id a n t( s ) .  The low er th e  r e a c t io n  r a t e ,  th e  more 0^ w i l l  be w ast­

ed and th e  h ig h e r th e  o p e ra t io n  c o s t w i l l  be in  term s o f oxygen consump­

t io n ,  to  ach iev e  a c e r t a i n  d eg ree  o f rem oval. A ir may re p la c e  p u re  oxygen, 

b u t quenching o f th e  a c t iv a te d  sp e c ie s  o r s in g le t  m o lecu la r oxygen by n i t r o ­

gen m olecu les o r o th e r  quenchers p re se n t in  a i r ,  cou ld  re v e rs e  th e  r e a c ­

t io n  s u b s t a n t i a l l y  and make th e  p ro cess  econom ically  u n fe a s ib le .

The c o s t of th e  l i g h t  so u rce  can be es tim a ted  from th e  l i f e  o f the  

UV lamp. In  g e n e ra l ,  a h ig h -p re s su re  lamp can l a s t  fo r  about 1000 hours 

under good m ain tenance and o p e ra tin g  c o n d itio n s . D e te r io r a t io n  may be 

hastened  by o u ts id e  c a u s e s , such as im proper o p e ra t in g , h an d lin g  and 

c le a n s in g . These f a c to r s  may produce changes which g r e a t ly  a f f e c t  th e  

s p e c tr a l  energy d i s t r i b u t i o n ,  so th a t  th e  r e l a t i v e  i n t e n s i t y  o f v a r io u s
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p o r tio n s  of th e  spectrum  v ary  w ith  age.

I f  th e  c o n c e n tra tio n  quenching r e a c t io n  i s  th e  m ajor l im it in g  f a c to r  

on th e  e x te n t  o f th e  r e a c t io n ,  i t  can th en  be expected th a t  w ith in  a r e l a ­

t i v e ly  broad tim e ra n g e , th e  volume of th e  s o lu tio n  w i l l  have le s s  e f f e c t  

on th e  o v e r a l l  e f f ic ie n c y  th an  w i l l  th e  c o n c e n tra tio n . I t  i s  rea so n ab le  

to  a n t i c ip a te  th a t  th e  e f f ic ie n c y  w i l l  be more s e n s i t i v e  to  th e  geom etry 

of th e  r e a c to r  and th e  d eg ree  o f  m ix ing , th an  to  th e  volume o f  th e  i r r a ­

d ia te d  s o lu t io n .  On th e  b a s is  o f t h i s  c o n s id e ra tio n , i t  i s  deemed impro­

per to  e s tim a te  th e  rep lacem en t c o s t  o f th e  UV lamp from th e  a v a i la b le  

ex p erim en ta l d a ta .

The power req u irem en t can be ev a lu a te d  from th e  r e la t io n s h ip  between 

th e  power consum ption, to  ach iev e  com plete o x id a tio n , and th e  i n i t i a l  con­

c e n t r a t io n  o f th e  s u b s t r a te .  F ig u re  31 d e p ic ts  t h i s  r e la t io n s h ip  fo r  

pheno l, h e x y l-a lc o h o l and f r e e  cy an id e .

The s lo p e  o f th e  l i n e  r e f l e c t s  th e  s e n s i t i v i t y  o f  power consum ption 

fo r  com plete o x id a tio n  to  th e  i n t i t i a l  c o n c e n tra tio n  o f  th e  i r r a d i a te d  

s o lu t io n .  These l i n e s  show how some in te r e s t in g  f e a tu r e s  can be i n t e r r e ­

la te d  to  th e  r e a c t io n  b eh av io r d iscu ssed  e a r l i e r  in  t h i s  c h a p te r .

1= At a phenol c o n c e n tra tio n  ran g e , co rrespond ing  to  230 m g/1- 

1200 mg/1 COD, th e  power consum ption in c re a s e s  a t  a  r e l a ­

t i v e ly  low r a t e ,  in d ic a t in g  th a t  th e  system  i s  n o t too 

s e n s i t iv e  to  th e  r i s e  in  c o n c e n tra tio n . However, beyond 

th e  upper l e v e l  o f th e  ra n g e , th e  energy re q u ire d  fo r  com­

p le t e  d e s t r u c t io n  in c re a s e s  r a p id ly .  T h is  im p lie s  t h a t ,  

o th e r  c o n d itio n s  being  e q u a l , th e  ad v erse  e f f e c t  o f  con­

c e n t r a t io n  can  be re so lv e d  by in c re a s in g  th e  o u tp u t o f  th e
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Hexanol
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Free Cyanide
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F igure  31. Power Consumption fo r  Complète P h o to o x id a tio n  o f Phenol,
Hexanol and F ree  Cyanide as F unction  o f I n i t i a l  C oncentra­
t i o n .
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energy lamp so u rce .

For hexanol and cy an id e , th e  power consum ption in c re a se s  

p ro p o r tio n a lly  w ith  i n i t i a l  c o n c e n tra tio n . Beyond th i s  

i n i t i a l  c o n c e n tra tio n , e q u iv a le n t to  about 1400 mg/1 

COD, th e  in c re a se  in  th e  power req u irem en t fo r  hexanol 

o x id a tio n  i s  s u b s ta n t i a l ly  l e s s  th an  th a t  fo r  phenol.



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

C onclusions

This re s e a rc h  work i s  a p re lim in a ry  a ttem p t to  develop a photochemi­

c a l p ro cess  a p p l ic a b le  to  w astew ate r tre a tm e n t. Because o f  th e  com plexi­

t i e s  o f th e  r e a c t io n s  invo lved  and th e  l im ite d  amount o f tim e th e  in v e s­

t i g a t io n  has been o r ie n te d  tow ard a c q u ir in g  a b a s ic  u n d ers tan d in g  of th e  

fundam entals and d is c lo s in g  th e  l im i ta t io n s  o f th e  p ro c e s s . On th e  b a s is  

o f th i s  ex p erim en ta l approach th e  fo llo w in g  co n c lu sio n s w ere drawn:

1. P h o to d eg rad a tio n  i s  a r e l a t i v e ly  sim ple  o p e ra t io n , b u t i t s  

low e f f ic ie n c y  makes t h i s  p ro cess  econom ically  and te c h n i­

c a l ly  u n fe a s ib le .

The adverse  e f f e c t  o f h ig h  c o n c e n tra tio n s  on th e  d e g rad a tio n  

r e a c t io n ,  and th e  b re a k in g  o f only one o r  two bonds, p la c e  

a c o n s t r a in t  on th i s  p ro c e s s . Ic  i s  only  a p p lic a b le  co a 

h ig h ly  d i lu te d  w aste  i n  which th e  aim i s  to  tran sfo rm  th e  

m o lecu la r s t r u c tu r e  b r in g in g  about a re d u c tio n  o f  u n d e r s ir -  

a b le  p r o p e r t i e s .  The d e s tru c t io n  o f p e s t ic id e s  —s o lu b i l i t y  

ranges from 20-50 m ic ro -g ra m s /l i te r— and th e  re d u c tio n  in  

to x i c i t y  as th e  r e s u l t  o f  i r r a d i a t i o n  i s  an example fo r  

which th i s  p h o to d eg rad a tio n  p ro cess  may be e f f e c t iv e  [7 ].

170
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2. Itye s e n s i t i z e d  o x id a tio n  o r  photodynam ic a c t io n  has been 

shown to  be v ery  e f f i c i e n t  fo r  th e  oxygenation  of a la rg e  

spectrum  o f o rg an ic  compounds [6 ,1 0 ,1 3 ,1 4 ,1 5 ,1 6 ,1 7 ,2 2 ,4 3 , 

5 0 ,5 1 ].

The e x p e rim en ta l r e s u l t s  o f t h i s  s tu d y , how ever, in d ic a te  

th a t  th e  oxygenation  r e a c t io n  does n o t n e c e s s a r i ly  r e s u l t  

in  re d u c tio n  o f th e  o x id iz a b le  o rg a n ic s , o r  COD, which 

p r im a r ily  i n t e r e s t  s a n i ta r y  e n g in e e rs . The d a ta  show 

th a t  th e  co n v ers io n  e f f ic ie n c y  by d y e -s e n s it iz e d  photo­

o x id a tio n , i . e .  th e  d isap p ea ran ce  o f th e  s u b s t r a te  as 

th e  r e s u l t  o f  th e  r e a c t io n ,  ranges from 0% fo r  M ethylene 

Blue to  46% fo r  E osin  Y ellow , and in  a l l  cases no s ig n i ­

f ic a n t  r e d u c tio n  in  COD was observed .

The s tudy  f u r th e r  in d ic a te s  th a t  dye s e n s i t i z e d  p h o to o x i­

d a tio n  i s  on ly  a p p lic a b le  in  w astew ate r tre a tm e n t i f  th e  

fo llo w in g  c o n d itio n s  a re  met:

a . th e  dye has a very  h ig h  r e a c t iv i t y  to  oxygen and 

w i l l  n o t undergo perm anent chem ical change under 

i r r a d i a t i o n .

b . th e  r e a c t io n  r e s u l t s  in  th e  frag m e n ta tio n  of oxygen­

a te d  compounds in to  CO, CO  ̂ o r  o th e r  gaseous frag m en ts .

c . th e  dye m olecules a re  e a s i l y  a t ta c h e d  on p a r t i c l e s  

w ith o u t b e in g  leach ed  ou t du rin g  th e  p ro c e s s .

3 . Pigment s e n s i t i z e d  o x id a tio n  h as  a  h ig h e r  e f f ic ie n c y  in  COD 

re d u c t io n , th an  dye s e n s i t i z e d  p h o to o x id a tio n , b u t i t  i s

a slow  p ro cess  and i s  th e re fo re  econom ically  u n fe a s ib le
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f o r  w astew ate r tr e a tm e n t.  The slow ness o f th e  r e a c t io n  

r a t e  r e f l e c t s  th e  n a tu re  o f  hydrogen p e ro x id e  o x id a tio n , 

which i s  g e n e ra lly  n o t r a p id  enough in  th e  absence o f a 

c a t a ly s t  and under n o n -a c id ic  c o n d itio n s . I n  s p i t e  o f  

t h i s ,  pigm ent s e n s i t i z e d  o x id a tio n  may f in d  im portance 

i n  n a tu r a l  p u r i f i c a t i o n  o r  in  u n d ers tan d in g  th e  o rg an ic  

c y c le  o f  a f re s h  w a te r  system .

