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ABSTRACT 

Chemical processing o f  nuc lear  waste a t  Hanford has generated some 

waste so lu t i ons  w i t h  h i g h  concent ra t ion  (0.1 t o  0.5M) - o f  N-(hydroxyethy1)- 

e thy lened iami n e t r i a c e t  i c  a c i d  (HEDTA), ethylenediaminetetraacetic ac id  

(EDTA), and o ther  organic  complexing agents. These complexants must be 

destroyed because they  a f f e c t  rad ionuc l i de  m i g r a t i o n  i n  s o i l s ,  waste 

concentra.t ion, rad ionuc l  i de removal, and o ther  waste storage and 

processing considerat ions.  Previous s tud ies  on ac tua l  waste s o l u t i o n s  

demonstrated t h a t  preozonat ion o f  t he  a l k a l i n e  waste s i g n i f i c a n t l y  

improved rad ionuc l i de  removal. A s e r i e s  o f  bench-scale experiments us ing  

s y n t h e t i c  waste has been performed t o  determine the  optimum pH f o r ' m o s t  

e f f i c i e n t  ozone d e s t r u c t i o n  o f  EDTA. Ozonation o f  EDTA i n  s y n t h e t i c  

waste was c a r r i e d  ou t  over t h e  range o f  1 t o  14. P o t e n t i a l  c a t a l y t i c  

m a t e r i a l s  were examined a t  d i f f e r e n t  ,pH l e v e l s .    he EDTA-ozone r e a c t i o n  

r a t e s  and s t o i c h i o m e t r i c  requirements were compared and evaluated f o r  t he  

vary ing  cond i t ions .  
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INTRODUCTION 

, . 

Large amounts of o rgan i c  complexants have been i n t r oduced  i n t o  Hanford 

waste f r om  t h e  Hanford B P l a n t  p rocess  f o r  sepa ra t i on  and c o n c e n t r a t i o n  o f  

' f i s s i o n '  p roduc ts .  Complexants  i n  Hanford waste may s i g n i f i c a n t l y  . . .  

i m p a c t  waste p rocess ing  and s torage cons ide ra t i ons .  Organic che l  a t i n g  
(394)  agents can i nc rease  t h e  p o t e n t i a l  f o r  r a d i o n u c l  i d e  m i g r a t i o n  i n  s o i  1s. 

R a d i b l y s i s  a n d  o x i d a t i o n  o f  complexants i n  t h e  waste generate  gases which 
, 

, .  @> 
inc rease  waste volume and a f f e c t  long- term s to rage  requ i rements  f o r  these 

wastes. ( 5 )  Cmp lexan t s  comp l i ca te  t h e  p resen t  vacuum evapora to r -  
c r y s t a l  1  i z e r  ope ra t i ons  b y  decreas ing  c r y s t a l  growth and i ncrea.sing 

,:.. 

amounts of en t r a i ned  water .  Other proposed f u t u r e  waste s o l i d i f i c a t i o n  

processes may be  a f fec ted  adverse ly  by t hese  reagents .  

I n  t h i s  and p rev i ous  s tud ies ,  complexant d e s t r u c t i o n  has been d j r e c t e d  ' .  

a t  e v a l u a t i n g  ozone l o 3 )  o x i d a t i o n  o f  complexants, p a r t i c u l a r l y  e thy -  

l ened iam ine te t r aace t i c  ac i d  (EDTA), t o  s a t i s f y  t h e  requ i rements  f o r  a  

rad ionuc  1  i d e  remove1 process be ing  developed a t  Hanford.  (6,7) Th i s  

process r e q u i r e s  r educ ing  complexant c o n c e n t r a t i o n  t o  < 0.005E i n  o rde r  t o  . . 

remove ' long-1 i v e d  rad ionuc  1  i des  t o  l ess  than 10 nC i /g  l e v e l s .  Ozone was 

chosen because ( 1 )  i t has e x c e l l e n t  o x i d i z i n g  power i n  a l k a l i n e  s o l u t i o n s ,  

( 2 )  i t  does n o t  inc rease  volume o r  i n t r oduce  undes i r ab le  m a t e r i a l s ,  and 

( 3 )  techno logy  f o r  p rocess ing  l a r g e  volumes o f  s o l u t i o n  i s  es tab l i shed .  

These e a r l i e r  s t u d i e s  showed t h a t  O3 c o u l d  o x i d i z e  complexants i n  

ac tua l  waste, f r e e i n g  c a t i o n i c  r a d i o n u c l i d e s  f o r  removal b y  sodium t i t a n -  

a t e  i o n  exchangers. Scoping s t u d i e s  o f  waste and ozona t i on  v a r i a b l e s  

showed t h a t  t h e  o x i d a t i o n  o f  EDTA by O3 was i n f l u e n c e d  by t h e  f o l l o w i n g  
. (6) v a r l a b l e s .  

[ n i t r i t e  (NO;)] =-temperature > [AI  OH)^] >[hydroxide (OH-)] >UV 1  i g h t  

However, o n l y  NO; c o n c e n t r a t i o n  and temperature were determined t o  

b e  s i g n i f i c a n t  a t  t h e  95% con f idence  l e v e l  ove r  t h e  ranges s tud ied .  



The mechanism f o r  O3 o x i d a t i o n  o f  organics i s  known t o  vary  

cons ide rab l y  w i t h  pH. (8) The p r imary  o b j e c t i v e  o f  t h i s  study was t o  

determine t h e  e f fec t  o f  pH on t h e  o x i d a t i o n  o f  EDTA i n  waste i n  order  t o  

determine the  optimum pH f o r  designing an ozonation process. I n  add i t i on  

t o  pH, var ious  a d d i t i v e s  were i n v e s t i g a t e d  t h a t  p o t e n t i a l l y  cou ld  enhance 

the  r e a c t i o n .  A  s y n t h e t i c  r e s i d u a l  l i q u o r  waste con ta in ing  o n l y  EDTA and 

t a r t r a t e  as complexants was used f o r  t h e  study. The complexant o f  

i n t e r e s t  chosen was EDTA s ince i t  was the s t rongest  complexant in t roduced 

f n t o  t h e  waste i n  s i g n i f i c a n t  q u a n t i t i e s  and has a h i  yh degree o f  Zhermal 

'and r a d i o l o g i c a l  s t a b i l i t y .  ' 

React ion r a t e s  and s to i ch iomet ry  f o r  t he  O3 and EDTA reac t i on  were 

used as t h e  bas i s  t o  eva lua te  pH e f fec ts .  Because o f  p rogress ive  improve- 

ments i n  the  exper imenta l  c o n f i g u r a t i o n  and procedures, t he  experimental  

c o n d i t i o n s  f o r  s tudy ing  t h e  03-EDTA r e a c t i o n  are described i n  d e t a i l .  

I n  a d d i t i o n  t o  t h e  e v a l u a t i o n  o f  pH, an attempt has been made t o  document 

and conso l i da te  a d d i t i o n a l  in fo rmat ion  on complexant cond i t i ons  i n  waste 

and p o s s i b l e  p roducts  o f  t h e  EDTA ox ida t i on .  T h i s  i n fo rma t ion  may be 

s i g n i f i c a n t  i n  p lann ing  f u t u r e  complexant s tud ies  where the  c r i l e r i d  Tor.. 

'canplexant d e s t r u c t i o n  may be dependent not on l y  on r a d i  onuc l ide  removal 

c a p a b i l i t i e s  b u t  a l so  on f a c t o r s  which would a f f e c t  near-surface, i n  s i t u  

d i sposa l  o f  t h e  wastes such as gas generat ion, rad ionuc l i de  m ig ra t i on  i n  

s o i l s ,  and waste s o l i d i f i c a t i o n s  processes. 



SUMMARY AND CON CL US IONS 

The ozonation o f  EDTA i n  a  s y n t h e t i c  r e s i d u a l  l i q u o r  waste was s tud ied  

over  t h e  pH range o f  1 t o  >14 i n  order  t o  determine t h e  optimum pH condi-  

t i o n  f o r  des t roy ing  complexants i n  Hanford nuc lear  waste. The 03-EDTA -. 

r eac t i on  i n  t h i s  s y n t h e t i c  waste was found t o  e x h i b i t  a  d i f f e r e n t  behavior  

f o r  t h ree  pH regions. 

I n  the  h.igh pH reg ion  (pH 10 t o  14+)*, a  two-stage r e a c t i o n  was 

observed i n  which the  r e a c t i o n  r a t e  increased from 10.56hr- I  t o  ~ 1 . 2 h r  - 1 

and the  O3 consumption increased from 30 moles O3 per  mole EDTA t o  ' .  . 

160 moles O3 per  mole EDTA. The optimum r e a c t i o n  r a t e  occurred a t  pH 

11 t o  12 and the  lowest O3 consumption a t  pH 14+. Ozonation a t  h igh  pH 

l e v e l s  i s  charac ter ized by an i n i t i a l  r a p i d  decrease i n  EDTA m o l a r i t y  and ' 

then a  slower decrease a t  lower EDTA concentrat ions.  The r e a c t i o n  i s  

p robab ly  c o n t r o l  l e d b y  the  decomposit ion of O3 t o  a hydroxyl  f r e e  r a d i -  . 

c a l  which reac ts  nonse lec t i  v e l y  w i t h  EDTA and o the r  cons t i t uen ts  [(NO;, 

t a r t r a t e ,  carbonate (CO;~)] i n  the  waste. K i n e t i c s  o f  t he  ozona- 

t i o n s  a t  a l l  pH l e v e l s  were c h a r a c t e r i s t i c  o f  pseudo- f i rs t -o rder  reac- . .; 

t i ons .  Once steady s t a t e  O3 concent ra t ion  i s  reached, the  r e a c t i o n  

r a t e  becomes s o l e l y  a  f u n c t i o n  o f  EDTA concent ra t ion .  

I n  many cases, the  r e a c t i o n  r a t e  w i l l  decrease dur ing  the  ozonat ion 

o f  organics due t o  t h e  fo rma t ion  o f  l ess  r e a c t i v e  o x i d a t i o n  products. 

The increase i n  t he  second-stage r e a c t i o n  r a t e  a t  h igh  pH l e v e l s  i s  

be l ieved t o  be caused b y  an e f f e c t i v e  increase i n  t h e  steady-state O3 

concent ra t ion  once t h e  NO; ion concent ra t ion  has been s i g n i f i c a n t l y  

reduced by  o x i d a t i o n  t o  n i t r a t e  (NO;). 

Add i t i on  o f  c u p r i c  n i t r a t e  [ C U ( N O ~ ) ~ J  t o  t h e  s y n t h e t i c  waste a t  

pH 14+ d i d  no t  improve t h e  k i n e t i c s  nr s t o i c h i m e t r y  o f  t h e  reac t i on .  

The a d d i t i o n  o f  ca lc ium hydroxide [ c ~ ( o H ) ~ ]  t o  remove ~0;' i o n  

*"pH 14+" denotes t e s t s  c a r r i e d  o u t  on unneutra l  ized s y n t h e t i c  
r e s i d u a l  l i q u o r  i n  which the  OH' ion  concent ra t ion  was between 1 and . . , 
1.5M. - 



f rom the  s y n t h e t i c  waste a t  pH 14+ f a i l e d  t o  reduce the  C0j2 i o n  con- 

c e n t r a t i o n  and r e s u l t e d  i n  a  poorer  r e a c t i o n  r a t e  and O3 usage. Car- 

bonate i o n  i s  known t o  reduce the  concent ra t ion  o f  t he  hydroxyl  f r e e  

r a d i c a l  and thus the ef fect iveness o f  t he  reac t i on .  Ozonations o f  a  

s imp le  EDTA-water m a t r i x  a t  pH 12 w i t h  and w i thou t  ~0;' showed t h a t  

C0j2 i o n  had no e f f e c t  on t h e  r e a c t i o n  r a t e  (4.75 hrq ) b u t  d i d  

increase O3 consumption by 50% t o  7.25 moles O3 per  mole EDTA. Since 

b o t h  o f  these values f o r  t h e  EDTA-water systew are 3  t o  4  t imes b e t t e r  

than t h e  r e s u l t s  f o r  t h e  s y n t h e t i c  waste, i t  would i n d i c a t e  t h a t  o ther  

components o f  t h e  waste, such as NO; and t a r t r a t e ,  have a  more 

s i g n i f i c a n t  e f f e c t  on t h e  r e a c t i o n  than carbonate. However,. i f  It 

becomes necessary t o  reduce complexants t o  concentrat ions the  

~0;' i o n  may have a  s i g n i f i c a n t  impact on t h e  O3 requirement. 

Ozonation i n  t h e  h igh  pH reg ion  i s  opt imized a t  t he  lowest OH- 

concen t ra t i on  t h a t  p revents  aluminum p r e c i p i t a t i o n .  Based on these 

studies,  ozonat ion a t  h igh  pH l e v e l s  would p rov ide  t h e  h ighest  reac t i on  

r a t e  and lowest O3 requirement w i thou t  t h e  need f o r  a  l a rge  s o l i d s  

separa t ion  process. S i g n i f i c a n t  improvements i n  lilt! ozonat ion o f  waste  

a t  h igh  pH l e v e l s  cou ld  be r e a l i z e d  i f  the  n i t r i t e  concentrat ion f i r s t  

cou ld  be  reduced by some cheaper, s impler  method. 

The in te rmed ia te  pH reg ion  (pH 3  t o  10) i s  undes i rab le  f o r  ozonat ion 

of t h e  s y n t h e t i c  waste s ince  l a r g e  amounts ( ~ 5 0  ~ 0 1 % )  o f  aluminum s o l i d s  

are formed over t h e  e n t i r e  pH range. Ozone reac t i ons  w i th  EDTA i n  t h i s  

pH r e g i o n  were charac ter ized by  a slow i n i t i a l  reduc t ion  i n  t h e  EDTA mol- 

a r i t y ,  fo l lowed by  a  f a s t e r  ox ida t i on  o f  t he  EDTA. A two-stage r e a c t i o n  

was observed i n  which the  r a t e  increased from ~ 0 . 1 2  hr-' t o  0.70 hr- '  

and t h e  €I3 cor~su rp t i on  decreased from 120 moles O3 per  mole EDTA t o  

~ 1 0  moles O3 p e r  mole EDTA. This  change i n  reac t i on  c h a r a c t e r i s t i c s  i s  
be l ieved t o  be caused by  a  change i n  the  O3 o x i d a t i o n  mechanism from 

one based on t h e  fo rma t ion  o f  hydroxyl  f r e e  r a d i c a l  t o  one i n  which t h e  

O3 ~ f l o lecu le  d i r e c t l y  a t tacks  the  o x i d i z a b l e  ma te r i a l .  Unl i k e  the  

hydroxyl  f r e e  r a d i c a l  reac t i on ,  d i r e c t  O3 a t tack  i s  very  se lec t i ve .  I t  



i s  hypothes ized t h a t  t h e  O3 i n i t i a l l y  a t t a c k s  o n l y  NO; ions,  r e s u l t i n g ,  

i n  a  s low EDTA r e a c t i o n  r a t e  and a  l a r g e  0  consumption value. A f t e r  a l l  3  
o f  t h e  NO; i s  ox id ized ,  O3 r a p i d l y  and e f f i c i e n t l y  o x i d i z e s  EDTA. 

Cont inuous a d d i t i o n  of hydrogen pe rox i de  (H202) d u r i n g  t h e  ozon- 

a t i o n  o f  s y n t h e t i c  waste a t  pH 7  showed t h e  same r e a c t i o n  c h a r a c t e r i s t i c s  

as t he  o t h e r  i n t e rmed ia te  pH l e v e l  t e s t s .  The H202 d i d  i nc rease  t h e  

second s tage  r e a c t i o n  r a t e  t o  2.0 hr". 

.These s tud ies  on a  s y n t h e t i c  waste d i d  no t  show any s i g n i f i c a n t  ad- 

vantages o f  ope ra t i ng  i n  t h e  i n t e r m e d i a t e  pH range. However, i t  may be 
. , 

p o s s i b l e  t o  a d j u s t  t h e  pH of ac tua l  waste t o  3 o r  4 w i t h o u t  a  l a r g e  amount. 

of s o l  i d s  forming. If so, NO; may be removed by  a  more economical p ro -  . . 

cess and thus  take  advantage o f  t h e  improved use o f  O3 found i n  t h e  second 

s tage o f  t hese  r e a c t i o n s .  

Ozonat ion o f  t h e  s y n t h e t i c  waste i n  t h e  low pH reg ion ,  <pH 3, was 

cha rac te r i zed  by  a  ve r y  s low s i ng le - s tage  r e a c t i o n  which consumed ve ry  

l i t t l e  03. A t  low pH values, NO; and ~0;' have decomposed t o  NOx 

and carbon d i o x i d e  (C02) gases and a re  n o t  impo r tan t  f a c t o r s  i n  t h e  r eac -  

t i o n .  The r e a c t i o n  r a t e  i n  t h i s  pH r e g i o n  was %0.047 hr - '  and consumed 

about 12 moles o f  O3 p e r  mole o f  EDTA. 

Aluminum was found t o  cause t h e  slow r e a c t i o n  r a t e .  Ozonat ion o f  a  

s o l u t i o n  c o n t a i n i n g  an EDTA and i r o n  a t  pH 1.2 had a  s i n g l e - s t a g e  reac -  

t i o n  r a t e  o f  1.07 hr - '  and used o n l y  one mole o f  O3 p e r  mole o f  EDTA. 

The a d d i t i o n  o f  t a r t r a t e  t o  t h e  m a t r i x  made t h e  o z o n a t i u r ~  a  two-s tage 

r e a c t i o n  w i t h  a s lower  second-stage r a t e  o f  0.45 hr". The s lower  reac-  

t i o n  r a t e  i s  p r o b a b l y  caused b y  c o m p e t i t i v e  r e a c t i o n  of t a r t r a t e s  f o r  t h e  - 

03. I n  t h e  presence o f  t a r t r a t e s ,  O3 consumption inc reased  t o  "5 moles 

O3 p e r  mole EDTA. Resu l t s  f rom the  a d d i t i o n  of chromium t o  t h e  m a t r i x  

were i n c o n c l u s i v e  si.nce d i f f e r e n t  r e s u l t s  were ob ta i ned  f o r  d i f f e r e n t  i r o n  

l e v e l s  suggest ing t h a t  bo th  i r o n  and chromium may a f f e c t  t h e  r e a c t i o n .  

Only  t h e  a d d i t i o n  o f  aluminum i o n  caused t h e  r e a c t i o n  r a t e  



t o  decrease t o  0.1 h r - l .  Since EDTA i s  e a s i l y  ox id i zed  by  H202 a t  

low pH values, an aluminum-EDTA complex i s  suspected o f  h inde r ing  t h e  

mechanism f o r  t h e  O3 o x i d a t i o n  o f  EDTA. 

