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A n  apparatus fo r th e p h oto ca ta ly tic  o x id a tio n  o f  organic  

con tam in an ts in  flu id  in c lu d es  a  reactor and a p h oto ca ta ly st  

aff ixed  to support m aterial. Preferab ly , th e  ou ter  w a ll o f  the  

reactor is  co n stru cted  o f  m ateria l tra n sm issiv e  o f  u ltra vio le t 

radiation. T h e  support m ateria l preferab ly  is  tra n sm issiv e  o f  

u ltra v io le t radiation . T h e  support m ateria l can  a lso  b e  an  

adsorbent m aterial. A ls o , a  m eth od  fo r  p h oto ca ta ly tic  o x i 

d a tion  o f  organ ic  con tam in an ts in  flu id . A ls o , a  m eth od  fo r  

preparation o f  a  su pp orted  p h oto ca ta ly st . A lso , a  supported  

p h o to ca ta ly st adapted  fo r  th e  p h oto ca ta ly tic  o x id a tio n  o f  

org an ic  con tam in an ts in  flu id . A lso , a  m eth od  fo r  preparing 

a p h oto ca ta ly st  adapted  fo r  th e  p h oto ca ta ly tic  o x id a tio n  o f  

org an ic  con tam in an ts in  flu id .
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1.24 mW/cm ~ 2 ■■■■■+ 2.24 mW/cmA2 2.94 mW/cmA 2 

3.70 mW /cmA 2 - * ■ -  4.07 mW/cmA 2 - ± “ 4.36 mW/cmA 2
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5 ,501,801

M E T H O D  A N D  A P P A R A T U S  F O R  

D E S T R O Y I N G  O R G A N I C  C O M P O U N D S  IN  

F L U ID

FIE L D  O F  T H E  IN V E N T IO N

T h e in v en tio n  re la tes to  flu id  treatm ent m eth od s and  

apparatus. M o re  particu larly, it  re lates to  m eth od s and  

apparatus fo r  d estroy in g  org an ic  com p ou n d s in  flu id  b y  

p h o to ca ta ly tic  ox id ation .

B A C K G R O U N D  O F  T H E  IN V E N T IO N

T w o m ajor co n v en tio n a l m eth o d s fo r  th e  r e m o v a l o f  

orga n ic  con tam in an ts fr o m  w ater are: (1) a d so ip tio n  te c h 

n o lo g ie s  em p lo y in g  granular a ctiva te d  carbon (G A C ) or 

sy n th etic  ad sorben ts, an d  (2 ) air strip ping . A  prim ary p rob 

le m  o f  b o th  ad sorption  and air stripping p ro c e sse s  is  that 

th ey  are n on d estru ctive  te c h n o lo g ie s , in  that the  org a n ic  

con ta m in an ts  are o n ly  transferred  fr om  o n e  m e d ia  to  

another, and are not d estroyed  to  n o n to x ic  m atters. T h ere 

fo re , th e  m e d ia  in to  w h ic h  th e  org an ic  com p ou n d s are 

transferred , th e  G A C  o r  sy n th etic  adsorbent in  ad so rp tio n  

p r o c e sse s  and th e  air in  air stripping p ro cesses , m a y  req u ire  

further treatm ent.

N e w  regu la tio n s fo r  air, w ater  and so lid  re sid u a ls  are 

stim u la tin g research ers to  search  fo r  n ew  treatm ent te c h 

n o lo g ie s  tha t either d estroy  or im m o b iliz e  to x ic  org a n ic  

com p ou n d s. C on sid erab le  research  is  b e in g  d irected  at 

e ffe c tiv e  and e c o n o m ic a l treatm ent stra teg ies to  m e e t  th e  

n e w  standards. A d v a n c e d  o x id a tio n  p r o c e sse s  (A O P s) are 

altern ative p ro cesses  w h ic h  d estro y  org an ic  co m p o u n d s and  

turn th em  in to  n o n to x ic  fo rm s, su ch  as carb on  d io x id e  ( C 0 2) 

and w ater. A O P s in v o lv e  the  gen era tion  o f  h ig h ly  r e a c tiv e  

rad icals, su ch  as the  h y d ro x y l rad ica l (O H .), w h ic h  are 

r esp o n s ib le  fo r  the  d estru ction  o f  th e  org an ic  c o m p o u n d s. 

A O P s can  b e  c la ss if ie d  in to  tw o  m ajor groups: A O P s in v o lv 

in g  h o m o g e n e o u s  reaction s u s in g  h yd rogen  p er o x id e  

(H20 2) , o z o n e  ( 0 3), and  u ltrav io le t (U V ) ligh t, a lo n e  o r  in  

any com b in atio n ; and A O P s  e m p lo y in g  h ete ro g en eo u s re a c 

tion s u s in g  p h o to a c tiv e  ca ta ly sts , su ch  as sem ico n d u cto rs  

lik e  tita n iu m  d io x id e  ( T i0 2). In  th e  latter c a se — th e  p h o to -  

ca ta ly tic  o x id a tio n  p r o c e sse s— p h o to a c tiv e  sem ico n d u cto r  

ca ta ly sts are im m erse d  in  an o x y g en a ted  aq u eou s so lu tio n  

and il lu m in a ted  w ith  U V  rad iation , so  tha t a  red ox  e n v iro n 

m en t is  estab lish ed  w h ic h  ca u ses th e  o x id a tio n  o f  o rgan ic  

co m p ou n d s.

T h e  prim ary ox id an t r esp o n s ib le  fo r  th e  p h o to ca ta ly tic  

o x id a tio n  o f  org an ic  c o m p o u n d s in  aq u eo u s so lu tio n s  is  

b e lie v e d  to  b e  the  h ig h ly  reactive  h y d ro x y l rad ica l (O H .), 

alth ou gh  d irec t reaction s o f  ad sorb ed  org an ic  c o m p o u n d s  

w ith  su rface  sp ec ie s  su c h  as h o le s  h a v e  a lso  b een  rep orted  

[V o lz  e t  al., 1 9 81 ; C eresa  e t al., M a tth ew s, 1 9 84 ; a n d T u rch i 

and O llis , 1 9 9 0 ]. T h e  p rop osed  m ech a n ism s and  p a th w a y s  

fo r th e  fo rm ation  o f  th e  h y d ro x y l rad ica l h a v e  a lso  b e e n  

d isc u sse d  in  th e  literature. W h en  a  p h o to a c tiv e  se m ic o n d u c 

tor is  il lu m in a ted  w ith  p h o to n s o f  su ffic ien t en ergy (ba n d  gap  

energy, or grea ter), a  p h o to n  (h v ) e x c ite s  an  elec tr on  fro m  

th e  v a la n ce  band, o v erco m in g  th e  en ergy  ban d -gap  to  th e  

co n d u ctio n  b an d, and le a v e s  an e lec tro n ic  vaca n cy , a  h o le  

(h+) , in  th e  va la n ce  b an d. T h e  b an d -g ap  en ergy  is  th e  

m in im u m  am ou n t o f  en erg y  requ ired  fo r  e x c it in g  th e  e le c 

tron. F or  ex a m p le , an atase  form  T i 0 2 has a  b an d -gap  en erg y  

o f  ab ou t 3 .2  eV , w h ic h  is  eq u iv a len t to  th e  p h oto n  e n erg y  o f  

U V  lig h t w ith  a w a v e le n g th  o f  3 8 7  nm . C on se q u en tly , 

an atase fo rm  T i 0 2 ca n  b e  activ ated  b y  rad iation  w ith  w a v e 

len g th s le s s  than 3 8 7  n m . T h e  v a la n ce  ban d h o le  an d  th e

1

co n d u ctio n  ban d e le c tro n  m a y  reco m b in e  eith er in  th e  b u lk  

o f  th e  se m icon d u cto r  or at th e  extern al su rface , p ro d u cin g  

heat or lu m in escen ce . O n ly  th e  e x c ite d  e lec tron s and the 

resu ltin g  h o le s  w h ic h  su rv iv e  th e  reco m b in ation  m a y  take 

part in  th e  red ox  p ro cess  w ith  ad sorb ed  sp e c ie s  su ch  as H20 ,  

O H - , org an ic  co m p o u n d s, and 0 2 at th e  w ate r-so lid  inter 

fa ce . T h e  h o le s  m a y  tak e part in  th e o x id a tio n  h a lf  reactio n s  

w ith  ad sorb ed  H 20  or O H -  and fo rm  h y d ro x y l rad ica ls . T h e  

elec tr on s tak e part in  th e  red u ctio n  h a lf  reaction s w ith  

ad sorb ed  0 2 to  p rod u ce  the  su p erox id e rad ica l 0 .2, w h ic h  

m ay a lso , in  turn, p rod u ce  H20 2 and O H . [O k am oto  et 

a l.,1 9 8 5 ] .

M o r e  than 7 0 0  org an ic  co m p ou n d s h a v e  b e e n  id en tif ied  in  

sou rces o f  drinking w ater in  th e  U n ited  S ta tes [S ta ch k a and 

P on tiu s , 1 984 ] and e lse w h e r e . M an y  w ater u tilitie s , co m p a 

n ie s  and govern m en t a g e n c ie s  m u st a lso  r e m o v e  or d estroy  

org an ic  com p ou n d s fr om  p o llu ted  grou nd w ater  su p p lie s  

b efo re  th o se  grou nd w ater su p p lie s  can  b e  u se d  as drinking  

w ater. A d d ition a lly , m a n y  drinking  w ater u tilities  are fa ced  

w ith  th e  fo rm ation  o f  d is in fe c t io n  b y -p ro d u cts in  fin ish ed  

w ater. D is in fe c tio n  b y -p ro d u cts are co m p ou n d s fo rm ed  in  

the  w ater treatm ent p ro cess  as a  resu lt o f  th e  d is in fec tio n  

step . In  th is step , a  d is in fec ta n t su ch  as ch lo r in e  is  ad d ed  to  

so u rce  w ater, w h ere  it  reacts w ith  a  portio n  o f  th e  b ack 

groun d org an ic  m atter (B O M ) p resen t in  th e  so u rce  w ater to  

p ro d u ce  d is in fec tio n  b y-p ro d u cts. T h e  rea ctiv e  p ortio n s o f  

the  B O M  are referred  to  as d is in fec tio n  b y-p ro d u ct precur 

sors (D B P  precursors).

U .S . Pat. N o . 5 ,1 8 2 ,0 3 0  to  C rittenden e t al. d is c lo se s  

trea ting  w ater b y  tw o  sep arate step s u sin g  ad sorb en t m ate 

ria ls  im p regn ated  w ith  p h oto ca ta ly sts. In  th e  first step , the 

p h oto ca ta ly st-im p regn ate d  ad sorb en t m aterials are p la ced  in  

a f ix e d  b ed  to  adsorb and r e m o v e  organic  c o m p o u n d s from  

co n ta m in ated  w ater. In  th e  se c o n d  step , th e im p reg n ated  

ad sorb en t m aterials co n ta in in g  th e ad sorbed org an ic  co n 

tam in an ts are regen erated  b y  e x p o sin g  th em  to  U V  rad iation  

in  a  separate reactor.

U .S . Pat. N o . 4 ,8 6 3 ,6 0 8  to  K a w a i et al. d is c lo se s  a  p rocess  

step  fo r  preparing u ltra pu re w ater b y  p u rify in g  w ater  

in c lu d in g  a sm all am ou n t, particu larly a trace am ou n t o n  the  

order o f  severa l m illig ram s o f  carb on  per  liter  (C /L ) o r  le s s , 

o f  o rgan ic  im p u rities  in c lu d ed  in  total org an ic  carbon  

(T O C ). T h e  p ro cess  step  is  in corporated  in to  k n o w n  m ulti- 

step  p ro c e sse s  fo r  th e  preparation  o f  u ltra pure w ater, the  

k n o w n  p ro c e sse s  co m p r isin g  th e  step s o f  (a) o n e  or m ore  

m ech a n ica l filtration  step s fo l lo w e d  b y  (b) a  se r ies  o f  k n o w n  

p u rifica tion  step s e sse n tia lly  fo r  th e rem ova l o f  resid u al 

so lid  p articu lates , su ch  as rev erse  o sm o s is , adsorp tion  o n  io n  

e x c h a n g e  resin s, ad sorp tion  o n  activ ated  carbon , ultrafiltra 

tion , U V  ster iliza tion , and m icrofiltration . T h e  n e w  step  is  

in corp ora ted  in to  step  (b) and com p rise s irradiating the 

w ater to  b e  treated  w ith  lig h t in  the  p resen ce  o f  a  p h oto 

c a ta ly st co m p risin g  an  in organ ic  se m icon d u cto r  se le c te d  

fr om  T i 0 2, S rT iO j and  C dS  in  fin e particu late fo rm  and a 

n o b le  m eta l and/or an  o x id e  th e r e o f se le c te d  fro m  Pt, P d , R u, 

Ru 0 2 and R h d e p o site d  o n  th e  se m icon d u cto r  p artic les for  

a  p er io d  su ffic ien t to  o x id a tiv e ly  d eco m p o se  th e  org an ic  

im p u rities . T h e  n e w  step  resu lts  in  a  d ecrease  in  T O C  

con te n t o f  th e  w ater to  a  le v e l  b e lo w  th e  m in im u m  d ete ctio n  

le v e l o f  T O C  d etec tors , ty p ic a lly  < 0 .0 5  m g  C /L  o r  < 0 .0 1  m g  

C /L  d ep en d in g  u p on  th e  particu lar d etec tor em p lo y ed .

U .S . Pat. N o . 4 ,8 6 1 ,4 8 4  to  L ich tin  e t  al. d is c lo se s  a 

p ro cess  fo r  d eg ra d in g  org an ic  com p ou n d s in  a  w ater-co n 

ta in in g  flu id . T h e  flu id  is  co m b in ed  w ith  a  p ero x id e  and a 

so lid  ca ta ly st c o m p r isin g  at le a s t  o n e  tran sition  e le m e n t to  

fo rm  a  rea ctio n  m ix tu re , and p h oto en ergy  is  ad d ed  to  the 

rea ctio n  m ix tu re to  y ie ld  en v iron m en ta lly  co m p a tib le  rea c 
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tio n  p rodu cts com p risin g  at le a s t carb on  d io x id e . T h e  p h o 

to en ergy  is  p referably in  th e  v is ib le  o r  u ltrav io le t lig h t 

ra n ges w h ic h  are ab sorb ab le  b y  the  ca ta ly st .

S U M M A R Y  O F  T H E  IN V E N T IO N

T h e in v e n tio n  p ro v id es im p rovem en ts  in  th e  d estru ction  

o f  org an ic  com p ou n d s in  flu id  b y p h o to ca ta ly tic  ox id ation .

M ore particularly, th e  in v en tio n  p ro v id es an  apparatus for  

th e  p h o to ca ta ly tic  o x id a tio n  o f  org an ic  con tam in an ts in  

flu id . T h e  apparatus in c lu d e s  a  reactor and  a p h oto ca ta ly st  

affixed  to  support m aterial. In  an em b o d im en t adapted  for  

u se  w ith  su n ligh t as th e  so u rce  o f  U V  radia tion , the  appa 

ratus further in c lu d es a  reflector p an el fo r  en h an cin g  su n 

lig h t u tiliza tion . T h e  apparatus can  a lso  in c lu d e  a  lig h t  

so u rce  fo r  p ro d u cin g  u ltra v io le t rad iation . P referably, the 

ou ter w a ll o f  the  reactor i s  co n stru cted  o f  m ateria l tran sm is 

s iv e  o f  u ltra v io le t ra d ia tion . T h e  support m ater ia l preferably  

is  a lso  tra n sm issiv e  o f  u ltrav io le t radia tion . T h e  support 

m aterial can  a lso  b e  an  ad sorb en t m aterial. T h e  flu id  ca n  b e  

a so u rce  o f  drinking w ater, and the  organ ic  con tam in an ts can  

b e  d is in fec ta n t b y -p rod u ct precursors.

T h e  in v e n tio n  a lso  p ro v id es a m eth od  fo r  p h oto ca ta ly tic  

o x id a tio n  o f  org an ic  co n tam in an ts in  flu id . T h e  m eth od  

in c lu d es  th e  step s of: p rov id in g  a p h o to ca ta ly st fix e d  o n  a 

support m aterial in  th e  reactor; in trod u cin g  flu id  to  b e  

treated  in to  a  reactor fo r  co n ta ct w ith  th e  supported  p h o to 

cata lyst; and e x p o sin g  th e flu id  and p h o to ca ta ly st to  u ltra 

v io le t  ra d ia tion  fo r  a  p er io d  su fficien t to  d estroy  th e org an ic  

co n tam in an ts to  a  d esired  degree . T h e  so u rce  o f  U V  radia 

t io n  can  b e  su n ligh t o r  artific ial ligh t. T h e  flu id  can  b e  a 

so u rce  o f  drinking w ater, and th e  org an ic  con tam in an ts can  

b e  d is in fe cta n t b y -p rod u ct precursors.

T h e  in v e n tio n  a lso  p ro v id es a  m eth od  fo r  preparation  o f  

a su pp orted  p h o to ca ta ly st fo r  p h o to ca ta ly tic  o x id a tio n  o f  

org an ic  con tam in an ts in  flu id . T h e  m eth o d  in c lu d e s  th e  step s 

of: c lea n in g  the  sur fa ce  o f  a  support m aterial; m ix in g  

p h o to ca ta ly st p ow d er  w ith  w ater to  fo rm  a  slurry; co n ta ct in g  

th e  slurry w ith  the  sup p ort m aterial to  fo r m  a m ixture; drying  

th e  m ixture; and c a lc in in g  th e  dried  m ix tu re . Preferably, the  

m ix tu re  is  dried  in  air at about am b ien t tem perature. P ref 

erably, th e  dried  m ix tu re  is  c a lc in ed  in  air at a  tem perature 

in  the  ran ge  o f  ab ou t 2 5 0 °  C. to  ab ou t 1 0 0 0 °  C ., m ore  

p refera b ly  ab out 6 0 0 °  C ., fo r  a  p eriod  in  th e  ran ge o f  about 

1 hou r to  about 7 2  h ou rs , m ore p re fera b ly  fo r  about 2 4  

hours. T h e  supported  p h o to ca ta ly st is  su ita b le  fo r  p h otoca ta 

ly t ic  o x id a tio n  o f  d is in fec ta n t b y -p rod u ct precursors in  

d rin king  w ater. T h e  f lu id  ca n  b e  a  so u rce  o f  drink in g water, 

and th e  organ ic  con ta m in an ts  can  b e  d is in fec ta n t by-p rod u ct 

precursors.