F in a l ly ,  i t  can b e  concluded th a t  p h o to s e n s it iz e d  ox ida­

t io n  w i l l  be p r a c t i c a l  i f  th e  r e a c t io n  r a t e  can be in ­

c rea sed  and th e  problem  o f  s e p a ra t io n  o f th e  s e n s i t i z e r  

from th e  system  i s  e l im in a te d . This problem  can be 

re so lv e d  by u s in g  a s o l i d  polym er s e n s i t i z e r  th a t  i s  

p la c e d  in  a column i r r a d i a t e d  by a s u i t a b le  l i g h t  so u rce  

and th e  aqueous s o lu t io n  i s  slow ly  run over th e  s e n s i ­

t i z e r .  Some work has been  done on th i s  h e terogeneous 

p h o to s e n s i t iz a t io n  u s in g  s o l id  polymer po lypheny l ketone  

as th e  a c t iv a to r .

4 . D ire c t p h o to o x id a tio n  i s  more prom ising  th a n  e i t h e r

p h o to d e g ra d a tio n  o r p h o to s e n s it iz e d  o x id a tio n . However, 

t h i s  p ro cess  i s  s u b je c t  to  v a rio u s  co m p lica tin g  fa c to rs  

th a t  must be f u l l y  u n d erstood  i f  i t  i s  to  b e  developed 

f o r  w astew ate r t r e a tm e n t.

One o f  th e  co m p lica tin g  f a c to r s  i s  th e  ad verse  e f f e c t  o f  th e  i n i t i a l  

s u b s t r a te  c o n c e n tra tio n , i . e .  th e  s o - c a l le d  c o n c e n tra tio n  quenching 

r e a c t io n .

R e c a llin g  th e  r e a c t io n  scheme su g g es ted  by Young, e t .  a l .  [1 7 ], i t
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i s  co nce ivab le  th a t  a t  l e a s t  two re a c tio n s  w i l l  determ ine th e  e f f ic ie n c y  

of the p ro c e ss . These re a c tio n s  a re :

1 . The fo rm atio n  o f a  t r i p l e t  s t a t e  o f  s u b s t r a te  A from i t s  

s in g le t  e x c i te d  s t a t e .

2. The t r i p l e t - t r i p l e t  energy t r a n s f e r  in  th e  fo rm atio n  o f 

s in g le t  m o lecu la r oxygen.

As d iscu ssed  e a r l i e r  in  C hapter I I ,  a t  h ig h  s u b s t r a te  c o n c e n tra tio n s  

th e  r a t e  o f  fo rm atio n  o f th e  oxygenated p roducts  was determ ined  by th e  

r a t e  o f fo rm ation  o f th e  t r i p l e t  of th e  s u b s t r a te ,  b u t t h i s  t r i p l e t  w i l l  

in  tu rn  decay p ro p o r t io n a l ly  w ith  th e  c o n c e n tra tio n  o f th e  s u b s t r a te  and 

oxygen c o n c e n tra tio n .

The r e la t io n s h ip  d iscu ssed  im p lie s  th a t  th e re  i s  a  c r i t i c a l  co n d itio n  

w here th e  r a t e  o f th e  fo rm ation  o f th e  t r i p l e t  s t a t e  i s  equal to  i t s  decay 

r a t e .  At a c o n s ta n t oxygen c o n c e n tra tio n , th e  s u b s t r a te  w i l l  th en  be the  

l im i t in g  f a c to r  th a t  determ ines th e  c r i t i c a l  c o n d itio n .

Now c o n s id e r th e  energy t r a n s f e r  g iven  by th e  e q u a tio n :

Âĵ (donor) + ^02(acceptor) -----* ^A^ + ^0^

3
In  o rd e r  th a t  th e  energy  t r a n s f e r  p ro cess  betw een donor, A^, and a c c e p to r ,
3

Og, m olecules can o ccu r, th e re  must be an in te r a c t io n  betw een th e  t r i p l e t  

s t a t e  s u b s t r a te  and ground s t a t e  oxygen.

The mechanisms invo lved  in  t h i s  energy t r a n s f e r  a re  th e  c o l l i s io n a l  

and resonance e x c i ta t io n  t r a n s f e r  [3 5 ,4 7 ]. The f i r s t  one i s  d if fu s io n  

c o n tro l le d  and th e r e f o r e ,  p h y s ic a l m ixing w i l l  p lay  an im p o rtan t r o le  in  

th i s  energy t r a n s f e r  p ro c e s s . The l a t t e r  one can ta k e  p la c e  over d is ta n c e s ,  

R's , much g r e a te r  th a n  c o l l i s i o n a l  d iam ete r and would n o t b e  expected  to  

be a s s o c ia te d  w ith  d i f f u s io n  o r  d i r e c t  en co u n te r. I t  i s  th e o r e t ic a l ly
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e s ta b l is h e d  th a t  th e  r a te  c o n s ta n t of energy t r a n s f e r  by th is  mechanism 

-6i s  a fu n c tio n  of R . There e x i s t s  a c r i t i c a l  d is ta n c e ,  R^, a t  w hich the 

a c t iv a t io n  and energy t r a n s f e r  a re  equ a lly  p ro b ab le .

This th e o r e t ic a l  c o n s id e ra tio n  su p p o rts  th e  f in d in g s  th a t  th e  r a te  

of p h o to o x id a tio n  i s  dependent on th e  c o n c e n tra tio n  of th e  s u b s t r a te .  

In c re a s in g  th e  c o n c e n tra tio n  o f s u b s t r a te ,  o r  oxygen, w i l l  d ec rease  th e  

d is ta n c e ,  R, and in c re a s e  th e  b im o lecu la r r a t e  co n s ta n t fo r  th e  energy 

t r a n s f e r  p ro c e s s . B ut, th e  h ig h e r  th e  s u b s t r a te  c o n c e n tra tio n  th e  more 

s ig n i f i c a n t  w i l l  be th e  d e a c t iv a t io n  o f  the  t r i p l e t  s t a t e .  This le a d s  to  

th e  co n c lu sio n  th a t  an optimum c o n d itio n  e x is t s  in  which th e  p ro cess  has 

a maximum e f f ic ie n c y .

A nother co m plica ting  f a c t o r ,  th a t  i s  n o t e x p l i c i t i l y  in d ic a te d  in  

th e  r e a c t io n  scheme, i s  th e  n a tu re  o f th e  subsequen t p h o to o x id a tio n  o f 

th e  p ro d u c t, AOg. These re a c tio n s  may o r  may n o t fo llow  a s im i la r  ro u te  

by which th e  f i r s t  r e a c t io n  p roduct undergoes o x id a tio n . In  the  even t th a t  

th e  f i r s t  oxygenated p ro d u c t i s  a perox ide  o r a  hyd roperox ide , th e n  th e  

compound can undergo therm al decom position , o th e r  dark r e a c t io n s ,  o r  i t  

may e n te r  in to  an o th e r o x id a tio n  s te p .  Because o f  t h i s ,  the  o rd e r  o f th e  

re a c t io n  i s  very  d i f f i c u l t  to  determ ine and th e re f o r e ,  th e  o v e ra l l  re a c tio n  

r a te  c o n s ta n t can only be  e s tim a te d .

In  T ype-II p h o to o x id a tio n  [14 ,15 ,17] th e  re a c tio n s  invo lve  on ly  th e  

e le c t r o n ic a l ly  e x c ite d  s t a t e s .  C ontrary  to  t h i s  in  d i r e c t  p h o to o x id a tio n  

p ro c e s se s , i t  i s  n ecessa ry  to  in c lu d e  th e  r a d ic a l  fo rm ation  and p o s s ib le  

chain  r e a c t io n s .  T h e re fo re , k in e t ic a l ly  th e  p ro cess  has become so  com pli­

ca ted  t h a t  u n le ss  s im p l i f ic a t io n s  and assum ptions a re  made, th e  form ula­

t io n  o f  th e  r a te  eq u a tio n  i s  v i r t u a l l y  im p o ss ib le .
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The e f f e c t  of geom etry, o p t i c a l  th ic k n e s s  o r r e a c to r  d es ig n  has been 

d iscu ssed  q u i te  e x te n s iv e ly  in  C hapter I I .  For th e  fo rm u la tio n  o f th e  r e ­

a c to r  e q u a tio n s , s im p l if ie d  r e a c t io n  c o n d itio n s  must be imposed on th e  

system . However, some o f th e s e  c o n d itio n s  cannot be a p p lie d  to  th e  r e a c to r  

eq u a tio n  f o r  d i r e c t  p h o to o x id a tio n  p ro cesse s  used in  w astew ate r tre a tm e n t. 