C a t a l y s i s  o f  t h e  o x i d a t i o n  by the  a d d i t i o n  o f  s i l v e r  n i t r a t e  (AgN03) 

a t  l.ow pH l e v e l s  was unsuccessful .  Manganese n i t r a t e  ( ~ n ( N 0 ~ ) ~ )  was 

added w i t h  t h e  i n t e n t i o n  o f  cont inuous ly  producing permanganate, which 

would have a more f a v o r a b l e  EDTA o x i d a t i o n  mechanism. The ~ n + '  i o n  o n l y  

increased t.he r e a c t i o n  r a t e  t o  0.124 hr- '  w i t h  no s i g n i f i c a n t  improve- 

ments i n  O3 lonsumption. Larger q u a n t i t i e s  o f  ~ n "  may produce more 

f avLJredb1 e r e s u l t s ,  

~ a ? s i n ~  the oZdnatior~ temperature f rom 60'~ t.o 8 5 ' ~  produced a 

two-stage r e a c t i o n  a t  pH 1.2. The f i r s t - s t a g e  r e a c t i o n  r a t e  a t  85% 

was i n i t i a l l y  0.40 hr- '  and then decreased t o  0.18 hr". Only 3 moles 

of O3 p e r  mole o f  EDTA were consumed f o r  t h e  f i r s t  stage o f  t h e  reac-  

t i o n .  The O3 consumption r a t e  increased t o  20 fu r  t h e  f i n a l  stage. 

Increas ing  the  temperature made the  03-EDTA r e a c t i o n  r a t e  a t  low pH 

values comparable t o  those i n  t he  h i g h  pH region.  High temperature 

ozonat ions a t  low pH a l so  s i g n i f i c a n t l y  improved O3 u t i l i z a t i o n .  

An advantage o f  ozonati.on a t  a low pH l e v e l  i s  t h a t  no s o l i d s  proces- 

s ing would be requ i red .  However, a c i d i f i c a t i o n  o f  t he  waste requSres a 

1 arge amount o f  ac id  and may make o the r  methods f o r  des t roy ing  complex- 

ants economical ly  compe t i t i ve  w i t h  the  O3 process. Before s e r i o u s l y  

cons ide r ing  ozonat ion  o f  waste a t  low pH leve l s ,  o t h e r  ox idants '  such as 

H202 ~ h o u l d  be evaluat.ed. 

Based on these studies,  ozonat ion o f  waste a t  h igh  pH l e v e l s  appears 

t o  be the  most advantageous because o f  i t s  reasonable r e a c t i o n  ra tes ,  

s Lo i c h i  ometry , and s imp1 i c i t y .  However. be fore  an, accurate economic 

e v a l u a t i o n  o f  t h e  ozonat ion  can be performed, more l abo ra to ry  work i s  

needed i n  o rder  t o :  

eva lua te  Lhe mass t r a n s f e r  k i n e t i c s  of t he  r e a c t i o n  

determine t h e  e f f i c i e n c y  o f  ozone f o r  des t roy ing  o the r  

complexants i n  Hanford waste 



a study the fundamental chemistry of 03-complexant reactions by 
(1) determining the products formed, and (2) by determining 
more accurately matrix and reaction condition effects with 
simp1 er reaction systems 

a verify reaction parameters on actual waste. 

All these studies should be directed at providing the necessary informa- 
tion for meeting not only radionuclide removal criteria, but also new 
criteria for the near-surface in situ disposal of Hanford wastes. 



EXPERIMENTAL 

EQUIPMENT AND P ROC€ DURES 

The exper imenta l  arrangement underwent numerous m o d i f i c a t i o n s  t o  

improve t h e  accuracy and r e l i a b i  l i t y  o t  t h e  experiment. The f i nd l  r l uw  

diagram and hood arrangement are shown i n  F igu res  1 and 2. A  d e t a i l e d  

d e s c r i p t i o n  o f  t h e  equipment i s  d iscussed i n  Appendix A. 

Ozone was generated f rom oxygen us ing  a  L i nde  Mode'l 56-4060 ozone 
genera to r .  The O3 c o n c e n t r a t i o n  i n  t h e  gas e n t e r i n g  and ' l eav ing  t h e  

r e a c t o r  was measured us ing  D a i s i b i  Model 1003HC O3 moni to rs . *  The 

volume o f  gas r e a c t i n g  w i t h  t h e  s y n t h e t i c  waste m i x t u r e  was measured 

us ing  wet t e s t  meters (WTM). Ozone was dest royed us ing  Westgate 
+ 

Ul t r o x  c a t a l y t i c  O3 decomposers. 

A  g l ass  r e a c t o r  s i m i l a r  t o  t h e  one shown i n  F igu res  3 and 4 was used 

f o r  a l l  t h e  t e s t s .  The r e a c t o r  used f o r  these  s t u d i e s  had a  g l a s s  fr i t 

w i t h  1 mn ho les  i n  p l a c e  o f  t h e  T e f l o n  frit shown i n  F i g u r e  3. The p o t  

has p r o v i s i o n s  f o r  sampl ing and cont inuous reagent  a d d i t ~ o n  w i t h o u t  t h e  

l o s s  o f  gas. A  temperature p robe  mon i t o r s  changes i n  t h e  r e a c t i o n  

temperature.  

Normal ly,  2 1  o f  a  1:l d i l u t e d  s y n t h e t i c  r e s i d u a l  l i q u o r  w i t h  t h e  

compos i t ion  shown i n  Tab le  1 was ad jus ted  t.o t h e  des i r ed  pH l e v e l  and 

ozonated f o r  5 t o  6 hours w i t h  cont inuous s t i r r i n g  i n  t h e  r e a c t i o n  

vessel .  T e s t s  made a t  pH values between 3 and 13 norma l l y  r e q u i r e d  

f i l t r a t i o n  o f  t h e  feed  b e f o r e  ozonat ion.  

F u r t h e r  d e t a i l s  o f  t h e  feed p r e p a r a t i o n  process a re  descr ibed  i n  

Appendix A. A  d e t a i l e d  procedure f o r  p repa r i ng  t h e  s y n t h e t i c  r e s i d u a l  

l i q u o r  i s  p rov ided  i n  Appendix B. 

*Dasi b i  Env i ronmenta l  Corporat ion,  616 E. Colorado S t r e e t ,  Glendale 
C a l i f o r n i a ,  91205. 

+Westgate Research Corporat ion,  1931 Pon t i  us Avenue, West Los 
Angeles, C a l i f o r n i a ,  90025. 
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FIGURE 1. Flow Diagram of Ozonation System. 



FIGURE 2. Ozonati on System. 
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. TABLE 1. Synthet ic  Residual L iquor  
Waste Composition. 

Component 1 M o l a r i t y  

Sodium T a r t r a t e  

' E DTA 

1.45 

1.35 

0.12 

0.10. 

0.0075 
(as Fe) 

0.05 

0.0.31 

Samples o f  t he  r e s i d u a l  l i q u o r  were normal ly  taken f o r  EDTA, NO;, 

c0i2, and p H  ana lys is  every 15 minutes f o r  t he  f i r s t  2 t o  3 hours and 

then every 30 minutes u n t i l  t he  t e s t  was completed. The volume and O3 

concent ra t ion  o f  the  gas en ter ing  and leav ing  the  . reactor  was measured each 

t ime a sample was taken. These measurements, along w i t h  the  temperature 

and pressure cond i t i ons  f o r  the gas a t  the  var ious  measurement po in t s ,  were 

recorded on . the  data record  shown i n  Appendix C. 

The c a l c u l a t i o n s  f o r  t he  ana lys is  o f  these data  are described i n  

d e t a i l  i n  Appendix D. They cons i s t  o f  a se r i es  o f  pressure-temperature 

c o r r e c t  i o n  c a l c u l a t i o n s  t o  determine t h e  O3 concent ra t ion  and gas 

volume a t  standard cond i t iqns .  A se t  o f  m a t e r i a l  balance c a l c u l a t i o n s  

are used t o  determine t h e  q u a n t i t i e s  of O3 and EDTA reac t ing .  The 

pseudo- f i rs t -o rder  r e a c t i o n  ra tes  were determi ned from the  slope der ived : 

from l e a s t  square ana lys is  o f  t h e  p l o t  o f  - I n  EDTA/EDTAo versus time. 

The O3 consumption r a t e  was determined from the  slope o f  t h e  l i n e  

r e s u l t i n g  by p l o t t i n g  the  cumulat ive amount o f  O3 reacted against the  

moles o f  EDTA reacted. 



Numerous methods have been used t o  analyze D3 and c a l i b r a t e  O3 
moni tors.  ('-I4) The potassium iod ide  ( K I )  method described i n  Appen- 

d i x  E was used t o  c a l i b r a t e  t h e  O3 monitors. Low r e s u l t s  were obta ined 

i f  nore than 6 1 o f  gas were trapped when c a l i b r a t i n g  h i g h  O3 concen- 

t r a t i o n s .  This  i s  bel ieved. t o  be caused by  the  fo rmat ion  o f  iodates (15) 

and h ighe r  ox id i zed  forms o f  i od ine  such as 1 2 0 9  C a l i b r a t i o n  o f  t h e  

O3 mon i to rs  based on t h e  UV p r i n c i p l e s  described i n  Appendix F i s  

recornended t o  overcome K I  t i t r a t i o n  problems. (14)  

I n  e a r l i e r  work, a spectrophotometr ic  method was used t o  determine 

EDTA i n  ozonated so lu t ions . (6s16)  A l l  EDTA r e s u l t s  i n  t h i s  study were 

obta ined us ing  a r e c e n t l y  developed h igh  performance l i q u i d  chroma- 

tograph i c  (HPLC) method. ( I 7 )  This method i s  based on t h e  formation, 

i s o l a t i o n ,  and q u a n t i f i c a t i o n  o f  the iron-EDTA complex. The complete 

fo rmat ion  o f  t h e  iron-EDTA complex requ i red  2 hours because o f  t h e  slow 

l i g a n d  exchange o f  t h e  aluminum complexes. (18919) 

T o t a l  d rgan ic  carbon (TOC) and c 0 j 2  analyses were determined 

us ing  a mod i f ied  Oceanography I n t e r n a t i o n a l  TOC system." N i t r i t e  was . 

detel-mi ned spectrophotometr i c a l  l y  us ing  a procedure based on 

d i a z o t i t a t i o n .  I r o n  and aluminum were analyzed by standard atomic 

absorp t ion  techniques. 

* 
Oceanography I n t e r n a t i o n a l  Corpora t i  on, 512 West Loop, Col lege Sta t ion ,  

Texas. 
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RESULTS AND DISCUSSION 

pH TEST CONDITIONS 

The e f f e c t  o f  PH on the  o x i d a t i o n  o f  EDTA by O3 was s tud ied  over 

t he  pH range 1 t o  14+. These tes ts ,  'and t e s t s  where add i t i ves  were 

in t roduced t o  improve the  reac t ion ,  were c a r r i e d  ou t  over a pe r iod  o f  a 

year and are l i s t e d  i n  Table 2. Some of t h e  va ry ing  cond i t i ons  .dur ing  

the  t e s t s  have 'also been tabulated.  

TABLE 2. pH and A d d i t i v e  Test Condi t ions.  

As expla ined i n  t he  equipment discussion, an improved reac to r  was b u i l t  

s i m t l a r  t o  F igure  3 bu t  w i t h  a bubbler made of g lass  r a t h e r  than Tef lon .  

The second r e a c t o r  permi t ted  a d d i t i o n  of s o l u t i o n s  and removal o f  samples 

w i thou t  l o s s  o f  t h e  ozonat ing gas. However, t he  bubbler on t h e  second po t  

Test 

pH 14+ 

pH 14+ 

pH 14+ + C U ( N O ~ ) ~  

pH 14+ + Ca(OH)2 

pH 13 

pH 12 

pH 10 

pH 8.5 

PH 7 + H202 
pH 4.5 

pH 2.8 

pH 2 + AgN03 

pH 1.2 - 10 lsv 

pH 1.2 - 8 5 ' ~  

pH 1.2 + Mn(N03)2 

Synthet ic  
Waste 
Batch - 

1 s t  

2nd 

2nd 

2nd 

3rd  

3rd 

1 s t  

1 s t  

2nd 

1 s t  

2nd 

2nd 

2r1d 

3rd 

3rd 

.Reactor 

1 s t  

2 nd 

2nd 

1 s t  

2,nd 

2nd 

l s t  

1 s t  

2nd 

1 s t  

2nd 

2nd 

2 nd 

2nd 

2nd 

Ozonator 

1 s t  

1 st5- 

1 s t  

1 s t  

2nd 

2nd 

I s t  

1 s t  

1 s t  
'1s t  

1 s t  

1 s t  

1s  t 
2nd.. 

2nd 
h 

Comment 

Shutdown - 45 min 
Small leak problem 

F l  ow stoppage 

Shutdown 3 h r  30 min 

Shutdown 2 h r  15 min 



had fewer holes and was f a r t h e r  from the s t i r r i n g  sha f t ,  g i v i n g  poorer 

gas d i s t r i b u t i o n .  The t o t a l  volume o f  gas r e a c t i n g  and the  moles o f  O3 

r e a c t i n g  per  mole o f  EDTA may be biased low f o r  t he  f i r s t  reac to r  because 

o f  gas losses du r ing  sampling. Reaction r a t e s  f o r  t h e  second reac to r  are 

lower because o f  t h e  poorer  gas d i s t r i b u t i o n .  Tests on unneut ra l i zed  

s y n t h e t i c  waste (pH 14+) were performed w i t h  both reac to rs  f o r  comparison. 

Three 20-1 batches o f  s y n t h e t i c  r e s i d u a l  l i q u o r  were prepared. Even 

though t h e  makeup procedure d i f f e r e d  s l i g h t l y  f o r  Batch 1, no s i g n i f i c a n t  

d i f f e r e n c e s  were observed i n  t h e  'ozonat ion t e s t s  due t o  changes i n  batches 

o f  s y n t h e t i c  waste. 

Dur ing one t e s t ,  l i q u i d  siphoned back i n t o  the  f i r s t  ozonator; which 

then needed t o  be  replaced. A s u b s t a n t i a l  d i f f e r e n c e  was observed i n  t h e  

f l o w  r a t e  o f  t he  second ozonator compared t o  the  WTM resules. I n  order  

t o  o b t a i n  the  same f l o w  through t h e  reac tor ,  i t  was necessary t o  operate 

w i t h  a h igher  f l o w  through the ozonator.  This  caused the weight percent 

o f  O3 generated t o  be lower than t e s t s  with'-the f i r s t  ozonator. The 

change i n  f l o w  and O3 concent ra t ion  w i t h  ozonators may have caused some 

change i n  r e a c t i o n  r a t e s  and O3 consumption. 

When the  s t i r r e r  was connected d l r e c t l y  t o  the  motor, i t  would 

f r e q u e n t l y  v i b r a t e  loose and shut down (See Table :L). Keduced s t i r r i n g  

c a p a b i l i t y  frm b i n d i n g  o r  loosening normal ly  cou ld  he nhserved hy an 

increase o f  b3 i n  the  gas coming o f f  the  reac to r .  There were f requent  

v a r i a t i o n s  i n  t h e  data a f t e r  s t a r t u p  u n t i l  a ~ t e a d y - s t a t e  c o n d i t i o n  was 

reached. 

On the  pH 14+ t es t  w i t h  the second reac to r ,  s o l i d s  pluqgerl t.he holes 
i n  t h e  glass bubbler, causing e r r a t i c  and reduced f lows through t h e  

ozonator and reac to r .  These reduced f lows caused the weight percent o f  

O3 produced f o r  t h i s  t e s t  t o  increase and f l u c t u a t e ,  reducing the  

accuracy o f  t h e  O3 analyses. 

The r e s u l t s  o f  t h e  ozonat ion t e s t s  are sumar i zed  i n  Table 3. The 

data  a r e  organized i n  order  o f  decreasing .pH f o r  seven d i f f e r e n t  data 

areas of the ozonat ion t e s t :  p repara t ion ,  03, EDTA, reac t i on  data, 



TABLE 3 .  Summary o f  Ozonation ~ a t a .  

i pH 14+ 1 pH 14+ 
1s t  Reactor j2nd Reactor 

I 
PREPARATION 

Vol. Oznnated (1) 

Vol. Hn03 t o  .JH (ml) 

Addi t ive 

OZONE DATA 

Lenpth o f  Run (h r )  

Av. wtX I n  

Av. wtX 011t 

Total ,  Vol. Added (1)  

Moles Added/hr 

Moles Added 

Moles Unreacted . 

Moles Reacted ,- 

EOTA DATA . 

I n i t i a l  (bj) 

Fina l  (11 

Moles Reacted 

P; Reacted 

REACTION DATA 

1s t  Rate 

2nd Rate 

A03/ AEOTA - 1st  

A03/ AEOTA - 2nd 

co j 2  

I n i t i a l  (_M) 

F ina l  (1) 

Rate of Increase 

No; 
I n i t i a l  ( H I  
Fina l  (_MI 

Rate of Decrease 

el! 

1.5 
- 

2.0 

5 9 

5.0 

3.457t09 

0.390 

2 768 

0.58 

2.905 

0.352 

2.553 ' 

0.0298 

0.0027 

0.0542 

90.6 

0.44 
0.55(.3.0)a 

31.42 

54.70 

0.120 

0.330 

0.043 

1.41 

0.14 

0.313 

2.0 

- 

I n i t i a l  I 'I4 Fina l  1 '14 

a( ) - time wh~n  react inn rate chanq~d 

2.0 

26.3 g 

5.0 

3.3852.03 

0.330 

2835 

0.58 

2.903 

0.311 

2.592 

0.0331 

0.0065 

0.0530 

80.1 

0.26 
0.47(3-30)5 

53.7 

0.120 

0.290 

(0. (06)b 
0.02 

1.30 

0.14 

0.265 

.I4 

'14 

non-detectable 
no t  analyzed 

> 14 

.1J 

~ N D  - 

a14 

>14 , 

eh igh 
+I - apppnrs t o  undergo ra te  change CNA - 

5.5 1 6.0 

3.5772.08 , 
0.682 

2923 

0.58 

3.179 

0.?07 . 
2.470 

0.290 

0.0003 

0.0428 

98.4 

0.76 
1.70(2-25)a 

27.61 

51.63 

0.120 

0.580 

0.103 

I .28 

0.04 

0.32 

I 

3.8962.25 

0.844 

?736 

0.54 . 

3.220 

0.719 

2.501 

0.0280 

3.0014 

0.0531 

91.8 

3.38 
3.55(3-0)a 

23.65 

41.85 

3.120 

41.300 

%I]. 02 

1.33 

11.21 

93.18. 



TABLE 3 .  Summary of Ozonati on Da:a (Continued). 

PREPARATION 
Vol. Ozonated :I) 

Vol. HN03 t o  LH (ml)  

Add,i t i v e  

OZONE OATA 

Length o f  Run ( h r )  

Av. wtX I n  

Av. wt% Out 

To ta l  Vol. Adced ( 1 )  

Moles Added/hr 

Moles Added 

Holes Unreacted 

Moles Reacted 

EDTA OATA 

I n i t i a l  (M) 
F i n a l  (El) 

Moles Reacted 

% Reacted 

REACTION OATA 

1 s t  Rate 

2nd Rate 

03/ EOTA - 1 s t  

O3 / EOTA - 2 6  

c o i l  
l n i t i a l  (f4) 

F i n a l  (El) 

Rate of Increaz? 1 0.03 I 
5';- 
I n l t i a l  (El) 0.82 

FinaP (f4) ND 

Rate of Decreas? 0.307 

e!! 
I n i t i a l  6.99 

F i n a l  8.57 
a( I - tlme &el? r e a c t i o n  r a w  drangec 
b - appears 10 undergo r a t e  ~ h a n g e  - non-detectable 



[CO;~] , [NO;*] , and pH. Most of these topics are self-explanatory. 