T h e  in v e n tio n  a lso  p ro v id es a  su pp orted  p h oto ca ta ly st  

adapted  fo r  the  p h o to ca ta ly tic  ox id a tio n  o f  org an ic  co n ta m i

nants in  flu id . T h e  sup p orted  p h o to ca ta ly st co m p r ises  a  

p articu la te support m a teria l h av in g  an  ou ter sur fa ce  and  

p h o to ca ta ly st p artic les a ff ixed  to  th e  ou ter sur fa ce  o f  the  

support m aterial. T h e  flu id  can  b e  a  so u rce  o f  drinking  w ater, 

and th e  organ ic  con tam in an ts can  b e  d is in fec ta n t b y-p rod u ct 

precursors.

T h e  in v e n tio n  p ro v id es a  m eth od  fo r  preparing a p h o to 

ca ta ly st adapted  fo r  th e  p h oto ca ta ly tic  o x id a tio n  o f  organ ic  

co n tam in an ts in  flu id . T h e  p h o to ca ta ly st is  particu larly  

adapted  fo r  th e d estru ction  o f  d is in fe cta n t b y-p ro d u ct pre 

cu rsors in  drinking w ater. T h e  m eth od  in c lu d e s  th e  step s of: 

sy n th e s iz in g  T iO z p ow d er , preferably b y  th e  s o l-g e l p ro cess , 

and m ore  preferab ly  b y  th e  lo w  tem perature s o l-g e l p rocess; 

and ca lc in in g  the  P t - T i02 in  air at a  tem peratu re ran ging

3

fro m  about 2 5 0 °  C. to  ab ou t 4 5 0 °  C ., p refera b ly  ab ou t 3 5 0 °  

C ., fo r  a p eriod  ran g in g  fr om  about 1 hou r to  ab out 7 2  hours, 

p refera b ly  fo r ab out 2 4  hours. T h e  su rface o f  th e T i 0 2 
p o w d er  can b e  m o d ified  w ith  an  am ou n t o f  p la tin u m  in  the  

ra n ge from  about 0.01 w e ig h t % to ab ou t 10 w e ig h t pref 

erab ly  at le a st about 1 w e ig h t %, b a se d  o n  the  w e ig h t o f  the  

T iO z pow der. M ore  preferably , th e T i 0 2 is  sy n th es ized  by  

th e  lo w  tem perature s o l-g e l p ro cess , and is  su rface m o d ified  

b y  p h oto -red u ction  o f  P t  fr om  a p la ta n ic  acid .

D E S C R IP T IO N  O F  T H E  F IG U R E S

FIG . 1 is  a  sc h em atic  d raw in g o f  an  apparatus fo r  d estroy 

in g  org an ic  con tam inants in  flu id  b y  so lar-d riven  p h oto ca ta 

ly t ic  ox id ation .

F IG . 2  is  an en la rg ed  partial cr oss  se c tio n a l v ie w  tak en  

g en era lly  a lon g  lin e  2 — 2  in  FIG . 1.

F IG . 3  is  a p ersp ec tiv e  v ie w  o f  a  se c o n d  em b o d im en t o f  

an apparatus fo r  d estro y in g  org an ic  con tam in an ts in  flu id  b y  

artific ial ligh t-d riven  p h o to ca ta ly tic  ox id ation .

F IG . 4  is  a  p lo t o f  tr ich lo roeth y len e  (T C E ) con cen trat ion  

as a  fu n ctio n  o f  em p ty  b ed  co n ta ct tim e  (E B C T ) fo r  fiv e  

p h o to ca ta ly st and sup p ort m aterial co m b in a tio n s .

FIG . 5  is  a  p lo t o f  T C E  con cen tration  as a  fu n ctio n  o f  

p h o to ca ta ly st d o sa g e  fo r  s i lic a  g e l supp ort m aterial.

F IG . 6 is  a  p lo t o f  T C E  con cen tra tio n  as a  fu n ctio n  o f  

p a rtic le  s iz e  fo r the  in d ica ted  E B C T  fo r  s i lic a  g e l support 

m aterial in  the  sa m e reactor.

FIG . 7  is  a  p lo t o f  T C E  con cen tra tio n  as a  fu n ctio n  o f  

c a lc in in g  tem perature fo r  th e  in d ica te d  E B C T  fo r  s ilic a  g e l 

sup p ort m aterial.

FIG . 8 is  a p lo t  o f  T C E  con cen tration  as a  fu n ctio n  o f  

E B C T  fo r fou r support m aterials and a p h o to ca ta ly st slurry.

F IG . 9  is  a  p lo t  o f  T C E  con cen tration  as a  fu n ctio n  o f  

E B C T  fo r exp osu res at s ix  su n lig h t in ten sit ie s  w ith  sand  

sup p ort m aterial.

F IG . 1 0  is  a  p lo t o f  T C E  co n cen tration  as a  fu n ctio n  o f  

E B C T  fo r exp osu res at tw o  lo w  su n lig h t in ten sit ie s  in  rain 

w ith  s ilic a  g e l support m aterial.

F IG . 11 is  a p lo t o f  T C E  con cen tra tio n  as a  fu n ctio n  o f  

E B C T  fo r fiv e  in itia l T C E  con cen tration s u s in g  s il ic a  g e l 

support m aterial.

F IG . 1 2  is  a  p lo t o f  T C E  co n cen tration  as a  fu n ctio n  o f  

in itia l pH  fo r s i lic a  g e l  support m aterial.

F IG . 1 3  is  a  p lo t o f  T C E  co n cen tration  as a  fu n ctio n  o f  

rea ctor len g th  fo r th ree hyd ra u lic lo a d in g s  u sin g  s il ic a  g e l 

sup p ort m aterial.

F IG . 1 4  is  a  p lo t o f  T C E  con cen tra tio n  and c h lo r id e  io n  

p rod u ction  as a fu n ctio n  o f  E B C T  u sin g  s ilic a  g e l  support 

m ateria l.

F IG . 1 5  is  a p lo t o f  to ta l B T E X  (b en zen e , to lu en e , eth yl 

b e n z e n e  and x y le n e ) co n cen tration  as a  fu n ctio n  o f  E B C T  

u s in g  s ilic a  g e l supp ort m aterial.

F IG . 1 6  is  a  sc h em a tic  draw ing  o f  an  apparatus fo r  

d estro y in g  organic  con ta m in an ts  in  liq u id  and ad ap ted  fo r  

regen eratin g  the  c a ta ly st b y  b ack flu sh in g  w ith  water.

H G . 1 7  is  a  p lo t o f  efflu en t te trach lo roeth y len e  (PC E ) 

con cen tra tio n  as fu n ctio n s  o f  tim e in  th e  adsorbent b ed  and  

tw o  supported  p h o to ca ta ly st b ed s fo r  regen era tion  o f  

A m b erso rb  5 63  re sin  in  th e  apparatus o f  FIG . 16 .

H G . 1 8  is  a p lo t  o f  efflu en t ch lo r id e  io n  co n cen tra tio n s as 

fu n ctio n s  o f  tim e  in  th e  ad sorbent b ed  and tw o  supported  

p h o to ca ta ly st b ed s fo r  regen eration  o f  A m b erso rb  5 6 3  re sin  

in  th e  apparatus o f  H G . 16.
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FIG . 1 9  is  a  s id e  e lev a tio n a l v ie w  o f  a  first alternative 

em b od im en t o f  an  apparatus o f  th e  in v en tio n  fo r  d estroyin g  

orga n ic  co n tam in an ts in  flu id  b y  so la r-d riven  p h o to ca ta ly tic  

ox id at ion .

FIG . 2 0  is  a  sch em a tic  illu stra tion  o f  th e  exp er im en ta l 

apparatus u se d  in  E x a m p le  1.

D E T A IL E D  D E S C R IP T IO N  O F  A  P R E F E R R E D  

E M B O D IM E N T

S h o w n  in  F IG S . 1 - 2  is  an  apparatus 2 0  o f  th e  in v en tio n  

fo r  p h o to ca ta ly tic  o x id a tio n  o f  org an ic  con ta m in an ts  in  

flu id . T h e  apparatus 2 0  in c lu d es a  reactor 2 2 . T h e  reactor 2 2  

in c lu d es o p p o sed  first and seco n d  en d  p or tion s 2 4  and 2 6  

and a treatm ent z o n e  2 8 . In  o ther em b o d im en ts o f  the 

in v en tio n , th e  reactor 22 m ay b e  co n figu red  d ifferen tly , su ch  

as, fo r  ex a m p le , an  o p en -to p  or co v e r e d  sh a llo w  tank. T h e  

first en d  portio n  2 4  is  c o n n ec ted  to  a  flu id  in le t  m a n ifo ld  3 2  

fo r  in trod u cin g  flu id  to  b e  treated in to  th e  trea tm en t z o n e  2 8 . 

T h e  flu id  in le t  m a n ifo ld  3 2  is  con n ec ted  b y  a  p u m p  3 4  to  a 

so u rce  3 6  o f  flu id  to  b e  treated . T h e  seco n d  en d  p ortio n  2 6  

is  con n ec ted  to  a  flu id  o u tle t m a n ifo ld  3 8  fo r  rem ov in g  

treated  flu id  fro m  th e  treatm ent z o n e  2 8 . In  th e  illustra ted  

em b od im en t, th e trea tm ent z o n e  2 8  o f  th e  rea ctor 22 is  a 

plura lity  o f  tubular m em b ers 3 9  c o n n ec ted  to  th e  m an ifo ld s  

3 2  and 3 8  and ea c h  h a v in g  an outer w a ll 4 8  con stru cte d  o f  

U V  tra n sm issiv e  m a teria l 50 .

T h e  reactor 2 2  a lso  in c lu d e s  a p h o to ca ta ly st 4 2  affixed  to  

a particu late  support m ater ia l 4 4  and d isp o sed  in  th e  treat

m en t z o n e  2 8 . P referab ly , th e  p h o to ca ta ly st 4 2  is  affixed  to  

th e  p articu late supp ort m aterial 4 4  as d escr ib ed  in  further 

d eta il b e lo w . A s  u se d  h erein , “particu late  sup p ort m aterial” 

in c lu d es p articles , fi la m en ts , fibers, threads, g e ls ,  gran ules , 

m ats and any o ther m aterial su ita b le  fo r  su p p ortin g  the  

p h oto ca ta ly st  4 2 . In  th e  illu strated  em b o d im en t o f  th e  in v e n 

t io n , th e  p h o to ca ta ly st 4 2  and support m ater ia l 4 4  o ccu p y  

ab out 60%  o f  th e  v o lu m e  o f  th e treatm en t z o n e  2 8 . T h e  

rem aind er o f  th e  treatm en t zo n e  2 8  co m p r ises  v o id  sp aces  

4 6  th rou gh  w h ic h  the  f lu id  flo w s . T h e  p h o to ca ta ly st 4 2  and  

support m aterial 4 4  are reta in ed  in  th e treatm ent z o n e  2 8  b y  

screen s 4 5  at e a c h  en d  portio n  2 4  an d  2 6 . T h e  screen s 4 5  

p reven t m o v em en t o f  th e p h oto ca ta ly st  4 2  and support 

m ateria l 4 4  fr o m  th e  treatm ent z o n e  2 8  w h ile  a lso  perm itting  

flu id  to  p a ss  therethrough.

T h e  apparatus 2 0  a lso  in c lu d es m ea n s fo r  e x p o s in g  the  

p h o to ca ta ly st 4 2  and flu id  to  U V  rad iation  w h ile  th e  flu id  is  

in  co n ta ct w ith  th e  p h o to ca ta ly st 4 2  in  the  treatm ent z o n e  28 . 

In  th e illu stra ted  em b o d im en t, th e  e x p o s in g  m ea n s  in c lu d es  

th e  tubular m em b ers 3 9  ea ch  h a v in g  an  ou te r  w a ll 4 8  

co n stru cted  o f  U V  tra n sm issiv e  m aterial 5 0 . A s  u se d  herein  

and se t forth  in  further d eta il b e lo w , “U V  tra n sm issiv e” 

m ea n s that th e  m aterial transm its a  sub stan tial fr ac tion  o f  

in c id en t u ltrav io le t rad iation  (U V ). In  th e  illustrated  

em b od im en t, su n lig h t is  th e  so u rce  o f  U V  radia tion , and the  

apparatus 2 0  in c lu d es  a  reflec tor p an el 5 2  ex te r io r  to  the  

reactor 2 0  fo r  d irectin g  su n lig h t in c lu d in g  U V  rad iation  

tow ard  th e  U V  tra n sm issiv e  outer w a lls  4 8  o f  th e  tubular 

m em b ers 3 9 . A lth o u g h  th e  reflector p an el 5 2  is  n o t n e c e s 

sary, i f  u se d  th e  reflecto r  p an el 5 2  can  b e  co n stru cte d  o f  any

T A B L E  1

5

su itab le  m aterial re flec tiv e  o f  in c id en t U V  rad iation , in  the 

illu stra ted  em b o d im en t o f  th e  in v e n tio n  th e reflector p an el 

5 2  is  a  p o lish e d  m eta l sh ee t. S u n lig h t can  serv e  as th e  so u rce  

o f  U V  rad iation  und er a w id e  variety  o f  w ea th er  co n d itio n s  

5 and acro ss  a  w id e  ran ge o f  t im e s  o f  the year. T h e  apparatus 

m ay a lso  in c lu d e  IIV  lig h t sou rces (not sh o w n ) m ou n ted  in  

su fficien t p roxim ity to  th e reactor 22 to  en a b le  op eration  at 

n ig h t or und er o ther dark co n d it io n s.

10 In  op era tion , flu id  co n ta in in g  org an ic  con tam in an ts is  

in tro d u ced  in to  th e  treatm ent z o n e  2 8  o f  th e  reactor  22 from  

th e  flu id  in le t  m a n ifo ld  3 2  and flo w s th rou gh  th e  tubular 

m em b ers 3 9  tow ard  the  flu id  o u tle t m a n ifo ld  3 8 . In the  

tubular m em b ers 3 9 , th e  flu id  con ta cts th e p h o to ca ta ly st 4 2  

15 and, w h en  the  reactor  22 i s  e x p o se d  to  su n ligh t, th e  flu id  and 

p h o to ca ta ly st 4 2  are s im u lta n eo u sly  e x p o se d  to  U V  radia 

t io n  tran sm itted  through th e  U V  tra n sm issiv e  ou ter w a lls  48 . 

W h en  th e  p h oto ca ta ly st  4 2  and flu id  are e x p o se d  to  U V  

rad iation , o x id a tio n  p ro c e sse s  are in itia ted  w h ic h  d estroy  the  

20 o rg an ic  con tam inan ts.

T h e  w a ll m aterial 5 0  is  tran sm issiv e  o f  in c id en t U V  

radiation . A s  u se d  h ere in , “ou ter w a ll” m ea n s any w a ll o f  a  

reactor 2 2  throu gh  w h ic h  U V  rad iation  m u st p a ss  to  reach  

th e p h oto ca ta ly st  4 2 . I f  U V  rad iation  m u st p a ss  through the  

25 w a ll to  reach th e  treatm ent z o n e  2 8 , th e  w a ll m aterial 5 0  

sh ou ld  b e  tran sm issiv e  o f  U V  radiation . P refera b ly  th e  w a ll 

m aterial 5 0  in  th e  th ick n ess  u se d  to  co n stru ct th e  reactor  2 2  

is  tran sm issiv e  o f  at le a s t ab out 20%, m o re  p referably at 

le a s t about 45% , o f  in c id en t U V  rad iation  w h e n  overa ll 

30 e ff ic ien cy  is  con sid ered . P refera b ly  th e w a ll m ateria l 3 0  is  

g la ss , p la s tic  or quartz. A  co m m ercia lly  a v a ila b le  m aterial 

w h ic h  is  particu larly su ita b le  fo r  th is  u se  is  M -7 ®  p la stic  

m arketed  b y  A m erica n  E n ergy  T ec h n o lo g ie s  (G reen  C o v e  

S p rin gs, F a .) .  M -7 ®  p la stic  is  ch em ica lly  stab le , and Vs" 

35 th ick  sh eets  o f  M -7 ®  tran sm it m ore  tha n  80%  o f  U V  

rad iation . M -7 ®  p la s tic  tu b in g  h a v in g  a  w a ll th ick n ess  o f  

about Vis" is  h ig h ly  su ita b le  fo r  con stru ctin g  ea ch  tubular 

m em b er  3 9  illu strated  in  F G .  1.