The c o n d itio n s  th a t  must be  m odified  a re :

1 . That th e  l i g h t  i s  p o ly ch ro m atic . For com plete photo­

o x id a tio n , coupled  w ith  decom position  of th e  in te rm e d ia te

oxygenated p ro d u c ts  in to  sm a lle r  frag m en ts , th e  use  o f 

monochromatic l i g h t  w i l l  no t be  e f f e c t iv e  b ecause  only

th e  chem ical t h a t  absorbs th e  a p p lie d  w avelength  can under­

go photochem ical r e a c t io n .  This i s  due to  th e  f a c t  th a t  

w ith  a con tinuous change in  com position  and form o f  th e  

o rg a n ic s , th e  compound th a t  ab so rbs th e  a p p lie d  wave­

le n g th  and undergoes pho tochem ical r e a c t io n  c o n s is t  o f 

on ly  a sm all f r a c t i o n  of th e  t o t a l  o rg a n ic s . In  a d d i t io n ,  

th e  in s e r t io n  o f a  monochromator to  produce a narrow 

w avelength  band reduces th e  in t e n s i t y  o f th e  tra n s m itte d

l i g h t  r e s u l t in g  i n  se v e re  l im i ta t io n s  in  r e a c to r  s iz e  and

geom etry. T h e re fo re , f o r  e n g in e e r in g  a p p l ic a t io n s ,  po ly­

chrom atic l i g h t  i s  co n s id e ra b ly  more v e r s a t i l e  th an  the  

monochromatic l i g h t  even though m onochrom atic l i g h t  i s  

more s e le c t iv e  f o r  a  p a r t i c u l a r  r e a c t io n .

2. The com position  o f  th e  i r r a d i a t e d  s o lu t io n  changes con­

tin u o u s ly  d u rin g  th e  p ro cess  and th e  o v e r a l l  e x t in c t io n  

c o e f f ic ie n t  and m o la l a b s o r p t iv i ty  w i l l  vary  ac c o rd in g ly .
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3. The p o s s i b i l i t y  o f dark  re a c tio n s  o c c u rr in g .

4 . As p re se n te d  e a r l i e r  i n  th e  d is c u s s io n s  o f the  experim en­

t a l  r e s u l t s ,  th e  o v e r a l l  r e a c t io n ,  in  term s of COD rem oval, 

i s  n e i th e r  p s e u d o - f i r s t  o rd e r o r  second o rd e r  w ith  re s p e c t  

to  th e  o x id iz a b le  o rg a n ic . However, th e  r a t e  of co n v ers io n  

o r d isap p ea ran ce  o f  th e  s u b s t r a te  i s  f i r s t  o rd er w ith  r e ­

sp e c t to  th e  same r e a c ta n t .

F in a l ly ,  c o n s id e r in g  th e  e s ta b l is h e d  th e o ry  of photochem ical oxida­

t io n  in  aqueous system s and th e  d a ta  o b ta in ed  from th e  experim ents p e r­

formed to  d a te , i t  i s  re a so n a b le  to  conclude th a t  due to  th e  p ro cess  con­

s t r a i n t s  th e  a p p l ic a t io n  o f p h o to o x id a tio n  in  w astew ate r can on ly  b e  made

on a s e le c t iv e  b a s i s .  Once th e  method has been  s e le c te d ,  th e  perform ance 

o f  th e  p rocess has to  be e v a lu a te d  from a  "b lack -b o x "  approach. This im­

p l i e s  th a t  th e  d e ta i le d  chem ical a s p e c ts , such as mechanisms, forms o f th e  

in te rm e d ia te s ,  e t c . ,  a re  n o t o f g re a t  i n t e r e s t  from w a te r p o l lu t io n  a b a te ­

ment p o in ts  o f view . I t  i s  th e  q u a l i ty  o f th e  f i n a l  e f f lu e n t  th a t  i s  o f 

m ajor concern to  th e  env ironm en ta l s c i e n t i s t s .  The d a ta  in d ic a te  th a t  de­

pending  on th e  n a tu re  and c o n c e n tra tio n  o f th e  s u b s t r a te  th e  COD rem oval 

was 90% in  120 m inutes f o r  pheno l ( i n i t i a l  c o n c e n tra tio n  100 mg/1) and 99% 

in  60 m inutes fo r  f r e e  CN and form ic a c id  ( i n i t i a l  c o n c e n tra tio n  120 mg/1 

and 245 mg/1, r e s p e c t iv e ly ) .

Based on th e  e x p e rim en ta l r e s u l t s  re p o r te d  h e re  and c o n s id e ra tio n s  

o f  th e  fundam ental th e o ry  o f  photochem ical p ro c e s s e s , i t  i s  f e l t  t h a t  

d i r e c t  p h o to o x id a tio n  in  aqueous s o lu tio n s  i s  a p p l ic a b le  to  th e  tre a tm e n t 

o f o rg a n ic  w astes w ith  t o t a l  o rg an ic  carbon c o n c e n tra tio n s  o f l e s s  th an  

100 ppm, and fo r  advanced w aste  tre a tm e n t o r  p o l is h in g  p ro cesse s  aim ing



177
a t  th e  t o t a l  d e s tru c t io n  o f  th e  r e f r a c to r y  o r  u n d e s ira b le  m a te r ia ls .

As d iscu ssed  in  th e  p rev ious c h a p te r , th e  p re se n t knowledge o f  the 

p ro cess  has been such t h a t  any a ttem p t to  make c o s t e s tim a tio n  from th is  

study  i s  co n sidered  p rem a tu re . This i s  j u s t i f i a b l e  i f  th e  fo llo w in g  f a c ts  

a re  c o n s id e re d :

1 . The p ro cesses  d isc u sse d  were n o t conducted under optimum 

c o n d itio n s . T h e re fo re , a c o s t e s tim a tio n  based  on th e se  

i n e f f i c i e n t  c o n d itio n s  would r e s u l t  in  an in o rd in a te ly  

h igh  c o s t.

2 . To o b ta in  a  r e a l i s t i c  o p e ra tio n  c o s t ,  a  sc a le -u p  o f  th e  

p rocess shou ld  be perform ed. U n fo rtu n a te ly , th e re  a re  

s e v e ra l  p a ram ete rs  th a t  cannot be  e s tim a te d  from th e  

e x is t in g  ex p e rim en ta l d a ta .  These a re :

a .  e f f ic ie n c y  o f  oxygen consum ption;

b . e f f e c t  o f r e a c to r  volume to  l i g h t  ab so rp tio n  

e f f ic ie n c y ;

c . geom etry o f th e  r e a c to r  ( p a r a l l e l ,  c y l in d r ic a l  

o r a n n u la r ) .

I t  i s  p o s s ib le ,  how ever, to  p r e d ic t  rough ly  th e  o rd e r o f m agnitude o f the  

p ro cess  c o s t to  p h o to o x id iz e  an o rg an ic  b e a r in g  w as te . The c o s t e s tim a te  

i s  based  on s im i la r  s tu d ie s  perform ed by B u lla  and E dgerley  [7] and Meiner 

e t .  a l .  [32 ].

A ccording to  B u lla  and Edgerley [7] th e  e x tra p o la te d  o p e ra t io n  co s t 

f o r  99% photodecom position  o f p e s t ic id e s  w i l l  range from 16<f to  49<? per 

1000 g a l lo n s .  M einer [32] e s tim a ted  an o p e ra t io n  c o s t o f  7<? to  I l f  p e r 

1000 g a llo n s  fo r  th e  UV l i g h t  induced c h lo r in a t io n  o f a  10 mgd p la n t
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t r e a t in g  h ig h ly  n i t r i f i e d  e f f lu e n t  c o n ta in in g  30 mg/1 COD.

Now, co n s id e rin g  th e  low e f f ic ie n c y  o f  p h o to d eg rad a tio n  p ro cess  on 

one hand and ta k in g  in to  account th e  p r ic e  o f  c h lo r in e  gas and th e  low 

pH a t  w hich the  r e a c t io n  i s  e f f e c t iv e  on th e  o th e r ,  th e  fo llo w in g  e s tim a te  

can be made. P h o to o x id a tio n , being  more e f f e c t iv e  th an  pho to d eg rad a tio n  

b u t le s s  ra p id  than  pho to -induced  c h lo r in a t io n ,  is  p re d ic te d  to  o p e ra te  

w ith  a c o s t in  th e  range o f 12<: to  48d p e r  1000 g a llo n s . This e s tim a tio n  

in d ic a te s  th a t  d i r e c t  p h o to o x id a tio n  i s  l e s s  expensive than  Y“ i r r a d i a t i o n  

p ro cesses  which a re  re p o r te d  to  o p e ra te  a t  $1.10/1000 g a llo n s  to  t r e a t  a 

w aste  c o n ta in in g  100 ppm p o l lu ta n t .

Recommendations

The conclu sions p re se n te d  above, su g g e s t th a t  th e  developm ent and 

a p p l ic a t io n  o f a p h o to o x id a tio n  p rocess i n  w astew ate r tr e a tm e n t,  re q u ire  

f u r th e r  in d e p th  in v e s t ig a t io n s  focused on th e  r e a c to r  d e s ig n . The know­

led g e  o f p h o to o x id a tio n  r e a c t io n  in  aqueous system s i s  n o t w e ll  e s ta b l i s h ­

ed. H ence, th e  fo rm u la tio n  o f the p ro cess  can only be done through ex­

p e rim e n ta l p ro ced u res . W ith in  th i s  e x p e rim en ta l framework, th e  fu tu re  

s tu d ie s  shou ld  in c lu d e  th e  fo llo w in g  a s p e c ts :

1. C o rre la tio n  o f th e  fo rm ation  r e a c t io n  of th e  t r i p l e t  s t a t e  

o f a s u b s t r a te ,  w ith  the  energy t r a n s f e r  p ro cess  o f the  

fo rm ation  o f s in g l e t  m o lecu la r oxygen. O p tim iza tio n  of 

th e se  two p ro cesse s  i s  e s s e n t i a l  f o r  th e  fo rm u la tio n  of 

th e  r e a c to r  e q u a tio n s . To a ch iev e  th i s  goal i t  i s  neces­

sa ry  to  m easure quantum y ie ld  o f th e  in te rs y s te m  c ro s s in g  

p ro c e s s ,
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and th e  b im o lecu la r r a t e  c o n s ta n t o f energy t r a n s f e r :

3 3 1 1
\  + °2------ " 4  + S

Some of th e  im p o rtan t v a r ia b le s  in  th e se  p ro cess  w i l l  

be  th e  oxygen c o n c e n tra tio n , degree o f m ixing and sub­

s t r a t e  c o n c e n tra tio n .