The "Av. w t %  In" i s  the average weight percent of O3 going into the 
reactor f o r  the en t i re  reaction. I t  normally was very constant as can be 

seen from the standard deviations f o r  the data. The "Av. w t %  O u t "  data, 
on the other hand, varied continuously with the reaction ,and only roughly 
indicates the amount of O3 n o t  reacting f o r  the t e s t .  The average 
weight percent O3 entering the reactor f o r  a l l  t e s t s  varied only about 
+6%. The average flow ra te  f o r  these t e s t s  was 540 l /hr  240 1 or 28%. - 
Many of the reactions appeared to  have more than one stage, as noted by 
changes in the reaction rate. Normally, fo r  high pH values, the  EDTA was 
almost completely destroyed by the end of the second stage. For t e s t s  a t  
pH values greater than 7, the ~0;' concentration increased and the 
NO; concentration decreased because of oxidation. A t  lower pH 
levels, the carbonic acid (H2C03) and nitrous acid (HN02) decom- 
posed to  C02 and NOx and were normally too low t o  be measured. 

~ f f e c t  of pH on Reaction Rate 

The change i n  the r a t e  of reaction as a function of time and pH i s  

shown in Figures 5 and 6. The O3 reaction appears to  show three 

behavior patterns as a function of pH. A t  high pH 1 evels (pH 10-14+), 
the EDTA concentration i n i t i  a1 ly  decreases very rapidly and the reaction 
rate  i s  constant fo r  almost 3 hours before increasing. For intermediate 
pH levels (pH 4.5-lo), the E[TTA concentration decreases slowly f o r  the 
f i r s t  2 hours and then decreases a t  about the same ra te  as the f i r s t  
stage of the h i g h  pH reactions. Low pH (pH 1.2-4.5) reactions are much 
slower and do not show any changes i n  reaction r a t e  with time. 



0 pH 14 + 2nd REACTOR 
pH 14 + 1 st REACTOR 

A ull 13 
~ p H 1 2  . 
o pH 10 

p H R 5  
0 pH 4.5 . . 
0 pH 2.8 

pH 1.2 

TIME (hr) 
RCP8103-135 

. . 

FIGURE 5. EDTA Molarity versus Time. 



TIME (hr) 
RCP8103-136 

F1GUR.E 6. -In EDTA/EDTAo versus  Time. 



Exp lana t i on  o f  High pH Resu l ts  

The O3 r e a c t i o n  w i t h  EDTA i s  be1 ieved t o  be second order  1 i k e  most 

o the r  o rgan ic  0 i 8 )  r e a c t i o n s  

where: 

- d [E DTAJ = k E DTA 
[03 ] DTA] 

d t 

The cont inuous a d d i t i o n  o f  O3 c rea tes  s teady-s ta te  cond i t i ons  i n  which 

t h e  O3 concen t ra t i on  [u3] becomes eonsrarit and the r e a c t l o n  becomes a 

pseudo-f i r s t - o r d e r  r e a c t i o n  

whcre : 

1 - d EDTA = k EDTA [EDTA] 
d t 

Changes i n  organic-O3 r e a c t i o n  r a t e  have been observed by  o the r  inves-  

ti gators.  ('O) I n  these r e p o r t s ,  t he  r a t e  decreased because o f  t h e  

fo rma t ion  o f  o x i d a t i o n  products which were l e s s  r e a c t i v e  than  t h e  

o r i g i n a l  orqanic.  I n  these studies,  t he  second r e a c t i o n  r a t e  i s  f a s t e r .  

A p o s s i b l e  exp lana t i on  f o r  t h i s  observa t ion  i s  t h a t  t h e  steady-state 

concent ra t ion  o f  O3 i s  smal ler  du r ing  t h e  f i r s t  p a r t  o f  the  r e a c t i o n  

because t h e  ve ry  r a p i d  r e a c t i o n  o f  O3 w i t h  NO; i n  t he  s y n t h e t i c  

waste decreases the  e f f e c t i v e  O3 concentrat ion.(21) Once most o f  the  

NO; has been ox id ized,  t h e  s teady-s ta te  concent ra t ion  o f  O3 r l  ses 
and t h e  pseudo- f l r s t -o rde r  r e a c t i o n  r a t e s  constant o f  EDTA increases. 

T h i s  e f f e c t  may be exp la ined through the  f o l l o w i n g  equat ions. The r a t e  

o f  change i n  t h e  concent ra t ion  o f  O3 i n  s o l u t i o n  (O2) i s  a f u n c t i o n  

o f  t h e  concent ra t ion  o f  d isso lved O3 a t  t h e  i n t e r f a c e  (Os)* i n  

e q u i l i b r i u m  w i t h  the  O3 gas i n t e r f a c e  

where: 



. The O3 concent ra t ion  i n  s o l u t i o n  i s  a l s o  a f fec ted  by: 

1)  Decomposition (19,22) 

2) React ion w i t h  (NO;) 

3) 'Other o x i d i z a b l e  o r  f r e e  r a d i c a l  scavenging ion .  reac t i ons  such 
-2 (23) ' as C03 . 

The r a t e  o f  change o f  O3 w i t h  t ime under these cond i t i ons  i s  as fo l l ows :  

A t  steady s ta te ,  dOs/dt=O, and the  O3 concent ra t ion  i n  s o l u t i o n  

becomes : 

The NO; o x i d a t i o n  by O3 appears t o  be a zero-order r e a c t i o n  

a t  a l l  pH l e v e l s  as seen i n  F igu re  7. T h i s  i n d i c a t e s  t h a t  i t  may bc 

c o n t r o l l e d  by  the  O3 feed r a t e  o r  by mass t r a n s f e r  cond i t ions .  The 

NO; o x i d a t i o n  r a t e  va r ied  from 0.32 t o  0.18 moles/hour. The h ighest  

ra tes  ncr~rrrerl w i t h  t h e  f i r s t  reac tor ,  which was b c l i c v e d  t o  have 

super io r  mass t r a n s f e r  c a p a b i l i t i e s .  No NO; data were c o l l e c t e d  f o r  

t h e  pH 4.5 and 8.5 tes ts .  



TIME (hr) 
RCP8103-137 

FIGURE 7. Nitrite Molarity versus Time. 



Expl a n a t i  on o f  In termedi  a te  pH Resu l t s  

Reaction r a t e s  f o r  t he  in te rmed ia te  pH t e s t s  were i n i t i a l l y  slow and 

l a t e r  increased t o  about t h e  same r a t e  as t h e  f i r s t  stage o f  t h e  r e a c t i o n  

a t  h i g h  pH leve ls .  Th is  e f f e c t  may be expla ined b y  a  change i n  t he  

mechanism f o r  t he  O3 r eac t i on ,  o r  by r e t a r d a t i o n  o f  t he  l i g a n d  ox ida-  

t i o n  because o f  metal  coord ina t ion .  The 1  a t t e r  e f f e c t  i s  be l i eved  t o  be . . . . 

s i g n i f i c a n t  f o r  t he  o x i d a t i o n  o f  EDTA i n  s y n t h e t i c  waste a t  low pH 
. .  . . 

l e v e l s .  However, s ince most meta l  ions  (aluminum, i r o n )  p r e c i p i t a t e  as 

hydrous oxides i n  the  i n te rmed ia te  pH range, t h e i r  e f f e c t  on t h e  r e a c t i o n  

i s  p robab ly  i n s i g n i f i c a n t .  

. . 

Hoign5 and Bader have proposed t h a t  O3 r e a c t s  d i r e c t l y  w i t h  a  

substance i n  so lu t ion ,  or decunposes above a  c r i t i c a l  pH t o  fo rm a  

hydroxy l  f r e e  r a d i c a l  (OH*) which then becomes the impor tan t  ox idant  

and c o n t r o l s  the r e a c t i o n .  (8922y23 )  The t w o p a t h s  o f  t h i s  reac t i on  

scheme have d i f f e r e n t  c h a r a c t e r i s t i c s  (F igu re  8).  The d i r e c t  method i s  

slower and h i g h l y  s e l e c t i v e  and the  OH' r e a c t i o n  i s  f a s t  and l ess  

s e l e c t i v e .  The c r i t i c a l  pH value above which the  OH' r a d i c a l  r e a c t i o n  

predominates depends on t h e  r a t e  a t  which a  substance reac ts  d i r e c t l y  

w i t h  03, and on o the r  components i n  the  s o l u t i o n ,  i n c l u d i n g  r e a c t i o n  

products,  t h a t  may enhance o r  r e t a r d  O3 decomposit ion. 

+OH- 
b OH: OF*, H O i  . 

OH'REACTION 

I FAST, LESS OXIDATION PRODUCTS OF S 

SELECTIVE 

+ S 
t 

OXIDATION 

FIGURE 8. Ozone React ion Paths. 

DIRECT OXIDATION 
0 3  

SLOW, HIGHLY SELECTIVE PRODUCTS OF S 



The h igh  s e l e c t i v i t y  o f  the  d i r e c t  O3 o x i d a t i o n  o f  NO; cou ld  

e x p l a i n  t h e  slower f i r s t  s tage r e a c t i o n  r a t e s  f o r  t h e  in te rmed ia te  pH , 

t e s t s .  Since t h e  pH f o r  t h e  8.5 t e s t  almost immediately went t o  9.1, and 

s ince  t h e  pH 10 t e s t  i s  t h e  same as o ther  h igh  pH tes ts ,  t he  c r i t i c a l  pH 

f o r  t h e  r e a c t i o n  mechanism t o  sw i t ch  from a  hydroxyl  r a d i c a l  c o n t r o l l e d  

r e a c t i o n  t o  a  d i r e c t  ozonat ion  r e a c t i o n  i s  p robab ly  between 9.0 and 10.0. 

Below t h i s  pH l e v e l ,  t h e  f a s t  d i r e c t  ox ida t i on  o f  NO; by O3 p re -  

dominates the r e a c t i o n  u n t i  1  a l l  the  NO; i s  destroyed. Then, t h e .  

nex t  eas ies t  o x i d i z a b l e  ma te r i a l ,  EDTA, i s  attacked. The flrst and 

second stage r e a c t i o n  r a t e s  appear t o  decrease as the pH i s  lowered frpm 

8.5 t o  4.5. An inc reas ing  e f f e c t  f rom o x i d a t i o n  r e t a r d a t i o n  'by metal i o n  

complexat ion, as was found i n  the  low pH region,  may cause t h i s  s h i f t .  

Expl a n a t i  on o f  Low pH Resu l ts  

I n i t i a l l y ,  i t  was be l ieved t h a t  ozonat ion o f  t h e  s y n t h e t i c  waste a t  

low pH l e v e l s  would be s i g n i f i c a n t l y  improved over ozonat ions f o r  h igh  pH 

s ince  e s s e n t i a l l y  a l l  t h e  NO; and ~0;' i n  the  s y n t h e t i c  waste would 

be destroyed b y  decomposit ion o f  t h e i r  acids, HN02 and H2C03, l eav ing  

the  O3 f r e e  t o  r e a c t  w i t h  o n l y  EDTA o r  t a r t r a t e .  However, t he  r e a c t i o n  

r a t e  f o r  t h e  pH 2.8 t e s t  was 20 t imes lower than  t h e  r a t e  a t  h igh  pH 

l e v e l s .  The slow r e a c t i o n  r a t e  r e s u l t e d  i n  ve ry  smal l  changes i n  t he  

O3 and EDTA concentrat ions,  which increased the  e r r o r  i n  the  r a t e  and 

s t o i  c h i  ometr i  c  determinat ions.  Experiments w i t h  i n c r e a s i n g l y  complex 

ma t r i ces  were c a r r i e d  ou t  t o  determine the  cause o f  t he  slow reac t i on  

ra tes .  I n  add i t ion ,  a  10-hour t e s t  a t  pH 1.2 was made t o  ensure t h a t  a  

more r a p i d  r e a c t i o n  observed f o r  in te rmed ia te  pH ozonations , d i d  n o t  occur 

l a t e r  i n  t h e  r e a c t i o n .  

The f i r s t  ozonat ion t e s t  was done w i t h  o n l y  i r o n  and EDTA present  i n  

t h e  system. A  g r e a t e r  than normal amount o f  i r o n  was needed t o  keep EDTA 

i n  s o l u t i o n  a t  pH 2 because o f  t he  i n s o l u b i l i t y  o f  t h e  ac id  form o f  

EDTA. F i n a l  adjustments r e s u l t e d  i n  a  m ix tu re  t h a t  had a  pH o f  1.2. 

T h i s  pH was used f o r  t h e  study o f  more complex matr ices.  The n e x t .  system 

s tud ied  conta ined EDTA, i r o n  and t a r t r a t e .  Chromium a d d i t i o n  t o  t h e  

m a t r i x  i n  the  n e x t  t e s t  caused a d d i t i o n a l  makeup problems s ince chromium 



e x i s t s  as ~ r + ~  o r  chromate i on  i n  the  bas i c  s o l u t i o n ,  and as ~ r + ~  i o n  
+ 3  i n  the  a c i d i f i e d  s o l u t i o n .  The ~ r + ~  i s  reduced t o  C r  by HN02 

dur ing  n e u t r a l i z a t i o n .  Theref ore, i n  order  t o  simul a t e  t h i s  process, 

0.5M - sodium n i t r i t e  (NaN02) and 0.5M - sodium hydroxide (NaOH) were added 

t o  t h e  m a t r i x .  Chromium (111) i s  known t o  form very l a b i l e  complexes 

which made i t  suspect as an o x i d a t i o n  i n h i b i t o r . ( 2 4 )  Therefore, when 

the  f i r s t  t e s t  i nd i ca ted  t h a t  t h e  ~ r + ~  d i d  n o t  cause the  slow r e a c t i o n  

r a t e s  a t  pH 1.2, a  second chrome t e s t  was conducted i n  which t h e  i r o n  

concent ra t ion  was reduced t o  a  lower and more normal l e v e l  r e l a t i v e  t o  

the  chrome concentrat ion.  F i n a l l y ,  aluminum was added t o  t h e  system t o  

determine i t s  e f f e c t .  The m a t r i x  components and t h e i r  approximate 

concent ra t ions  f o r  each t e s t  are l i s t e d  i n  Table 4. 

TABLE 4. Low pH Matr ices Test  Canposit ions. 

aCanponents are addecl cumulat ive ly ;  i .e . ,  Test. 5 cnnt.ains 
a l l  components 1  is ted .  

Tes t  

Test 1 

Test  2 

Test 3  and 4 

Test 5  

The r e s u l t s  o f  these t e s t s  are sumnarized i n  Table 5 and Figures 9, 

10, and 11. Resu l ts  are canpared t o  t h e  long 10-hour. pH 1.2 t e s t  i n  

~ a n ~ o n e n t  a 

E  DTA 

Fe (N03)3 
Sodium T a r t r a t e  

NaOH 

NaN02 

Na2Cr04 

NaA 102 

s y n t h e t i c  waste and t o  a  simple t e s t  a t  pH 1.2 w i t h  o n l y  aluminum and 

EDTA. Tes t  1 used o r ~ l y  i r o n  and EDTA a t  pH 1.2 and conta ined h ighe r  than 

Concentrat i o n  

. 0.05M - 
0.05M - (h igh) ,  0.005M - ( low)  

0.05M - 
0.5M - 
0.5M - 
0.1M - 
0.5M - 

normal i n i t i a l  amounts o f  EDTA. On the  o the r  hand, Test 4  had an excep- . 
t i o n a l l y  low i n i t i a l  concen t ra t i on  o f  EDTA. T h i s  may have r e s u l t e d  f rom 

EDTA ox ida t i on  f rom HN02 o r  ~ r + ~  dur ing  a c i d i f i c a t i o n .  Because o f  

t h i s  ' low EDTA concentrat ion,  t h e  i n fo rma t ion  i s  more quest ionable. Ozone 

data  f o r  t h e  f i r s t  75 minutes o f  Test 2  are a f fec ted  b y  an undetected gas 

leak on a  reac to r  connection. 



TABLE 5. Suilmary of Ozonati on Tes ts  a t  pH 1 . 2  w i t h  1ncreasi.ngly complex Matrices. 
. Test  1 Test 2 I r e s t  3 ( ~ i ~ t  I 

OZONE DATA 

Length o f  Rur (hr: 5 

Av. w t %  I n  3.422z.039 

Av. w t %  Out 2.760 

Tota l  Uol. A6ded 2906 

Moles ~dded /h r  0.60 

Moles Added 3.005 

Moles Unreacted 2.423 

Moles Reacted 0.582 

EDTA DATA 

I n i t i a l  (M) 0.1240 

F i n a l  (M) 8 l x 1 0 - ~  

Holes Reacted 0.246 3.110 

% Reacted 99.3 91.3 

REACTION DATA 

3st  Rate 1.07 0.951 

2nd Rate - 0.449 

03/ EDTA - l,;t 1.07 5.51 

03/ EDTA - 2nd 21.3 13.92 

P!! 
I n i t i a l  I .18 1.23 

F ina l  - 2.31 2.74 

"owest measurement a f t e r  L h r  30 mi" .  

Test 5 
EDTA + Fe . 
+tart+Cr 

+A ll 

5 

3.32@.105 

3.137' 

29111 

0.59 

2.941 

2.756 

0.185 

Test 6'. 
'synthet ic 

Waste 
LO. h r  pH 1.2 

10 

3.5632.09 

3.490 

4470 

0.59 

5.902 

5.778 

0.124 

Test 7 

' A l  -. 

+ 
EDTA . 

3.5 

3.3312.081 

3.243 

2021 

0.58 

2.043 

1.927 

0.116 



0 TEST-1 EDTA + Fe 
TEST-2 EDTA + Fe + TARTRATE 

0 TEST-3 EDTA + Fe (HIGH) + TART + Cr 
TEST-4 EDTA + Fe (LOW) + TART + Cr 

A TEST-5 EDTA + Fe + TART + Cr + Al 
A TEST-6 SYNTHETIC WASTE pH 1.2 
O TEST-7 EDTA + Al 

TIME (hr) 

FIGURE 9. EDTA Mu1 a r i t y  versus Time 
(Low pH Matr ices Tests)  



TIME (hr) 
RCP8103-139 

FIGURE 10. -In EDTA/EDTAo ve rsus  Time 
( L o w  pH M a t r i c e s  Tes t ) .  

30 



- 
0 TEST-1 EDTA + Fe 

TEST-2 EDTA + Fe + TARTRATE 
D TEST-3 EDTA + Fe (HIGH) + TART + Cr . TEST-4 EDTA'+ Fe (LOW) + TART + Cr 
A TEST-5 EDTA + Fe + TART + Cr + Al 
A TEST-6 SYNTHETIC WASTE pH 1.2 
0 TEST-7 EDTA + Al 

- 

- 

1 0.01 0 .02 0 .03 0.04 0.05 0 . 0 6 0 . 0 7  0 : 0 8 0 . 0 9 0 . 1 0  0.11 0 .120 .13  0 .140 .15  0 .160 .17  0 . 1 8 0 . 1 9 0 . 2 0  0.21 0 .22 0 .23 0.24 0 .25 

E D ~ A  REACTED (mol) 
RCP8103-140 

FIGURE 11. Moles Ozone Reacted versus Moles EDTA Reacted 
(Low pH Matr ices Tests) .  