T h e  p h o to ca ta ly st 4 2  can  in c lu d e  any su ita b le  p h oto activ e  

40 se m icon d u cto r  ca ta ly st , and m a y  co n sis t o f  m ore  than o n e  

p h o to a c tiv e  sem ico n d u cto r  ca ta ly st. E x a m p les  o f  su itable  

p h o to a c tiv e  sem ico n d u cto r  cata ly sts in c lu d e  T i 0 2, Z nO , 

S n O z, K T a 0 2, SrT iO a, N b20 ?, S iC , V 20 s , W 0 3, C d S , GaP, 

C d O , and C d S e . P h o to a c tiv e  sem ico n d u cto r  ca ta ly sts , 

45 am on g others, preferred  fo r  u s e  in  th e  in v e n tio n  in c lu d e  

variou s form s o f  co m m erc ia lly  a va ilab le  T i 0 2 . F or  ex am p le , 

su ita b le  com m erc ia lly  a v a ila b le  T i 0 2 p o w d ers in c lu d e  the 

h ig h  purity (9 9 .9+ % ) T i 0 2 an atase p o w d er  m ark eted  b y  

A ld rich  C h em ica l C o . (M ilw a u k ee , W is .) , th e  D e g u ssa  P 25  

50 T iO z an atase p o w d er  m ark eted  b y  D e g u ssa  C h em ic a l C o. 

(R id g e fie ld  Park, N .J .), th e  Id em itsu  u ltra fin e  T i 0 2 (rutile) 

p o w d er  m ark eted  b y  IC D  C h em ica l D iv is io n  (Lyndhurst, 

N .J .) , a  99 .9%  pure grad e T iO z an atase p o w d er  m arketed  by  

C erac, Inc. (M ilw a u k ee , W is .) , and an  anh yd rou s T i0 2 
55 p o w d er  m ark eted  b y  F ish er  S c ien tific  C om p an y  (Fa ir L aw n , 

N .J .) . A  preferred  p h o to ca ta ly st 4 2  i s  T i 0 2 p o w d er  in  the  

an atase cr ysta llin e  form . T ab le  1 is  a  rep resen tative, n o n ex - 

h a u stiv e  lis tin g  o f  org an ic  com p ou n d s ca p a b le  o f  b e in g  

d estroyed  w ith  su ch  p h o to a c tiv e  sem ico n d u cto r  cata ly sts .

6

O rganic C om pounds D egrad ed  b y  Photoactive Sem iconductor C atalysts 

A L K A N E S A N D  T H E IR  D ERIVATIVES:________  O x ygen  Substituted  and Carbon Substituted  A lk y lsa licy lic

Straight Chain Alkanes (such as octane, decane, Acids
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T A B L E  1-con tin u ed

O rganic Com pounds D egraded b y  Ph otoactive Sem iconductor Catalysts

and hexadecane)

B ranched C hain A lkanes (such as isoocta nes) 

C ycloalka nes (such as cycloh exan e)

A R E N E S A N D  TH E IR  DERIVA TIVE S_______

B en zen e

A lk ylb en zene s (such as to lu ene  and xy lene s)

Ph en ol

O xy gen  Substituted and Carbon Substituted  A lkylp hen ol 

A niline

N itrog en Substituted and Carbon Substituted

A lky lan ilines

C atechol

O x y g en  Substituted and Carbon Substituted  

A lk ylcatech ols

R eso rc iin o l

O x y g en  Substituted and Carbon Substituted

A lkylresoreinols

C resols

O x y g en  Substituted  and Carbon Substituted  A lkylcresols  

H ydroquinone

O x y g en  Substituted and Carbon Substituted

A lkylhydroquinones

B en zy l Chlorides

C hlorobenzenes

A lkylch loroben zenes

D ichlorobenzenes

A lky ld ichlorobenzenes

Polych loroalkylbenzenes

N itrobenzene

A lkyln itrobenzenes

D initrotoluenes

C hlorophenois

O xyg en  Substituted and Carbon Substituted

A lky ichlorophenols

Polych lorophenois

O xyg en  Substituted and Carbon Substituted

A lkyipolych loroph en ols

D iphen yiethylene

Stilbenes

N aphthalene

C hloronaphthalenes

A lkylnaphthalene

N aphthols

O x y g en  Substituted and Carbon Substituted

A lkylnaphthols

Chloronaphthols

B en zo ic  A cid

O x y g en  Substituted and Carbon Substituted  A lk y lb en zo ic  

A cid

S a licy lic  A cid

C hlorobiphenyls 

D ichlorobip heny is 

Polychlorobiphenyls 

R ing-Chlorinated  Phen ylacetic  A cids

D ichlorodiphenyltrich loroethane (D D T ) 

O L E FINS A N D  U N SA T U R A T E D  H A L ID E S:

Sim ple  A lk en es  

A lkaline  

V in y l Chloride 

V in y l B rom ide 

D ichloroethylenes  

T richloroethylene 

Tetrachloroethylene 

A L K  Y L H  A L ID E S:

D ichloroethanes and D ibrom oethanes 

T richloroethanes and Tribrom oethanes 

Tetrachloroethanes and Tetrabrom oethanes 

C F Q 3, CF2CL2, and O ther C hlorofluorocarbons 

M ethy l C hloride and M ethy l B rom ide 

M ethylen e D ich lor ide  and M ethy lene  D ibrom ide  

C hloroform  and B rom oform  

Carbon T etrachloride and Carbon Tetrabrom ide 

E X A M PL E S O F  O T H ER  C L ASSES:

C hlorinated D io x in s  

C hlorinated D ibenzofurans 

T richloroacetic A cid  

A lk y l and A ryl Thiocarbam ates 

A lk y l and A ryl A m in es  

A lk y l and A ry l M ercaptans 

A lk y l and A ryl T hioethers

Polym eric M aterials R elated  to  A n y  or A ll o f  the A b o v e  

C lasses

T h e  p h oto activ e  se m icon d u cto r  ca ta ly st can  b e  surface  

m o d ified  and/or su b stitu tio n  d op ed  w ith  variou s m eta ls 

a lo n e  or  in  com b in ation , su ch  as z irco n iu m  (Zr), van ad iu m  

(V ), n io b iu m  (N b ), iron  (F e ), m o lyb d en u m  (M e), ruthenium  

(R u ), co b a lt (C o), tantalum  (Ta), o sm iu m  (O s), chrom ium  

(C r), z in c  (Z n), stron tium  (Sr), s ilv er  (A g ) , g o ld  (A u ), 55 

p la tin u m  (Pt), cop p er  (C u ), p alla d iu m  (P d ), n ic k e l (N i) , and 

ruthen iu m  (R u). P la tin u m  (Pt) is  preferred  to  m o d ify  the 

su rface o f  the  p h o to a c tiv e  se m icon d u cto r  ca ta ly st. A  p h oto 

a c tiv e  sem icon d u cto r  ca ta ly st w h o se  sur fa ce  h as b een  m o d i

f ied  in  th is m anner w ill  h a v e  charge sep ara tion  en h an ced  at 60 
th e  sur fa ce  and, in  turn, p ro v id e  m ore e ffic ien t d estru ction  o f  

org an ic  co m p ou n d s. T h e  quantity  o f  m eta ls  u se d  w ill vary  

d ep en d in g  o n  w h ic h  are u se d , and w h ic h  p h o to a c tiv e  sem i

con d u cto r  cata ly sts are u se d . P referably at le a s t  ab out 0 .01  

w e ig h t %, up to  any d esired  am ou nt o f  m eta ls  can  b e  u sed . 65 

A  preferred  p h o to ca ta ly st 4 2  is  T i0 2 w h o se  su rface h as b een  

m o d ified  b y  p h oto -red u ction  o f  P t on to  th e  surfa ce  from

h ex ach lo rop la ta n ic  a c id  accord in g  to  th e  m eth o d  o f  B ard e t 

al. [1 9 8 1 ] . A n oth er  preferred  p h oto ca ta ly st  4 2  is  T iO z w h o se  

su rface h as b e e n  m o d ified  b y  p h oto -red u cin g  A g  fr om  silv er  

nitrate acco rd in g  to  a  s im ilar  m eth od . M o re  preferably, the  

su rface-m od ified  p h o to ca ta ly st 4 2  is  ab ou t 1 w e ig h t % 

p la tin ized  anatase T iO z . M o st preferably, th e  su rface-m od i

f ied  p h oto ca ta ly st  4 2  is  ab ou t 1 w e ig h t % p la tin ized  anatase  

T i 0 2 prepared acco rd in g  to  th e  m eth od  se t fo rth  in  detail 

b elo w .

C ertain  other su b sta n ces, su ch  as org an ic  d y e s , p o ly v in y l 

a lco h o l and oth ers , m ay  a lso  b e  in co rp ora ted  onto  the 

su rface o f  th e  p h o to ca ta ly st 4 2  in  order to  se n s it iz e  it  to  the 

v is ib le  lig h t ran ge, sta b ilize  th e  p h o to ca ta ly st in  aqu eou s 

so lu tio n , or fo r  oth er p u rp oses .

T h e  support m ateria l 4 4  ca n  b e  any m a teria l su ita b le  fo r  

supportin g th e  p h o to ca ta ly st 4 2 , in c lu d in g  e ith er  op aq u e or 

U V  tran sm issiv e  m ateria l. F or ex a m p le , th e  support m aterial
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4 4  can  b e  an  op aq u e adsorbent m aterial su ch  as granular 

activa ted  carb on  (G A C ), sy n th etic  ad sorb en t or z e o lite s . 

Preferably, ab out a  2  m illim eter  th ick n ess  o f  the  support 

m aterial 4 4  is  tr a n sm issiv e  o f  at le a s t  ab ou t 1% m ore  

preferably at le a s t ab ou t 45% , o f  in c id e n t U V  radiation . 

Preferably, th e  support m aterial 4 4  is  a lso  co n figu red  in  a 

sh ap e p rov id in g  a larg e sp ec ific  area fo r  attachm en t o f  the  

p h o to ca ta ly st 4 2 . M ore preferably, th e  support m aterial 4 4  is  

s ilic a  g e l, g la s s  b ea d s, g la s s  fibers o r g la s s  w o o l. T h e support 

m aterial 4 4  can  a lso  b e  sand. T h e  m o st preferred  support 

m aterial 4 4  is  3 5 - 6 0  m e sh  D a v is i l™  s ilic a  g e l, w h ic h  is  

a va ilab le  fr o m  A ld rich  C h em ic a l C o . (M ilw a u k ee , W is .) . A  

2  m illim eter  th ick  la y e r  o f  D a v is il™  s ilic a  g e l is  tran sm is 

s iv e  o f  ab ou t 45%  o f  in c id en t U V  rad iation . T h e  am ou n t o f  

p h o to ca ta ly st 4 2  affixed  to  th e support m aterial 4 4  prefer 

ab ly ran ges from  ab ou t 0 .01%  to  ab ou t 50% , m ore  prefer 

ab ly fro m  ab ou t 0.01% to  ab out 10%, b ased  o n  the  w e ig h t  

o f  th e  sup p ort m aterial 4 4 . T h e  m o s t preferred  com b in ation  

o f  p h o to ca ta ly st 4 2  and supp ort m ater ia l 4 4  is  an  am ou n t o f  

about 1 w e ig h t % (b ased  o n  th e  w e ig h t o f  th e  support 

m aterial) o f  1 w e ig h t % p la tan ized  an atase  T i 0 2 supported  

on  3 5 - 6 0  m esh  D a v is il™  s ilic a  g e l. M o st preferably, th e  

p h o to ca ta ly st 4 2  is  affixed  to  th e  supp ort m aterial 4 4  accord 

in g  to  th e  m eth od  se t forth  in  d eta il b e lo w .

Illustrated  in  FIG . 1 9  is  a  first a ltern ative em b o d im en t o f  

the  in v en tio n . E x c e p t as d escr ib ed  b e lo w , th e  apparatus 1 2 0  

is  sim ilar  to  th e  apparatus 20, and c o m m o n  re fe ren ce  n u m 

bers id en tify  sim ilar  elem en ts . T h e  apparatus 1 2 0  in c lu d es a 

reactor w h ic h  is  a sh a llo w  tank 1 2 2  in c lu d in g  a  c o v e r  1 2 4  

con stru cted  o f  U V  tr a n sm issiv e  m ater ia l 5 0 . T h e  p h otoca ta 

ly s t  4 2  supported  o n  particu late  supp ort m aterial 4 4  is  

co n ta in ed  in  the  treatm en t zo n e  2 8  o f  the  tan k  122.

Illu strated  in  FIG . 3  is  a  seco n d  altern ativ e em b o d im en t o f  

the  in v e n tio n  illustra ted  in  FIG . 3 . E x c e p t as d escr ib ed  

b e lo w , th e  apparatus 220 is  s im ilar to  th e  apparatus 20, and  

c o m m o n  re fe ren ce  n u m b ers id en tify  s im ilar e le m en ts . T h e  

apparatus 2 2 0  in c lu d es a  reactor 2 2 . T h e  reactor 2 2  in c lu d es  

co n cen tr ic  inn er and ou ter tubular m em b ers 2 2 4  and  2 2 6  

d efin in g  th ereb etw een  an  annular treatm en t z o n e  2 8  h a v in g  

the  p h o to ca ta ly st 4 2  and support m aterial 4 4  there in . T h e  

apparatus 2 2 0  a lso  in c lu d es an artific ial so u rce  o f  U V  

rad iation  to  drive  th e  p h o to ca ta ly tic  o x id a tio n  p ro cesses . In  

th e illu strated  em b od im en t, th e  artific ial U V  so u rce is  a 

flu oresc en t lam p  2 2 8  at th e  cen te r  o f  th e inn er tubular 

m em b er  2 2 4 . T h e  in n er  tubular m em b er  2 2 4  is  co n stru cted  

o f  U V  tr a n sm issiv e  m ateria l 5 0  to  transm it U V  rad iation  

gen erated  b y  th e  flu oresc en t lam p  2 2 8  in to  th e  treatm ent 

zo n e  2 8 . T h e  outer tubular m em b er  2 2 6  is  con stru cted  o f  U V  

tra n sm issiv e  m aterial 5 0  and is  surrounded b y  a U V  re flec 

t iv e  m a terial 2 3 0 , so  that U V  rad ia tion  p a ss in g  ou tw ard ly  

through th e  ou ter  tubular m em b er  2 2 6  is  reflec ted  in w ard ly  

b y  the  re fle c tiv e  m ateria l 2 3 0  b a ck  in to  th e  treatm ent z o n e  

2 8 . T h e  d is ta n ce  b e tw e e n  th e  f lu o rescen t lam p  2 2 8  and th e  

in ner  tubular m em b er  2 2 4  m ay  ran ge  fr om  le s s  than o n e  

m illim eter  to  a m eter or m ore, and p re fera b ly  is  ab ou t 15 

cen tim eters. T h e  d is ta n ce  b e tw een  th e  in n er  and  outer tu b u 

lar m em b ers 2 2 4  and 2 2 6  (th e w id th  o f  th e annular treatm ent 

zo n e  2 8 )  m a y  range fro m  le s s  than 1 m illim eter  to  a  m eter  

or m ore , and  preferab ly  is  ab ou t 1 cen tim eter . In  an alternate 

arran gem ent (n o t sh o w n ), the  reactor 22 is  cy lin d rica l, and  

in stead  o f  an  in ner  tubular m em b er  2 2 4 , th e  flu oresc en t lam p  

2 2 8  d irectly  con tacts th e  p h o to ca ta ly st 4 2  and support 

m aterial 4 4  and th ereb y coop era te s  w ith  th e  ou ter  tubular  

m em b er  2 2 6  to  d efin e  th e  annular treatm en t zo n e  2 8 . In  

another altern ative arrangem ent (n o t sh o w n ), th e  reactor 22 
m ay  in c lu d e  reflec tiv e  m aterial 2 3 0  co v e r in g  o n ly  a p ortio n  

o f  th e  ou ter tubular m em b er  2 2 6 , so  that the  apparatus 220

9

is  u sa b le  w ith  a co m b in a tio n  o f  extern al su n ligh t, extern al 

artificial lig h t and an  internal flu oresc en t la m p  2 2 8 .

T h e  in v en tio n  a lso  p ro v id es a  m eth od  fo r  preparing a 

supported  p h oto ca ta ly st . In  a  first step , an  aq u eo u s slurry o f  

p h o to ca ta ly st p artic les is  ad m ixed  w ith  a  particu late support 

m aterial for a  p er iod  su ffic ien t to  co a t th e  ou ter su rface  o f  the  

support m aterial w ith  a d es ired  am ou n t o f  th e  p h otoca ta lyst. 

N e x t, th e  co a ted  support m aterial is  dried . F in a lly , th e  dried , 

co a ted  support m aterial is  ca lc in ed . Preferab ly , as d esc r ib ed  

a b o v e , th e support m aterial is  a  m aterial tr a n sm issiv e  o f  U V  

radiation .

I f  required , th e  sur fa ce  o f  th e  support m aterial can  b e  

ro u gh en ed  b y  ch em ica l or m ech a n ica l trea tm ent to  im p rove  

reten tion  o f  th e  p h o to ca ta ly st o n  th e  su rface . F or e x a m p le , 

th e  surfa ce  o f  g la ss  b ead s and g la s s  w o o l m u st b e  ro u gh en ed  

prior to  co n ta ctin g  w ith  the  p h oto ca ta ly st , su ch  as b y  b asic  

e tch in g  w ith  10 w e ig h t % N aO H . P refera b ly  the  p h oto ca ta 

ly s t  slurry is  prepared b y  ad d in g  a d esired  am ou n t o f  the  

p h o to ca ta ly st to  d e io n iz e d  w ater, u ltra so n ica lly  d ism em b er 

in g  the  slurry and d ilu tin g  the  slurry to  a  d es ired  c o n c e n 

tration . F or e x a m p le , to  m ak e 2 0 0  g o f  s i lic a -g e l supported  

p h o to ca ta ly st w ith  1 w e ig h t % p h o to ca ta ly st lo a d in g , the  

slurry can  b e  m ad e b y  ad d in g  2  g  o f  th e p h o to ca ta ly st 4 2  to  

200 m l o f  d e io n iz e d  w ater, and th en  m ix in g  the  slurry w ith  

th e support m aterial. Preferably, th e  c o a ted  support m aterial 

i s  dried  in  air at ab ou t am b ien t tem perature. A lso , th e  dried , 

co a ted  support m aterial preferably is  ca lc in ed  in  air at a 

tem perature o f  in  th e  ran ge o f  ab ou t 2 5 0 °  C . to  ab ou t 1000°  

C ., m ore preferab ly  ab ou t 6 0 0 °  C ., fo r  a  p er io d  preferab ly  in  

th e  ran ge o f  ab ou t 1 hou r to  about 7 2  hours, and m ore  

preferab ly  about 2 4  hours.