2. The co m p lex ities  o f  th e  p ro cess  have been  enormous.

T his makes i t  very  d i f f i c u l t  to  determ ine th e  o rd e r  o f  

th e  r e a c tio n  and th e  correspond ing  r e a c t io n  r a t e  con­

s t a n t .  This problem  has to  be  re so lv ed  by d e term in ing  

th e  range o f k v a lu es  and u s in g  th e se  in  th e  d e r iv a t io n  

o f  th e  r e a c to r  e q u a tio n .

3 . The c o n c e n tra tio n  quenching r e a c tio n  has become a con­

s t r a i n t  in  th e  a p p l ic a t io n  o f th e  p ro cess  fo r  t r e a t i n g  

c o n c e n tra te d  w a s te s . To cope w ith  t h i s  problem  th e re  

a re  two p o s s ib le  methods o f  approach , namely:

a .  im proving th e  e f f ic ie n c y  o f  th e  p ro cess  by r e c y c l­

ing  th e  i r r a d i a te d  e f f lu e n t ;

b .  r e s t r i c t i n g  th e  a p p l ic a t io n  of th e  p ro cess  to  d i l u t e

-5  -4s o lu tio n s  c o n ta in in g  10 -  10 m o le / l i t e r  s u b s t r a t e s .

R egard less o f th e  o p tio n  ta k e n , the  s tu d y  as m entioned in

1 . should  be perform ed in  advance.

4 . The a p p lic a tio n , o f po lych rom atic  l i g h t  n e c e s s i t a te s  th e  

m o d if ic a t io n  o f th e  approach to  fo rm u la te  th e  r e a c to r  

e q u a tio n . Two f a c to r s  m ust b e  considered  when
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polychrom atic  l i g h t  i s  used:

a . a method of e v a lu a tin g  th e  a b so rp tio n  o f po lychro­

m atic  l i g h t ;

b . and the  e f f e c t  o f w avelength  d i s t r i b u t io n  to  th e  

r e a c tio n  r a t e .

For th e  f i r s t  problem  th e  ex p erim en ta l d a ta  n ece ssa ry  a re  th e  em is­

s io n  s p e c tr a  o f th e  lamp and th e  a t te n tu a t io n  c o e f f i c i e n t s ,  w hich a re  a 

fu n c tio n  o f w avelength f o r  a l l  th e  chem ical sp e c ie s  p re s e n t .  The average 

a t te n u a t io n  c o e f f ic ie n t  can be  e s tim a te d  from th e  e q u a tio n ,

X2

:w,x 4%

X2
f

where and A2 a re  th e  l im i t s  o f  a b so rp tio n , an d /o r  th e  r a d ia t io n  o f th e  

lamp.

To acco u n t fo r  th e  v a r i a t io n  o f  k in e t i c  c o n s ta n ts  w ith  A, th e  

appraoch to  be  taken  i s  to  e v a lu a te  th e  f r a c t io n  o f th e  t o t a l  r a d ia t io n  

o f th e  lamp a s so c ia te d  w ith  each increm ent o f w aveleng th , AA. Then, 

L am bert's  law given by th e  e q u a tio n ,

V . I  = -y  111

can be a p p lie d  f o r  each AA u s in g  th e  a p p ro p r ia te  y and I ^ .  The r e s u l t s  

so o b ta in ed  can be used d i r e c t l y  i n  th e  r a t e  r e a c t io n  term  o f th e  mass 

b a lan ce  e q u a tio n .

O ther photochem ical p ro c e sse s  w orth  s tu d y in g  w ith  r e s p e c t  to  t h e i r  

a p p l ic a t io n  and f e a s i b i l i t y  in  w astew ate r tre a tm e n t in c lu d e  pho to -induced  

c h lo r in a t io n  and heterogenuous o x id a tio n . With re s p e c t  to  pho to -induced
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c h lo r in a t io n  in v e s t ig a t io n s  s h a l l  be  o r ie n te d  toward o b ta in in g  optimum 

c o n d itio n s  fo r  com plete d e s t r u c t io n  o f  o rg a n ic  b e a r in g  w astes c o n ta in in g  

r e f r a c t o r i e s  such as l i g n in  and i t s  d e r iv a t iv e s ,  i . e .  c e l lu lo s e ,  e t c .  o r 

tran sfo rm in g  th e  concerned c o n s t i tu e n ts  so th a t  they  have h ig h e r  response  

to  b a c t e r i a l  growth th a n  th e  o r ig in a l  compounds. R egard less  o f th e  ob­

je c t i v e  chosen, i t  i s  deemed n ece ssa ry  to  u n d ers tan d  some o f th e  b a s ic  

r e a c t io n  mechanisms in v o lv ed  in  o rd e r th a t  th e  fo rm atio n  o f u n d e rs ira b le  

r e a c t io n  p ro d u c t(s )  can b e  av o id ed , and th e  p ro cess  m o d ified .

A nother pho tochem ical p ro c e ss  th a t  m e rits  in v e s t ig a t io n  i s  th e  

he terogeneous o x id a tio n , u s in g  a s o l id  polym er s e n s i t i z e r  packed in  a 

column i r r a d i a te d  by a s u i t a b l e  l i g h t  so u rc e . A polym er s e n s i t i z e r  w ith  

a t r i p l e t  energy above 50 K cal/m ole and h ig h  r e a c t iv i t y  to  oxygen has to  

be u sed . The s o l id  polym er s e n s i t i z e r  can be  re p la c e d  by an oxygen 

r e a c t iv e  dye s e n s i t i z e r  im pregnated  in  a t r a n s p a re n t  i n e r t  m a te r ia l .

Because o f th e  h igh  s e l e c t i v i t y  and s p e c i f i c i t y  o f th e  p h o to se n s i­

t i z e d  o x id a tio n ,  th i s  p ro c e ss  la c k s  v e r s a t i l i t y .  The main i n t e r e s t  in  

th i s  in v e s t ig a t io n  stem s from th e  p o s s ib le  use o f  lig jh t in  th e  v i s ib l e  

ra n g e .
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TABLE A-1
SPECTRAL ENERGY DISTRIBUTION FOR HANOVIA HIGH-PRESSURE 

QUARTZ MERCUTY-VAPOR LAMPS

Lamp w a tts  

Lamp v o l ts  

C u rren t, amps.

450.0 550.0

135.0 145.0

3 .6 4 .4

Mercury L ines R ad ia ted  Energy in  W atts
(Angstroms)

13673( in f r a r e d ) 2 .6 4 .6
II287 3 .3 3 .8
I0 I40 10.5 12.2
5780(yeIIow ) 2 0 .0 23 .0
546I(g re e n ) 24 .5 28.2
4358(b lue) 20 .2 23.3
4 0 4 5 (v io le t) I I . 0 12.7
3660(UV) 25 .6 30.1
3341 2 .4 2 .8
3130 13.2 15 .0
3025 7 .2 8 .2
2067 4 .3 5 .0
2894 1 .6 1 .8
2804 2 .4 2 .8
2753 0.7 0.8
2700 I .O 1.2
2652 4 .0 4.6
2571 * 1 .5 1 .8
2 5 3 7 (rev e rsed  ) 5 .8 5 .0
2482 2 .3 2.6
2400 1 .9 2 .2
2380 2 .3 2.6
2360 2 .3 1 .8
2320 1 .5 2 .4
2224 3 .7 4 .2

T o ta l  W atts 175.8 202.7

*
2537 l i n e  i s  re v e rs e d  in  h ig h -p re s s u re  lam ps.
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APPENDIX B

TABLE B-1

COMPOSITION OF ARTIFICIAL SEWAGE

Chemical mg/1

D extrose 75.4

N u tr ie n t  B roth 48

NH, Cl 4 15

NaCl 28

K2HP0^ 50.8

MgSO^ 8
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figure C-1. Photochemical Reactor Diagram
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TABLE D-1

IRRADIATION OF PHENOL SOLUTION USING 550 WATT HIGH-PRESSURE LAMP
AT 150 MIN. REACTION TIME

Concentration
mg/1

Sensitizer Sensitizer
Concentration

mg/1

% Reacted 
Reaction Condition*

I II Ill IV

504 - - - - 0 -

504 - - - 65 - -

500 - - 43 .5 - - -

500 - - - - - 60

500 Methylene Blue 100 - - 0 -
500 Methylene Blue 500 - - 0 -

500 Rose Bengal 52 - - 0 1., -
500 Rose Bengal 100 - - 0 -

500 Rose Bengal 500 - - 0 -

500 ZnO 500 - - 82 .5 -

500 ZnO 1000 - - 43 .5 -

100 ZnO 87 - - 80 -

100 ZnO 129 - - 100 -

100 ZnO 175 — — 100 -

w



TABLE D-1 
(C on tinued)

C o n c e n tra tio n
mg/1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eac ted  
R e a c tio n  C o n d itio n *

I I I I I IV

500 ZnO 870 - - 71 -

500 A c rid in e  Orange 100 - - 29 -

500 A c rid in e  Orange 250 - - 25 -

500 A c rid in e  Orange 500 - - 0 -

500 A crid ine . Orange 50 - - 15 -

500 Rhodamine B 100 - - 12 -

500 Rhodamine B 500 - - 0 -

500 E osin  Y ellow 100 - - 46 -

500 E o sin  Y ellow 500 — — 42 —

vo4>

I :  w ith o u t oxygen, q u a r t2; im m ersion w e ll .  
I I :  w ith  oxygen; q u a r tz  im m ersion w e l l .

I l l :  w ith  oxygen, b o r o s i l i c a t e  im m ersion w e ll .  
IV; w ith  a i r ;  q u a r tz  im m ersion w e l l .