Data from these t e s t s  show c l e a r l y  t h a t  t h e  slow r e a c t i o n  was not 

caused by t h e  low pH leve l s .  The 03-EDTA r e a c t i o n  r a t e  a t  pH 1.2 w i t h  

o n l y  i r o n T a n d  EDTA present  was f a s t e r  t han  t h e  r e a c t i o n  r a t e  i n  s y n t h e t i c  

waste a t  h igh  pH leve ls .  When t a r t r a t e  was added, the i n i t i a l  r e a c t i o n  

r a t e  was t h e  same as t h e  i r o n  and EDTA t e s t ;  however, a f t e r  90 min, t h e  

r e a c t i o n  r a t e  changed t o  h a l f  i t s  o r i g i n a l  value. At  t h i s  p o i n t  i n  the  

reac t i on ,  t h e  EDTA concent ra t ion  had been reduced t o  0.015M - and t h e  

t a r t r a t e  (0.05bJ) -€I3 r e a c t  i o n  probab ly  becames the dominant r a t e -  
1 

c o n t r o l  1  i ng reac t i on .  

The e f f e c t  o f  chrome on the  r e a c t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t .  

When the  chrome was added t o  a  m a t r i x  con ta in ing  a  l a r g e r  concent ra t ion  

o f  i r o n  (0.05_M), t he  r e a c t i o n  occurred i n  on1.y one stage w i t h  a r e a c t i o n  

r a t e  (0.44 h r - l )  equal t o  t h e  second stage o f  the  t a r t r a t e  addi. t ion 

t e s t .  When the  i r o n  concent ra t ion  was reduced t o  0.005M, - t h e  r e a c t i o n  

r a t e s  were s i m i l a r  t o  t h e  t a r t r a t e  t e s t .  Un fo r tuna te l y  t he  low i n i t i a l  

EDTA concen t ra t i on  f o r  t h e  low i r o n  t e s t s  may have a f fec ted  t h e  r e s u l t s .  

I f  t h j s  was not  a  f a c t o r ,  i t  would appear t h a t  the i r o n  concentrat ion may 

a l so  a f f e c t  t h e  r a t e .  I n  t h e  two t e s t s  ( 4  and 6) i n  which t h e  i r o n  and 

EOTA concent ra t ion  were low, t he  O3 consumption, A03/AEDTA, was 

h igher  (F igu re  11). T h i s  may i n d i c a t e  t h a t  complexes' o f  i r o n  w i t h  EDTA 

o r  t a r t r a t e  are a f f e c t i n g  t h e  reac t i on .  Fur ther  work i s  requ i red  t o  

c l  a r i f y  these experiments w i t h  chrome and i ron .  

Tests 5 ,  6, and 7 c o n t a i n  l a rge  concentr-ations o f  aluminum which 

caused t h e  r e a c t i o n  r a t e  t o  decrease b y  a  f a c t o r  o f  10. The even lower 

r a t e s  f o r  t h e  s y n t h e t i c  waste may be the  r e s u l t  o f  the  complex e q u i l i b r i a  

associ ated w i t h  t h e  metal i ons  and t h e  organic li gands. 

These r e s u l t s  i n d i c a t e  t h a t  an a1 uminum-EDTA chel a te  complex may be 

i n h i b i t i n g  the  o x i d a t i o n  by 03. This  cou ld  be the  r e s u l t  o f  e i t h e r  the  

slow k i n e t i c s  f o r  l i g a n d  exchange f o r  aluminum cunplexes, o r  from a  s t e r i c  

hindrance effect  caused by che l  a t  i on. (18y19y25) 1n a d d i t i o n  t o  chela- 

- t i o n  o f  a1 uminum, t h e r e  i s  a l so  evidence of t h e  fo rma t ion  o f  an aluminum- 



(EDTA) dimer. Hydrogen perox ide  has r a p i d l y  ox id i zed  EDTA a t  pH 1.2 i n  . .  . . . 

t he  same s y n t h e t i c  waste ma t r i x .  Th is  would suggest t h a t  t he  O3 
. . 

r e a c t i o n  mechanism r a t h e r  than l i g a n d  exchange k i n e t i c s  l i m i t s  the O3 

reac t ion .  

Sumnary o f  pH E f f e c t s  on React ion Rate 

Canparing the  r a t e  o f  r e a c t i o n  of O3 and EDTA a t  d i f f e r e n t  pH 

l e v e l s  i s  compl icated by  changes i n  t h e  experimental  design and condi -  

t i o n s  such as r e a c t o r  po t ,  f lows,  and ozonator v a r i a t i o n s .  From 

F igu re  12, severa l  observat ions can be made concerning t h e  e f f e c t  o f  pH 

on r e a c t i o n  r a t e .  The r e a c t i o n  r a t e  increases s i g n i f i c a n t l y  when t h e  pH 

i s  r a i s e d  f r ~  pH 8.5 t o  pH 10. T h i s  increase appears t o  peak a t  p~ 11. 

A  f u r t h e r  increase i n  t he  pH r e s u l t s  i n  a  decrease i n  t h e  r e a c t i o n  r a t e .  

Second-stage r e a c t i o n  r a t e s  f o l l o w  a  s i m i l a r  p a t t e r n  i n  t h i s  pH range. 

Reaction r a t e s  a t  low pH l e v e l s  are ve ry  slow. Based on these r e s u l t s ,  

t he  maximum f i r s t - s t a g e  r e a c t i o n  r a t e  f o r  03-EDTA i n  s y n t h e t i c  res idua l  

l i q u o r  i s  between pH 11 and 12. Higher  second-stage r a t e s  are p o s s i b l e  

i n  t he  in te rmed ia te  pH range. However, t he  problems associated w i t h  t he  

s o l i d s  t h a t  formed i n  t h e  range o f  pH 3  t o  13 outweigh any b e n e f i t s  

gained from improved r e a c t i o n  r a t e s  i n  t h i s  pH region.  Therefore 

ozonat ion a t  h igh  pH l e v e l s  s t i l l  appears t o  o f f e r  t h e  bes t  r e a c t i o n  r a t e  

cond i t i ons  f o r  des t roy ing  EDTA. 

E f f e c t  o f  pH on Sto ich iomet ry  

The moles of-O3 requ i red  t o  o x i d i z e  a mnle of EDTA a t  v a r i o t ~ s  pH 

values are shown i n  F igures 13 and 14. The change i n  O3 consumption 

(s lope = AO~/AEDTA) as the r e a c t i o n  progressed i s  shown i n  F igu re  13. 

The da ta  a l so  may be c l a s s i f i e d  i n t o  t h r e e  pH regions.  A t  pH 10 or  

greater ,  t he  O3 consumption remains approx imate ly  20-30 moles o f  O3 

per  mole o f  EDTA f o r  most o f  t h e  r e a c t i o n  and then approx imate ly  doubles 

f o r  t h e  l a s t  stage o f  t h e  r e a c t i o n .  Th is  t r end  reverses i n  t h e  i n t e r -  

mediate pH range (pH 3-10) w i t h  ex t remely  h igh  O3 consumption (100- 

500 moles 0 3 / m l e  EDTA) observed du r i ng  t h e  sho r t  f i r s t  stage o f  t h e  

reac t i on ,  and a  very  low (7-10 moles O3 moles/mole EDTA) consumption f o r  . 



FIGURE 12. Rate of Ozone-EDTA Reaction versus pH. 
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FIGURE 13. Moles Ozone Reacted versus Moles EDTA Reacted. 



F I G R E  14. Moles of Ozone per  Mole EDTA Reacted vensus pH. 
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the second stage. The O3 consumption a t  low pH l e v e l s  i s  low and con- 

s tan t  a t  about' 10 moles 0 3 / m l e  EDTA. The smal l  amounts o f  O3 con- 

sumed makes t h e  low pH very appeal ing economically. Th i s  advantage i s  

o f f s e t  by a very slow reac t i on  r a t e .  The f i r s t  stage O3 consumption 

appears t o  approach a minimum a t  pH 14+. Increasing the  OH- concentra- 

t i o n  appears t o  reduce the  r e a c t i o n  r a t e  b u t  improve the  O3 s t o i c h i o -  

metry. New experiments a t  h igher  and b e t t e r  de f ined hydroxide concen- 

t r a t i o n s  are needed t o  determine r e a c t i o n  r a t e  and O3 consumption 

1 i m i t a t i  ons o f  t he  h igh.  pH region.  

The s to i ch ime t ry  o f  the  03-EDTA r e a c t i o n  i s  a f u n c t i o n  o f  the  

mechanism ( d i r e c t  at tack or hydroxyl  f r e e  r a d i c a l  reac t i on ) '  and the  

concent ra t ion  o f  o ther  species i n  competing w i t h  the EDTA f o r  t he  

(23)  The r e a c t i o n  order  o f  O3 decomposit ion va r ies  with. 
03* (26)  PH I n  n a t u r a l  water w i t h  pH ~ 8 ,  one mole o f  O3 decomposes t o  

0.5 moles o f  hydroxyl  f r e e  r a d i c a l  (OH'). (") A t  e levated pH l e v e l  

an even h igher  percentage.of  t he  O3 i s  decomposed. The e f f e c t i v e  OH' 

r a d i c a l  concentrat i -on w i l l  a lso  be reduced by  t h e  presence o f  more e a s i l y  

o x i d i z a b l e  organ ic  ma te r i a l s  and f r e e  r a d i c a l  scavengers such as 

CO;' ion. 

The O3 consumption r a t e  changed w i t h  t ime - ( f i g u r e  . l5 ) .  For h igh  pH 

values, the  O3 consumption (AO~IAEDTA) con t i nua l  l y  increased, w h i l e  

f o r  in te rmed ia te  pH values, i t  decreased very r a p i d l y ,  l e v e l i n g  o f f  a t  a  

low O3 use. There i s  some evidence t h a t  a t  lower f l o w  ra tes  and h igh  

pH leve ls ,  A03/AEDTA d i d  no t  increase as r a p i d l y  w i t h  time, and may 

r e s u l t  i n  a lower o v e r a l l  consumption o f  03. However, as w i l l  be seen 

i n  l a t e r  data, the  increase i n  0 use cou ld  be the  r e s u l t  o f  increased 3 
M);' concent ra t ion .  Because the  8O3/dEDTA values i n  F igure  15 are 

der ived f rom smal le r  t ime i n t e r v a l s  t han  F igure  13, t h e  data p o i n t s  have 

a greater .  degree o f  sca t te r .  



FIGURE 15. Change i n  Ozone per Change i n  EDTA versus Time. 
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The r a t e  a t  which O3 was consumed o r  decomposed can a lso  be e s t i -  

mated by  determin ing the  percent  o f  O3 reac ted  based on the  weight percent  

O3 going i n t o  the  r e a c t o r  and the weight percent  going ou t  (F igure  16). 

The poorer  O3 t r a n s f e r  e f f i c i e n c y  f o r  t he  second r e a c t o r  can be seen i n  

these p l o t s .  Ass the pH decreases from 14+ t o  4.5, the  percent  o f  O3 

r e a c t i n g  decreases more r a p i d l y  w i t h  t ime. A t  low pH leve ls ,  O3 r e a c t s  

and decomposes very s low ly  a t  a  constant  ra te .  Fu ture  mass t r a n s f e r - k i n e t i c  

s tud ies  are planfled i n  which a  s o l u t i o n  O3 mon i to r  w i  11 be used t o  

determine O3 concent ra t ions  i n  s o l u t i o n  . These s tud ies  should he lp  t o  

e x p l a i n  some o f  these observat ions and op t im ize  t h e  experimental  cond i t i ons  . . 
f o r  t h e  O3 reac t ion .  Based on present  data, the  bes t  O3 s to i ch iomet ry  

i s  ob ta ined a t  t h e  low o r  in te rmed ia te  pH range. However, t h e  slow r e a c t i o n  

ra tes  a t  low pH l e v e l s  and the  1  arge amounts o f  so l  i d s  formed a t  i n t e r -  

mediate pH l e v e l s  make t h e  pH 14+ c o n d i t i o n  s t i l l  the ,most  f avo rab le  f o r  

d e s t r u c t i o n  o f  EDTA. 

ADDITIVE TESTS 

Var ious ma te r ia l s  were added t o  the  s y n t h e t i c  waste m ix tu re  i n  an 

attempt t o  improve the r e a c t i o n  r a t e  o r  O3 consumption requirements. 

The a d d i t i v e s  were used t o  ca ta l yze  t h e  o x i d a t i o n  o r  remove components 

which were be1 ieved t o  i n t e r f e r e  i n  the reac t i on .  

Cupri c  N i t r a t e  

F i ve  grams o f  C U ( N O ~ ) ~  were d issolved i n  a  smal l  amount o f  water 

and added t o  2 1  o f  t h e  syn the t i c  waste mixture.  The s o l u t i o n  changed 

c o l o r  from i t s  c h a r a c t e r i s t i c  ye l low t o  green and stayed t h i s  c o l o r  

throughout t h e  t e s t .  As shown i n  Table 3, t he  r e a c t i o n  r a t e  w i t h  Cu +2 

present  was o n l y  s l  i g h t l y  h igher  than-  t he  pH 14+ t e s t  w i thout  Cu +2 

(0.44 versus 0.38 hr-'). The O3 consumption was h ighe r  (31.12) w i t h  

CU+' than w i thou t  (23.65). However, t h i s  may have been the  r e s u l t  o f  
+2 c o n s t r i c t e d  f l o w  du r ing  the  t e s t  w i thout  Cu . The NO; dest.ruc- 

t l o n  and c 0 i 2  generat ion r a t e s  appear bet ter .when CU+* was added. - 
However, these a l s o  may have been t h e  f u n c t i o n  o f  an increased f l o w  

dur ing  the  CU+' t e s t .  It was concluded t h a t  t he  a d d i t i o n  o f  CU+' 

woul d  n o t  s i g n i f i c a n t l y  improve t h e  ozonat i  on process. 



FIGURE 16. Percent Ozone Reacted versus Time. 



Cal c i  um Hydroxide (carbonate E f f e c t s  ) 

Hoi gn'e and Bader have described the hydroxyl f r e e  r a d i c a l  scavengi,ng 

e f f e c t s  o f  t he  c0 j2  ion  and shown i t s  i n f l uence  on o x i d a t i o n  o f  

organics i n  water. (18y23y26) The carbonate concent ra t ion  i n  Hanford 

r e s i d u a l  l i q u o r  waste i s  h igh  ( 0.5M) - and becomes even h igher  dur ing  t h e  

ox ida t i on  o f  EDTA by O3 as shown i n  F i  u re  17. Calcium hydroxide had 

been added i n  o ther  ozonation studies .q28) Therefore Ca(OH)2 was 

added t o  remove the c0 i2  from s o l u t i o n  and thus prevent  i t s  

i n t e r f e r e n c e  w i t h  the  hydroxyl f r e e  r a d i c a l  reac t i on .  

Calcium hydroxide i s  very i n s o l u b l e  and s ince so l  i ds  had been 

causing f l o w  problems i n  the  second reac to r ,  o n l y  23.7 g o f  Ca(OH)2 

were added' t o  2 1 o f  s y n t h e t i c  waste us ing  t h e  f i r s t  r e a c t i o n  vessel. 

As seen i n  the carbonate ana lys is  f o r  var ious  t e s t s  (F igure 17), t he  

Ca(OH)2 d i d  n o t  reduce t h e  o r i g i n a l  c0 j2  concent ra t ion  o r  s i g n i f i -  

c a n t l y  a f f e c t  t he  increas ing  CO;* l e v e l  dur ing  the  t e s t .  The 

03-EDTA reac t i on  r a t e  w i t h  Ca(OH)2 present  was 2 t o  3 t imes slower 

than i n  the  t e s t  w i thout  Ca(OHl2. The O3 consumption was a l s o  two 

times h igher  i n  the presence o f  Ca(OH)2. . The reasons f o r  these d e t r i -  

mental r e s u l t s  are not understood but  may be due t o  reduced t ranspor t  o f  

O3 through the  c ~ ( o H ) ~  s o l i d s  o r  decomposition o f  O3 on the  l ess  

r e a c t i v e  so l i ds .  

Data from many o f  the  ozonat ion runs i nd i ca ted  t h a t  t he  r e a c t i o n  r a t e  

increased even though the  ~0;' a l s o  increased ( a l l  high pH t es ts ) .  

However, t he  O3 consumption, f o r  the h igh pH tes ts ,  increased w i t h  

increas ing  co j 2  concentrat  ion.  For the  in te rmed ia te  pH range, t he  

O3 consumption decreased even though the l e v e l  increased. 

Because o f  these opposing trends two t e s t s  were c a r r i e d  ou t  t o  determine 

the  magnitude o f  the  c 0 j 2  e f f e c t  f o r  our system. 
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FIGURE 17. M o l a r i t y  o f  Carbonate versus Time. 



I n  these tes ts ,  a  simple EDTA s o l u t i o n  a t  pH 12 was ozonated w i t h  

O.2M - Na2C03 present  and w i thout  carbonate i n i t i a l l y  present .  Ozona- 

t i o n  o f  these s imple EDTA so lu t i ons  caused t h e  so lu t i ons  t o  change t o  a  

. ye l low c o l o r .  L i q u i d  chromatograms showed two degradat ion peaks which 

disappeared a f t e r  20 minutes f o r  t h e  EDTA t e s t s  and 40 minutes f o r  t h e  

CO;'-EDTA t e s t  (F igure 1 8 ) .   he disappearance o f  t he  peaks 

corresponds t o  the  t ime the r e a c t i o n  en ters  the second h igher  03- 

consuming stage o f  t h e  reac t ion .  Dur ing t h e  tes ts ,  samples were taken 

f o r  TOC. A p l o t  o f  t he  percent  o f  TOC and EDTA reac ted  versus t ime shows 

t h a t  even though t h e  EDTA i s  98% destroyed a f t e r  3  hours, 38% of t h e  

carbon i s  s t i l l  present  as some organ ic  degradat ion product  (F igure 19). 

The C0i2 i n  t h i s  t e s t  increased from 0  t o  0.1M. - This  means about 

20% o f  t he  EDTA was ox id ized t o  ~0;'. The r e a c t i o n  r a t e  f o r  both 

these t e s t s  was 4.75 h r - l .  Th is  i s  5  t o  10 t imes greater  than observed 

f o r  t e s t  w i t h  s y n t h e t i c  waste..  The O3 consumption f o r  t he  t e s t  w i t h  

carbonate was 50% g rea te r  (7.25 moles O3 per  moles EDTA) f o r  t h e  f i r s t  

stage and 4  t imes greater  f o r  t h e  second stage o f  t h e  reac t ion .  These 

t e s t s  show t h a t  C0i2 a f f e c t s  the O3 consumption b u t  no t  t h e  reac-  

t i o n  r a t e .  Since the  O3 consumption r a t e s  f o r  t he  s y n t h e t i c  waste are 

3  t o  4  t imes greater  than those when o n l y  C0i2 i s  o the r  

f a c t o r s  such as NO; and o ther  o rgan ic  concentrat ions may have a  more 

s i g n i f i c a n t  e f f e c t  on O3 consumption than ~0;'. However, i f  it 

becomes necessary t o  reduce t h e  complexant concentrat ions t o  very  low 

l e v e l s  ( IO-~-IO-~M), -.- t h e  C0i2 ion cou ld  be a  very  important  f ac -  

t o r  f o r  economical use o f  03. I f  a  convenient means cou ld  be found f o r  

removing NO; and ~0;' p r i o r  t o  ozonat ion ,  s i g n i f i c a n t  economic 

b e n e f i t s  from b e t t e r  O3 u t i l i z a t i o n  should be poss ib le .  