T h e  in v en tio n  a lso  p ro v id es a  m eth od  fo r  preparing a 

p h o to ca ta ly st supported  o n  ad sorb en t sup p ort m aterial. In  a 

first step , a  so lu tio n  com p risin g  about 80%  b y  v o lu m e  o f  

titan iu m  iso p ro p o x id e  (T IP) (A ld rich  C h em ic a l C o ., M il 

w a u k ee , W is .)  is  a d m ix ed  w ith  an  ad sorb en t supp ort m ate 

rial. T h is  m ix tu re is  m ix e d  fo r a  p er iod  su fficien t to  co a t the  

support m aterial w ith  a  d esired  am ou n t o f  H P , and  the  

co a ted  support m aterial is  p la ced  in  a  h u m id  en v iron m en t fo r  

a p er iod  su ffic ien t to  h y d ro ly ze  th e  T IP  o n to  th e support 

m aterial. T h e  resu ltin g  T i 0 2/su p p ort m ateria l is  th en  dried  

and ca lc in ed . F or e x a m p le , th e  a d m ixed  T IP /su p p ort m ate 

rial can  b e  p er io d ica lly  ag ita ted  or m ix e d  during  a  p er io d  o f  

ab out 2 4  hours, and th e  co a ted  support m ateria l p la ced  in  a 

h u m id  en v iron m en t fo r  ab ou t 4 8  hours to  h y d r o ly z e  th e H P  

o n to  the  support m ateria l. T h e  resu ltin g  T i 0 2/su p p ort m ate 

rial can  b e  dried  at ab ou t 7 0 °  C . fo r  about tw o  hours and th en  

ca lc in ed  at about 5 0 0 °  C . fo r  ab ou t 3 h ou rs  under vacuu m . 

T h e  ca lc in e d  T i 0 2/su p p ort m aterial can  b e  w a sh ed  w ith  

d e io n iz e d  w ater to  r e m o v e  e x c e s s  T i 0 2 an d  th en  dried , su ch  

as, fo r ex a m p le , at about 7 0 °  C . fo r  ab ou t tw o  hours. In  a 

seco n d  step , an aq u eo u s slurry o f  1% P t-T iO z p h o to ca ta ly st 

is  prepared, and th e  T i 0 2/su p p ort m aterial fro m  th e  first step  

is  im m ersed  in  th e P t -T i02 slurry fo r a  p er io d  to  co a t the  

T i 0 2/su p p ort m aterial w ith  P t-T iO z. T h e  re su ltin g  P t -T i0 2/  

T i 0 2/su p p ort m aterial is  dried , and th en  rin sed  and dried  

again . F or e x a m p le , a  3 w e ig h t % aq u eo u s slurry o f  1% 

P t-T iO z p h o to ca ta ly st is  prepared, and th e  T i 0 2/su p p ort 

m aterial is  im m ersed  in  the  P t -T i02 slurry fo r  a  p er io d  o f  

ab ou t 10 m in u tes. T h e  resu ltin g  P t-T i02/ T i 0 2/su p p ort m ate 

rial is  dried  at ab out 7 0 °  C. fo r  a  p er iod  o f  ab ou t 2  hours. T h e  

dried  P t -T i02/T i 0 2/su p p ort m aterial is  th en  w a sh ed  w ith  

d e io n iz e d  w ater and d ried  at about 1 05°  C . fo r a  p er io d  o f  

ab ou t 12 hours.

T h e  in ven tio n  a lso  p ro v id es a  m eth od  fo r  preparation  o f  

a  P t-T iO a p h o to ca ta ly st adapted  fo r  th e  d estru ction  o f  

org a n ic  co n tam in an ts in  flu id . T h e  p h o to ca ta ly st is  particu 
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larly  e ffe c tiv e  fo r  d estroy in g  d is in fe cta n t b y -p rod u ct precur 

sors. In  a  first step , T i 0 2 p o w d er  is  ca lc in ed . Preferab ly , the  

T i 0 2 is  sy n th es ized  b y  a so l-g e l p ro cess , m ore  p refera b ly  the 

lo w  tem peratu re so l-g e l p rocess  (Y an and R h o d es , 19 8 3 ). 

P refera b ly  th e  T i0 2 p o w d er  is  ca lc in ed  in  air at a  tem p era 

ture ran gin g from  ab ou t 2 5 0 °  C . to  ab ou t 6 0 0 °  C ., m ore  

preferab ly  about 3 5 0 °  C ., fo r  a  p er iod  ra n g in g  fr om  ab ou t 1 

hour to  ab ou t 7 2  hours, m ore preferab ly  ab ou t 2 4  hours. In  

a seco n d  step , the  su rface  o f  the  T iO z p o w d er  is  m o d ifie d  

w ith  P t. T h e  am ou nt o f  P t is  about 0 .0 1  to  ab ou t 10%  b y  

w eig h t, p refera b ly  ab ou t 1% b y w e ig h t, b a se d  o n  the  w e ig h t  

o f  the  T i 0 2. P referably, th e  P t is  p h o to -red u ced  o n to  the  

sur fa ce  o f  th e  T i 0 2 fro m  h ex ach lo rop la ta n ic  a c id  acco rd in g  

to  B ard e t  al. [1 9 8 1 ].

T h e in v e n tio n  a lso  p rov id es a  m eth od  fo r  th e  d estru ction  

o f  org an ic  co n tam in an ts in  a  flu id . In  a  first step , th e  flu id  to 

b e  treated  is  intro d u ced  in to  the  trea tm ent z o n e  o f  a  reactor  

h av in g  th erein  a  p h o to ca ta ly st affixed  to  a  sup p ort m aterial. 

W h ile  th e  flu id  is  in  con ta ct w ith  th e  p h o to ca ta ly st, th e  flu id  

and p h o to ca ta ly st are e x p o se d  to  u ltra v io le t rad ia tion  fo r  a 

p eriod  su ffic ien t to  d estroy a d esired  am ou n t o f  the org an ic  

co n tam in an ts in  the  flu id . Preferably, as d escr ib ed  ab o v e , the  

reactor is  con stru cted  o f  U V  tran sm issiv e  m ater ia l fo r  ad m it 

tin g U V  rad ia tion  in to  th e  treatm ent z o n e . A ls o , preferab ly  

th e  U V  rad ia tion  is  p ro v id ed  b y  reflection  o f  su n lig h t from  

a  reflector p an el ex terior o f  th e  reactor. In  so m e  arrange 

m en ts , th e  U V  rad iation  can  b e  p ro v id ed  b y  an  artific ial lig h t 

source.

T h e  ab o v e-d escr ib ed  m eth od  can  b e  p racticed  w ith  d if 

feren t m o d ific a tio n s, or op era tion a l m o d e s , d ep en d in g  u p on  

the  flu id  and  org an ic  con tam in an ts b e in g  treated , th e  lig h t 

sou rce, and th e  support m aterial, a m on g  o th er  factors. O n e  

op eratio n al m o d e  in v o lv e s  co n tin u ou s op eratio n  w h ere in  the 

reactor is  a lw a y s  e x p o se d  to  U V  radia tion , eith er  solar  

radiation  or an artific ial lig h t sou rce. In  th is m o d e , the 

orga n ic  con tam in an ts are o x id iz e d  as th e  flu id  p a sse s  

through th e  reactor. I f  su n lig h t is  u tiliz e d  as th e  so u rce  o f  U V  

rad iation  in  th is  m o d e , a  su p p lem en ta l lig h t so u rce  is  

required  during  n ig h t-tim e op eration . S to ra ge tanks m a y  b e  

u sed  to  o v e r c o m e  th is op era tion a l p rob lem .

A  se c o n d  op eration a l m o d e  fo r  th e  ab o v e-d escr ib ed  

m eth od  a lso  in v o lv e s  co n tin u ou s op eration , h o w e v e r  the  

reactor is  o n ly  p er io d ica lly  e x p o se d  to  U V  radiation . T h is  

m o d e  is  u se d  w h en  th e  p h oto ca ta ly st  is  supported  b y  an 

adsorben t support m ateria l. Preferably, th e  ad sorb en t-su p - 

ported  p h o to ca ta ly st is  prepared accord in g  to  th e  m eth od  

d escr ib ed  ab ove . A d so rp tion  o n to  th e supp ort m aterial 

re m o v e s  th e  organ ic con tam in an ts fro m  th e  w ater during  

p er io d s o f  n on exp osu re . T h e  ad sorbed o rgan ic  con tam in an ts  

are o x id iz e d  to  reg en erate  th e  ad sorb en t support m aterial 

w h en  th e  reactor is  e x p o se d  to  U V  radia tion . T h is m o d ifi 

ca tion  is  u se fu l fo r  so lar  ap p lica tion s, b e c a u se  ad sorp tion  o f  

orga n ic  con tam in an ts o n to  th e  support m aterial con tin u es to  

r em o v e  th e  organic  co n tam in an ts during th e  n ig h t or 

ex ten d ed  p er io d s o f  lo w  lig h t inten sity . D u r in g  p er io d s o f  

su n ligh t, th e  ad sorbed  organ ic con ta m in an ts  are o x id iz e d , 

and th e  adsorbent support m aterial is  regen era ted . O n ce  the  

ad sorb en t support m ater ia l is  regen erated , it  is  a ga in  ren 

dered  ca p a b le  o f  ad sorb in g  org an ic  co n tam in an ts during 

p er iod s o f  dark ness or lo w  lig h t in ten sity . A n  apparatus (n ot 

sh ow n ) adapted  for th is op era tion a l m o d e  in c lu d es  reactors 

co n ta in in g  p h o to ca ta ly st fix ed  o n  s ilic a -g e l supp ort m aterial, 

and co n n e c te d  in  se r ies  w ith  reactors co n ta in in g  p h oto ca ta 

ly s t  fix e d  on  adsorb en t support m aterial to  en a b le  co n tin u ou s  

op eratio n  throu gh  alternating p er io d s o f  U V  ex p o su re  and  

n on ex p osu re .

A  th ird  op era tion a l m o d e  is  a  co m b in a tio n  o f  th e  first and  

seco n d  op eration a l m o d e s  d escr ib ed  a b o v e . T h is  m o d e
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in v o lv e s  co n tin u ou s op eration  u s in g  an  adsorbent supp ort 

m ateria l, w h ere in  th e  reactor is  e x p o se d  to  U V  rad ia tion  

o n ly  p er io d ica lly . T h e  adsorbent support m aterial r e m o v e s  

th e o rgan ic  con tam in an ts fr om  th e  flu id  during p er io d s o f  

n o n ex p o su re . T h e  adsorbent support m aterial is  th en  r e g e n 

erated  b y  b ack flu sh in g  w ith  h o t w ater or stea m  and /or  

e x p o s in g  th e  adsorbent support m aterial to  U V  radia tion . 

T h e o rg a n ic  con tam in an ts and b y -p ro d u cts o f  partial o x id a 

tion  transferred  to  the  regen era tion  w ater during b ack flu sh 

in g  are o x id iz e d  b y  trea tm ent in  another reactor op erated  in  

th e first m o d e  d escr ib ed  ab ove.

A  fou rth  m o d ifica tio n  o f  th e  ab o v e-d escr ib ed  m eth od  

in c lu d e s  u s in g  an ad sorb en t support m aterial and op eratin g  

th e rea ctor w ith ou t ex p o su re  to  U V  rad iation  u n til the  

org a n ic  con tam in an ts are n o  lo n g e r  ad sorb ed  and b e g in  to  

p a ss th ro u gh  th e  b ed  o f  p h o to ca ta ly st and support m aterial. 

T h en , th e  reactor is  taken o ff-lin e  and th e  ad sorbent support 

m ateria l is  regen era ted  b y  b ack flu sh in g  w ith  h o t w ater or 

steam , an d /or  ex p o sin g  th e  ad sorb en t support m aterial to  U V  

radia tion . T h e  org an ic  con tam in an ts and /or b y -p ro d u cts o f  

partial o x id a tio n  w h ic h  are con ta in ed  in  th e  regen eratio n  

flu id  are o x id iz e d  u s in g  a reactor opera ted  in  th e  first m o d e  

d escr ib ed  ab ove.

T h e  a b o v e-d escr ib ed  m eth od  can  a lso  b e  p ra cticed  in c lu d 

in g  a  p retreatm ent step . In  th e  pretreatm ent step , a  filter, an 

o x y g e n  saturator, and an  io n -e x c h a n g e  un it are u tilized . T h e  

filter, p re fera b ly  a  0 .3 5  m icron  filter, is  u se d  to  r e m o v e  

p articu la te  m atter in  th e  flu id  stream  to  p reven t c lo g g in g  the  

p h o to ca ta ly st and support m aterial and fo u lin g  or co a tin g  the  

su rface  o f  th e p h oto ca ta ly st . T h e  o x y g e n  saturator is  u se d  

b e c a u se  th e flu id  b e in g  treated , su ch  as grou n d w ater  or 

h ig h ly  co n ta m in ated  w astew ater, m ay  n o t co n ta in  e n o u g h  

d is so lv e d  o x y g e n  to o x id iz e  th e  org an ic  con tam in an ts. T h e  

d is so lv e d  o x y g e n  m a y  b e  ad ded u s in g  air or pure o x y g e n  

m ix e d  un d er pressu re, p refera b ly  at ab ou t 1 5 -7 5  p s i , an d  the  

m ix in g  v e s s e l  sh o u ld  b e  sea led  to  p reven t th e lo s s  o f  v o la t ile  

org an ic  con tam inants . T h e  io n  ex c h a n g e  u n it can  b e  u se d  fo r  

re m o v in g  sp e c ie s , su ch  as m eta l ca tion s and  in organ ic  

a n io n s , w h ic h  fo u l th e  p h o to ca ta ly st and in terfere w ith  th e  

d estru ction  o f  organ ic  con tam in an ts in  oth er w a y s . F or  th is  

p u rp ose , o th er  su itab le  and le s s  e x p e n s iv e  te c h n o lo g ie s , 

su ch  as m eta l ox id a tio n , co a g u la tio n  and filtra tion  m a y  b e  

u sed , e sp e c ia lly  fo r larger sc a le  ap p lica tion s. F or ex trem ely  

stron g w a ste  stream s, o th er  ox id an ts , su ch  as h y d ro g en  

p e r o x id e  (H 20 2) and /or o z o n e  ( 0 3) m ay b e  added.

A ls o  accord in g  to  th e  in v en tio n , th e  p rev io u sly  d escrib ed  

apparatus, m eth od s fo r  p h o to ca ta ly tic  ox id a tio n , su pp orted  

p h o to ca ta ly sts , p h o to ca ta ly sts , and  m eth od s fo r  m ak in g  su p 

p orted  p h oto ca ta ly sts and p h oto ca ta ly sts are particu larly  

u se fu l fo r  th e p h oto ca ta ly tic  o x id a tio n  o f  d is in fe cta n t b y 

p rod u ct precursors (D B P  precursors) in  drinking w ater  

so u rces and  su p p lies . D is in fe c tio n  b y -p ro d u cts are fo rm ed  

w h e n  d rin king  w ater sou rces are d is in fec ted , su ch  a s b y  

ch lo r in a tion . W h en  a d is in fe cta n t su ch  as ch lo r in e  is  ad d ed  

to  so u rce  w ater, it  reacts w ith  a  p ortio n  o f  th e  b ack gro u n d  

o rgan ic  m atter (B O M ) p resen t in  th e  so u rce w ater to  p rod u ce  

d is in fe c t io n  b y-p ro d u cts. T h e  rea c tiv e  p ortion s o f  th e  B O M  

are referred  to  as d is in fe c t io n  b y-p ro d u ct precursors (D B P  

precu rsors). A s  d escr ib ed  ab ove , th e so u rce o f  U V  rad ia tion  

m a y  b e  artificial lig h t or su n ligh t. A  n on ex h a u stiv e  lis t in g  o f  

d is in fe c t io n  b y -p ro d u cts w h ic h  can  h e  degraded accord in g  

to  th e in v e n tio n  is  p rov id ed  in  T ab le 2 . D is in fe c t io n  b y 

p ro d u cts and  D B P  precursors n o t lis te d  in  T ab le 2  ca n  a lso  

b e  d egrad ed  acco rd in g to  the  in ven tio n .
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5 ,501,801

D is in fe c tio n  B y -P ro d u ct Precursors D eg ra d ed  A cco rd in g  

to  th e In ven tio n

ch loro form  (CHC13)

1 ,1 ,1 -trich loroe th an e (T C A ) 

carbon tetrach lorid e (CC14) 

tr ich loro aceton itr ile (T C A N ) 

tr ich lo roeth e len e  (T C E ) 

ch loro d ib ro m om eth an e (C H B rC l2) 

d ich loroaceto n itr ile  (D C A N ) 

b ro m od ich lo ro m eth an e (C H B r2C l) 

d ib ro m oeth an e (C H2B r2) 

tetrach loro eth en e (PC E ) 

b ro m oform  (B r3C H ) 

d ib ro m oa ceto n itrile  (D B A N )  

m o n o ch lo ro a ce tic  acid  (M C A A ) 

m on ob rom oacetic  acid  (M B A A )  

d ich lo ro a cetic  a c id  (D C A A )  

trich lo ro ace tic  a c id  (T C A A )

T h e am ou n t o f  p h o to ca ta ly st required  fo r  b e st D B P  p re 

cursor d estru ction  d ep en d s u p o n  th e ty p e  o f  p h oto ca ta ly st  

em p lo y ed , and  w h eth er  or n o t th e  p h o to ca ta ly st is  im m ersed  

in  slurry fo rm  or fix ed  o n  a  support m aterial. W h en  the  

p h oto ca ta ly st  is  lo o s e ly  im m ersed  in  slurry fo rm , th e p h o 

to ca ta ly st  d o sa g e  m ay  ran ge fr o m  ab out 0 .0 1%  to  ab ou t 5%  

b y  w e ig h t, b a sed  o n  the  w e ig h t o f  w ater b e in g  treated. W h en  

th e  p h oto ca ta ly st  is  fix ed  o n  support m aterial, th e  d o sa g e  

m ay  ran ge  from  ab ou t 0.01% to  about 10% b y  w e ig h t, b a sed  

o n  th e  w e ig h t o f  support m aterial.