TABLE D-2

IRRADIATION OF t-AMYL ALCOHOL USING 550 WATT HIGH-PRESSURE LAMP
AT 150 MIN. REACTION TIME

C o n c e n tra tio n
mg/1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eacted  
R e a c tio n  C o n d itio n *

I II III

1000 - - - 0

1000 - - - 60 -

1000 ZnO 200 - - 38

1000 ZnO 920 - - 50

1000 ZnO 1380 - - 33

1000 ZnO 1840 - - 30

1000 E o sin  Yellow 105 - - 0

1000 E o sin  Y ellow 500 - - 0

1000 A c rid in e  Orange 100 - - 0

1000 A c rid in e  Orange 500 - - 0

1000 Rhodamine B 100 0

VOLn



TABLE D-2 
(C on tinued)

C o n c e n tra tio n
m g /1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eac ted  
R e a c tio n  C o n d itio n *

I II Ill

1000 Rhodamine B 500 - - 0

1000 C ry s ta l  V io le t 100 - - 0

1000 C ry s ta l  V io le t 500 - - 0

1000 M ethylene B lue 100 - - 0

1000 M ethylene B lue 500 - - 0

1000 Rose B engal 100 - - 0

1000 Rose B engal 500 - - 0

*
same a s  in  T able D-1.

VO



TABLE D-3
IRRADIATION OF HEXYL-ACHOHOL USING 550 WATT HIGH-PRESSURE LAMP

AT 150 MIN. REACTION TIME

C o n c e n tra tio n
mg/1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eac ted  
R e a c tio n  C o n d itio n *

I I I I I I

500 - - 0 - -

500 - - - 29 -

500 ZnO 500 - - 50

500 E osin  Y ellow 100 - - 15

500 Rose B engal 100 - - 0

500 A c rid in e  O range 100 - - 0

500 M ethylene B lue 100 - - 0

*
same a s  in  T ab le D-1.

VO



TABLE D-4

IRRADIATION OF HEXYL-AMINE SOLUTION USING 550 WATT HIGH-PRESSURE LAMP
AT 150 MIN. REACTION TIME

C o n c e n tra tio n
mg/1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eacted  
R e a c tio n  C o n d itio n *

I I I I I

1000 - - 0 - -

1000 - - - 60 -

1000 ZnO 1000 - - 0

1000 ZnO 250 - - 0

1000 E osin  Y ellow 500 - - 34

1000 A c rid in e  Orange 500 - - 32

1000 Rose B engal 500 - - 45

1000 M ethylene B lue 500 - - 0

VO
00

same a s  in  T ab le  D -1.
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TABLE D-5
PHOTODEGRADATION AND DIRECT PHOTOOXIDATION OF AN EMULSION

OF XYLENE USING 550 WATT HIGH-PRESSURE LAMP
AT 150 MIN. REACTION TIME

C oncen tra tio n
mg/1

% R eacted 
R eaction  C ondition*

I I I I I

875

875

875

64

100
**

100
A*

I :  P h o to d eg rad a tio n  
I I ;  D ire c t P h o to o x id a tio n  w ith  oxygen 

I I I :  D ire c t P h o to o x id a tio n  w ith  a i r

**
th e  com plete d isap p ea ran ce  o f xy lene was p a r t i a l l y  
due to  s t r ip p in g .



TABLE D-6
IRRADIATION OF AN EMULSION OF BENZENE USING 550 WATT HIGH-PRESSURE LAMP

AT 150 MIN. REACTION TIME

C o n c e n tra tio n
mg/1

S e n s i t i z e r S e n s i t i z e r
C o n c e n tra tio n

mg/1

% R eacted** 
R e a c tio n  C o n d itio n *

I I I I I

450 - - 82 - -

450 - - - 91 -

450 ZnO 500 - - 72

450 E o sin  Y ellow 100 - - 0

450 A c rid in e  Orange 100 - - 0

450 Rose B engal 100 - - 0

450 M ethy lene B lue 100 - - 0

N)OO

same a s  in  T ab le  D -1.

* *
c o r r e c te d  f o r  r e d u c t io n  by s t r ip p i n g .



TABLE D-7
BATE OF PHOTOSENSITIZED OXIDATION OF PHENOL AS FUNCTION OF SENSITIZED/SUBSTRATE RATIO

R eac tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

I I  I I I  IV

1 11.1 3 5 .8 25 13.4

2 11.1 43 .5 37 .4 46 .6

3 22 48 .3 29 .3 5 3 .2

4 52 .3 52 .2 58 .5 6 1 .8

N3O

I ;  lOOOmg/1; ZnO/Phenol = 1 :2
I I :  lOOOmg/1; ZnO/Phenol = 1 : 1

I I I :  lOOOmg/1; ZnO/Phenol = 2:1
IV : 500m g/l; ZnO/Phenol = 1:2



TABLE D-8

RATE OF ZnO PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF PHENOL 
USING 550 HIGH-PRESSURE LAMP

R eac tio n  Time 
Hours

% R eacted  
R eac tio n  C o n d itio n *

I I I I I I IV V VI

1 36 5 3 .6 24 2 0 .8 25 8 .9

2 48 57 .3 30 .5 25 .6 2 9 .4 28

3 69 6 2 .5 43 .6 4 1 .8 37 .5 31

4 72 75 5 2 .3 5 0 .8 41 .6 35.6

N3O

I :  500 m g/1; Phenol/ZnO  = 1:1
I I :  500 m g/1; Phenol/ZnO  » 1 :2

I I I :  1000 m g/1; Phenol/ZnO  = 1 :1

IV: 1000 m g/1; Phenol/ZnO  = 1 : 2  
V: 1500 m g/1; Phenol/ZnO  = 1 :1  

V I; 1500 m g/1; Phenol/ZnO  = 1 :2



TABLE D-9
RATE OF PH0T0DEGRM3ATI0N AND DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF PHENOL

USING 550 HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eac ted  
R e a c tio n  C o n d itio n *

I I I I I I IV V VI

1 2 8 .5 100 0 68.7 25 40

2 4 2 .8 100 0 100 25 55

3 57 .3 100 2 6 .8 100 4 1 .6 80

4 7 1 .4 100 26 .8 100 4 5 .9 100

I :  250m g/l; P h o to d e g ra d a tio n  
I I :  250m g/l; D ir e c t  P h o to o x id a tio n  

I I I :  500m g/l; P h o to d e g ra d a tio n

IV: 500m g/l; D ir e c t  P h o to o x id a tio n  
V: 750m g/l; P h o to d e g ra d a tio n  

V I: 750m g/l; D ir e c t  P h o to o x id a tio n



TABLE D-10
RATE OF DYE-PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF PHENOL 

USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

I I I I I I IV

1 30 .7 20 25 .5 2 8 .4

2 3 8 .5 26.7 3 2 .4 26 .2

3 3 8 .5 35 .7 3 4 .3 3 2 .1

4 4 6 .2 40 3 6 .4 37 .8

I :  500m g/l; E osin  Y ellow  = lOOmg/1 I I I :  lOOOmg/1; E o sin  Y ellow  = lOOmg/1

to
g

I I :  500m g/l; E osin  Y ellow  = 500m g/l IV: lOOOmg/1; E osin  Y ellow  = 500m g/l



TABLE D-11
PIGMENT-PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF PHENOL (1000 mg/1 and

Sensitizer/Phenol = 1 : 1  Mole Ratio) USING HIGH-PRESSURE IMMERSION LAMP

R e a c tio n  
Time, H rs.

S e n s i t i z e r

ZnO(Used) ZnCO, ZnS TiO,

% R eacted  % COD 
Removed

% R eac ted  % COD 
Removed

% R eacted % COD 
Removed

% R eacted % COD 
Removed

1 28 .7 0 9 .1 0 0 0 0 0

2 3 8 .2 3 .7 13 .7 0 0 0 0 0

3 57 .3 1 2 .1 1 8 .2 0 0 0 21 .1 5 .5

4 57 .3 12 .7 1 7 .2 3 .8 0 0 31 .6 9 .1

N5oLn



TABLE D-12
RATE OF PHOTODEGRADATION AND PHOTOOXIDATION OF CYCLOHEXANONE IN AQUEOUS SOLUTION

USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

I I I I I I IV V VI

1 8 3 .5 100 89 82 96 89

2 90 100 92 94 99 94

3 90 100 92 94 99 96

4 90 100 92 100 100 96

N Io
CTi

I ;  475m g/l; P h o to d e g ra d a tio n  
I I :  475m g/l; D ire c t  P h o to o x id a tio n  

I I I :  950m g/I; P h o to d e g ra d a tio n

IV: 950m g/l; D ir e c t  P h o to o x id a tio n
V: 1900m g/l; P h o to d e g ra d a tio n  

V I: 1900m g/l; D ire c t  P h o to o x id a tio n



TABLE D-13

RATE OF PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF CYCLOHEXANONE
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

I I I I I I  IV V VI

1 1 3 .6 27 .2 12 29 .2 1 1 .3 1 0 .6

2 2 7 .2 4 3 .2 20 .8  41 .8 11 .3 11 .8

3 4 3 .2 65 .8 2 7 .5  53 .2 11 .4 2 2 .4

4 4 7 .8 7 2 .5 3 6 .8  5 8 .2 22 .5 2 9 .4

*
I :

I I ;
I I I :

50Chng/l;
500m g/l;

lOOOmg/1;

Ketone/ZnO = 1 :1  
Ketone/ZnO = 1 :2  
Ketone/ZnO = 1 :1

IV : lOOOmg/I; Ketone/ZnO 
V: 2000m g/l; Ketone/ZnO 

V I: 2000m g/l; Ketone/ZnO

= 1 :2  
= 1 :1  
= 1 :2

K5o



TABLE D-14
RATE OF PHOTODEGRADATION AND PHOTOOXIDATION OF ETHANOL 

BY 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time

% R eacted  
R e a c tio n  C o n d itio n *

lours

I I I I I I IV V VI

1 4 . 8 1 8 . 1 0 1 4 . 2 0 6 .7

2 1 4 .8 3 5 .3 6 56 0 4 . 5

3 16 6 9 .6 10 83 0 8 8 . 5

4 1 7 . 5 96 10 95 0 8 5 .3

o
00

I ;  395m g/l; P h o to d e g ra d a tio n  
I I :  395m g/l; D ir e c t  P h o to o x id a tio n