Hydrogen Peroxide 

Others have repo r ted  t h a t  t he  a d d i t i o n  o f  H202 can ca ta lyze  t h e  

o x i d a t i o n  o f  o r g a n i c s  i n  H20. I n  t h i s  t e s t ,  20% H202 was 

added cont inuous ly  a t  a r a t e  o f  0.26 moles ( 4 0  ,ml) per  hour t o  2  1 o f  
' 

s y n t h e t i c  waste a t  pH 7. The r e s u l t s  o f  t h i s  t e s t  fo l lowed the  same EDTA 

des t ruc t i on  p a t t e r n  as the t e s t  a t  pH 8.5 w i thou t  H2O2./- The r e a c t i o n  . 
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FiGURE 18. Liquid Chromatogram o f  Ozonated EDTA Solution at pH 12. 
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FIGURE 19. To ta l  Organic Carbon Ana lys is  o f  Ozonated EDTA. 



was i n i t i a l l y  slow du r ing  NO; o x i d a t i o n  and then f a s t  dur ing  t h e  

second stage. The O3 consumption f o r  both stages o f  t he  pH 7 w i t h  

H202 and pH 8.5 t e s t s  were e s s e n t i a l l y  t he  same. However, t he  

r e a c t i o n  r a t e  o f  t h e  r a p i d  second stage was two times greater  f o r  t h e  

pH 7 t e s t  w i t h  H202 present .  This  does not  appear t o  be a  pH e f f e c t  

s ince  it, i s  a l s o  t h r e e  times g rea te r  than t h e  second stage r a t e  a t  

pH 4.5. Even though an improved r e a c t i o n  r a t e  may be p o s s i b l e  us ing 

H202, i t  probab ly  i s  no t  s i g n i f i c a n t  enough t o  overcome the  s o l i d s  

separa t ion  problems associated w i t h  ope ra t i ng  a t  pH 7. Also, a t  t h e  

expense o f  o n l y  a  l i t t l e  more concentrated HN03, i t  would be p o s s i b l e  

t o  use HZ02 a s t h e  ox idan t  i n  p lace  o f  O3 a t  a lower pH and a t  t h e  

same t ime overcome t h e  s o l i d s  problem by r e d i s s o l v i n g  t h e  aluminum 

hydrox i d e l ~ l    OH)^]. 
S i l v e r  N i t r a t e  

The c a t a l y t i c  e f f e c t s  o f  the  S i l v e r  i o n  was s tud ied  by adding 2  g  o f  

AgN03 t o  2  1  o f  s y n t h e t i c  waste a t  pH 2.1. A  wh i te  p r e c i p i t a t e  formed 

when t h e  AgN03 was added. This  cou ld  have been s i l v e r  c h l o r i d e  (AgC1) 

fo rma t ion  caused b y  c h l o r i d e  i m p u r i t i e s  i n  t h e  m a t e r i a l s  used t o  make the  

s y n t h e t i c  waste. Based on t h e  r e a c t i o n  r a t e  and O3 consumption res 'u l t s  
+ 

f rom t h i s  t e s t ,  no improvements were observed by adding Ag . However 

i f  t h e  s i l v e r  i o n  was p r e c i p i t a t e d  as a  c h l o r i d e  it probab ly  prevented 

the  A ~ '  i o n  f rom a c t i n g  as a  c a t a l y s t  by i n h i b i t i n g  o x i d a t i o n  t o  the  
+2 a r g e n t i c  ion,  Ag . 

Manganese N i t r a t e  

Manganese i o n  was added t o  s y n t h e t i c  waste a t  pH 1.2 i n  an e f f o r t  t o  

impr6ve t h e  o3 r e a c t i o n  r a t e  a t  low pH values. Since H202 ox ida t i ons  

of EDTA a t  t h i s  low pH l e v e l  were not a f fec ted  by t h e  aluminum complex i n t e r -  

ference,  i t  was hoped than ~ n + ~  cou ld  cata lyze the. r e a c t i o n  by o f f e r i n g  a  

d i f f e r e n t  o x i d a t i o n  mechanism. This-may be accomplished by cont inued O3 

o x i d a t i o n  o f  ~ n + &  t o  perrnanganate. I n  t h i s  t e s t ,  4  g  u f  M ~ I ( N O ~ ) ~  were 

added t o  2 1  o f  s y n t h e t i c  waste a t  pH 1.2. The ~ n + ~  i o n  d i d  n o t  impr0v.e 

t h e  O3 consumption b u t  d i d  r e s u l t  i n  a  two - fo ld  increase i n  t h e  r e a c t i o n  



r a t e .  Higher concentrat ions o f  ~ n + '  may g i ve  f u r t h e r  improvements. 

However, t h e  r a t e  i s  s t i l l  4 t o  5 t imes slower than  t h a t  ob ta ined a t  h igh  pH 

l e v e l s  and a d d i t i o n a l  cos ts  o f  ~ n + '  and a c i d  would be requ i red .  

E f f e c t  o f  Temperature on t h e  Ozone-EDTA React ion at Low pH 

A s i n g l e  ozonat ion t e s t  was c a r r i e d  ou t  a t  a h igher  temperture (85 '~ )  

t o  see if t h e  r e a c t i o n  r a t e  a t  a low pH value cou ld  be improved. I n  t h i s  

t e s t ,  s i g n i f i c a n t  improvements i n  the  r e a c t i o n  r a t e  and O3 consumption 

were observed. The r e a c t i o n  r a t e  a t  8 5 ' ~  was 0.395 h r - l  compared t o  

, 0.065 h r - l  a t  60'~. The r a t e  decreased t o  0.184 h r - I  a f t e r  about 

105 min, i n d i c a t i n g  o the r  reac tan ts  or  p roducts  may' be canpet ing f o r  t h e  

03. The O3 consumption a t  8 5 ' ~  was 2.9moles o f  O3 pe r  mole o f  

EDTA compared t o  9.4 a t  60'~. The second-stage 03 consumption a t  

8 5 ' ~  was 20.0 moles O3 per  mole EDTA. Th is  change d i d  n o t  occur u n t i l  

a f t e r  210 mi n when t h e  EDTA mol a r i t y  was <O.OOS!. Ozonations a t  low pH and 

h igher  temperatures might  o f f e r  some s i g n i f i c a n t  c o s t  bene f i t s .  Some 

problems were encountered du r ing  t h e  t e s t  from cond.ensation o f  water i n  t h e  

O3 ana lys i s  l i n e s .  Be t te r  d r y i n g  techniques may have t o  be implemented 

before  add i t i ona l  h igh  temperature t e s t s  can be performed . 



FUTURE WORK 

. These ozonat ion  s tud ies  have been d i r e c t e d  s p e c i f i c a l l y  a t  

des t roy ing  EDTA i n  Hanford nuc lear  waste i n  o rder  t o  a l low t h e  removal of 

1 o n g - l i  ved rad ionuc l i des  from t h e  waste p r i o r  . t o  ' lonq-term d i ~ p ~ ~ a 1 .  

Ozonation can meet t h e  requirements f o r  t h i s  a p p l i c a t i o n  i f  EDTA 

concent ra t ions  can b e  reduced t o  <0.005M. - These s tud ies  show t h a t  t h i s  . 

c r i t e r i o n  can be met a t  almost any pH leve l .  Even though ozonation o f  

waste a t  low pH values and h igh  temperature appears t o  r e q u i r e  s i g n i f i -  

c a n t l y  lower amounts o f  0 3 ,  t h e  ozonat ion process a t  h igh  pH o f f e r s  

reasonable O3 use e f f i c i e n c y  and s impler  opera t ing  cond i t ions .  An 

accurate economical eva lua t i on  o f  these cond i t i ons  w i  11 not be poss ib le  

u n t i l  t h e  mass-transfer k i n e t i c s  o f  t he  process are  determined i n  next  

y e a r ' s  s tudies.  

Recent ly,  long-term waste management plans a t  Hanford have p laced 

g rea te r  emphasis on i n  s i t u  s torage of t h e  waste i n  a near-surface 

r e p o s i t o r i e s .  Under such a program, removal o f  long-1 i ved  rad ionuc l  ides 

would most l i k e l y  be l i m i t e d  t o  se lec ted  waste. For i n  s i t u  d isposal  o f  

the  waste, the  impact o f  complexants on rad ionuc l i de  re lease scenarios 

such as water m i g r a t i o n  through s o i l s  becomes a s i g n i f i c a n t  f a c t o r .  

C r i t e r i a  f o r  near-sur face d isposal  o f  complexed waste have n o t  been 

es tab l ished.  

s h e  fundamental quest ions w i  11 have t o  be answered before  these 

c r i t e r f a  can be developed. 

a What i s  the e f f e c t  of t he  d i f f e r e n t  complexants i n  Hanford 

waste on t h e  adsorp t ion  o f  rad ionuc l ides  on t h e  s o i l ?  

a At .  what. concent ra t ions  are the eamplexant e f f e c t s  s i  g t~ i ,F i  c a r ~ l ?  

a What i s  t h e  long-term r i s k  of l eav ing  the  canplexants i n  t h e  

waste? 



If complexant des t ruc t i on  i s  requ i red  be fore  i n  s i t u  near-surface waste 

d isposal ,  o ther  f a c t o r s  must be considered i n  developing the  des t ruc t i on  

process. 

What are the r e a c t i o n  s to i ch iomet ry  and k i n e t i c s  f o r  des t roy ing  

a l l  types o f  complexants i n  t h e  wastes? 

e How complete i s  the des t ruc t i on  o f  the  complexants? 

What a re  t h e  major products o f  t he  des t ruc t i on  process and how 

do they  a f f e c t  t he  adsorpt ion o f  rad ionuc l ides  and the r i s k  

assessment? 

Obviously  these 1  im i ted  O3 s tud ies  have j u s t  begun t o  answer these 

quest ions about t he  canplexant EDTA. Fu tu re  work should be d i r e c t e d  a t :  

understanding the  r e a c t i o n  o f  ozone w i t h  o ther  complexants 

determin ing t h e  completeness o f  t h e  r e a c t i o n  f o r  t he  d i f f e r e n t  

compl exan t s  

i d e n t i f y i n g  the  major products o f  the  r e a c t i o n  

determin ing t h e  rad ionuc l i de  adsorpt ion p r o p e r t i e s  o f  ozonated 

waste. 

Th is  f u t u r e  work should inc lude add i t i ona l  s tud ies  o f  s y n t h e t i c  systems 

as we l l  as an increased emphasis on O3 r e a c t i o n  s tud ies  w i t h  ac tua l  

waste. Product  i d e n t i f i c a t i o n  and measurement w i l l  r e q u i r e  the  develop- 

ment o f  new a n a l y t i c a l  methods. Some o f  the  o ther  complexants and 

p o t e n t i a l  o x i d a t i o n  products o f  EDTA are described i n  t h e  f o l l o w i n g  

' sect ions.  

HANFORD WASTE COMPLE XANTS 

The major complexants added t o  the  waste from the  B P lan t  f i s s i o n  

product  recovery process are N-(hydroxyethyl  ) - e t h y l  enedi ami n e t r i  a c e t i  c  

a c i d  (HEDTA), EDTA, hydroxyacet ic  acid, and c i t r i c  ac id.  I n  add i t ion ,  

smal ler  q u a n t i t i e s  o f  o ther  complexants have a lso  been added t o  t h e  waste 

such as t a r t r a t e ,  oxal  ate, d i e t h y l e n e t r i  aminepentaaceti c  a c i d  (DTPA), 

n i  t r i l o t r i  a c e t i c  acid (MTA), acetate, and sucrose. Hanf ord wastes may 



RHO-SA -203 

c o n t a i n  ex t rac tan ts ,  d i  1  uents, and t h e i r  chemical and r a d i o l y t i c  degrada- 

t i o n . p r o d u c t s  which cou ld  a lso  act  as complexants. Tr ibuty lphosphate 

(TBP) , d i  buty lphosphate (DBP) , monobutylphosphate (MBP), d i  b u t y l  b u t y l -  

phosphonate (DBBP), d i -2-ethy lhexylphosphor ic  a c i d  (HDEHP), methyl 

i <nh~r t . y l  l i ~ t . n n ~  NPH (nnrmal p a r a f f i n  hyrtrncarhnnq), and i m p ~ r r i t i  es and 

degradat ion products  of these compounds are among these ma te r ia l s .  (4 )  

Know1 edge o f  t he  complexants i n  Hanf o rd  wastes i s  based almost e n t i r e l y  

on process ing  records of what has been added. Very l i t t l e  i n fo rma t ion  

f rom ana lys i s  o f  t h e  ac tua l  waste i s  ava i lab le .  

The f o l l o w i n g  est imates have been made f o r  t h e  amount o f  major 
(30) c o m p l c x ~ n t s  added t o  t h c  waster 

6 e Hydroxyacet ic  a c i d  - 9.0 x  10 Moles 

6 a C i t r i c  a c i d  - 3.3 x  10 Moles 

, a HEDTA - 2.7 x  l o 6  Moles 

6  a EDTA -0 .57  x  10 Moles 

I'hese complexants represent  o n l y  about 1% o f  the  t o t a l  weight o f  t he  waste 

i n v e n t o r y  b u t  may be as h igh  as 24% o f  the  B Plan t  and Purex waste. ( 3 1 )  
It i s  be l i eved  t h a t  due t o  t h e i r  h igh  s o l u b i l i t y ,  most o f  these complexants 

have been concentrated I n  the  r e s i d u a l  l i q u o r s  from the waste concentrat ior i  

evaporators a t  Hanf ord. 

The TOC analyses from the Hanford h igh - leve l  defense waste cha rac te r i -  

z a t i o n  program are  sumnarized i n  Table 6. (31) The TOC measurements were 

made on a  water so lub le  and ac id  so lub le  f r a c t i o n  o f  t h e  waste and are  re -  

p o r t e d  as the  grams o f  carbon per  gram o f  o r i g i n a l  sample. I n  a  s tudy on 

t h e  removal o f  rad ionuc l i des  f ~ o m  t h c  wsstc t h c  TOC o f  somc s a l t  cakcs was 

ruulld t o  be between 1 t o  5 x 1 0 - ' c ~ / ~ . ( ~ )  Analys is  of l i q u i d  w a s t e f b r  

t h e  study showed TOC ranged f rom 1 t o  11M TOC w i t h  waste o r i g i n a t i n g  f rom 

B P l a n t  having TOC values between 4 and 11M. - These TOC numbers do n o t  



n e c e s s a r i l y  represent  t he  l e v e l s  o f  complexants s ince  organ ic  ex t rac tan ts ,  

d i l u e n t s ,  and t h e i r  degradat ion products are a l s o  measured i n  t h e  TOC 

ana lys is .  

Recent HPLC ana l ys i s  of a complexed r e s i d u a l  l i q u o r  f rom the  

241-AZ-102 tank found 0.09M - EDTA and 0.13M - HEDTA. Th i s  corresponds t o  

Q2.2M - TOC. The TOC ana lys is  o f  t h i s  waste was 7.4M, - i n d i c a t i n g  t h a t  

o the r  complexing agents, d i l u e n t s ,  o r  degradat ion products were present  

i n  t h e  waste. c h a r a c t e r i z i n g  these wastes and eva lua t i ng  t h e i r  e f f e c t  on 

t h e  long- term management o f  t h e  waste w i l l .  r e q u i r e  more study. 

TABLE 6. 'To ta l  Organic Carbon Analyses o f  Some 
Hanford Waste. 

Tank No. 

107-BX 

110-BX 

112-BX 

104-T 

102-TY 

104-TY 

106-TY 

105-TY 

106-C 

103-TY 

Type o f  Waste 

1 s t  Cycle Bismuth 
Phosphate Sludge . 

Evaporator Bottom 
F i r s t  Cycle Bismuth 

F i r s t  Cycle Bismuth 
Phosphate Sludge 

1 s t  Cycle Bismuth 
Phosphate Sludge 

Evaporator 
Bottom 

T r i  bu t y l  phosphate 
S l  udge 

T r i  bu t y l  phosphate 
S I udge 

T r i  bu t y l  phosphate 
Sludge 

Purex 

T r i  hu t y l  phosphate 
S l  udge 

TOC 

Water 
Soluble 

- - 

1.69 x 10-4 

- 
1.2 x 10-3 

2.9 x 10-3 

2 x 10-3 

1 x 10-3 

9.18 x 10-4 

(1 x 10-2 

0.02 

1.1 x l o -3  

(g /g )  

Water 
1nsol ub le  

7 . 3 ~ 1 0 - 4  - 

6.00 x 

8.9 x 

1.02 x 1 0 - I  

- - 

2.8 x 

3.69 x l oe3  

(6 x 

- - 

~ 1 . 2  x l o -3  



EDTA React ion  Products 

No s p e c i f i c  references t o  ozonat ion o f  EDTA i n  which the products 

have been analyzed have been found. However, t he re  are numerous r e f e r -  

ences o f  t h e  products formed from.decomposit ion and ox ida t i on  o f  EDTA 

w i t h  o ther  processes o r  chemical reagents. (32-40) Most o f  these pro-  

duc ts  a re  formed b y  successive decarboxylat ion dur ing  thermal or  photo 

decomposit ion, and o x i d a t i o n  by agents weaker than O3 (Table 7 ) .  I n  

add i t i on ,  t h e  products  formed are a  f u n c t i o n  o f  pH, p a r t i c u l a r l y  f o r  O3 

where t h e  mechanism changes from a  d i r e c t  O3 r e a c t i o n  t o  a  hydroxyl  

f r e e  r a d i c a l  r e a c t i n n  a t  h i g h  pH levels, Ozsnation o f  o ther  canplexants, 

such as g lyc ine ,  suggests t h a t  o x a l i c  a c i d  (COOH)2 , C02, and ammonia 

(NH3) woul d  be f o n e d  , . (41) It i s  conceivable t h a t  incomplete ox ida-  

t i o n s  cou ld  r e s u l t  i n  t h e  fo rma t ion  o f  g lyoxal ,  g l y o x y l i c  acid, or  

g l y c o l i c  ac id.  The fo rmat ion  o f  NH3 and C02 has been confirmed by 

X-ray d i f f r a c t i o n  i d e n t i f i c a t i o n  of (NH4)*C03 s o l  i d s  i n  the  ho t  

condenser from t h e  reac to r  pot .  L u t t o n  i d e n t i f i e d  sodium oxal  a te  s o l i d s  

a s  a  product  o f  some EDTA-0, reac t ions . (6 )  Ozonation of a c e t i c  a c i d  
J 

r e s u l t e d  i n  the fo rmat ion  o f  g l y o x y l i c  and o x a l i c  ac id.  (42)  Glyoxyl  i c ,  

o x a l i c ,  formic, and a c e t i c  ac ids were the  common ozonat i  on in te rmed ia te  

products p r i o r  t o  o x i d a t i o n  t o  COe f o r  many organ ic  mater ials, .  (36)  
Depending on condi  t i  ons, c m p l  e t e  ox1 da t l on  of these end pr-oducts t o  

C02 by  O3 may be ve ry  slow and organ ic  in termediates may remain t o  

c m p l e x  rad ionuc l i des  i n  t h e  waste. A  considerable amount o f  l i t e r a t u r e  

e x i s t s  on 03-organic reac t ions .  (43-47) Add1 t l o n a l  1  abordlorly s tud ies  

should be d i r e c t e d  a t  s p e c i f i c a l l y  examining t h e  products from ozonat i  on 

o f  Hanford waste t o  determlile I f  the products s iyr~ i r i ~ d r ~ t l y  i l lc rease the 

r i s k  associated w i t h  near-surface d isposal .  