A  m eth od  o f  D B P  precu rsor d estru ction  accord in g  to  th e  

in v en tio n  m a y  b e  in corp ora ted  at any p o in t b e fo re , during or 

after any o f  th e  sta g es in v o lv e d  in  th e  treatm ent o f  drinking  

w ater su p p lie s. T h e  d rin king  w ater sou rces can  b e  raw  

surface  and groun d w aters, and surface  and  grou n d  w aters 

that h a v e  b e e n  treated  b y  co n v en tio n a l w ater treatm ent 

p ro cesses  su ch  as co a g u la tio n , flo ccu la tio n , sed im en ta tio n , 

and filtration. S in c e  m o st drinking  w ater  so u rces co n ta in  

d ifferen t ty p e s  and am ou nts o f  b ack gro u n d  org an ic  m atter 

(B O M ), th e  D B P  precursor  d estru ction  rate w ill vary fo r  

d ifferen t w aters. T h e  d estru ction  o f  D B P  precu rsors m ay  b e  

d eterm in ed  b y m easu rin g  th e  re m ova l o f  n on p u rg ea b le  

orga n ic  carb on  (N P O C ) and, to ta l org an ic  carb on  (T O C ), or 

tr ih alom eth an e fo rm ation  p o ten tia l (T H M F P ) and d is in fe c 

tion  b y -p rod u ct fo rm ation  p o te n tia ls  (D B P F P ). M eth o d s fo r  

th ese  m ea su rem en ts  are fo u n d  in  Standard M eth o d s fo r  th e  

E xam in atio n  o f  W ater and W astew ater (1 8 th  E d itio n ) and in  

U S E P A  m eth od  5 5 2 .

T h e d estru ction  o f  D B P  precursors can  b e  a cco m p lish ed  

in  d ifferent reactor con figu ra tio n s, in c lu d in g  co n tin u ou s 

stirred b a tc h  reactor (C S T R ) p ro cesses  and p lu g  flo w  reactor  

(PFR ) p r o c e sse s . In  th e C S T R  p ro cess  m o d e , the  p h oto ca ta 

ly s t  p ow d er  m ay  b e  ad d ed  d irec tly  to  th e  w ater, m ix e d , and  

e x p o se d  to  a  so u rce o f  U V  rad ia tion  fo r a  p er io d  o f  tim e  

su fficien t to  a c h ie v e  a  d esired  D B P  precursor  d estru ction . 

T h e p h oto ca ta ly st  and  w ater m a y  th en  b e  sep arated , p ro 

d u cin g  w ater co n ta in in g  D B P  precu rsor le v e ls  w h ich , w h en  

e x p o se d  to  d is in fectan ts , w il l  p ro d u ce  in s ig n ifica n t D B P  

con cen tration s. In  th e  P F R  p ro cess  m o d e , th e  p h o to ca ta ly st 

m ay  b e  fix e d  on  a support m ateria l or ad d ed  lo o s e ly  to  fo rm  

a slurry. S in g le  or m u ltip le  p a sse s  b y th e  w ater o v e r  th e  U V  

illu m in ate d  p h oto ca ta ly st , or b y  th e  slurry throu gh  a U V  

illu m in ate d  zo n e , can  b e  u se d  to  a c h ie v e  a  d esired  treatm ent 

o b je ctiv e . A n y  o f  the d escr ib ed  m eth od s fo r  D B P  precursor 

d estru ction  can  b e  in corp ora ted  in to  d ifferen t reac tor c o n 

figu rations and ap p lied  to  m o d e s  o f  op eration  oth er than  

th o se  d esc r ib ed  herein .

13

T ab le  2 T h e fo l lo w in g  ex a m p les are in ten d ed  to  illu stra te  the  

u tility  o f  th e  a b o v e-d escr ib ed  in v en tio n , and are n o t to  b e  

con stru ed  as lim itin g  th e  su b jec t m atter o f  th e  cla im s.

E X A M P L E S

E x a m p les  1 -1 3  re la te  to  th e d estru ction  o f  o rgan ic  c o n 

tam in an ts in  flu id , w h ic h  in  th e  E x a m p les is  water. E x a m p les  

1 4 -1 7  rela te to  th e  d estru ction  o f  D B P  precursors in  drink 

in g  w ater.

In  th e  variou s ex a m p les, th e  fo llo w in g  an a ly tica l appara 

tus and m eth o d s w ere  u sed . T h e  co n cen tration  o f  tr ich loro 

e th y len e  (T C E ) and tetra ch loro eth y len e (P C E ) w ere  ana 

ly z e d  b y  d irec t aq u eo u s in je c tio n  (S u p e lco  G C  B u lle tin  

8 1 6 A , S u p e lc o , In c ., H ou sto n , T ex .) u s in g  a  H e w le tt  Packard  

5 8 8 0 A  g a s  chrom atograp h (G C ) (H e w le tt Pack ard  (H P), 

P a lo  A lto , C a lif .)  eq u ip p ed  w ith  an elec tr on  capture detector. 

B T E X  co m p o u n d s (b en zen e , to lu en e , e th y l b e n z e n e  and 

x y le n e s )  w ere  an a ly zed  w ith  purge and trap apparatus 

acco rd in g to  E PA  M eth o d  8 0 2 0  u s in g  a H e w le tt  Packard  

5 8 9 0  S e r ie s  II g a s  ch rom atograph (H P; P a lo  A lto , C a lif .) . 

T h e G C  w a s eq u ip p ed  w ith  a  D y n a tech  P T A -3 0  auto  sa m 

p ler (D y n a tech , B a to n  R o u g e , L a .) and an O IC  C orp ora tion  

4 4 6 0 A  sa m p ler con cen tra to r (O IC  C orp oration , C o lle g e  

Sta tion , T ex .) . T h e  ch lo r id e  io n  con cen tra tion  w a s  m easu red  

u sin g  a  D io n e x  M o d e l 12  io n  chrom atograph (TC) (D io n e x , 

S u n n y v a le , C a lif .) . T h e  con cen tration s o f  tota l org an ic  car

b on  (T O C ), d is so lv e d  organ ic  carbon (D O C ), and non p u rg e 

ab le o rgan ic  carb on  (N P O C ) w ere  m easu red  fo l lo w in g  Stan 

dard M e th o d  n u m b er 5 3 1 0 -C , u sin g  a  D orh m an  D C -1 8 0  

org an ic  carb on  an a lyzer (D orh m an, San ta C lara, C a lif .) . 

T H M F P  te sts  w e r e  co n d u cte d  accord in g  to  Standard M eth 

o d s p ro ced u re  5 7 1 0 -B . T h e  an a ly ses  fo r  ad dition al D B P s  

w ere  con d u cted  accord in g  to  E PA  m eth od  5 5 2 . D is s o lv e d  

o x y g e n  (D O ) w a s  a n a ly zed  u s in g  a Y S I  M o d e l 5 4 A  o x y g e n  

m eter (Y S I, Y e llo w  Sp rin gs , O h io ), and p H  w as d eterm in ed  

u sin g  an  O rio n  M o d e l 5 0 1  d ig ita l io n  an a ly zer (O rion , 

C am b rid ge, M a ss .) . A n  E G & G  G am m a S c ie n tif ic  M o d e l G S  

3 1 0 0  spectro ra d iom eter  (E G & G  G am m a S c ie n t if ic , S an  

D ie g o , C a lif .)  w a s  u se d  to  m ea su re  su n lig h t in ten sity  and  

a lso  to  d eterm in e th e  lig h t tran sm ission  o f  variou s support 

m ateria ls . T h e  sp ectrorad iom eter in c lu d ed  a  p ro b e c o n 

n ec ted  b y  a  fib er o p tic  ca b le , and w a s  calib rated  w ith  an 

E G & G  G am m a S c ien tific  M o d e l G S -5 1 5 0  D eu ter iu m  L am p  

(E G & G  G am m a S c ien tific , S an  D ie g o , C a lif .) . D e io n iz e d  

w ater w a s  d is tilled  and further pu rified  u s in g  a M illi-Q  

p u rifica tion  sy s te m  (M illip o re  C orp., B ed fo rd , M a ss .)  and 

filtered  through a 1.0 m eter  lo n g  activa ted  carb on  co lu m n  

and 0 .4 5  m icro n  filter. T h e  M illi-Q  w ater w a s  saturated  w ith  

d is so lv e d  o x y g e n  fr om  air, and th e  in itia l p H  v a lu e  w as  

about 6 .5 .

D estr u ctio n  o f  O rgan ic C on tam in an ts in  W ater

In  E x a m p le s  1 - 1 3 ,  rela tin g  to  the  d estru ction  o f  organic  

co n tam in an ts in  w ater, 1 w e ig h t % P t -T i02 w a s  prepared b y  

p h oto red u cin g  P t from  h yd rogen  h ex ach lo ro p la tin a te  (TV) 

hydrate (9 9 .9 9 5 % , A ld r ich  C h em ica l C o ., M ilw a u k e e , W is .) 

onto  th e  su rface  o f  T iO z (9 9 .9 + %  purity, L o t N o . 0 0 1 0 8 T V , 

A ld rich  C h em ica l C o ., M ilw a u k ee , W is .) , u s in g  a m eth od  

sim ilar  to  tha t d escr ib ed  b y  K raeutler and B ard (K raeu tler  

and B ard , 19 8 1 ).

E X A M P L E  1

A n  apparatus o f  th e in v en tio n  w a s  u tilized  w ith  su n ligh t 

as th e so u rce  o f  U V  rad ia tion  to  destro y  T C E  in  w ater. T h e  

exp er im en ta l apparatus 3 2 0 , illustra ted  sc h em a tic a lly  in  

FIG . 2 0 , in c lu d ed  up to  ten  reactors 3 2 2  co m p r isin g  1 .0  m
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E X A M P L E  6lo n g  M -7 ®  p la stic  tu b es w ith  in s id e  d iam eters o f  W  and 

o u ts id e  d iam eters o f  Vs". S ectio n s  o f  ea ch  p la stic  tu be w ere  

c o n n ec ted  b y  five  te e s  3 2 4  p rov id in g  sa m p le  ports along  

ea ch  reactor 3 2 2 . T h e  sa m p le  ports 3 2 4  en a b led  m on itorin g  

o f  in flu en t co n cen tra tio n , and th e  co n cen tration  at 2 5 ,5 0 ,7 5  

and 1 0 0  c m  o f  rea ctor len gth . T h e  reactors 3 2 2  w ere  

m ou n ted  in  fron t o f  a flat p la te  m eta l reflector 3 2 6  w h ich  w as  

a n g led  at 4 5 °  tow ard  th e  sun. T h e  reactors 3 2 2  w ere  packed  

w ith  p h oto ca ta ly st  a ff ix ed  to  support m ateria l. Fou r support 

m ater ia ls  w ere  com pared: sand, g la ss  b ea d s, s i lic a  g e l and  

g la s s  g au ze . W ater con ta m in ate d  w ith  T C E  w as p ro v id ed  to  

th e  reactors 3 2 2  fr om  w ater sou rces 3 2 8  b y  p u m p s 3 3 0 . A s  

sh o w n  in  FIG . 4 , th e s i l ic a  g e l supp ort m ater ia l p rov id ed  the  

h ig h e s t  T C E  destru ction . T h e  n orm alized  T C E  (C /C o) rep 

re sen ts the  fraction al d egra d ation  fo r th e  var iou s reported  

em p ty  b ed  co n ta ct t im e s  (E B C T ).

E X A M P L E  2

T h e  apparatus d escr ib ed  in  E x a m p le  1 w a s  u tilized  w ith  

su n lig h t as th e  so u rce o f  U V  rad ia tion  to  destro y  T C E  in  

w ater. P h oto ca ta ly st  lo a d in g s  o f  0 .1 , 0 .2 5 , 0 .5 , 1 .0 , 2 .0 , 4 .0  

and 8.0 w e ig h t %, b a sed  o n  th e  w e ig h t o f  support m aterial, 

w e r e  co m p ared  fo r s i l ic a  g e l  supports. FIG . 5  d isp la ys the 

T C E  con cen tration  at th e  first sa m p le  port in  th e  reactor for 

v ar io u s p h o to ca ta ly st d o sa g es . A s  sh o w n  in  FIG . 5 , 1 .0  

w e ig h t  % o f  p h o to ca ta ly st p rov id ed  th e  g rea test d estruction  

fo r  sa m p les tak en  at th e  2 5  c m  port.

E X A M P L E  3

T h e  apparatus d escr ib ed  fo r  E x a m p le  1 w a s  u tilized  w ith  

su n lig h t as th e  so u rce o f  U V  rad ia tion  to  destroy  T C E  in  

w ater. S il ic a  g e l support m aterial p ar ticle s iz e s  o f  3 5 x 4 0 , 

4 0 x 5 0 , 5 0 x 6 0 , 6 0 x 7 0  an d  7 0 x 8 0  w ere  ev a lu a ted . A s  sh ow n  

in  FIG . 6, th e  5 0 x 6 0  m e s h  p ar ticles  p ro v id ed  the  greatest 

destruction . P artic les in  a ll s iz e s  teste d  p rov id ed  destruction  

greater than 80% .

E X A M P L E  4

T h e  apparatus d escr ib ed  fo r E x a m p le  1 w a s  u tilized  w ith  

su n lig h t as th e  so u rce o f  U V  rad ia tion  to  destro y  T C E  in  

w ater. C a lc in in g  tem p eratures o f  4 0 0 ° , 5 0 0 ° , 6 0 0 ° , 7 0 0 °  and  

8 0 0 °  C . w ere  com p ared  fo r  a ff ix in g  th e  p h o to ca ta ly st onto  

s ilic a  g e l support m aterial. A s  se e n  in  FIG . 7 , a  ca lc in in g  

tem perature o f  6 0 0 °  C . p ro v id es th e  grea te st T C E  destruc 

tion . S im ilar te sts  fo r  th e  san d  support m ateria l sh o w ed  that 

a ca lc in in g  tem perature o f  5 0 0 °  C . p ro v id es h ig h es t destruc 

tion .

E X A M P L E  5

T h e  apparatus d escr ib ed  fo r  E x a m p le  1 w a s  u tilized  w ith  

su n lig h t as th e  so u rce o f  U V  rad ia tion  to  d estroy  T C E  in  

w ater. S il ic a  g e l, sand, g la s s  b ead s and g la s s  w o o l support 

m a teria ls  w ere  com p ared  to  an  un su p p orted , lo o s e ly  

im m ersed  P t -T i02 slurry. T h e  P t -T i02 slurry w a s  m ad e b y  

first m ak in g  a  co n cen tra ted  slurry w ith  a D y n a tech  M o d el 

3 0 0  so n ic  d ism em b erato r (D y n a tech , C h an tilly , V a.) and 

th en  d ilu tin g it  to  th e  req u ired  d o sa g e . D ifferen t am ounts o f  

p h o to ca ta ly st w ere  p resen t in  th e  slurry an d  o n  th e  d ifferent 

support m aterials: 0 .0 2 5  w e ig h t  % P t -T i02 in  th e  slurry; 1 

w e ig h t % o n  the  san d, s i lic a  g e l  and g la s s  b ead  support 

m aterials; and 10 w e ig h t  % o n  th e  g la ss  w o o l. A s  sh o w n  in  

FIG . 8, a ll co m b in a tio n s e x c e p t the  g la s s  b ead s p rov id ed  

d estru ction  b e lo w  th e  d e te c t io n  lim it  o f  0 .5  p g /L  after 3 .2  

m in u tes o f  E B C T , and  th e  s ilic a  g e l support m aterial pro 

v id e d  the  fa s te st d estru ction .

15

T h e apparatus d escr ib ed  fo r  E xam p le  1 w a s  u tilized  w ith  

su n lig h t as the  so u rce  o f  U V  rad iation  to  destro y  T C E  in  

water. T h e  d estru ctive ca p a c ity  o f  s i lic a  g e l and san d  support 

m aterials w as com p ared  fo r  d ifferent in c id en t su n lig h t in ten 

sities . A s  sh o w n  in  F IG S . 9  and 10 , s i lic a  g e l support 

m aterial exh ib ite d  th e h ig h e s t  d estru ction  and  w as e ffe c tiv e  

e v e n  at lo w  lig h t in ten sit ie s .

E X A M P L E  7

T h e  apparatus d escr ib ed  fo r  E xam p le  1 w a s  u tiliz e d  w ith  

su n lig h t as th e  so u rce  o f  U V  rad iation  to  destro y  T C E  in  

water. T h e  p erform an ce o f  s i lic a  g e l support m ateria l w as  

co m p ared  fo r  d ifferent in itia l T C E  co n cen tra tio n s (2 .9 9 , 

9 .6 9 , 3 8 .0 8 , 4 7 .9 2  an d  5 4 .1 2  m g /L ). A s  sh o w n  in  FIG . 11, 

T C E  d estru ction  o f  m ore  than 95%  w a s ob ta in ed  fo r  all 

in itia l T C E  con cen tration s in  ab out three m in u te s o f  em p ty  

b ed  co n ta c t tim e  (E B C T ). M o re  than 99 .9 %  d estru ction  w as  

ob serv ed  fo r in flu en t co n cen tra tio n s le s s  tha n  10 m g /L  w ith  

3 .2  m in u tes o f  E BC T .