I I I :  790m g/l; P h o to d e g rd a tio n

IV: 790m g/l; D ir e c t  P h o to o x id a tio n
V: 1580m g/l; P h o to d e g ra d a tio n  

V I: 1580m g/l; D ir e c t  ^ h o to o x id a t io n



TABLE D-15
RATE OF ZnO SENSITIZED OXIDATION OF AQUEOUS SOLUTION OF EHTANOL 

USING 550 HIGH-PRESSURE LAMP

R e a c tio n  Time
% R eac ted  

R e a c tio n  C o n d itio n

fours
I I I I I I IV V VI

1 3 0 ,5 14 .3 28 .3 26 .2 18 .4 18

2 43 .5 23.8 3 8 .5 4 3 .2 21 .2 30 .7

3 4 8 .5 31 .3 50 5 2 .2 26 .4 36

4 5 1 .5 33 .3 61 .8 59 35 .8 3 8 .5

tsio
VO

I :  395m g/l; E thanol/ZnO  = 1 :1
I I :  395m g/l; E thanol/ZnO  = 1 :2

I I I :  790m g/l; E thanol/ZnO  = 1 :1

IV: 790m g/l; E thanol/Z nO  = 1 :2
V: 1185m g/l; E thanol/ZnO  = 1 :1  

V I: 1185m g/l; E thanol/ZnO  = 1 :2

N ote: two peaks ap p ea red  on th e  chrom atogram  ( a t  th e  same column te m p e ra tu re ) .



TABLE D-16

RATE OF PHOTODEGRADATION AND PHOTOOXIDATION OF AQUEOUS SOLUTION 
OF HEXYL ALCOHOL USING 550 HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

I I I I I I IV

1 26 .7 3 7 .5 0 41 .8

2 3 3 .3 75 0 66.7

3 3 3 .3 93 0 79

4 3 6 .5 100 0 79

N3

o

I :  410m g/l; P h o to d e g ra d a tio n  
I I :  410m g/l; D ire c t  P h o to o x id a tio n

I I I :  820m g/l; P h o to d e g ra d a tio n  
IV: 820m g/l; D ir e c t  P h o to o x id a tio n



TABLE D-17

RATE OF ZnO SENSITIZED OXIDATION OF AQUEOUS SOLUTION OF HEXYL ALCOHOL
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eac ted  
R e a c tio n  C o n d itio n *

I I I I I I IV

1 2 5 .5 4 .8 5 1 8 .2 3 6 .8

2 48 8 .7 31 50

3 6 6 .6 1 7 .4 47.7 60

4 76 .5 18 .05 51 .8 66 .1

S3

I :  41Qmg/l; Hexyl A lcohol/ZnO  = 1 :1  
I I :  410m g/l; Hexyl A lcohol/ZnO  = 1 :2

I I I :  820m g/l; H exyl A lcohol/ZnO  = 1 :1  
IV: 820m g/l; Hexyl A lcohol/ZnO  = 1 :2



TABLE D-18

RATE OF PHOTODEGRADATION AND PHOTOOXIDATION OF AQUEOUS SOLUTION 
OF HEXYL-AMINE USING 550 HIGH-PRESSURE LAMP

R e a c tio n  Time 
Hours

% R eacted  
R e a c tio n  C o n d itio n *

**
I II'*' III '* ' IV

1 0 0 0 1 5 .3

2 0 0 0 23

3 0 0 0 23

4 0 0 0 23

hOM
N3

I :  382m g/l; P h o to d e g ra d a tio n  
I I ;  382m g/l; D ir e c t  P h o to o x id a tio n

I I I :  763m g/l; P h o to d e g ra d a tio n  
IV: 763m g/l; D ir e c t  P h o to o x id a tio n

* *
th e  s o lu t io n  became tu r b id  a f t e r  1 h o u r.

two peaks appeared  on th e  chrom atogram .
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TABLE E-1
EFFECT OF PHOTOCHEMICAL REACTION OF THE BOD/COD RATIO OF VARIOUS ORGANIC COMPOUNDS 

UNDER DIFFERENT REACTION CONDITIONS USING 550 WATT HIGH-PRESSURE LAMP

Compound C o n c e n tra tio n
mg/1

P ro c e ss* BOD/COD pH

t  = 0 t  = 4 h r s . t  = o t  = 4 h r s .

E th an o l 1578 a 1 .93 6 .6 3 .1

C yclohexanone 947 a .65 .57 7 .1 3 .5

Cyclohexanone 947 b .6 .5 7 .2 3 .8
E th an o l 395 c .9 .8 9 .5 7 .4

E th an o l 395 c 1 .94 9 .8 8 .7

E th an o l 789 c .9 8 1 1 0 .7 7 .1

E th an o l 789 c .87 .8 1 0 .2 6 .5

E th an o l 1189 c .85 .77 9 .4 6 .3

Cy clohexanone 474 c .5 .55 7 .9 6 .8

C yclohexanone 947 c .6 . 66 7 .3 6 .7

Cyclohexanone 947 c .55 .61 7 .8 6 .2

Cyclohexanone 1894 c .55 .54 7 .1 6 .3

Cyclohexanone 1894 c .45 .51 7 .2 6

Hexanol 410 c .8 .7 8 5 .8
Hexanol 410 c . 75 .82 7 .8 6 .4

H exanol 820 c .75 .68 7 .5 6 .3

H exanol 820 c .74 .7 7 .4 6 .5

ro

4N



TABLE E-1
(Continued)

Compound C o n c e n tra tio n
mg/1

P ro c e ss* BOD/COD pH

t  = 0 t  = 4 h r s . t  = 0 t  = 4 h r s .

E th an o l 395 d 1 1 6 .9 6 .5

E th an o l 789 d .67 .65 6 .7 6 .5
E th an o l 789 d .39 .43 6 .9 6 .6
E th an o l 1578 d .8 .7 7 .1 4 .3
E th an o l 1578 d .49 .54 6 .6 5

Cy clohexanone 474 d .77 .85 7 .2 5 .5

Cyclohexanone 474 d .15 .19 7 .2 4 .5

Cyclohexanone 1894 d .05 .08 7 .1 4 .5
Cyclohexanone 1894 d .06 .04 6 .3 6 .1
Cy clohexanone 1894 e .24 .3 10 .2 3 .4

H exanol 1640 e .65 .59 7 .2 3 .5

Phenol 500 c .9 1 6 .8 6 .5

Phenol 1000 c .8 .9 7.5 6 .2

Phenol 1000 c .9 1 7 .3 6 .2

P henol 1500 c 1 1 7 .3 6

Phenol 1500 c .97 .9 7 .4 6 .5

P henol 500 f 1 1 8.6 4

N3

Ln



TABLE E-1
(Continued)

Compound Concentration Process* 
mg/1

BOD/COD pH

t = o t = 4 hrs. t = o t = 4 hrs.

Phenol 500 £ 1 1 6 .8 4 .6

Phenol 1000 f 1 1 7 3 .5

E th an o l 395 a 1 .62 6 .3 3 .5

E th an o l 790 a 1 .49 6 .2 3 .2

C yclohexanone 474 b . 6 .32 6 .9 3 .9

H exyl-am ine 763 b .57 .27 10 .9 8 .4

H exanol 410 a .81 .37 7 .7 2 .8

H exanol 820 a .95 .54 7 2 .9
Phenol 250 a 1 .4 7 .3 6 .9
P heno l 250 b 1 .74 7 .1 3 .5

Phenol 500 a .91 .27 7 .3 2 .2

Phenol 500 b .97 .7 6 .8 3 .2

Phenol 750 a 1 .49 6 .7 2 .1

E th an o l 1184 c .81 .65 9 .4 6 .3

Cyclohexanone 474 c .6 .38 8 .3 6 .3

H exyl-am ine 382 c .56 .32 10.9 6 .9

to
ON



TABLE E-1 
(C on tinued)

Compound C o n c e n tra tio n
mg/1

P ro c e ss* BOD/COD pH

t  = 0 t  = 4 h r s . t  = 0 t  = 4 h r s .

H exyl-am ine 763 c .72 .35 1 1 .2 8 .8

H exyl-am ine 763 c .45 .25 1 1 .4 10

E th an o l 395 d .7 1  .49 5 .7 5

Cyclohexanone 1894 e .35  .12 7 .5 3 .8

Phenol 1000 f .7  .45 7 .3 5
Cyclohexanone 474 a .2 1  .49 6 .8 3 .8

Cyclohexanone 1894 a .22  .55 7 .1 3 .3

Cyclohexanone 1894 b .27 .43 7 .1 3 .4

Phenol 750 b .8  1 6 .6 3 .2

H exanol 420 c .73  1 11 6 .8

P henol 500 c .55  .75 7 .2 6

*
a : D ire c t  P h o to o x id a tio n

b : P h o to d e g ra d a tio n
c : ZnO S e n s i t i z e d  O x id a tio n

d ; A c r id in e  Orange S e n s i t i z e d  O x id a tio n  

e :  Rose B engal S e n s i t i z e d  O x id a tio n  

f ;  E osin  Y ellow  S e n s i t i z e d  O x id a tio n

to
I-*



TABLE E-2
EXTENT OF PHOTODEGRADATION OF AQUEOUS SOLUTION OF PHENOL (500 mg/1) 

USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD % Removal

BOD COD

0 - 808 940 .86 - 0

1 6 .7 930 940 .98 - 0

2 1 3 .4 747 940 .79 7 .5 0

3 2 0 .1 567 940 .6 29 .8 0

4 33 .3 686 940 .73 1 5 .1 0

5 33 .3 381 940 .4 52 .8 0

6 33 .3 564 940 .6 3 0 .2 0

7 33 .3 564 940 .6 3 0 .2 0

8 33 .3 503 940 .54 37 .7 0

N3
00



TABLE E-3

EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF PHENOL (500m g/l)
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eac ted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 0 930 916 1 -