TABLE 7. P o t e n t i a l  Products o f  EDTA 
Decompos i ti on and/or Oxi da t  i on. 

EOTA 

E03A HOOCCH CH2COOH 
(N-carboxylmethyl-N.N'-ethylenediglycine) 

H 

EOA . 
(Ethylenediarnine) 

'GL 
(G lyc ine)  

IMOA 
( i rn inod iace t i c  a c i d )  

Formaldehyde 

N-(2-hydroxyethyl  ) i rn inod iace t i c  a c i d  
(Thermal Oecomposi t i o n )  

HOOCCH 
2\. 

H 
/ 

N-CH2-CH2-N 

H' 'CH~COOH 

HOOCCH 
2, 

N-CH2-CH2-N 
/" 

H /  ' H 

HCHO 

HOOCCH 

2'N-cH2-cH20H 

HOOC-cH[ 

/ cH3 
,CH3 -LO2 R-N 

R-N - \ 
\CH,COOH 

CH3 

where R = CH2CH20H o r  H 

Formic A c i d  

Oxa l i c  Ac id  

(lu1e5 

G l y c o l i c  Ac id  (hydroxyacet ic  a c i d )  

Glyoxal 

G l y o x y l i c  Ac id  

0 

HC-OH 

oy OH 
o = c - t = o  

H 
HC-OH 

C-OH 

tl 

H 
C-H 
I 

0 

0 

C-H 
I 
C-OH 

r; 
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EXPERIMENTAL AND PROCEDURES 

EQUIPMENT 

The experimental  co.nfi gu ra t i on  fo r  these t e s t s  underwent numerous 

m o d i f i c a t i o n s  i n  order t o  improve t h e  accuracy and r e l i a b i l i t y  o f  t h e  

experiment. . However, t he  f low p a t t e r n  f o r  these e a r l i e r  experiments was 

e s s e n t i a l l y  t he  same as t h a t  f o r  t he  f i n a l  arrangement shown i n  F igures  1 

and 2. S ta in less  s tee l ,  Tef lon, o r  g lass  components were used t o  p revent  

unwanted O3 reac t ions .  Dual K I  t r a p s  were o r i g i n a l l y  used t o  remove 

unreacted 03. However, t h e  t r a p s  were l a t e r  replaced b y  Westgate U l t r o x  

c a t a l y t i c  O3 decomposers (6  in .  diameter, 10 in .  long) and a s i n g l e  

t r a p  was used i n  con junc t i on  w i t h  the  decomposers fo r  coo l i ng  t h e  gases 

and t o  i n d i c a t e  decomposer f a i  1 ure. Potassium iod ide  t r a p s  requ i red  

f requent  rep1 acement a t  low pH values and caused a d d i t i o n a l  problems such 

as p lugg ing  from KI03 formation, exploding from n i t r o g e n  t r i i o d i d e  

(N13) formation, and generat ion of a noxious gas (1209). A1 1 

experiments were performed i n  w e l l  v e n t i l a t e d  hoods s ince  O3 t o le rance  

l e v e l s  a re  o n l y  about 0.1 ppm. A Das ib i  Model 1003AH O3 moni tor  

monitored t h e  room.' Because o f  i t s  s t rong o x i d i z i n g  c a p a b i l i t y ,  s h i e l d s  

were p laced i n  f r o n t  o f  t he  r e a c t o r  p o t  i n  case o f  exothermic reac t ions .  

Dual oxygen tanks supp l ied  (F igu re  1, L i n e  1 )  a Union Carbide Ozone 

Generator, Model SG-4060. The generator was operated a t  approximately 

350 W power w i t h  a Q12 l /m in  O2 f low.  Tests were normal ly  r u n  f o r  

5-6 hr .  The n;ronat.nr p,ressl.rre was c o n t r o l l e d  a t  12 p s i g .  These condi-  

t i o n s  generated about 3.5 wt% 03. P a r t  o f  t h e  oxygen going t o  t h e  

ozonator was s p l i t  i n t o  two l i n e s  whose pressures were reduced t o  8 ps ig .  

The oxygen was then in t roduced as a zero gas f o r  t h e  h igh - leve l  O3 

monitors, which measured both i n p u t  and output  O3 concentrat ions.  

A smal l  f r a c t i o n  o f  t h e  O3 generated (F igure  1, L i n e  2) was sent  

t o  t h e  l n p u t  O3 moni tor  t o  measure t h e  concent ra t ion  o f  O3 b e i n g  

in t roduced i n t o  t h e  reac to r  po t .  The moni to r  a1 t e r n a t e l y  .measures t h e  

O3 i n  t h e  sample and z e r o g a s  by, UV absorp t ion  p r i n c i p l e s  and 

au tomat i ca l l y  reads out  t h e  n e t  weight percent  o f  O3 i n  t h e  sample. 



The f l o w s  f o r  b o t h  gases were c o n t r o l l e d  a t  2  l /min. Since UV absorp- 

t i o n  i s  a  func t ion  of t h e  dens i t y  o f  t he  gas, a  type K thermocouple and a  

mercury manometer were p laced i n  t he  l i n e  t o  measure t h e  temperature and 

pressure of the  gas. The O3 concent ra t ion  was cor rec ted  f o r  tempera- 

t u r e  and pressure e f f e c t s  according t o  c a l c u l a t i o n s  described i n  

Appendix D. A T e f l o n  f i l t e r  (5p) was p laced i n  t h e  l i n e  t o  remove any 

- p a r t i c u l a t e s  and t o  d u p l i c a t e  the  O3 moni tor  cond i t ions .  Another 

branch o f  t h i s  O3 sample l i n e  was used t o  c a l i b r a t e  the  O3 moni tor  

us ing  the  K I  t i t r a t i o n  described i n  Appendix E. Th is  branch was normal ly  

c losed du r ing  an ozonation t e s t .  Because o f  t he  low f low, a  s i n g l e  O3 

decomposer heated t o  5 0 ' ~  by  heat ing  tapes removed the  U3 (F igure  I ,  

L i n e  4 )  be fo re  d i scha rg ing  i n t o  the  hood. The volume o f  t h i s  gas i s  not  

c r i t i c a l  and was n o t  measured s ince i t  does n o t  en te r  i n t o  the  r e a c t i o n  

o r  c a l c u l a t i o n s .  

The major  f r a c t i o n  o f  t h e  O3 generated was d i r e c t e d  (F igure  1, 

L i n e  3 )  t o  t he  r e a c t o r  p o t  f o r  o x i d i z i n g  t h e  syn the t i c  waste. The reac- 

t i0.n p o t  underwent severa l  mod i f i ca t ions .  The l a s t  arrangement i s  shown 

i n  F igures  3  and 4. The p'ot was mainta ined a t  a  constant  temperature, 

no rma l l y  60%. w i t h  a  water jacket  suppl ied by a  constant  temperature ' 

water c i r c u l a t o r .  M ix ing  was accomplished by  a  T e f l o n  s t i r r i n g  s h a f t  

connected t o  an ACE Model 8081 f l e x i b l e  sha f t  motor d r i v e  assembly, 

through an ACE water-cooled, glass bear ing  (Model. 8040) .* The s t i r r e r  

speeds f o r  the  t e s t  were cont ro ' l led  by  s e t t i n g  t h e  variab' le motor con- 

t r o l l e r  t o  approximately t h e  same s e t t i n g  b u t  were not  measured. A  

d i r e c t  d r i v e  t o  t h e  s t i r r i n g  sha f t  was o r i g i n a l l y  used b u t  v i b r a t i o n s  

even tua l l y  resu l  ted i n  t h e  s h a f t  b ind ing  and sometimes stopping. Four 

b a f f  les were located on t h e  g  lass wa 1 i s  t o  help d isperse the  O3 gas 

bubbles. The gas was o r i g i n a l l y  d ispersed through a  blown g lass  fr it 

(2.5 in .  d ia . )  w i t h  -40 hol'es t h a t  were -1 m i n  d ia.  Because t h i s  

design .could no t  be e a s i l y  reproduced, a  removable, machined Te f l on  fr it 

(F igu re  3)  w i th  2.60 holes and v a r i a b l e  diameters was f a b r i c a t e d  and 

at tached t o  the  reac to r  w i t h  a  g lass- to -Tef lon  threaded f i t t i n g  as shown. 
0 

*ACE Glass Incorporated, Vineland, New Jersey, 08360. . 
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Occasional ly,  s o l i d s  would b lock t h e  holes o f  t h e  g lass bubbler, causing 

f lows t o  vary  and making experimental  cond i t i ons  unreproducible. The 

Te f l on  frit i s  s t i l l  be ing tested. The d is tance between the  s t i r r e r  

p r o p e l l e r  and the  frit was found t o  be c r i t i c a l  f o r  good gas d i spe rs ion  

and i n  l a t e r  designs, t he  d i s tance  was l i m i t e d  t o  1 in .  Samples from t h e  

reac to r  were taken us ing a 2.5 mn glass c a p i l l a r y  tube extended about 

6 i n .  i n t o  t h e  p o t  and connected t o  a p l a s t i c  sy r inge v i a  .a  Cheminert, 

Model CAV2031, two-way Te f l on  valve*. L i q u i d  add i t i ves  were in t roduced 

through another c a p i l l a r y  l i n e  w i t h  a 3-mn Tef lon stopcock valve. A 

s t a i n l e s s  s tee l ,  sheaved, type K thermocouple t o  determine the  p o t  

temperature was in t roduced through a T e f l o n  threaded f i t t i n g .  I n  e a r l i e r  

experiments, s i g n i f i c a n t  gas losses were a t t r i b u t e d  t o  leaks around the 

two l a r g e  g lass  f i t t i n g s  (71/60, 10/38) when t h e  reac to r  was pressur ized.  

Losses were minimized by p l a c i n g  sp r ing  clamps over t h e  f i t t i n g s .  The 

71/60 f i t t i n g  requ i red  m o d i f i c a t i o n  i n  order t o  accept an enlarged clamp. 

The o f f -gas  from the  reac to r  (F igure 1, L ine  5) was f i r s t  passed 

through a ~ O C ,  8- in .  condenser connected t o  t h e  r e a c t o r  I s  10/38 f i t -  

t i n g  w i t h  a T e f l o n  sleeve and clamp. The coolant,  e thy lene g l yco l ,  was 

. suppl ied t o  t h e  condenser and the  ACE glass-Tef lon bear ing  by a r e f r i g e r -  

ated c i r c u l a t o r .  V i b r a t i o n s  f r e q u e n t l y  caused t h e  condenser connect ion 

t o  break. The condenser design should be mod i f ied  i n  f u t u r e  models. The 

gases nex t  f lowed t o  a warm, 60°c, 12-in. downward s p i r a l  condenser 

be fore  f i n a l l y  passing through a 6- in .  tube o f  loose ly -packed g lass 

wool. This  gas treatment was p r i m a r i l y  intended - t o  remove moisture and 

p a r t i c u l a t e s  t h a t  cou ld  contaminate t h e  o p t i c s  o f  t h e  o u t p ~ ~ t  O3 

monitor.  The e f f i c i e n c y  o f  these f i l t e r s  and condensers. i s  uncer ta in.  

During an 8 5 ' ~  ozonat ion t e s t ,  moisture was found i n  the  l i n e s  lead ing  

t o  t h e  O3 monitor,  i n d i c a t i n g  more e f f i c i e n t  d ry ing  may be requ i red  a t  

h igher  temperatures. Any changes i n  t h e  o f f -gas  t reatment  must be done 

i n  a manner t h a t  w i l l  no t  af fect  t he  03 concent ra t ion  o f  t he  of f -gas.  

q a b o r a t o r y  ~ a t ' a  Control ,  R i v i e r a  Beach, F l o r i d a  33404. 



A f t e r  pass ing  through the  g lass wool f i l t e r ,  t h e  off-gas was s p i t  

i n t o  a  sampling l i n e  and a  major exhaust l i n e .  A  small f r a c t i o n ,  

Q2 l/min., o f  t h e  off-gas was passed through a  5p T e f l o n  f i l t e r  before 

e n t e r i n g  t h e  ou tpu t  O3 moni tor .  The output  O3 mon i to r  measures the 

O3 concen t ra t i on  i n  t he  o f f -gas  i n  t he  same manner as the  i n p u t  O3 

moni tor .  However, because the  gas passing through t h e  moni tor  a l s o  was 

used i n  the  r e a c t i o n ,  i t s  volume had t o  be measured. This  was compli-  

cated s ince  t h e  sample gas was not  c o n t i n u a l l y  passing through t h e  O3 

mon i to r  bu t  was a1 t e r n a t i n g  w i t h  t h e  zero gas. I n  order  t o  overcome t h i s  

problem, another T e f l o n  so leno id  swi tch ing  va lve  ( S )  was placed i n  the  

exhaust 1  i n e  (F igure  1, L i n e  6) from the output  O3 mon i to r  and s-ynchron- 

i r e d  t o  the  O3 mon i to r  l o g i c  through a so leno id  c o n t r o l  box f a b r i c a t e d  

i n  t h e  lab. Th i s  p e r m i t t e d  t h e  exhausted o f f -gas  t o  be d i r e c t e d  through 

a  P rec i s ion  S c i e n t i f i c  Model 63115 wet - tes t  meter (WTM) and the  zero gas 

t o  be exhausted t o  t h e  hood. A s i n g l e  O3 decomposer operated a t  5 0 ' ~  

and a  t r a p  con ta in ing  400 m l  o f  10% K I  were p laced i n  f r o n t  of t h e  

c o n t r o l  so leno id  t o  remove the  O3 be fore  en te r i ng  t h e  WTM. 

The m a j o r i t y  o f  t he  off-gas was d i r e c t e d  through two O3 decom- 

posers operated a t  SO'C, and through a  10% K I  t r a p  t o  remove a1 1  the  

CJ3, be to re  pass ing  through a  WTM t o  measure i t s  volume. Two decom- 

posers were r e q u i r e d  t o  reduce the  O3 ' levels t o  a  few p a r t s  per m i l l i o n  

f o r  t h e  h ighe r  volume o f  gas. The t o t a l  volume o f  reacted gas equals t h e  

sum o f  the volumes measured by the  two WTMs. To ta l  gas volumes measured 

by  t h e  WlMs agreed t o  w i t h i n  10% o f  t h e  t o t a l  volume as est imated from 

t h e  f l o w  meter readings o f  the  ozonator.  Another branch o f  the  r e a c t o r  

ou tpu t  l i n e  (F igure  1, L i n e  5) was used t o  c a l i b r a t e  t h e  O3 moni tor  as 

w e l l  as measure t h e  O3 concen t ra t i on  o f  the  r e a c t o r  o f f -ga r  d i r e c t l y  by 

KI t i t r a t i o n .  

Before beginning a  t e s t ,  t he  f l o w s  were balanced c a r e f u l l y  by ad jus t -  

i n g  t h e  c o n t r o l  va lves on the  ozonator and on the  O3 moni tors.  Too 

much f low through t h e  ozonator  s imple l i n e  (F igu re  1, L i n e  2)  r e s u l t e d  i n  

t o o  smal l  of a  f l o w  through the  r e a c t o r  (F igure  1, L ine  3) which i n  t u r n  

r e s u l t e d  i n  i n s u f f i c i e n t  f l o w  t o  the  ou tput  O3 mon i to r  (F igure  1, 

L ine  5) .  Oxygen f low t o  t h e  o3 moni to rs  was c o n t r o l l e d  c a r e f u l l y  so 



t h a t  i t  cou ld  be matched w i t h  t h e  f l o w  f rom t h e  sample l i n e s  us ing  t h e  

s i n g l e  f l o w  meter on t h e  O3 moni tor .  I n  o rder  t o  achieve accurate 

background co r rec t i on ,  t h e  supply  pressures from t h e  zero  gas and sample 

l i n e s  were c o n t r o l l e d  t o  n e a r l y  t h e  same value. 

PROCEDURES 

Syn the t i c  Residual L iquo r  Feed Prepara t ion  

The fo rmul  a t i o n  and d e t a i l e d  procedure f o r  t h e  s y n t h e t i c  r e s i d u a l  

l i q u o r  waste used i n  t h i s  study i s  g iven i n  Appendix B. 

The m ix tu re  must be prepared c a r e f u l l y  i n  order  t o  keep i r o n  i n  

s o l u t i o n .  T a r t r a t e  was added t o  he lp  p revent  t h e  h y d r o l y s i s  o f  i r on .  

Small amounts o f  s o l i d s  may fo rm even when us ing  t h e  p resc r i bed  p ro -  

cedure. When t h e  s o l i d s  became more than a  few volume percent,  t h e  

s o l u t i o n  was f i  1  t e r e d  t o  ensure' t h a t  t h e  samples taken we,re homogeneous.. 

For ozonat ion s tud ies  a t  OH- concent ra t ions  l ess  than % O . l M  - 
(pH < 13), it was necessary t o  n e u t r a l i z e  about 4  1  o f  t h e  waste w i t h  con- 

cen t ra ted  HNOY Th is  n e u t r a l i z a t i o n  r e s u l t e d  i n  t h e  fo rmat ion  o f  a  

l a r g e  volume o f  aluminum s o l i d s  ( ~ 5 0  ~ 0 1 % )  and copious amounts o f  NO,. 

The aluminum concen t ra t i on  decreased f rom 0.6M - t o  lo-'! and loe4! f o r  

pH 10 and 4 t e s t s  r e s p e c t i v e l y .  Slow r e a c t i o n s  associated w i t h  t h e  

aluminum p r e c i p i t a t i o n  and h y d r o l y s i s  e q u i l i b r i a ,  r e s i d u a l  NOx, and 

decomposit ion of HN02 i n  t h e  s o l u t i o n  made i t  d i f f i c u l t  t o  o b t a i n  a  

s t a b l e  pH l e v e l .  I n  general ,  t h e  pH was ad jus ted  as c l o s e  as p o s s i b l e  t o  

t h e  des i red  l e v e l  w i t h  severa l  a d d i t i o n s  o f  HN03 and thorough s t i r r i n g .  

Sometimes t h e  m ix tu re  would be a l lowed t o  e q u i l i b r a t e  ove rn igh t  o r  longer  

be fo re  removing the  s o l i d s  by c e n t r i f u g i n g  and/or f i l t e r i n g .  A f t e r  t h e  

s o l i d s  were removed, smal l  pH adjustments were made. New s o l i d s  were 

sometimes formed which were removed i f  they we,re g rea te r  than a  few 

volume percent .  I n  some cases, oxygen was purged through t h e  system t o  

remove NO, and t o  he lp  s t a b i l i z e  t h e  pH l e v e l .  The pH was always 

analyzed immediately b e f o r e  ozonat ion because o f  t h e  slow e q u i l i b r i a  

invo lved  w i t h  t h e  n e u t r a l i z a t i o n .  