E X A M P L E  8

T h e apparatus d escr ib ed  fo r  E xam p le  1 w a s  u tilized  w ith  

su n lig h t as th e so u rce  o f  U V  radiation  to  destro y  T C E  in  

water. T h e  im p act o f  in itia l pH  o n  T C E  d estru ction  w as  

stu d ied  w ith  the  s ilic a  g e l  support m aterial and co m p ared  to  

a  p h oto ca ta ly st  slurry prepared as d escrib ed  in  E x a m p le  5 . 

A s sh o w n  in  FIG . 1 2 , d estru ction  o f  T C E  greater than 95%  

w as ob ta in ed  fo r p H  v a lu e s  ran ging  fro m  3 to  7  w ith  an 

E B C T  o f  4 8  seco n d s . N ea r ly  99 .9%  d estru ction  w as  

ob ta in ed  than E B C T  o f  2 .4  m in u tes e v e n  fo r  a  pH  o f  10.5  

(n ot sh o w n ). In  contrast, su bstan tial im p act o f  p H  w a s fo u n d  

fo r a  P t -T i02 slurry (n o t sh o w n ). F or e x a m p le , at p H = 3  (n ot 

sh o w n ), th e  P t -T i02 in  th e  slurry appeared to  flo ccu la te  and 

very  little  T C E  d estru ction  w as ob serv ed . T h is  further 

d em on stra tes the  d estru ctive  e ff ic ien cy  o f  p h oto ca ta ly tic  

o x id a tio n  u sin g  p h o to ca ta ly st affixed  to  a  support m aterial 

acco rd in g to  th e in v en tio n .

E X A M P L E  9

T h e apparatus d escr ib ed  fo r  E xam p le  1 w a s  u tiliz e d  w ith  

su n ligh t as th e  so u rce  o f  U V  rad iation  to  d estroy  T C E  in  

water. C on tam in ated  w ater w as intro d u ced  at hyd ra u lic  

lo a d in g s  o f  19, 3 8  an d  5 7  m eters/h ou r to  p h o to ca ta ly st 

supported  o n  s ilic a  g e l. A s  sh o w n  in  FIG . 13 , hyd ra u lic  

lo a d in g s  ran gin g b e tw e e n  19 and 5 7  m eters/h ou r h ad  little  

e ffe c t  o n  T C E  d estru ction , w ith  T C E  b e in g  d estroyed  m ore  

than 95%  in  0 .2 5  c m  o f  reactor len g th  fo r  ea ch  hydrau lic  

lo a d in g . U s in g  a g la s s  w o o l  support (no t sh o w n ), an  in flu en t 

co n cen tration  o f  1 .4  m g /L  and hyd ra u lic lo a d in g  o f  9 5  

m eters/h ou r, 99 .9%  o f  th e  in flu en t T C E  w a s d estroyed  in  an 

E B C T  o f  le s s  than 3 0  seco n d s .

E X A M P L E  10

T h e  apparatus d escr ib ed  fo r  E xam p le  1 w a s  u tiliz e d  w ith  

su n lig h t as th e  so u rce  o f  U V  radiation  to  d estroy  T C E  in  

water. T C E  d estru ction  and ch lo r id e  io n  con cen tration  w ere  

co m p ared  to  that e x p e c te d  i f  the  T C E  w ere  co m p lete ly , 

rather than partially , d estro yed . A s  sh o w n  in  FIG . 14, 

a lth ou gh  the  ch lo r id e  io n  con cen tra tion  la g g e d  b eh in d  the  

T C E  d isap p earan ce, a ll th e  ch lorin ated  b y -p ro d u cts w ere  

d estroyed  in  3 .2  m in u te s  o f  E BC T .
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E X A M P L E  11

5 ,501,801

T h e  apparatus d escr ib ed  fo r  E x a m p le  1, e x c e p t u sin g  a 2  

m eter lo n g  reactor w ith  an  in s id e  d iam eter  o f  Vi\ w a s  

u tilized  w ith  su n lig h t as th e  so u rce o f  U V  rad iation  to  

destro y b e n z e n e , to lu en e , e th y l b en z e n e  and x y le n e s  (B T E X  

co m p o u n d s) in  gro u n d w ater  as sh o w n  in  T ab le 3 . T h e  

p h o to ca ta ly st w a s  fix e d  on  s ilic a  g e l support m aterial. A s  

sh o w n  in  F IG . 1 5 , th e  B T E X  co m p ou n d s w ere  d estro yed  

fr om  a co m b in e d  co n cen tra tio n  o f  m ore than 2 pp m  to b e lo w  

the  d e tec tio n  lim it  in  an  E B C T  o f  le s s  than 6 .5  m in u tes o n  

a rainy day.

T A B L E  3

T ypical Influent B T E X  C om pound C oncentrations 

in  C ontam inated Water

O rganic C om pound

Concentration

w

Percentage 

, (%)

B en zene 118 5

T oluene 813 36

E thylben zen e 2 1 0 9

o -X ylene 2 1 4 10

m -X ylen e 618 28

p -X ylen e 277 12

T otal B T E X 2 2 5 0 100

In so m e  te s ts  (d escr ib ed  b e lo w ), w ater con ta m in ated  w ith  

B T E X  co m p o u n d s an d  a lso  in c lu d in g  particu la te  m atter and  

variou s d estru ction -in terfer in g  and ca ta ly st fo u lin g  sp e c ie s  

su ch  as certain  m eta l ca tio n s and in organ ic  an ion s w as  

treated  to  d ete rm in e  th e  e fife c tiv e n e ss  o f  a  pretreatm ent 

apparatus p reced in g  th e  reactor. T h e  sa m e reactor as a b o v e  

con ta in ed  p h o to ca ta ly st fix ed  o n  s ilic a  g e l support m aterial. 

T h e p retreatm ent apparatus in c lu d ed  a  0 .3 5  m icrom eter  

filter, a  T ed llar™  b a g  fo r  in trod u cin g d is so lv e d  o x y g e n  in to  

th e  w ater, an d  an  io n  ex c h a n g e  re sin  co lu m n  in c lu d in g  th e  

res in s sp e c ifie d  b e lo w .

O rgan ic  and in organ ic  p articu la te m atter can  p o te n tia lly  

c lo g  th e  reac tor b ed  and fo u l th e  p h oto ca ta ly st  b y  coa tin g  th e  

p h o to ca ta ly st su rface . T h erefore , the  pretreatm ent apparatus 

in c lu d ed  a 0 .3 5  m icrom ete r  filter to  r e m o v e  turbid ity  fr om  

th e  water. T h e  pretreatm ent apparatus a lso  in c lu d ed  appa 

ratus fo r  in tro d u cin g  d is so lv e d  o x y g e n  in to  th e  w ater. 

A lth o u g h  o th er  o x y g e n  in trod u ction  apparatus c o u ld  b e  

u se d , in  th e  te s ts  a  T ed llar™  b a g  w as fi lle d  w ith  w ater to  b e  

treated , and pu re o x y g e n  w a s  in trod uced u n d er p ressu re to  

esta b lish  a  d is so lv e d  o x y g e n  le v e l o f  ab ou t 15 m g /L . O ther 

ox id an ts su ch  as h yd ro g en  p erox id e , p o ta ss iu m  brom ate, 

p o ta ssiu m  p ero x y m o n o su lfa te , and am m on iu m  p ersu lfa te  

can  a lso  b e  u se d  in s tea d  o f  o x y g e n .

In  o n e  test, th e  e ffe c tiv e n e ss  o f  pretreatm ent w as deter 

m in ed  b y  co m p a r iso n  o f  id en tica l reactors op era ted  w ith  and  

w ith o u t pretreatm ent. A  first reactor w as fe d  con ta m in ated  

w ater w ith o u t pretreatm ent. A  seco n d  reactor w a s  fe d  w ith  

w ater pretreated  b y  filtration , ad d ition  o f  d is so lv e d  o x y g e n , 

and io n  e x c h a n g e  in  an  IR N  1 5 0  io n  ex c h a n g e  resin  colu m n . 

T h e  IR N  1 5 0  io n  e x c h a n g e  re sin  (R o h m  an d  H aas C o ., 

P h ilad e lp h ia , P a .)  w a s  u se d  to  rem o v e  s p e c ie s  b e lie v e d  to  

in terfere  w ith  th e  p h o to ca ta ly tic  p rocess  and fo u l th e  p h o 

toca ta ly st , and had a  lim ited  adsorption  ca p a city  fo r  B T E X  

co m p ou n d s. T h e  IR N  150  re s in  w as a  m ix tu re  o f  IR N  7 7  

an io n ic  e x c h a n g e  re s in  and IR N  7 8  ca tio n ic  ex c h a n g e  resin . 

W ith a to ta l B T E X  con cen tra tio n  o f  about 2  m g /L , th e  IR N  

150  io n  e x c h a n g e  re s in  co lu m n  w as saturated  after 2 0  b ed  

v o lu m e s w ere  fe d  to  th e  co lu m n . A ll data w a s  c o lle c te d  after 

th e  resin  c o lu m n  w a s  saturated  b y  B T E X  com p ou n d s. T h e

first reactor  p rov id ed  ab out 50%  to ta l B T E X  d estru ction  

during o n e  hou r o f  op era tion , bu t d estru ction  d rop ped to  

about 13%  after tw o  d ays o f  operation . T h e  seco n d  reactor  

p ro v id ed  m ore  than 95%  d estru ction  o f  B T E X  com p ou n d s  

during op eration  about 8 - 9  hours a  day  fo r  2 5  c o n se c u tiv e  

d ays. N o  n o ticea b le  d ecrease  in  p h o to a c tiv ity  w as fo u n d  

throughout th e 2 5  day  te s t o f  the  se c o n d  reactor. T h e  m ixtu re  

o f  c a tio n ic  and  an io n ic  io n  ex c h a n g e  r esin s rem o v ed  the  

sp e c ie s  r esp o n s ib le  fo r  d estru ction  in terfe ren ce  and ca ta ly st 

fo u lin g . T h e se  sp e c ie s  are p o ss ib ly  m eta l ca tion s and c o m 

m o n  in organ ic  an ion s. T ab le 4  lis ts  th e  con cen tration s o f  

certain  m easu red  sp ec ie s  in  th e  co n ta m in ated  w ater b efo re  

and after io n  ex ch a n g e . R ed u ced  ca tio n s m ay  fo rm  m eta l 

la yers o n  th e  c a ta ly st su rface  and in ter fere  w ith  th e e lec tr o n  

transfer p ro cess . B icarb on ate , w h ic h  is  a  k n o w n  .O H  rad ica l 

sca ven ger , and other in org an ic  an ion s m a y  co m p ete  w ith  

org an ic  so lu te s  fo r o x id iz in g  s ites  o n  th e  ca ta ly st  su rface , 

thereb y fo rm in g  le s s  a ctive  o x id iz in g  in organ ic  radical 

an ions.
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T A B L E  4

C onstituents Concentrations B efore  and A fter Ion  E xchange  

(m g/L)

C onstituent IR N  150 IR -1 2 0  PL U S (Na)

B icarbonate 104 /85 104 /1 04

C hloride 19 .6 /4 .4 2 0 .7 /3 1 .1

Sulfate 6 1 .6 /0 6 1 .6 /5 8 .8

A lum inum 2 .2 9 /1 .0 9 2 .8 2 /4 .2 3

B oro n 1.2 6 /2 .57 1.60/1 .71

C alcium 5 9 .5 8 /2 5 5 .29 /0 .11

Iron 5.6 9 /4 .71 3 .2 7 /2 .9 7

Potassium 7 .7 7 /2 .9 7 7 .8 3 /1 .4 5

M agnesiu m 2 .7 2 /0 .03 2 .7 0 /0 .1 0

M anganese 0 .1 /0 0 .0 9 /0

Sod ium 5 .8 3 /2 .33 6 .52 /8 7 .1

S il ic o n 3 .3 6 /8 .6 4 3 .8 7 /5 .3 6

In  a  further test, a  ca tio n ic  io n  e x c h a n g e  resin , IR  1 20  

P L U S (N a ) (R o h m  and H aa s, P h ilad e lp h ia , P a .) w as c o m 

pared  to  th e  IR N  1 50  resin . T est runs w e r e  con d u cte d  u sin g  

a s in g le  reactor  and pretream ent apparatus as gen era lly  

d escr ib ed  a b o v e , und er b o th  su n n y  and  rainy  co n d it io n s. In  

a first se t o f  te s t runs, w ater pretreated  w tih  the IR  120  

P L U S (N a ) ca tio n ic  io n  ex c h a n g e  resin  w a s  fed  to  the  

reactor. In  an oth er se t o f  te s t runs, w ater pretreated  w ith  the  

ab o v e-d escr ib ed  IR N  1 5 0  resin  w as fe d  to  th e  reactor. T h e  

seco n d  se t  o f  te s t runs u s in g  IR  1 2 0  P L U S (N a ) c a tio n ic  resin  

p rov id ed  o n ly  ab out 20%  B T E X  d estru ction , w h ile  th e  first 

se t o f  runs u s in g  IR N  1 5 0  p ro v id ed  a lm o st tota l destru ction . 

T h e resu lts  o f  th e  te s t m ay b e  ex p la in ed  b eca u se , w h ile  

fo u lin g  s p e c ie s  prob ab ly  w e r e  rem o v ed  b y  th e  c a tio n ic  io n  

ex ch a n g e  re sin , so m e  oth er sp e c ie s  (prob ab ly  in org an ic  

an ion s) p ro b ab ly  rem ain ed  in  th e  w ater and in terfered  w ith  

destru ction .

A  te s t w a s  a lso  co n d u cte d  to  d eterm in e w h eth er  b icar 

b on ate , a  k n o w n  .O H  rad ica l sca ven ger , w a s  a  prim ary 

d estru ction  inhib itor. In  tw o  te st runs, th e  p H  o f  th e  w ater  

fr om  th e  ca tio n ic  io n  ex c h a n g e  resin  co lu m n  w a s  ad justed  to  

sup press th e  co n cen tration  o f  b icarbonate  (a lk a lin ity ). T w o  

T ed llar™  b a g s  w ere  u se d  to  c o lle c t  th e  w ater co m in g  from  

th e  ca tio n ic  io n  e x c h a n g e  resin . T h e  p H  v a lu e  o f  th e  w ater  

in  th e  tw o  b a g s  w as ad justed  fr om  6 .5  to  5 .6  and 4 .2 , 

resp ectiv e ly , b y  ad d in g  h yd ro ch lo rid e a c id  (H C I) b efo re  

in trod u cin g  th e  w ater in to  th e  reactor. H o w ev er , the  lo w e r  

p H  p rov id ed  n o  p o s it iv e  e ffec t o n  destru ction . W ith  a  p H  o f  

5 .6 , total B T E X  d estru ction  w as 2 1 .7 % , and  fo r  pH  o f  4 .2 , 

d estru ction  w a s  14% . B a se d  on  th e se  resu lts , b icarb on ate  

apparently  w a s  n o t a  prim ary ca u se  o f  B T E X  d estru ction  

in ter feren ce  in  th is  test.

5

10

15

20

25

3 0

35

4 0

45

50

55

6 0

65



5 ,501,801

Ion  chrom atograp hy  (IC ) an a ly s is  rev ea led  a sub stantia l 

am ou nt o f  su lfate ( S 0 4 2~) and ch lo r id e  (C I - )  in  th e  c o n 

tam inated  w ater and in  th e  efflu en t o f  th e  ca tio n ic  io n  

ex ch a n g e  resin  pretreatm ent un it, as in d ica ted  in  T ab le  4 . 

S ev era l researchers h a v e  reported  that th e p h oto ca ta ly tic  

d estru ction  o f  org an ic  c o m p o u n d s is  in h ib ited  b y  so m e  

in orga n ic  an ions . D estru c tio n  in terfe ren ce  in  th is  te s t w as  

prob ably d u e to  a n io n s p resen t in  the  w ater and in  the 

pretreated w ater en terin g  th e reactor fr om  the  ca tio n ic  io n  

ex ch a n g e  resin .

In  anoth er B T E X  d estru ction  test, tw o  14" ID  b y  1 .0  m eter  

lo n g  reactors w ere  com p ared , o n e  reactor b e in g  e n c lo se d  in  

a lu m in u m  fo il. T h e te s t w a s  con d u cted  w ith  th e  tw o  reactors 

e x p o se d  to  id en tica l su n lig h t c o n d it io n s. T h e  tw o  reactors 

w ere  fe d  w ith  w ater con ta m in ate d  w ith  B T E X  com p ou n d s  

and in c lu d in g  various d estru ction  inter ferin g and ca ta ly st 

fo u lin g  sp ec ie s . T h e  w ater w a s  filtered  th rou gh  a  0 .3 5  

m icrom eter  filter to  re m o v e  particu late m atter, and d is so lv e d  

o x y g e n  w a s  intro d u ced  to  a  le v e l  o f  ab ou t 15 m g /L . T h e  

w ater w a s  n o t su b jec ted  to  io n  e x ch a n g e . A fter  three hours 

o f  su n ligh t exp osu re , th e  a lu m in u m  fo i l  w a s  re m o v e d  from  

th e  first reactor. B o th  reactors h ad  b e c o m e  g r e y -y e llo w  

co lo re d  and the  se co n d , th e  o n e  e x p o se d  to  su n ligh t, w as  

m u ch  darker. To te s t th e  p er fo rm an ce  o f  th e  tw o  reactors, 

th ey  w ere  im m ed ia te ly  fe d  w ith  w ater pretreated  in  a  IR N  

1 5 0  io n  ex ch a n g e  resin  co lu m n . W ith in  ab ou t an  hour, the 

c o lo r  o f  th e  first reactor h ad  d isap peared, w h ile  th e  seco n d  

reactor w as grad ually  lig h ten in g . T h e  d estru ction  o f  B T E X  

com p ou n d s w as 38%  fo r  th e  first reactor and 27%  fo r  the  

seco n d  reactor. B o th  reactors w e r e  th en  co n tin u o u sly  oper 

ated  ov ern ig h t w ith  ad d itio n a l w ater pretreated  in  th e  IR N  

1 5 0  io n  ex c h a n g e  resin  co lu m n . T h e  fo l lo w in g  m orn in g , the 

p h oto activ ity  o f  th e  first reactor w a s  fu lly  reco v ered , and 

p ro v id ed  ap p ro xim ately  tota l in flu en t B T E X  destru ction . 