1 68 .6 442 833 .53 5 2 .5 9 .1

2 89 .7 198 667 .3 7 8 .7 27 .2

3 95 198 417 .48 78 .7 5 4 .5

4 100 442 392 1 .3 2 5 2 .5 6 3 .4

5 100 137 333 .35 8 5 .3 5 7 .3
6 100 137 156 .88 8 5 .3 8 2 .9

7 100 137 156 .88 8 5 .3 8 2 .9
8 100 16 78 .19 9 8 .4 91 .5

to
VO



TABLE E-4

EXTENT OF PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF PHENOL (500 m g/1, 
Phenol/ZnO  = 1 : 2 ,  Mole R a tio )  USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD %

BOD

Removal

COD

0 0 778 941 .83 - -

1 4 3 .5 625 784 .8 1 9 .8 16 .7

2 52 .2 564 627 .9 2 7 .5 3 3 .4

3 65 .6 442 627 .71 4 3 .2 3 3 .4

4 78 .4 381 705 .54 51 2 5 .2

5 8 2 .5 370 627 .59 5 2 .4 3 3 .4

6 8 7 .5 198 392 .51 7 4 .5 58.3

7 91 .5 137 235 .59 8 2 .3 75

8 95 .5 76 78 .97 9 0 .2 91.7

N)N3O



TABLE E-5

THE EFFECT OF pH ON THE EXTENT OF THE
(1000 mg/1) USING

DIRECT OXIDATION OF AQUEOUS 
550 WATT HIGH-PRESSURE LAMP

SOLUTION OF PHENOL

R eac tio n  Time, H rs. COD R em aining , mg/1

pH = 2 pH = 7 pH = 12

0 2318 2255 2271

1 2139 2183 2156

2 1959 2083 2091

3 1812 1934 1926

4 1766 1893
4 1 /2 1649

5 1649 1761

6 1518 1583 1679

7 1241 1466 1597
7 3 /4 1547

8 1028 1399

9 1 /2 1415

ho
ho



TABLE E-6

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF PHENOL AT DIFFERENT 
INITIAL CONCENTRATIONS USING 550 WATT HIGH-PRESSURE LAI4P

R eac tio n  
Tim e, H rs.

100 mg/1 250 mg/1

COD Rem aining

350 mg/1 500 mg/1 1000 mg/1

0 237 563 810 1157 2255

is 195 498 737

1 171 457 678 1020 2183

i h 49 416 640

2 24 367 575 883 2083

3 16 171 502 761 1934

4 16 25 656 1766

k h 340
5 16 16 138 476 1649
6 0 16 16 137 1583
7 0 8 0 0 1466

8 0 0 0 0 1399
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TABLE E-7

EXTENT OF PHOTODEGRADATION OF CYCLOHEXANONE IN AQUEOUS SOLUTION (947 m g /l)
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

'i Removal

COD

0 - 1205 2049 .59 - -

1 100 1388 2049 .68 - 0

2 100 961 1967 .49 20 .2 4

3 100 961 1967 .49 20 .2 4

4 100 961 1967 .49 20 .2 4

5 100 961 1885 .51 20 .2 8

6 100 961 1721 .56 20 .2 16

7 100 716 1721 .42 4 0 .6 16

8 100 961 1639 ,59 20 .2 20

to
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TABLE E-8
EXTENT OF ZnO SENSITIZED OXIDATION OF AQUEOUS SOLUTION OF CYCLOHEXANONE (947 mg/1,

Ketone/ZiiO = 1:2, Mole Ratio) USING 550 WAIT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs .

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 - 1204 2066 .58 - -

1 17 .6 1204 2066 .58 0 0

2 33 .3 778 1818 .43 3 5 .4 12

3 45 .7 598 1662 .35 50 .3 19

4 52 .5 716 1735 .41 4 0 .5 16

5 59 .8 655 1570 .42 4 5 .6 24

6 65 533 1404 .38 55 .7 32

7 70 .6 656 1487 .44 4 5 .5 28

8 75 .5 594 1404 .42 50 .7 32
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TABLE E-9

EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF CYCLOHEXANONE
(947 mg/1) USING 550 TJATT HIGH-PRESSURE LAMP

R e a c tio n  
Tim e, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

Ï Removal

COD

0 - 1571 1983 .79 -

1 100 961 1652 .58 3 8 .8 16 .7

2 100 808 1240 .65 4 8 .6 3 7 .5

3 100 625 1157 .54 60 .2 41 .7

4 100 442 1074 .41 7 1 .9 45 .8

5 100 . 441 992 .45 7 1 .9 50

6 100 381 744 .51 75.7 62 .5

7 100 381 661 .58 75.7 66.7

8 100 403 413 .97 74 .3 79 .2
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TABLE E-10

THE EFFECT OF pH ON THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION 
OF CYCLOHEXANONE (1000 mg/1) USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  Time, H rs. COD R em aining, mg/1

pH = 2 pH = 7 pH = 12

0 2128 2283 2259

1 1712 1817 2092

2 1472 1550 1925

3 1328 1383 1757

4 1120 1200 1572

5 960 1117 1423

6 784 967 1238

7 576 783 1071

7 3 /4 954

8 400 633

to
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TABLE E-11
EXTENT OF ZnO SENSITIZED OXIDATION OF AQUEOUS SOLUTION OF HEXYL ALCOHOL (820 m g/1, 

A lcohol/ZnO  = 1 : 2 ,  Mole R a tio )  USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 - 1296 1983 .65 - -

1 20 .8 1235 1653 .75 4 .7 16 .6

2 41 .6 1174 1404 .84 9 .4 29 .2

3 4 3 .8 1113 1404 .79 1 4 .1 29 .2

4 62.7 1052 1983 .53 1 8 .8 0

5 6 4 .5 991 1818 .55 2 3 .5 8 .3

6 70.7 869 1239 .71 3 2 .9 37 .5

7 77 930 1156 .84 28 .2 41 .7

8 79 .3 869 1156 .75 32 .9 41.7
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TABLE E-12

EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF HEXYL ALCOHOL 
(820 m g/1) USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

I Removal

COD

0 - 1327 1983 .67 - -

1 3 1 .1 1479 1818 .81 - 8 .3

2 60 .4 1052 1487 .71 20.7 25

3 77 .8 808 1404 .58 3 9 .1 29 .2

4 90 503 1239 .41 6 2 .1 3 7 .5

5 94.8 442 1074 .41 66.7 45 .8

6 96.5 442 774 .59 66.7 62 .5

7 100 442 774 .59 66.7 62 .5

8 100 320 496 .65 75 .9 75
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TABLE E -13

THE EFFECT OF pH ON THE EXTENT OF DIRECT PHOTOEXODATION OF AQUEOUS SOLUTION 
OF HEXYL ALCOHOL (1000 mg/1) USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  Time, H rs. COD R em aining, mg/1

pH = 2 pH = 7 pH = 12

0 1943 1983 1790

1 1780 1833 1645

2 1584 1617 1516

3 1437 1467 1435

4 1267 1339

4*g 1208 1226
5 1117

6 996 1017 1145

7 800 1000

i h 867

8 686 750 903

ro
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TABLE E-14

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTIONS OF HEXYL ALCOHOL 
AT DIFFERENT INITIAL CONCENTRATIONS USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  COD R em aining, mg/1
Time, H rs. ___________________________________________________________________________________

0 .1  m l /I  0 .2 5  m l/1  0 .5 0  m l/1  1 m l/1

0 201 473 935 1983

178 451 930

1 147 376 889 1833

I h 139 298 808

2 93 210 695 1617

2h 62 585
3 54 45 509 1467

4 15 284 1267

4% 8

5 8 67 1167

6 0 0 30 1017

7 0 0 22

7h 867
8 15 750
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TABLE E-15

EXTENT OF PHOTODEGRADATION OF AQUEOUS SOLUTION OF ETHANOL (790 mg/1) 
USING 550 WATT HIGH-PRESSURE LAMP

R e ac tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

'a Removal

COD

0 - 1174 1646 .71 - -

1 6 1052 1254 .84 10 .4 23 .8

2 8 930 1254 .74 20 .8 23 .8

3 18 930 1176 .79 2 0 .8 28 .5

4 18 1052 1490 .71 1 0 .4 9 .5

5 24 1052 1333 .79 1 0 .4 19

6 26 930 1008 .85 20 .8 33 .3

7 29 930 1098 .85 2 0 .8 3 3 .3

8 33 930 1098 .85 20 .8 33 .3
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TABLE E-16
EXTENT OF PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF ETHANOL (790 mg/1,

Ethanol/ZnO = 1:1, Mole Ratio) USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs .

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

\ Removal

COD

0 - 1052 1481 .71 - -

1 3 1 .4 869 1481 .58 17 .4 0

2 3 9 .8 686 1234 .56 34 .8 16.7

3 50 747 1349 .55 29 8 .9

4 58 .3 747 1297 .58 29 12 .4

5 64 .9 747 1234 .61 29 16 .7

6 68 .8 747 1070 .69 29 27.8

7 70 .8 625 905 .69 4 0 .6 3 8 .9

8 75 686 905 .76 34 .8 3 8 .9
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TABLE E-17

EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF ETHANOL (790 mg/1)
USING 550 HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

'i Removal

COD

0 - 1083 1551 .7 - -

1 25.5 961 1224 .79 11.3 2 1 .1

2 53 716 1224 .59 3 3 .9 21 .1

3 90 350 735 .48 67.7 5 2 .6

4 100 168 245 .69 84 .5 84 .5

5 100 64 83 .78 94 .1 94.7

6 100 325 82 - 70 94 .7

7 100 45 0 - 95.8 100

8 100 106 0 m» 90 .2 100
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TABLE E-18

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF PROPANOL (805 mg/1)
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Tim e, H rs .