'The s o l i d s  formed were not f i l t e r e d  e a s i l y  and c e n t r i f u g i n g  u s u a l l y  

l e f t  some f i n e l y  d ispersed s o l i d s  present.  When the  pH was adjusted 

below 3, the s o l i d s  red isso lved and oxygen purg ing  o f  t he  NOx from t h e .  

s o l u t i o n  was u s u a l l y  successfu l  i n  s t a b i l i z i n g  t h e  pH l e v e l .  

N e u t r a l i z a t i o n  o f  t he  waste caused some EDTA t o  p r e c i p i t a t e  w i t h  the  

so l i ds .  Small volumes (10 ml)  of t h e  syn the t i c  were adjusted t o  pH 10, 

pH 7, and pH 4, and t h e  s o l i d s  were f i l t e r e d .  The f i l t r a t e  was analyzed 

f o r  EDTA and t h e  s o l i d s  were washed t h r e e  times w i t h  water and red i s -  

solved i n  1M - NaUH. Wesu I t s  from these t e s t s  'shown i n  Table A - 1  i n d i c a t e  

t h a t  i nc reas ing  amounts o f  EDTA were p r e c i p i t a t e d  w i t h  decreasing pH 

values. The data a l so  i n d i c a t e  t h a t  t he  EDTA associated w i t h  the  pH 4 
s o l i d s  may not be as e a s i l y  removed a; t h e  EDTA a t  h igher  pH valucs. 

Th i s  cou ld  be the  r e s u l t  o f  a  d i f f e r e n t  EDTA complex, o r  p o s s i b l y  

f o rma t ion  o f  t h e  ac id  fo rm o f  t he  complexant. 

TABLE A-1. So l ids  Washing Tests. 

Another f a c t o r  t h a t  must be considered i n  eva lua t ing  poss ib le  EDTA 

losses i s  ox ida t i on  by NO, o r  ~ r + ~  a t  low pH leve ls .  Based on a  

cu rso ry  examination o f  these p o s s i b i l i t i e s ,  No2 o x i d a t i o n  of EDTA was 

l e s s  than lo%, and ~ r + ~  was reduced t o  ~ r + ~  by HNOZ. Oxidat ion by  

~ r + ~  i s  u n l i k e l y .  The h igh m a t e r i a l  balances i n  Table A - 1  are be l ieved 

S o l u t i o n  

. . .. - . . . . . 

Supernate. 

1st Hz0 Wash 

2nd Hz0 Wash 

3rd Hz0 Wash 

li NaOH Wash 

Ma te r i  a1 Balance 
Percent 

% To ta l  EDTA 

pH 10 

96.4 

29.1 

1.3 

Not. 
Detectable . 

2.1 

128.8 
i . . . -- . - - 

pH 7  

82.7 

19 .O 

3.5 

2..0 
' 

5.9 

110.0 
.-. 

pH 4 

41.4 

12.7 

1.2 

I .0 

62.7 

119.0 



t o  be caused by inaccura te  volume measurements o f  t h e  supernate. Va r i a -  

t i o n s  i n  t he  wash volumes were probab ly  caused by car ryover  o f  s o l u t i o n  

by t h e  so l ids .  Because o f  EDTA losses, t h e  s t a r t i n g  EDTA concen t ra t i on  

f o r  some ozonat ion t e s t s  a t  in te rmed ia te  and low pH l e v e l s  were lower 

than would be expected f rom j u s t  d i l u t i o n  d u r i n g  n e u t r a l i z a t i o n .  

SAMPLING AND DATA RECORDING AND ANALYSIS 

A f t e r  t r a n s f e r r i n g  between 1.5 t o  2.0 1  o f  t h e  s y n t h e t i c  r e s i d u a l  

l i q u o r  i n t o  t h e  po t ,  t h e  oxygen f l o w  was i n i t i a t e d  and t h e  f l o w  through 

the  r e a c t o r  and O3 moni tors  balanced. A 5-ml sample ( t o )  was taken 

be fo re  t u r n i n g  on t h e  power t o  t h e  ozonator.  The ozonator was then s e t  

t o  350 w power. Samples were taken every 15 minutes f o r  t h e  f i r s t  2 t o  

3  hours and every 30 minutes u n t i l  t h e  t e s t  was completed. Occas iona l l y  

t he  sampling schedule would be i n t e r r u p t e d  because o f  a power f a i l u r e ,  

s t i r r e r  f a i l u r e ,  o r  a  plugged gas f l o w  f rom so l i ds .  I n  these circum- 

stances, t he  ozonator was shut  o f f  and the  t e s t s  resumed a f t e r  t h e  

problem was a l l e v i a t e d .  These unscheduled shutdowns sometimes caused 

f l u c t u a t i o n s  i n  t he  r e s u l t s  because o f  t he  t ime requ i red  f o r  t h e  system 

t o  r e t u r n  t o  s teady-state e q u i l i b r i u m .  

A  standard se t  o f  data was recorded f o r  each sample. The weight 

percent  and volume o f  O3 e n t e r i n g  and l eav ing  t h e  r e a c t o r  were recorded, 

along w i t h  t h e  temperature and pressures needed t o  make the  c o r r e c t i o n s  

o f  t he  data t o  standard cond i t ions .  The da ta  reco rd ing  form, shown i n  

Appcndix C, was designcd t o  s i m p l i f y  t h e  i n p u t  o f  t h e  data i n t o  a  UNIVAC 

F o r t r a n  I V  computer program f o r  c a l c u l a t i n g  and p l o t t i n g  t h e  r e s u l t s .  

Appendix C a l so  exp la ins  t he  fo rm and t h e  va r i ab les  o f  t h e  experiment. 

The c a l c u l a t i o n s  were performed i n  f o u r  steps descr ibed i n  d e t a i l  i n  

Appendix D. These were o r i g i n a l l y  p e r f  owned on a  se t  o f  Hewle t t  Packard 

HP-97 c a l c u l a t o r  programs. Some o f  t h e  l a s t  ozonat ion t e s t s  (pH 12, 

pH 13, t he  8 5 ' ~ ~  and manganese a d d i t i o n  t e s t s )  were ca l cu la ted  w i t h  t h e  

same equat ions us ing  a  UNIVAC (1100) computer, w i t h  p l o t t i n g  c'apabi 1  i t i e s .  



The O3 moni tors were s e t  t o  read ou t  t h e  weight percent  O3 o f  a 

gas i n  t h e  absorpt ion c e l l  a t  20°c and 760 mn Hg. Since t h e  temperature 

and t h e  pressure  o f  t h e  gas i n  t h e  UV absorpt ion c e l l  changes w i t h  each 

read ing dur ing  operat ion,  t h e  reading from the  O3 moni tors must be 

co r rec ted  t o  t h e  opera t i ona l  temperature and pressure according t o  

Equat ion 1 D  i n  Appendix D. The cor rec ted weight percent  O3 i s  then 

converted t o  a volume percent  (Equation 2D). The second step o f  t h e  

c a l c u l a t i o n  i s  t o  determine t h e  t o t a l  volume o f  gas used i n  t h e  r e a c t i o n  

co r rec ted  t o  standard temperature and pressure (STP) cond i t i ons  (o'c, 

760 mn Hg). T h i s  i s  done f o r  bo th  WTM volumes using tquat ions  3U and 4D 

i n  Appendix D. The next  step i n  the  c a l c u l a t i o n  i s  t o  determine t h e  

m a t e r i a l  balance f o r  t h e  O3 i n  t h e  reac t i on .  The grams o f  O3 added 

(Equat ion 7D) f o r  a sampling pe r iod  was determined by t h e  product  o f  t h e  

volume o f  gas (STP).added t imes t h e  average volume f r a c t i o n  of O3 

(Equat ion 60) t imes t h e  dens i t y  o f  t h e  gas a t  STP. The grams o f  O3 

l e a v i n g  was ca lcu la ted  s i m i l a r l y  (Equation 80). The grams of O3 reacted 

i s  t h e  d i f f e r e n c e  i n  these two q u a n t i t i e s  (Equation 9D). A cumulat ive 

amount f o r  these q u a n t i t i e s  was a l so  ca l cu la ted  so t h a t  t h e  t o t a l  amount 

o f  O3 t h a t  had reacted a t  any t ime ( t )  cou ld  be determined. 

The f i n a l  step i n  t h e  c a l c u l a t i o n s  i s  t o  determine the  m a t e r i a l  

balance f o r  t h e  EDTA. Once the  m o l a r i t y  o f  t h e  remaining EDTA was deter -  

mined f rom a least-squares ana lys is  o f  standards analyzed a t  t h e  same 

t ime  as t h e  samples, t h i s  task was q u i t e  simple, as seen i n  Program U of 

Appendix D. 

The s to i ch iomet ry  o r  O3 consumption (h03/nEDTA) f o r  t h e  reac-  

t i o n  was determined by p ' l o t t i n g  the t o t a l  moles of O3 reacted versus 

t h e  t o t a l  moles o f  EDTA reacted f o r  each sampling p o i n t  and determining 

t h e  s lope o r  slopes by a l i n e a r  least-squares ca l cu la t i on .  The pseudo- 

f i r s t - o r d e r  r a t e  constant  f o r  t h e  r e a c t i o n  was determined by p l o t t i n g  t h e  

negat ive  l oga r i t hm o f  t h e  r a t i o  o f  t h e  EDTA m o l a r i t y  a t  sample t ime 

( t i )  t o  t h e  o r i g i n a l  feed EDTA m o l a r i t y  a t  ( t o )  versus time. The 

s lope o f  t h i s  p l o t  determined by l i n e a r  least-squares ana lys i s  i s  t h e  

f i r s t - o r d e r  r a t e  constant.  Other func t i ons  o f  t h e  EDTA and O3 con- 



c e n t r a t i o n s  were a l so  c a l c u l a t e d  and p l o t t e d  i n  t h e  eva lua t i on  o f  t h e  

ozonat ion t e s t  as noted i n  Appendix D. The percent  O3 reacted. a t  any 

t ime  was ca l cu la ted  by the  f o l l o w i n g  equat ion: 

- wt% 03 i n  - w t %  03 ou t  x 100 %O3 Reacted - 
w t %  O3 i n  

and shows how O3 consumption changes w i t h  t ime. 

ANALYSES 

Ozone Concentrat ion 

The O3 concent ra t ion  i n  t h e  gas was determined us ing Das ib i  O3 

moni tors.  They were c a l i b r a t e d  us ing  t h e  K I  t i t r a t i o n  procedure descr ibed 

i n  Appendix E. I n  t h i s  procedure, a  known volume o f  gas con ta in ing  O3 

i s  passed through two 2% K I  t r a p s  where O3 ox id i zes  the  i o d i d e  t o  

iod ine .  The i od ine  i s  then t i t r a t e d  w i t h  standard t h i o s u l f a t e  s o l u t i o n  

t o  a  s ta rch  i n d i c a t o r  endpoint.  The weight percent  O3 f o r  t h i s  gas i s  

measured on the  O3 moni tor  w i t h  a  recorded SPAN number (an ins t rumenta l  

c a l i b r a t i o n  f a c t o r )  s e t t i n g  and a  known temperature (T) and pressure (P) 

f o r  t he  gas. The recorded SPAN number was then cor rec ted  based on t h e  

s lope o f  t h e  p l o t  o f  mon i to r  readings versus t h e  t i t r a t i o n  r e s u l t s .  T h i s .  

i s  the  c o r r e c t  SPAN number f o r  a  gas w i t h  t h e  same T and P cond i t i ons  as 

the  gas on c a l i b r a t i o n  day.. The c o r r e c t  SPAN number i s  adjusted again t o  

represent  a  gas a t  2 0 ' ~  and 760 mn Hg (STP) and t h i s  standard value i s  

used f o r  a l l  succeeding tes ts .  The measured weight percent  O3 values 

dur ing  a  t e s t  were then cor rec ted  f o r  t h e  T  and P a t  t h e  t ime of t h e  

moni tor  read ing  as described i n  Appendix 8 ,  

Even though t h e  n e u t r a l  bu f fe red  K I  t i t r a t i o n  method i s  recognized 

by  the  Environmental P r o t e c t i o n  Agency (EPA) as a  pr imary  method f o r  

c a l . i b r a t i r ~ g  low- level  O3 imn i to rs ,  t he re  i s  a g rea t  deal o f  cont roversy  

about i t s  s tq ich iomet ry  and i t s  re1  i a b i  l i ty . (9 '10)  Other methods such 

as t i t r a t i o n  i n  bo ra te  buf fers,  o r  t i t r a t i o n s  w i t h  a r s e n i t e  and formulas 

der ived f rom f i r s t  p r i n c i p l e s  o f  UV absorp t ion  have been proposed as 
(11-15) p r imary  methods. 



When we attempted t o  c o l l e c t  g rea ter  than 6 1  o f  3-wt% O3 i n  two 

400-ml 2% K I  t raps,  ext remely low r e s u l t s  were obtained. This  was 

be l i eved  t o  be. caused by t h e  fo rmat ion  o f  iodate  o r  h igher  ox id ized forms 

o f  i od ine  such as 120y ( I 5 )  This op in ion  i s  f u r t h e r  supported by 

t h e  fo rmat ion  o f  wh i te  so l i ds ,  f ad ing  o f  t he  r e d  I2 colo r ,  and the  

fo rma t ion  o f  a  dense wh i te  gas i n  t h e  K I  t raps.  Ca l i b ra t i ons  by K I  

t i t r a t i o n  have been developed f o r  low- leve l  O3 mon i to r ing  and have no t  

addressed some problems o f  h igh- leve l  O3 measurements. 

Because o f  the  problems associated w i t h  K I  t i t r a t i o n s  a t  h igh  O3 

concentrat ions,  and s i  nce SPAN numbers f rom recen t  K I  c a l  i b r a t i  ons agree 

v e r y  w e l l  ( w i t h i n  1%) w i t h  t h e o r e t i c a l l y  ca l cu la ted  SPAN numbers, t h i s  

l a t t e r  method may be more accurate, r e l i a b l e ,  and convenient than f r e -  

quent K I  c a l i b r a t i o n s .  Therefore c a l c u l a t i o n s  o f  R. G. C lark f o r  de ter -  

min ing t h e  SPAN numbers on h igh - leve l  Das ib i  moni tors have a lso  been 

i n c  1 uded . ( Append i x F) (14 





PROCEDURE FOR PREPARING SYNTHETIC RESIDUAL LIQUOR WASTE MIXTURE 

The s y n t h e t i c  waste m ix tu re  i s  made up i n  4-1 batches which are 

combined i n  a l a rge  po lye thy lene carboy t h a t  con ta ins  20 1. Table B-1 

g ives  the  chemical composit ion f o r  a 4-1 batch. 

TABLE B-1. 

Component 

A I + ~  

OH - 
NO ?J 

NO 2 
~ 0 3 2  

c ioq2 

~ e + 3  

T a r t r a t e  

EDTA 

Mol ar  i t y  

0.85 

1.30 
/ '  

1.45 

1.35 

0.115 

0.10 

0.0075 

0.05 

0.031 

FW 
1 

81.97 

40.0 

84.99 

69 

105.99 

234.03 

1.5 molar 
s o l u t i o n  

230 

416.2 

Chemi c a l  
Used 

NaA102 

N aOH 

NaN03 

NaN02 

Na2C03 

Na2CrOq 

F ~ ( N o ~ ) ~  

NaTart rate 

NazH2EDTA 

Grams o r  m l  
used per 4 1 

278.7 g 

208 g 

493 g 

372.6 g 

48.7 g 

. 93.6 g 

18.66 m l  

46 g 

51.6 g 



SYNTHETIC WASTE PREPARATION PROCEDURE 

PROCEDURE COMMENTS 

1. Place 2  1  o f  d i s t i l l e d  water 
i n t o  a  4-1 beaker. 

2. Add 208 g  o f  NaOH and s t i r  t o  d isso lve .  

3. Add 278.7 g  o f  NaAlO and heat and 
s t i r  u n t i l  a l l  d isso  f ves. 

4. Add t h e  f o l l o w i n g ,  d i s s o l v i n g  each 4a) Be sure s o l ~ l t i n n  i s  
b c f o r c  adding t h e  next. cool  ber0r.e ddd i r ~ g  

NaiC03 i n  Step 5. 
493 g  NaN03 
372.6 g  NaN02 
936 g  Na2Cr04 

S t i r  on a  c o l d  s t i r r e r .  

5. Ad jus t  t he  volume t o  3.5 1  w i t h  5a) The Na2CO3 i s  the  
d i s t i  l l e d  water and add 487 g  o f  most d i f f i c u l t  t o  ge t  
NazC03. S t i r  v igorous ly .  i n t o  s o l u t i o n  and r e -  

qu i res  a  long s t i r r i n g  
time, b 

6. I n  a  separate 500-ml beaker, add 6a) Th is  may be done -wh i le  
350 m l  water and 46 g  o f  Na t a r t r a t e  Na2C0 i s  being 
and 51.6 g  of Na?EDTA. Add d isso ved. 
I n d i v i d u a l l y ,  s t i r r i n g  a f t e r  each 

9 
u n t i l  d issolved.  6b) Do n o t  heat complexants 

t o  d issolva.  

7. Add 18.6 m l  1.5M Fe(N03)3 
t o  t h e  solut ion-of t a r t r a t e  and 
EUTA i n  s tep  6. Rinse p i p e t s  i n  
s o l u t i o n  and s t i r  t o  mix thorouqh1.y. 

8. Add t h e  contents o f  500-ml beaker 
conta in ing  i ron ,  EDTA and t a r t r a t e  
Lu Lhe 4-1 beaker. Rinse 500-1111 
beaker w i t h  a  small amount o f  water 
and t r a n s f e r  t o  t h e  4-1 beaker. 
S t i r  thoroughly. 

9. Transfer  contents o f  4-1 beaker 
t o  a  4-1 graduated c y l i n d e r  and 
b r i n g  t o  volume w i t h  d i s t i l l e d  water 
and mix we l l .  



PROCEDURE COMMENTS 

10. Transfer  graduated c y l i n d e r  contents 10a) Mix the  20-1 carboy 
t o  t h e  20-1 carboy and mix w i t h  w e l l  be fore  removing 
o ther  4-1 batches. p o r t i o n s  f o r  expe r i -  

mental t es t s .  

l o b )  Sometimes 1  arge 
amounts o f  i r o n  may 
p r e c i p i t a t e  which 
w i l l  r e q u i r e  f a b r i -  
c a t i o n  and s o l u t i o n  
c h a r a c t e r i z a t i o n  p r i o r  
t o  use. 





DATA RECORD EXPLANATIONS 

Block I Computer d i rect ions  f o r  entering changes in t e s t  parameters 
(Block 11) Also includes inp.uts fo r :  
T i t l e  T i t l e  of experiment 
B ar Barometric Pressure f o r  the  day of the  t e s t  i n  mm Hg 
S Slope of HPLC ca l ib ra t ion  fo r  EDTA 
1 )  Intercept f o r  HPLC ca l ib ra t ion .  

Block I1 Iden t i f i es  parameters d i f f e r en t  from normal o,perating 
condition (Block 111) and gives t h e i r  new valuestfor t he  t e s t .  

Block I11 . Normal preset  parameters used f o r  an ozonation . t e s t .  

SPANIN Span number f o r  the  input O3 monitor as 
determined by ca l ib ra t ion  by KI or by calcula t ion.  