H ow ever , th e  seco n d  reactor w a s  still y e llo w ish  in  c o lo r  and  

p ro v id ed  B T E X  d estru ction  o f  ab ou t 80% . T h is  te s t  d e m 

onstrates that ca ta ly st  fo u lin g  is  at le a s t partially  in d u ced  

b eca u se  o f  exp osu re  o f  th e  rea ctors to  ligh t.

E X A M P L E  12

T h e sa m e reactor d escr ib ed  fo r  E x a m p le  11, e x c e p t o n ly  

1 m eter lo n g , w as u t iliz e d  w ith  a f lu o rescen t tann in g lam p  

ob ta in ed  fr om  U n ited  S ta tes  L ig h tin g  C orp. (Fen ten , M ich .) 

as th e so u rce  o f  U V  rad ia tion  to  d estro y  a  m ix tu re  o f  ace to n e  

and m eth an o l in  w ater. M o re  than 92%  o f  th e  total organ ic  

carbon (T O C ) w as re m o v e d  in  an  E B C T  o f  le s s  than 2 .5  

m in u tes fo r  an  in itia l m ix tu re  in c lu d in g  2 5 0  m g /L  o f  a ceto n e  

and 3 0 0  m g /L  o f  m eth an ol.

E X A M P L E  13

T h e apparatus, illu stra ted  sc h em a tic a lly  in  FIG . 16 , 

in c lu d ed  three reactors con stru cte d  o f  M -7 ®  p la s tic  tubes. 

T w o  o f  th e reactors w e r e  1 00  c m  lo n g  tu b es h a v in g  in s id e  

d iam eters o f  W' and o u ts id e  d iam eters o f  Vs", and con ta in ed  

P t-T i02 supported  o n  3 5 x 6 0  m e sh  s iz e  s i lic a  g e l support. 

T h e  third reactor w a s  a  2 5  cm  lo n g  tu b e h a v in g  an  in s id e  

d iam eter  o f  lA" and an o u ts id e  d ia m eter  o f  3/s" , and co n ta in ed  

p h o to ca ta ly st affixed  to  an  ad sorb en t support m ateria l. T h e  

adsorb ent support m ater ia l w a s  2 0 x 5 0  m e sh  A m b erso rb  5 63  

re sin  (R oh m  &  H aas, P h ilad e lp h ia , P a .) . T h e  p h oto ca ta ly st  

w a s affixed  to  th e  ad so rb en t supp ort m aterial in  a  tw o  step  

p ro cess . In  th e  first step , 1 0 0  m l o f  so lu tio n  co m p r isin g  80%  

b y  v o lu m e  o f  titan iu m  iso p r o p o x id e  (T IP) (A ld r ich  C h em i

ca l C o ., M ilw a u k ee , W is .)  w as ad d ed  to  a  b o tt le  co n ta in in g  

6 0  gram s o f  the  ad sorben t. T h e  b o tt le  co n ta in in g  th is m ix 
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ture w a s  stored  in  a  dark en v iron m en t fo r  2 4  hours and 

p er io d ica lly  in verted  to  in d u c e  m ix in g . T h e  ad sorbent w as  

th en  transferred  to  a  c le a n  flat p la te  and p la ced  in  a  h u m id  

en v iron m en t fo r  ab ou t 4 8  h ou rs to  h y d r o ly z e  th e  I I P  on to  

the  adsorbent. T h e  resu ltin g  T i 0 2/ad sorb en t w as th en  dried  

at 7 0 °  C . fo r  tw o  h ou rs , ca lc in ed  at 5 0 0 °  C . fo r 3 h ou rs under 

vacu u m , w ash ed  w ith  d e io n iz e d  w ater to  rem o v e  e x c e ss  

T i0 2, and dried at 7 0 °  C. fo r  tw o  hours. In  th e  seco n d  step , 

a  3 w e ig h t % aq u eo u s slurry o f  1% P t -T i02 p h o to ca ta ly st  

w as prepared. T h e  adsorbent im p regn ate d  w ith  T iO z w as  

im m ersed  in  th is  slurry fo r  10 m in u te s. T h e  resu ltin g  

P t-T i0 2/a d sorb en t w a s  dried  at 7 0 °  C . fo r  tw o  hours, w ash ed  

w ith  d e io n iz e d  w ater, and d ried  at 1 0 5 °  C . fo r 12 hours.

W ater con ta in in g  10  m g/1 o f  T etra ch lo roeth y len e (PC E ) 

w as p a sse d  through th e reactor in c lu d in g  adsorbent support 

m aterial in  the dark, at a  flo w  rate o f  ab ou t 10 m l/m in  fo r 18 

hours. A fte r  th is ad sorp tion  step , th e  ad sorb en t reactor w as  

reg en erated  b y b ack flu sh in g  w ith  h o t w ater and ex p o sin g  it 

to  a  U V  lig h t sou rce. T h e  h o t w ater w a s  p a ssed  at a  flo w  rate 

o f  about 20 m l/m in  and at a  tem peratu re o f  ab out 8 0 °  to  85 °  

C . T h is regen eration  step  w a s  co n d u cte d  fo r  a  p er iod  o f  6 
hours. D u rin g  th e regen era tion  step , th e  reg en era tion  w ater 

from  b ack flu sh in g  th e  ad sorb en t reactor w a s  p a ssed  through  

the  o th er  tw o  reactors c o n n ec ted  in  se r ies  and e x p o se d  to  a 

U V  lig h t source.

S a m p les w ere  tak en  p er io d ica lly  fro m  th e efflu en t en d  o f  

ea ch  c o lu m n  and a n a ly zed  fo r  con cen tra tio n  o f  P C E  and  

ch lorid e io n . T h e  P C E  con cen tra tio n  p ro file s fo r th e  efflu en t 

from  th e  adsorbent and  the  s ilic a  g e l b e d s  are sh o w n  in  FIG .

17 . T h e  efflu en t P C E  con cen tration  fro m  th e seco n d  s ilic a  

g e l b ed  w a s  b e lo w  5  pg/1. F IG . 1 8  sh o w s  the  ch lorid e io n  

prod u ctio n  p ro file s, w h ic h  m a y  a lso  b e  u se d  to  ev a lu a te  the  

d estru ction  o f  P C E , fo r  the  e fflu en ts fr o m  th e  three co lu m n s. 

B a se d  o n  th e  m ass b a la n ce  a n a ly s is , ab ou t 106 m g  o f  P C E  

w as ad so rb ed  o n  th e  ad sorb en t supp ort m aterial during the  

ad sorp tion  step  o f  18  hours, and  ab ou t 6 2  m g  o f  P C E  w as 

d estroyed  during th e  regen era tion  step  o f  6 hours. A  total o f  

e ig h t su ch  c y c le s  o f  ad sorp tion  and regen eration  w ere c o n 

du cted , and th e  o v era ll d estru ction  e ff ic ien cy  w a s  ap p rox i

m ately  45% .

D estru ction  o f  D B P  Precursors in  D rin k in g  W ater

E x a m p les  1 4 - 1 7  re la ted  to  th e d estru ction  o f  D B P  pre 

cu rsors fr o m  drinking  water. T w o  su rface  w aters u se d  fo r th e  

D B P  precu rsor d estru ction  ex p er im en ts  w ere  H illsb orou gh  

R iv er  w ater (H R W ) (Tam pa, F la .) and Sacra m en to -S an  

Joaq uin  E stuary w ater (S S JE W ) (A n tio ch , C a lif .). T h ese  

site s w e r e  ch o sen  b eca u se  th ey  rep resen t tw o  im portant 

drinking  w ater sou rces that h a v e  e x p er ie n c ed  p ro b lem s w ith  

D B P  co n tro l. W ater sa m p le s in c lu d ed  (1 ) un ch lorin ated  

in flu en t and (2) w ater treated  after th e a lu m  co agu la tio n  step  

o f  co n v en tio n a l d rin king  w ater treatm en t p ro cesses .

In  ad d ition  to  th e  1 w e ig h t  % P t-T iO z p h oto ca ta ly st  

d esc r ib ed  ab ove regard in g E x a m p les  1 - 1 3 ,  the  p h oto ca ta 

ly s ts  d escr ib ed  b e lo w  w ere  stu d ied  in  E x a m p le s 1 4 -1 7 . T h e  

ad d ition a l p h oto ca ta ly sts in c lu d ed  T iO a p ow d ers sy n th e 

s iz e d  b y  th e  lo w  tem peratu re s o l-g e l p ro cess . S ix  o f  th ese  

T i 0 2 p o w d ers w ere  ca lc in ed  at tem peratu res o f  5 0 ° , 2 5 0 ° , 

3 5 0 ° , 4 5 0 ° , 5 5 0 ° , and 6 5 0 °  C . In  a d d it io n  to  th e  P t -T i0 2, 

fo u r T i 0 2 p ow d ers w ere  su b stitu tio n  d o p ed  w ith  Zr, V, N b , 

and M e  r e sp e c t iv e ly  and c a lc in e d  at 3 5 0 °  C.

E X A M P L E  14

T ests  w e r e  p erform ed  w ith  co m m erc ia lly  a va ilab le  T iO z 

p ow d er  (A ld rich  C h em ic a l C o ., M ilw a u k e e , W is .) to  e v a lu 

ate th e  fe a s ib ility  o f  d estroy in g  D B P  precursors fr om  typ ical
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drinking w ate r  su p p lie s . T h e  reactor u se d  fo r  th e se  ex p er i 

m en ts c o n s is te d  o f  a  3 -liter  annular b ea k er  that con ta in ed  

about 2 .6 L  o f  th e  d rin king  w ater  and T i 0 2 p h oto ca ta lyst . 

T h e lig h t so u rce  w as a  4 5 0 -W  H a n o v ia  h ig h -p ressu re  quartz 

m ercu ry -v ap or lam p  (A c e  G la ss  C om p an y, V in elan d , N .J .). 5 

T h e lig h t so u rce  w a s  p la c e d  in  a quartz c o o lin g  ja c k e t and  

p la ced  in  th e  cen ter o f  th e  annular b ea k er  so  that th e  d is ta n ce  

b e tw e e n  th e  lig h t so u rce  and th e  in ner  p ortio n  o f  th e reactor  

w a ll w a s  5 .1  cm . A  5  c m  lo n g  m a g n etic  stirring bar w as  

p la ced  in  th e  b o ttom  o f  the  reactor to  k e e p  th e  con te n ts w e ll to 

m ixed . N P O C  w as u se d  as an in d ica tion  o f  D B P  precu rsor  

rem ova l. A lth o u g h  N P O C  is  n o t a  d irec t m easu re o f  D B P  

precursor destru ction , it  is  an in d ica tio n  that o x id a tio n  o f  

orga n ic  co m p o u n d s in  th e  w ater is  occu rring . R esea rch ers  

h a v e  co rrela ted  D B P  precu rsor r e m o v a l w ith  N P O C  and 15 

D O C  re m o v a l (R o o k  1 9 7 6 , B a b c o c k  and S in g er  1 9 7 7 , and  

R eck h o w  and E d zw a ld  1 9 9 1 ). T h e  corre la tio n s sh o w  that 

T H M F P  is  lin ea r ly  prop ortion al to  th e  co n cen tration  o f  D B P  

precursors an d /or N P O C  w h e n  h ig h  d o sa g e s  o f  ch lo r in e  are 

u sed  to d ete rm in e  th e  con cen tra tio n  o f  D B P s.

T h e  exp er im en ta l p ro ced u re  u sed  fo r th ese  ex p er im en ts  

w as as fo l lo w s . A p p ro x im a te ly  2 .6 L  o f  th e  sa m p le  w ater and 

a d o sa g e  o f  p h o to ca ta ly st w e r e  p la ced  in  th e  reactor. T h e

21

in itia l p H , tem perature, and N P O C  con cen tr a tio n  o f  th e  

aq u eou s su sp en sio n  w ere  m easu red . A t ap p ro x im ate ly  15 

m in u te  tim e  in terva ls , 4 5  m l sa m p le s o f  the  te s t  w ater w ere  

w ith draw n fr om  th e  reactor and cen tr ifu ged  fo r  3 m in u te s  at 

5 0 0  rpm  to  separate the  T i 0 2 p h o to ca ta ly st p o w d er  fro m  

so lu tion . T h e  w ater w as transferred to  2 0  m l v ia ls  and  

a n a ly zed  fo r  N P O C . A fter  1 20  m in u te s  o f  il lu m in a tio n  tim e , 

the  final p H  and tem perature w e r e  m ea su red , and  the  

rem ain in g  so lu tio n  w a s  cen tr ifu ged  in  2 4 0  m l b o ttle s  fo r  15 

m in u tes at 3 ,5 0 0  rpm . T h e  ce n tr ifu ged  w ater w a s  th en  p la c e d  

in  th ree 2 5 0  m l b o ttle s  and a l.Q L  b ottle . T h e  2 5 0 -m l 

sa m p les w ere  th en  u sed  in  the  ch lo rin a tion  ex p er im en ts  to  

d eterm in e th e  D B P  fo rm ation  p o ten tia l, th e  con cen tra tio n  o f  

D B P s and the  red u ctio n  in  the  D B P  precursors.

T ab les 5  and 6 d isp la y  resu lts fo r  ex p er im en ts  p er form ed  

o n  the  in flu en t and a lu m  co a g u la ted  H R W  and SSJE W . T h e  

resu lts d em on strate that N P O C , T H M F P, and th e D B P  

fo rm ation  p oten tia l (D B P F P ) can  b e  sig n ifica n tly  red u ced  b y  

a m eth od  o f  th e  in v en tio n .

2 2

T A B L E  5

E xperim ental

C onditions

N PO C , T HM FP and D B P  R eduction

N PO C  T H M FP D B P s % N P O C  

(pg/L ) (flg/L ) (p g/L ) R eduction

% T HM FP  

R eduction

% D B P  

R ed uctio n

Influent H R W 12.5 4 7 6 5 57 _ _ _
O x id ized  Influent H R W a 7.8 225 2 3 0 38 53 59

O x id ized  Influent HR W b 2.2 24 4 0 82 95 93

A lu m  C oagulated  H R W 8.5 235 275 3 2 51 5 2

Influent SSJEW 3.8 4 4 2 465 — — —

O xid ized  influent SSJE W a 2.3 251 2 7 4 39 43 41

O xid ized  Influent SSJEW C 

O xid ized  A lu m

2.2 187 2 1 4 4 2 58 6 0

C oagulated  SSJEW d 

O xid ized  A lu m

4.8 180 189 4 4 23 30

C oagulated  SSJEW C 1.8 61 38 79 7 4 85

“treated  w ith  0 .1  w t  % T i0 2, lig h t intensity  3 .0  W /L , 2  hr illum ination  tim e. 

btreated w ith  0.1  w t % T i0 2, lig h t intensity  19 W /L , 2  hr illum ination  tim e.

“treated w ith  0 .1  w t  % T i0 2, 16 m g /L  H 2 0 2  per hr, lig h t inten sity  3 .0  W /L , 2  hr illu m ination  tim e, 

‘‘treated w ith  0.1  w t % T i0 2, ligh t intensity  3 .0  W /L , 2-hour illum ination  tim e.

'treated  w ith  0 .1  w t  % T i0 2, lig h t intensity  19 W /L , 2-hour illu m ination  tim e.

4 5

T A B L E  6

N P O C  and T HM FP R ed uction  for A lu m  C oagulated  H R W

C ontact

T im e

(m in.)

L ight

Intensity

(W /L )

N PO C

C one.

(m g/L)

T HM FP

C one.

(pg/L )

N PO C

R eduction

(%)

T HM FP

R eduction

(%)

Q uantum

Y ie ld*

0 _ 5 .9 4 288 _ _ _
15 0.91 3 .8 2 156 36 46 0.061

3 0 0.91 3 .6 0 146 39 49 0 .0 3 4

45 0.91 2.78 87 53 70 0 .0 3 0

6 0 0.91 2 .1 0 57 65 80 0 .0 2 8

15 2.51 2 .9 2 81 51 72 0.031

3 0 2.51 1.81 5 4 70 81 0.021

45 2.51 1.30 37 78 87 0 .0 1 6

6 0 2.51 1.12 22 81 92 0 .0 1 2

♦B ased  on  th e contact tim es sh ow n in  the first colum n.

♦Q uantum  Y ie ld  =  (m oles  N PO C  destroyed)/(einsteins o f  LTV  rece iv ed )
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T ests  w ere  p erform ed  o n  tw o  su rface w aters  w h ic h  had  

b e e n  p rev io u sly  treated  b y  a lu m  co agu la tio n . T h e  reactor  

setup  and exp er im en ta l procedu re w ere  sim ilar  to  that 5 

d escr ib ed  in  E xam p le  14 . In stea d  o f  u sin g  th e 3  liter beaker, 

fo u r 1 .8 L  b o ro silica te  b o ttle s  d es ig n ed  fo r  e x a c t to leran ces, 

o p t ic a l  c la r ity , in te r io r  su r fa c e  s m o o th n e s s ,  a n d  fr e e d o m  

fro m  g la ss  im p erfe ction s w ere p la ced  in  th e  w ater  bath  n ex t 

to  th e  lig h t sou rce . T h e  b o ttle s  co n ta in ed  th e  ca ta ly st  and 

reac tion  m ix tu re o f  interest. S tirring bars w e r e  p la ced  in  

ea ch  b o tt le  to  fac ilita te  m ix in g . A  sm all rin g  w as p la ced  

around th e  lig h t so u rce c o o lin g  ja c k e t at th e b o tto m  o f  th e  

w ater bath  to  p ro vid e a  2  c m  sp ace  b e tw e e n  th e  b o tt le s and  15 

th e lig h t source.