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 - 1143 1596 .72 - -

1 3 4 .2 1083 1386 .78 5 .2 1 3 .2

2 64 778 1176 . 66 3 1 .9 26 .3

3 78.7 595 966 .62 4 7 .9 3 9 .5

4 9 5 .6 357 674 .53 68 .8 58

5 100 107 126 .85 90 .6 9 2 .1

6 100 45 42 1 .07 96 .1 97 .4

7 100 0 42 0 100 97 .4

8 100 0 0 100 100
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TABLE E-19
EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF t-AMYL ALCOHOL (780 mg/1)

USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

% R eacted BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD % Removal

BOD COD

0 - 483 2116 .21 - -

1 4 4 .8 248 1618 .15 4 1 .3 23 .5

2 78 .9 245 1368 .18 4 2 .1 35 .3

3 8 5 .4 364 1245 .29 1 3 .9 4 1 .2

4 91.5 425 1120 .38 0 4 7 .1

5 94.8 364 632 .59 1 3 .9 70 .6

6 97.8 308 456 .68 27 .2 78 .4

7 100 484 378 - - 8 ? . l

8 100 250 207 - 4 0 .9 90.2

tow
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TABLE E-20

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTIONS OF LOW MOLECULAR 
WEIGHT AI.COHOLS AND ORGANIC ACIDS USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  Tim e, H rs. COD R em aining, mg/1

M ethanol Form ic A cid E th an o l A c e tic  A cid

0 1085 1048 1551 745

Î5 1101 863 656

1 1085 661 1224 559

i h 1020 468 452
2 939 293 1224 362

3 696 65 735 161

4 453 245 40

4k 40

5 243 40 82

6 40 24 82 8
7 16 0 0 0

7k 16 0 0 0

8 0 0 0 0

U)
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TABLE E-21

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTIONS OF LOW MOLECULAR
WEIGHT ALCOHOLS AND ORGANIC ACIDS USING 550 WATT HIGH-PRESSURE LAMP

R e ac tio n  Time, H rs . COD Rem aining » mg/1

P ropano l P ro p io n ic  Acid B u tan o l I s o -b u ta n o l

0 1596 1358 1853 1854

1 /2 1837 1658

2 /3 864

1 1386 724 1707 1496
1 1 /2 576 1522 1349

2 1176 461 1431 1211

3 956 214 1138 935

4 672 707
4 1 /4 107 886

5 126 91 732 488
6 42 74 512 252

7 42 58 268 106

8 0 33 130 16
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TABLE E-22

THE EXTENT OF ZnO PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF DODECYL SODIUMSULFATE 
(750 m g/1, D odecyl N a-S u lfa te /Z nO  = 1 :2 ,  Mole R a tio )  USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 1025 1255 .82 — —

1 968 1171 .83 5 .6 6 .7

2 766 1129 .68 25 .3 1 1 .2

3 885 1129 .78 13 .7 1 1 .2

4 885 1046 .85 13 .7 16 .7

5 765 962 .8 25 .4 23 .3

6 765 967 .8 2 5 .4 23 .3

7 646 962 .67 3 6 .9 23 .3

8 766 878 .88 25 .3 30

hOOJ
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TABLE E-23

THE EXTENT OF DIRECT OXIDATION OF DODECYL SODIUMSULFATE IN AQUEOUS SOLUTION (750 mg/1)
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

Ï Removal

COD

0 1126 1380 .82 - -

1 833 1255 . 66 26 9 .1

2 479 1046 .46 5 7 .6 2 4 .2

3 542 1004 .54 5 1 .9 2 7 .2

4 365 837 .44 6 7 .6 39 .3

5 306 711 .43 72 .8 4 8 .5

6 367 502 .73 67 .4 63 .6

7 . 248 335 .74 7 7 .9 75 .7

8 303 209 1 .58 7 3 .1 84 .8
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TABLE E-24

THE EXTENT OF ZnO PHOTOSENSITIZED OXIDATION OF AQUEOUS SOLUTION OF SODIUM-STEARATE 
(1000 m g/1, N a-S teara te /Z n O  = 1 :2 ,  Mole R a tio )  USING 550 WATT HIGH-PRESSURE LAMP

R eac tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD % Removal

BOD COD

0 1318 2773 .48 — —

1 1142 1828 .63 13 .4 3 4 .1

2 1727 1260 - - 5 4 .6

3 732, 1932 .35 4 4 .5 3 0 .3

4 84Ç) 1932 .44 3 5 .6 3 0 .3

5 790 924 .86 40 .1 66.7

6 849 1807 .47 3 5 .6 3 4 .8

7 866 2017 .43 3 4 .2 2 7 .6

8 1254 1386 .9 4 .8 50
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TABLE E-25

THE EXTENT OF DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF SODIUM STEARATE 
USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

'i Removal

COD

0 542 2689 .2 - -

1 505 1933 .26 6 .8 28 .1

2 542 1218 .45 0 54.7

3 483 1134 .4 1 1 .1 57 .8

4 425 1092 .4 2 1 .6 5 9 .4

5 425 883 .48 21 .6 67 .2

6 73 882 .09 8 6 .5 67 .2

7 659 882 .75 - 67 .2

8 307 672 .46 4 3 .4 75

toJî'



APPENDIX F

COMPILATION OF DATA FROM FINAL EXPERIMENTS
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TABLE F-1

THE EXTEOT OF DIRECT PHOTOOXIDATION OF EMULSION OF VEGETABLE OIL 
(Soybean O i l ,  5 m l/1 )  USING 550 HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

Ï Removal

COD

0 1932 7468 .26 - -

1 2108 9054 .23 - -

2 527 9128 .06 72 .7 -

3 819 8381 .1 5 7 .6 -

4 0 8962 0 100 -

5 176 4149 .04 90 .8 44

6 0 5228 0 100 30

7 237 4149 . 06 87 .7 44

8 176 2821 .06 90 .8 62 .1
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TABLE F-2
THE EXTENT OF DIRECT PHOTOOXIDATION OF EMULSION OF VEGATABLE OIL

(Soybean Oil, 2.5 ml/1) USING 550 HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs .

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 1345 2314 .58 - -

1 762 2892 .26 4 3 .4 -

2 533 3554 .15 60 .8 -

3 878 4132 .21 34 .8 -

4 761 3140 .24 4 3 .5 -

5 410 1983 .21 69 .5 14 .3

6 410 1735 .24 69 .5 25

7 527 1901 .28 60 .8 17 .8

8 644 1487 .43 52 .3 35 .7
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TABLE F-3

THE EXTEfîT OF DIRECT PHOTOOXIDATION OF AN EMULSION OF LINOLEIC ACID 
(2 .5  ml Acid/IOOO mi W ater) USING 550 HIGH-PRESSURE LAMP

R e a c tio n  
T im e ,  H rs.

BOD Rem aining 
m g/I

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 884 2778 .31 - -

1 1189 2387 .49 - 1 4 .3

2 762 1746 .43 13 3 7 .1

3 762 2381 .32 13 1 4 .3

4 732 1984 .36 13 28 .6

5 701 2614 .26 20 5 .9

6 1123 2382 .47 - 14 .3

7 640 2222 .28 2 7 .6 20

8 640 2222 .28 27 .6 20
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TABLE F-4
THE EXTENT OF DIRECT PHOTOOXIDATION OF SUSPENSION OF PAPER PULP 

(Approx. 150 m g/1) USING 550 WATT HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 146 996 .15 — -

1 204 954 .21 - 4 .1

2 146 1120 .13 - -

3 263 996 .26 - -

4 146 1162 .13 - -

5 263 871 .3 - 1 2 .5

6 205 871 .24 - -

7 263 871 .3 - -

8 263 954 .28 4 .1
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TABLE F-5
THE EXTEOT OF PHOTOSENSITIZED OXIDATION OF SUSPENSION OF PAPER PULP 

(Approx. 150 m g/1 , ZnO = 500 m g/1) USING 550 HIGH-PRESSURE LAMP

R e a c tio n  
Time, H rs.

BOD Rem aining 
mg/1

COD Rem aining 
mg/1

BOD/COD

BOD

% Removal

COD

0 615 1452 .42 - -

1 205 742 .28 66.7 4 8 .9

2h 88 664 .13 8 4 .1 54 .3

3% 205 539 .38 66.7 62 .9

88 580 .15 8 4 .1 60

% 83 664 .13 8 4 .1 54 .3

8 205 415 .48 66.7 7 1 .4
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TABLE F-6

DIRECT PHOTOOXIDATION OF FREE CYANIDE USING 550 WATT HIGH-PRESSURE LAMP AT pH:12 

R e a c tio n  Time, H rs. CN R em ain ing , mg/1 % Removal

0 118 -

1 19 .7 8 3 .3

2 4 .9 95 .8

3 0 100 N>
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TABLE F-7

DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE 
USING 550 WATT HIGH-PRESSURE LAMP AT pH:12

R e a c tio n  Time, H rs. CN Rem aining mg/1 % Removal

0 2283 -

1 2027 1 1 .2

2 1870 1 8 .1

3 1712 25

4 1476 3 5 .3

5 1279 44

6 958 58

7 886 61 .2

8 708 69
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TABLE F-8

DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE 
USING 550 WATT HIGH-PRESSURE LAMP AT pH :12

R e a c tio n  Time, H rs. CN R em aining , m g/I % Removal

0 14250 -

1 13950 2 .1

2 13650 4 .2

4 13150 7 .7

5 12950 9 .1

7 12650 1 1 .2

i h 12550 1 1 .9
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TABLE F -9

DIRECT PHOTOOXIDATION OF AQUEOUS SOLUTION OF FREE CYANIDE 
USING 550 WATT HIGH-PRESSURE LAMP AT pH:12

R e a c tio n  Time, H rs. CN R em aining, mg/1 % Removal

0 118 ,080 -

1 98,400 16.7

2 98,400 16.7

3 98,400 16.7

4 98,400 16.7

5 96,432 18.3

6 94,464 20

10 90,528 23.3
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