SPANOUT Span number f o r  the  output 03 monitor. 

SPANT ~ e m ~ e r a t u r e  f o r  which span was determined or i s  
val id ,  in OK.  

SPAN P Pressure f o r  which span was determined or i s  val id ,  
in mm Hg. I 

Note: The span number i s  a ca l ib ra t ion  f ac to r  
c h  i s  a function of T and P.  I t  i s  normally 
determined f o r  the  T and P f o r  the  day of 
cal ibra t ion.  The span number may be corrected and 
rese t  t o  the  T and P f o r  the  day of a t e s t  or  i t  
may be set t o  a standard T and P (20% and 
760 m Hg) and each reading of weight percent 03 
corrected t o  the  correct  weight percent based on 
the  T and P of the  monitor a t  the  time of measure- 
ment. This l a t t e r  method was uscd f o r  our t e s t s  
s ince  the  T and P of the  monitor changed during a 
r u n .  This correction i s  based on the  ideal gas law 
as seen in the  calcula t ion section.  

Vol Volume of solution ozonated in l i t e r s .  

Power ' Power level a t  which ozonator was operated, i n  
watts ., 



02Flow Flow i n  SCFH as recorded from ozonator f l o w  
meter. Se t t ing  var ied 2 SCFH because o f  gas 
swi tching i n  O3 monitor. 

03STP Density o f  03 a t  STP = 2.154 g l l .  

02P Oxygen pressure o f  ozonator. 

I PLOT Computer con t ro l  parameter f o r  p l o t t i n g .  

Block . I V  Sampling Data 

Columns 1 & 11 Hrs Length o f  t ime so lu t ion  has 
been ozonated when sample i s  
taken. S ta r ts  w i t h  0. 
Recorded twice f o r  computer 
i nput'. 

Columns 2 & 3 wt% Weight percent 03 on INput 
and x p u t  (I3 mnnit.nrFat 
sampling tfme. 

Columns 4 81 5 TEMP-MON Temderature o f  1 N ~ u t  and 
O U T ~ U ~  03 mon i tFs  when w t %  
7 

i s  read. (00 C). 

Columns 6 81 7 DP-MON D i f f e r e n t i a l  Pressure (mm Hg) 
of. i npu t  and output 03 
monitors when wt% i s  read. 

_ Column 8 VOL Volume o f  gas recorded on WTM 
f o r  the Reactor off-gas. 
Record WTM readings N-N-N 
convert t o  l i t e r s .  Record 
when sample i s  taken. 

Column 9 T Temperature (OC) o f  gas 
'passing through WTM f o r  
Reactor off-gas. 

Column 10 VP Vapor pressure o f  water a t  
'IT." I n  m Hg f o r  gas passing 
through WTM f o r  Reactor ' 

o f f  -gas. 



Columns 12, 13 
& 14 

Column 15 

Column 16 

Column 17 

Column 18 

Column 19 

Column 20 

Column 21 

Vol , 
T, 
VP 

,T React 

Peak Area 

DF 

cog2 

N O 5 ;  

Same as columns 8, 9,  and 10 
except f o r  the  WTM used t o  
measure the  volume of gas 
from the  output O3 monitor. 

Temperature of reactor 
solution when sample i s  taken. 

pH of sample a f t e r  i t  has 
cooled t o  room temperature. 

Integrated peak area from - 
HPLC a n a l y s i s o W T A .  

Dilution Factor f o r  HPLC 
analysis  of EDTA in sample. 

Carbonate analysis  of the  
sample. (Molarity) 

N i t r i t e  analysis  f o r  the  
sample (Molarity). 

Any other analysis  on t he  
sample. Note: Computer 
program limited t o  20 columns 
of data. 



DATE: 
I 

d 
PROGRAM STEPS 

I 

TEL.6-7641 (30) 
E-7676 (120) 
@@HOST SYSB DLT 
KRAT/RhO OX1 (USE3 ID) 
CZONE PROJ ID] 
NIME/ADDRESS 
@USE 0.. OZONE 
@ ED. I. 0. DATA 
RETURN - RETURN 
LNPl 
C /-/-/ (EDIT) 
EX1 
@ADD. L 0. CHKRUN 
Q ED. U 0. DATA 
EX1 
@ADD. L 0 CHKRUN 
Q ADD. L 0. RUN 
@ ED. 0. DATA. 0. TESTN 
EX1 
@ PRT. T 0.  
@ FIN 
@ @  TERM 

OZONE 

6 WRAMS, PI, Pz ... 
6 EYD 

(BAR. P). (mm :LIE) 

(SI = (I=: 

TITLE: 

NEW PARAMS 

8 , .  

PRESET ( PARAMS 
I 

PANP = 760 

DATA RECORD SHEET 



APPENDIX D 

CALCULATIONS 



Calculations 

The calcula t ions  fo r  t h i s  study were done w i t h  four d i f f e r en t  
programs using a Hewlett .Packard 97 calcula tor .  These calcula t ions  are  

described as follows: 

Program A: Correction of Dasi b i  w t %  Ozone t o  w t %  a t  Test T and P. ' 

Corrected w t % '  0, = ( w t %  recorded) (760) (T'K) 

where: 

760 m Hg = standard pressure Dasibi span ca l ib ra t ion  se t t ing .  
TOK = temperature of Dasibi UV c e l l  measured by thermocouple 

in OK 

P~ = t o t a l  pressure on Dasibi c e l l  = barometric pressure + 
d i f f e r en t i a l  pressure ( D P )  measured by mercury manometer 

(mn Hg) 
293'~ = standard temperature in OK fo r  Dasibi span ca l ib ra t ion  

se t t ing .  

Corr w t %  

I150-0.5 (Corr . w t % )  1 

NOTE: 150 and 0.5 are derived values. 
NOTE: Dasibi ca li bration span s e t t i ng  s e t  f o r  ~ u ' u ,  and /bU mil Hg. 

Program B: Corrected Volumes f o r  WTM and Total volume of Gas 

(~OK)(760 mn) 
WTM 



where: 

0 

V~~~ - volume ( 1  i t e r s )  recorded on WTM 

2 7 1 ' ~  = OOC = Standard Temperature 

PB =Barometric pressure mm Hg 

VP = Vapor press o f  water a t  ~i~~ of WTM gas 

PB-VP = Corrected pressure o f  gas being measured by WTM 

760 mm = Standard Pressure (mm Hg) 

T o t a l  VSTp = S I'P STP 
' ~ e a c t o r  + 'output Moni tor  

NU.1.t: Vo'iumes co r rec ted  t o  STP cond i t i ons ,  - OOC and 760 rnm Hg 

I NOTE: Corrected pressure f o r  WTM normal ly  = PB- PMan - PCor - VPH20] 

where : 

PMan = d i f f e r e n t i  a1 pressure on WTM normal ly  0 i n  our work 

PCor = a l t i t u d e ,  l a t t i t u d e  co r rec t i ons  no t  made i n  t h i s  work. 

Program C: Determine Volume Change, gm O3 added, gm O3 out,  gm . 

O j  Reacted f o r  each t ime i n t e r v a l  and t o t a l  t ime lapsed. 

1. Volume o f  gas reac ted  f o r  t ime i n t e r v a l  ( t i )  t o  ti + ( 1 
AV + To ta l  Vi + - ~ o t a l  V, (5-D 1 

i = t ime increment 

2. Determine average volume percent  ozone (volume f r a c t i o n )  added f o r  a 

t ime i n t e r v a l  f o r  bo th  i n p u t  and output  gas t o  reac tor .  

~ 0 1 % ~  + ~ 0 1 % ~  
Average Volume F r a c t i o n  = 



3. Ca lcu la t ions  fo r  gm 03 added, gm O3 unreacted, gm O3 reacted gm 

o 3  Added = (AV) (Avg. Vol . Frac. I n )  (7-D 

where: 

0 = 2.154 = dens i t y  o f  oz'one a t  O'C, 760 mm Hg 
O3 

(ou t  > 
gm o3 Unreacted = (AV) (Avg. Vol . Frac. Out) 

gm o3 Reacted = gm 0 3 ( I n )  = gm 03(0ut )  ( 9 4 )  

NOTE: The t o t a l  amount o f  ozone i s  s to red  and added t o  t h e  amount o f  ozone 

f o r  the  nex t  t ime i n t e r v a l  t o  determine the  t o t a l  amounts o f  ozone a t  

any t ime ( t ) .  . . 

NOTE: The volume f r a c t i o n  o f  ozone i s  o n l y  an est imate s ince i t  i s  based 

o n l y  on two readings f o r  a  t ime i n t e r v a l .  This  est imate i s  

accurate when the  r e a c t i o n  i s  no t  undergoing any r a t e  o r  s t o i c h i o -  

metry changes. However; a t  some stages o f  t he  r e a c t i o n  these 

changes cause r a p i d  changes i n  t h e  volume percent  O3 i n  a  t ime  

i n t e r v a l  making the  est imate l ess  accurate. 

Program D: Determinat ion o f  EDTA M o l a r i t y  Remaining and Other EDTA 

Functions. 

1. Determine Slope and I n t e t c e p t  f o r  LC c a l i b r a t i o n  f o r  EDTA. 

X = mMoles EDTA Y = peak area. 

2. M o l a r i t y  EDTA = (Peak Area - I )  ('/s) (DF) 

Remaining 

where: DF = d i l u t i o n  f a c t o r  normal ly  

250 p1-10m7 w i t h  100 p1 i n j e c t i o n  i n t o  LC 



Cal c u l  ate: 

3. l / ~ o l a r i t ~  - Remaining - 'Used t o  t e s t  f o r  2nd order  r e a c t i o n  

EDTA 

% EDTA Remaining = M Hemaining a t  ( t) 

M EDTA a t  ( t o )  

% EDtA Reacted = 100-% Remaining 

- I n  EDTA( t )  - used f o r  measuring f i r s t  order  r e a c t n r  ra te-  .--- 
( t  ) EDTA o 

Moles EDTA Remaining = (M - EDTAt)(Total Volume) 

Moles EDTA Reacted = (M - EDTA - M E D T A ~ )  (Tota l  Volume) 
to 

- 





RHO- SA-203 

CALIBRATION OF DASIBI OZONE MONITOR BY KI TITRATION 

PROCEDURE COMMENT 

Checkout ozonation system before l a )  F i l l  20 t r ap  bo t t l e s  with 
s t a r t i ng  cal ibra t ion.  400 ml f resh  2% KI in 
a )  Record barometric pressure. d i s t i l l e d  water and s e t  
b)  Check O3 monitor "sample" t raps  on s t i r r e r s .  

and "control" frequency Connect t o  cal i brat ion 
record. branch of ozonation 

c )  Check WTM - zero and check system. 
f l u i d  level .  

d )  Set  up 50-ml burre t t  with 
0.1M - Na2S203. 

2. Set 02 flow through system a t  
approximately same 1 eve1 as 
operating condition. 

3. T u r n  ozonator fo r  30-minute 
warm up. 

4. T u r n  ozonator t o  desired operating 
level (normally 350 W ) .  

3a) Be sure valve t o  c a l i -  
bration branch i s  
closed. (KI t r s p s ) .  

I 

5. After a couple minutes record 
03 monitor w t % ,  T, and 
DP. 

.6. Open valve t o  cal ibra t ion l i ne  
permitting 03 t o  pass 
through KI t raps ,  WTM and 
O3 monitor. 

7.  Allow 3-6 1 of gas (1 or 2 f u l l  7a) Attempts t o  co l l ec t  
rev01 u t  i ons) pass through t raps  larger  volumes a t  3 w t %  
and quickly t u r n  valve off when 03 may r e s u l t  in low 
WTM i s  a t  the  3-1 mark. Record t i t r a t i o n s .  
WTM arld WTM DP i f: 30. Recored 
exact WTM volume. 7b) Record as many O3 monitor 

readings with T and P as 
possible during KI 
sampling. 

8. Record a f i n a l  O3 monitor w t %  
reading with T and P.  

8a)  These C13 monitor readings 
are  compared and averaged 
f o r  each t i t r a t i o n .  



9. Transfer contents o f  K I  t r a p s  t o  9a) Rinse t raps  w i t h  deionized 
a 1 arge (1000-ml) beaker as soon water and add t o  beaker. 
as p o s s i b l e  t o  prevent  12 r e -  
duc t i on  o r  loss.  

10. Add 5. m l  o f  concentrated H2SO4 
and s t i r .  

11. T i t r a t e  w i t h  standard Na2S20 7 l l a )  Standard Na2S203 was 
u n t i l  the  endpoint i s  near ( ading purchased f rom a vendor; 
r e d  c o l o r )  and add 2 ml o f  s ta rch  however, i t  was f r e q u e n t l y  
i n d i c a t o r .  F i n i s h  t i t r a t i n g  t o  checked against  a 
c h a r a c t e r i s t i c  b lue  endpoint K C r  0 t i t r a t i o n  
and record  volume o f  s ince 2 $ 0 - 2  2 3 i s  I J ~ -  
NazSzO3 used. 5t.d~le 1 1 1  d i r * .  

12. Repeat 4-5 more t imes a t  lower 
power l e v e l s  t o  c a l i b r a t e  over a 
0.5-4% range. 

CALIBRATION CALCULATIONS 

The t i t r a t i o n  weight  percent i s  compared t o  t h e  reading obta ined on 

t h e  o3 moni tor  a t  a se t  SPAN number, T, and P. The SPAN number i s  a 
p r o p o r t i o n a l i t y  constant t ha t  can be changed t o  make the .mnn i to r  r e i d  ou t  

d i r e c t l y  i n  O3 weight percent  a t  t he  des i red  temperature and pressure. 

Assuming K I  t i t r a t i o n  data as standard values, t i re  muti.i.tor. data are 
p l o t t e d  on the Y-axis versus the  t i t r a t i o n  data on the  X-axis. I f  the  

SPAN number was proper ly '  set,  t h e  slope o f  t h i s  curve would be 1.000. I f  

not ,  t he  new SPAN number i s  ca l cu la ted  as f o l l o w s :  

NOTE: A SPAN number should always be g iven f o r  t h e  T and P f o r  - 
which it i s  v a l i d .  

I. Gram O2 = V(1) x (293 '~)  x [pBar -PMan -PCor -VPH20] x 1.3265 

Where: 

V = Volume o f  gas 'passing through K I  t r aps  as 
measured on WTM 

2 9 3 ' ~  = Standard Temper a t  ure ( 2 0 0 ~ )  
760 nun = Standard Pressure 



1.3265 = Densi ty  o f  02 a t  200C, 760 mn 
T = Temperature o f  gas through WTM 

P ~ a r  = Barometr ic Pressure ' 
 an = D i f f e r e n t i a l  Pressure on WTM 

P  or = A l t i t u d e  and L a t t i t u d e  Cor rec t ion  no t  done i n  
t h  i s  work 

VP Hz0 = Vapor pressure o f  Hz0 a t  T 

11. Gram o3 = mlNazSZo3 N ~ a 2 ~ 2 0 3  x 0.024grn0~ 

meq Na2S2?3 

I V .  P l o t  O3 w t %  by t i t r a t i o n  ( X I  versus wt% O3 by ,mon i to r  (Y) and 

c a l c u l a t e  a l e a s t  squares f i t  t o  l i n e .  Record slope and i n te rcep t .  See 

attached p l o t .  

V. Ca lcu la te  new SPAN number f o r  T, P o f  moni tor  on c a l i b r a t i o n  day. 

New. SPAN - - Old SPAN 
a t  T,, P, Slope 

L L 

c = c a l i b r a t i o n  day 

V I .  Determine the  c o r r e c t  SPAN number f o r  2 0 ~ d ,  760 m Hg. 

SPAN No. = SPAN No x 

20°c, 760 mn Hg, T,, PC 

' \ 

NOTE: I f  the  temperature and pressure (Tc, PC) on t h e  moni tor  
reading i n  ( I V )  f l u c t u a t e  by  more than loC o r  4 mm Hg, 
conver t  each w t %  reading a t  Tc, PC from moni to r  t o  a w t %  
a t  200C, 760 mn Hg by s u b s t i t u t i n g  w t %  f o r  SPAN i n  t h e  
above equation. Ca lcu la te  a new SPAN accord ing ly  f o r  200C, - 
760mnHg r a t h e r  than Tc, PC. 



2 0  ft3;hr C.1LIBRATIDN 

SLOPE = 0.39989 
INTERI~EPT = 0.0435 

T = 23.77OC P = 774.77 mm Hg 

SPAN = 22.3 
NEW 
CORRECTED SPAN = 22.3 AT 23.7TPC 

774.77 mm Mg 

3 0  ft2;hr CALIBRATION 

SLOPE = 1.01 31 2 
INTEXEPT = 0.01 95. 

T = 23.53OC P = 783.93OC 
SPAR = 22.7 
NEW 
CORRECTED SPAN = 22.41 AT 23.53OC 

783.93 mm Hg 

TITRATION O3 (WT%) 

-1GURE E-1. Calibration Data. 





APPENDIX F  

The f o l l o w i n g  ca l cu la t i ons  are based on equations provided by 

D r .  R. G. Clark o f  Union Carbide Co. For these c a l c u l a t i o n s  he 

recommends a  molar a b s o r p t i v i t y  o f  133.9cm-l a t  STP based on weighted ' 

average value determined by D r .  D. Pauer EPA, Research T r iang le  Park, 

North Carol ina.  The use o f  UV absorpt ion p r i n c i p l e s  f o r  c a l i b r a t i o n  o f  

o3 moni tors i s  becoming more acceptable and may be s impler  and more 
r e l i a b l e  than the  con t rove rs ia l  K I  t i  t r a t i o n .  Recent K I  c a l i b r a t i o n s  

have agreed very  w e l l  w i t h  t h e o r e t i c a l  SPAN number determinat ions. 



Calcu la t ion o f  the SPAN Number 

Equation 1. I, = I,-I 
"-2.3026 act  

1 -e 

= R lo3 
-2.3026 act  

1-e 

Where: I, = SPAN number 

lo-I = R x 10 3 = reading on 03 monitor ( 3  wt% = 3000) 
a - Absorption c o e f f i c i e n t  f o r  O3 a t  a given T.P. 

b = Length o f  c e l l  = 2.54 x cm f o r  O3 monitor 

c = Oj concentrat ion i n  atm where (atm = ppm ("01) x low6) 

Equation 2. (Non l inear i t y  Factor)  

Factor = (1) x 4000 

l h i s  f ac to r  i s  m u l t i p l i e d  by the monitor reading t o  get the t r ue  O3 

concentration. 



RHO-SA-203 

Example: SPAN f o r  O3 i n  O2 a t  20°c, 760 mn Hg 

Assume 3 w t %  O3 

Calculat ion:  

Volume o f  3gO3 = PV = nRT 

a t  20°,760 rnn Hg 

Volume o f  97g02= - 97 (0.08205)(293) = 72.873 1 
32 

Tota l  Volume = 74.375 1 vol% 03 = 2.019 = 20,190 ppm = ~ .02019  atm 

a(absorpt ion coe f f i cen t  = 133.9 x - 273 x - 760 = 124.76 crn-' 

a t  20°c, 760 rn Hg 293 760 

SPAN No. = I. = 3000 = 3000 = 21900 
-2.3026 (124.76) (0.02019) (0.0254) -14732 

1 -e 1 -e 

- Where MW = nTotal - n.02 + ti 
03 
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