T h e  sa m e ty p e o f  4 5 0  W  H a n o v ia  h ig h -p ressu re  quartz 

m ercu ry-v ap or  lam p  as w a s  d esc r ib ed  in  E x a m p le  1 4  w as  

e m p lo y ed . H ow ever , b e fo re  the  lam p  w as p la ced  in  the  

quartz c o o lin g  ja ck et, it  w as in ser ted  in to  a  P y r e x  g la ss  filter,
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E X A M P L E  15 draw n fr o m  ea ch  b o tt le  at v ariou s tim e  intervals u s in g  a 100 

m l sy r in g e . E ach  4 5  m l sa m p le  w as p la ced  in  tw o  2 0  m l 

v ia ls , cen tr ifu ged  at 2 3 0 0  rp m  fo r  15 m in u tes, and an a ly zed  

fo r  N P O C .

T ests  w e r e  perform ed u s in g  b o th  surfa ce  w aters d esc r ib ed  

a b o v e  to  ev a lu a te  th e  fe a s ib ility  o f  u s in g  a m eth od  o f  the  

in v e n tio n  fo r  rem ov in g  D B P  precursors. T h e  te s ts  w ere  

p erfo rm ed  u sin g  artificial lig h t in ten sit ie s  o f  0 .9 1  and 2 .5 1  

W /L . A  1 g m /L  d o sa g e  o f  1 .0  w e ig h t % P t -T i02 p h o to ca ta 

ly s t , w h ere in  th e  T iO z w a s  prepared acco rd in g to  th e  lo w  

tem p era tu re so l-g e l p ro cess , p la tin ized  b y  p h oto -red u ctio n  

fr om  h exach lo rop la ta n ic  ac id , and ca lc in ed  in  air at 3 5 0 °  C. 

fo r  2 4  h ou rs , w a s  u se d . A s  sh o w n  in  T able 7 , T H M F P  

in d ica ted  tha t D B P  precu rsor d estru ction  ranged fro m  46%  

to  80%  fo r  re action  tim es u p  to  6 0  m in u tes.
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T A B L E  7

N PO C  &  T H M FP R esults for A lu m  C oagulated  SSJEW

C ontact L ight N PO C  T HM FP N P O C  T HM FP

T im e Intensity  C one. C one. R ed uction  R eduction  Quantum

(m in.) (W /L ) (m g /L ) (p g/L ) (% ) (%) Y ield

0 _ 2 .9 0 2 39 _ _ _
15 1.43 1.60 141 45 41 0 .0 4 2

3 0 1.43 1.28 73 56 70 0 .0 2 6

45 1.43 1 .1 2 62 61 74 0 .0 1 9

6 0 1.43 0 .9 6 51 67 79 0 .0 1 6

to  screen  ou t rad iation  w ith  w a v e le n g th s o f  le s s  than 2 8 0  

nm .

A p p rox im ate ly  1 .8  liters  o f  w ater co n ta in in g  th e  D B P  

precursors m easured  as N P O C  w a s  p la ced  in  ea ch  b ottle . 

T h e  in itia l d is so lv e d  o x y g e n , p H , and N P O C  in  ea ch  b o ttle  4 0  

w ere  m easu red . T h e b o ttle s  w ere  co m p le te ly  co v e r e d  w ith  

a lu m in u m  fo il,  and th e  requ ired  ca ta ly st  d o sa g e s  w ere  th en  

add ed. T h e  b o tt le s and sa m p les w ere c o v ered  to  p reven t any  

ex p o su re  to  lig h t w h ic h  m igh t ca u se  o x id a tio n  o f  th e  D B P  

precursors. M agn etic stirring bars (5  cm  lo n g )  w ere  p la c e d  45 

in  ea ch  b o tt le . Prior to  e x p o sin g  th e  b o ttle s  to  th e  in c id en t 

lig h t in  th e reactor, in itia l N P O C  sa m p les w e r e  taken from  

ea c h  b o tt le . T h e se  sa m p les w ere  taken  to  d eterm in e th e  

ex ten t o f  N P O C  adsorp tion . T h e  b o tt le s w ere  p la ced  in to  th e  5Q 

reactor, and th e  m ix in g  sp eed  o f  th e  m a g n etic  stirring bars 

w a s ad justed  fo r m a x im u m  m ix in g . 4 5  m l sa m p les w ere

E X A M P L E  16

T h e  fe a s ib il ity  o f  u sin g  a  m eth o d  o f  th e  in v en tio n  fo r  D B P  

precu rsor d estru ction  w ith  su n lig h t as th e  lig h t so u rce  w as  

te ste d . A  se r ies  o f  1 .5L  P y rex  b o w ls  w ere  u sed  as reactors. 

E a ch  rea ctor had  a  to p  c ro ss -sec tio n a l area o f  ab ou t 2 5 4  cm 2 

an d  a  d ep th  o f  12  cm . E ach  reactor  co n ta in ed  a 1 .0L  so lu tio n  

co n ta in in g  th e  su rface w ater and a  1.0 gram  sa m p le  o f  the  

1 .0  w e ig h t  % P t -T i02 p h o to ca ta ly st d esc r ib ed  in  E x a m p le

15 . T h e  in c id en t lig h t in ten sity  w a s  ab out 3 1 1 .5  p E in stein / 

m in  (1 .4 3  W /L ) fo r  w a v e le n g th s  b e tw e e n  3 0 0  and 4 2 0  nm .

A s  sh o w n  in  T ab le 8, N P O C  red u ction s b e tw e e n  42%  and  

66%, an d  T H M F P  red u ctio n s b e tw e e n  50%  and 81% , w ere  

a c h ie v e d  fo r  reactio n  t im es b e tw e e n  15 and 6 0  m in u tes. T h is  

d em on str a te s that su n lig h t can  b e  u tilized  as a  lig h t so u rce  

to  d estroy  D B P  precursors fro m  drinking w ater su p p lie s.

T A B L E  8

Contact

T im e

(m in.)

N PO C  and T H M FP R esults for A lu m  C oagulated  H RW

Quantum

Y ie ld*

L ight

Intensity

(W /L )

N PO C

C one.

(m g/L )

TH M FP

Cone.

(Mg/L)

N P O C

R ed uction

(%)

T H M FP

R eduction

(%)

0 _ 5 .9 4 288 _ _ _
15 1.43 3 .4 4 144 4 2 50 0 .0 4 4

3 0 1.43 3 .2 4 98 45 66 0 .0 2 4

45 1.43 2 .6 3 77 56 73 0 .0 1 9

6 0 1.43 2 .0 2 56 66 81 0.01 7

*B ased on  the con tact tim es  sh o w n  in  the first colum n.
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T h e fe a s ib ility  o f  u s in g  a  p h oto ca ta ly st  affixed  to  U V  

tran sm issiv e  support m a teria l fo r  th e rem o v a l o f  D B P  p re 

cursors from  drinking w ater w a s  tested . T h e  reactor and  

supported  ca ta ly st  w ere  th e sa m e as in  E x a m p le  11, and th e  

lig h t so u rce w a s  the  sa m e  as in  E x a m p le  12. A s  sh o w n  in  

T ab le 9 , fo r  a  lig h t in ten sity  o f  1 .9  W /L  an d  em p ty  b ed  

con tact tim es o f  7 ,9 . 5 , 1 5  and  3 0  m in u tes, N P O C  red u ction s  

w ere  46%  fo r  a  15 m in u te  p er io d  and 59%  fo r  a  3 0  m in u te  

period.

T A B L E  9

D estruction  o f  D B P  Precursors U sin g  A rtificial L ight 

and Ph otocatalyst Supported on  S il ic a  G e l 

A lum -C oagula ted  HRW , Tampa, F L  

88  W att T anning L am p, 1 .9 m W /cm 2 

1/2" ID, 5/8" O D , 2  M  lo n g  M -7 p lastic reactor 

___________________ 1 w t. % Pt-T iO ,___________________
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E X A M P L E  17

E B C T  N PO C  C oncentration N PO C  R eduction

(m inutes) (m g/L ) (%)

0 4 .9 _
7 3.1 37

15 2 .5 46

3 0 1.9 59

W e claim :

1. A  m eth od  fo r p h o to ca ta ly tic  o x id a tio n  o f  orga n ic  c o n 

tam inants in  a  flu id , sa id  m eth od  co m p risin g  th e  step s of:

(a) p rov id in g  a reactor in c lu d in g  a treatm en t z o n e  c o n 

ta in in g a  T i 0 2 p h o to ca ta ly st affixed  to  an  adsorbent 

support m ateria l, th e  T i 0 2 p h o to ca ta ly st b e in g  fo rm ed  

o n  the  adsorbent support m aterial b y h y d ro ly s is  o f  a  

coa tin g  o f  titan iu m  isop ro p ox id e;

(b) introd u cin g th e flu id  in to  said  treatm ent z o n e  fo r  

co n ta ct w ith  sa id  T iO z p h o to ca ta ly st an d  sa id  adsorb en t 

support m aterial an d  e x p o s in g  the  flu id  and sa id  T i 0 2 

p h oto ca ta ly st  and support m aterial to  U V  rad iation  

w h ile  th e flu id  i s  in  sa id  treatm ent z o n e , fo r  a  first 

p er iod  su ffic ien t to  d estroy a desired  am ou n t o f  the  

organic  con tam in an ts in  th e  flu id  and to  regen erate  the  

support m aterial;

(c ) co n tin u in g  to  in trod u ce  th e flu id  in to  sa id  treatm ent 

zo n e  fo r co n ta ct w ith  sa id  T iO z p h o to ca ta ly st and sa id  

adsorbent support m ateria l in  the  a b se n c e  o f  U V  radia 

t io n  fo r a  seco n d  p er io d  w h e n  the  ad sorb en t support 

m aterial is  ca p ab le  o f  rem o v in g  org an ic  co n tam in an ts 

fr om  the  fluid; and

(d) op tio n a lly  rep ea tin g step s (b) and (c ).

2 . A  m eth od  fo r  p h o to ca ta ly tic  o x id a tio n  o f  orga n ic  c o n 

tam inan ts in  a  flu id , sa id  m eth od  co m p risin g  th e  step s of:

(a) p rov id in g  a reactor in c lu d in g  a treatm en t z o n e  c o n 

ta in in g  a  T i 0 2 p h o to ca ta ly st affixed  to  an  adsorbent 

support m aterial, th e  T iO z p h o to ca ta ly st b e in g  fo rm ed  

o n  th e  adsorbent support m aterial b y  h y d r o ly s is  o f  a 

coatin g  o f  tita n iu m  isop rop ox id e;

(b) introd u cin g th e  flu id  in to  said  treatm en t z o n e  fo r  

co n ta ct w ith  sa id  T i 0 2 p h oto ca ta ly st  and  sa id  adsorbent 

support m ateria l an d  e x p o s in g  the  flu id  and sa id  T i 0 2 

p h o to ca ta ly st and  support m aterial to  U V  rad iation  

w h ile  th e  flu id  is  in  sa id  treatm ent z o n e , fo r  a  first 

p er iod  su ffic ien t to  d estro y  a  d es ired  am ou n t o f  th e  

orga n ic  co n tam in an ts in  th e  flu id  and to  regen erate  th e  

support m aterial;

(c ) co n tin u in g  to  in tro d u ce  th e  flu id  in to  sa id  treatm ent 

z o n e  fo r  con tact w ith  sa id  T i 0 2 p h o to ca ta ly st and sa id

ad sorb en t support m ateria l in  th e  a b sen ce  o f  U V  radia 

t io n  fo r  a  se c o n d  p er io d  w h en  th e  ad so rb en t support 

m ateria l is  ca p a b le  o f  rem o v in g  org an ic  con tam in an ts 

fro m  th e  fluid;

(d) em p ty in g  the  flu id  fro m  sa id  treatm en t zo n e;

(e ) flu sh in g  sa id  treatm en t z o n e  w ith  reg en eration  liq u id  

to  transfer  org an ic  co n tam in an ts fro m  sa id  T i 0 2 p h o 

to ca ta ly st and  sup p ort m aterial in to  th e  reg en era tion  

liqu id;

(f ) trea tin g th e  regen era tion  liq u id  to  d estro y  organic  

con ta m in an ts  con ta in ed  therein; and

(g ) o p tio n a lly  rep ea tin g  step s (b ), (c ) , (d ), (e ) and (f).

3 . T h e  m eth o d  acco rd in g  to  c la im  1  w h ere in  said  reactor 

in c lu d es a  U V  tra n sm issiv e  portio n  fo r  ad m ittin g U V  radia 

tion  in to  sa id  treatm en t zo n e .

4. T h e  m eth od  a cco rd in g  to  c la im  3  w h ere in  at le a s t  a 

portion  o f  sa id  U V  rad ia tion  is  p rov id ed  b y  reflec tio n  o f  

su n lig h t fr o m  a reflector p an el ex terior o f  sa id  reactor,

5 . T h e  m eth od  accord in g  to  c la im  3  w h ere in  at le a s t  a 

portio n  o f  sa id  U V  rad ia tion  is  p ro v id ed  b y  an  artific ial lig h t 

source.

6. T h e  m eth o d  acco rd in g  to  c la im  3  w h ere in  sa id  U V  

tr a n sm issiv e  portio n  is  c o n stm cted  o f  U V  tran sm issiv e  

m aterial.

7 . T h e  m eth o d  accord in g  to  c la im  6 w h ere in  said  treat

m en t z o n e  o f  sa id  reactor  in c lu d es an e lo n g a ted  tubular 

m em b er  co n stm c te d  o f  U V  tran sm issiv e  m aterial.

8. T h e  m eth o d  accord in g  to  c la im  6 w h ere in  said  treat

m en t z o n e  o f  sa id  reactor  is  a  sh a llo w  tan k  c o v ered  b y  U V  

tra n sm issiv e  m aterial.

9 . T h e  m eth od  accord in g  to  c la im  6 w h ere in  sa id  U V  

tra n sm issiv e  m aterial is  tra n sm issiv e  o f  at le a s t  about 20% 

o f  in c id en t u ltrav io le t radiation .

10 . T h e  m eth od  accord in g  to  c la im  6 w h ere in  said  U V  

tra n sm issiv e  m aterial is  tr a n sm issiv e  o f  at le a s t  about 40%  

o f  in c id en t u ltrav io le t rad iation .

11. T h e  m eth od  a cco rd in g  to  c la im  6 w h ere in  sa id  U V  

tra n sm issiv e  m aterial is  tr a n sm issiv e  o f  at le a s t  about 80%  

o f  in c id en t u ltra v io le t rad iation .

12 . T h e  m eth od  acco rd in g  to  c la im  1 w h ere in  said  support 

m aterial i s  tra n sm issiv e  o f  at le a s t  about 1% o f  in c id en t 

u ltra v io let  radiation .

13 . T h e  m eth od  acco rd in g  to  c la im  1 w h ere in  said  support 

m aterial is  tra n sm issiv e  o f  at le a st ab ou t 45%  o f  in c id en t 

u ltra v io le t rad iation .

14 . T h e  m eth o d  acco rd in g  to  c la im  1 w h ere in  th e  am ou n t 

o f  sa id  p h o to ca ta ly st is  b e tw e e n  ab ou t 0 .0 5  w e ig h t  % and 

ab out 5 0  w e ig h t  %, b a se d  o n  th e w e ig h t o f  th e support 

m aterial.

15 . T h e  m eth od  acco rd in g  to  c la im  1 w h ere in  th e  am ou n t 

o f  sa id  p h o to ca ta ly st is  b e tw e e n  ab ou t 0.1 w e ig h t % and  

ab out 10 w e ig h t %, b a se d  o n  th e  w e ig h t o f  th e  support 

m aterial.

16 . T h e  m eth o d  acco rd in g  to  c la im  1 w h ere in  sa id  ca ta ly st  

is  T i 0 2 in  an atase  c ry sta llin e  form  or ru tile  cry sta llin e  form .

17 . T h e  m eth o d  accord in g  to  c la im  1 w h ere in  said  p h o 

to ca ta ly st in c lu d es  a  su r fa ce  m od ifier  se le c te d  fr om  the  

group c o n sis t in g  o f  n o b le  m eta ls , tran sition  m eta ls , and 

m ixtures th ereo f.

18 . T h e  apparatus acco rd in g  to  c la im  1 w h ere in  said  

p h o to ca ta ly st in c lu d e s  a  su b stitu tio n  dop an t se le c te d  fr om
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the  grou p  c o n sis t in g  o f  n o b le  m eta ls , transition  m eta ls , and 

m ixtu res th ereof.

19. T h e  m eth od  acco rd in g  to  c la im  1 w h ere in  said  flu id  is  

drink in g w ater and sa id  org an ic  co n tam in an ts are d is in fe c 

t io n  b y -p rod u ct precursors.

2 0 . T h e  m eth od  a cco rd in g  to  c la im  1 and further c o m 

p r is in g  b e fo re  step  (a ) th e  step  o f  in tro d u cin g  th e  flu id  in to  

a p retreatm ent u n it in c lu d in g  pretreatm ent m ean s.

2 1 . T h e  m eth od  acco rd in g  to  c la im  2 0  w h erein  sa id  

p retreatm ent m ea n s in c lu d e s  o n e  or m o re  o f  th e  fo llo w in g : 

m ea n s fo r  filterin g th e  flu id , m ean s fo r  in tro d u cin g  d is so lv e d

28

o x y g e n  in to  the flu id , and m ea n s fo r  r e m o v in g  io n s  from  the  

flu id .

2 2 . T h e  m eth od  accord in g  to  c la im  1 w h ere in  th e  treat- 

5 m en t z o n e  further in c lu d e s  P t -T i02 affixed  to  th e  adsorbent

support m aterial.

2 3 . T h e  m eth od  accord in g  to  c la im  2  w h ere in  the  treat

m en t z o n e  further in c lu d e s  P t-T iO z affixed  to  th e  adsorbent

10 support m aterial.
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