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A portable ozone test unit was designed for the continuous treat- 

ment of Kraft pulp mill waste with ozone, using a venturi as the gas- 

liquid contact method. The design specifications were the result of 

tests made with a batch process treatment of the waste water. 

The EVOP process developed by G. E. P. Box was used to systemat- 

ically determine the optimum operating conditions of the test unit. 

Chemical oxygen demand, color, and odor reduction were the criteria 

chosen to evaluate the performance of the test unit. 

The specific pulp mill waste tested had a COD of 1200 mg/l, a light 

transmittance of 2% (at a wavelength nf 420 x), and a noxious odor. At 

the optimum operating conditions the portable test unit reduced the COD 

to 240 mg/l, increased the light transmittance to 49%, and reduced the 

odor until it was imperceptible. The ozone utilization rate at these 

operating conditions was 77%. 



DEVELOPMENT O F  A PORTABLE OZONE T E S T  U N I T  



I. INTRODUCTION 

The u se  of ozone i s  c u r r e n t l y  under s t u d y  a s  a  method of  t e r t i a r y  

t r e a tmen t  of was te  wa t e r .  Ozone i s  a  s t r o n g  o x i d i z i n g  agen t  and,  a s  such,  

i s  e f f e c t i v e  i n  t h e  r e d u c t i o n  of chemical  oxygen demand (COD), c o l o r  and 

odor of was te  wa t e r .  COD i s  a  measure of oxygen r e q u i r e d  t o  o x i d i z e  pol-  

l u t a n c s  i n  t h e  wate r  and a  h igh  COD i s  undes i r ab l e .  Microorganisms u se  

p o l l u t a n t s  a s  food and a l s o  r e q u i r e  d i s s o l v e d  oxygen. Low d i s s o l v e d  

oxygen l e v e l s  i n  t h e  wate r  w i l l  k i l l  f i s h  and o t h e r  t ypes  of a q u a t i c  

l i f e .  

The ozone method of t r e a tmen t  i s  n o t  i n  wide use  i n  t h e  U.S. 

s i n c e  t h e  c o s t  of ozone p roduc t i on  h25 been p r o h i b i t i v e ,  a l t hough  

i t  is  used f o r  wa t e r  supply p u r i f i c a t i o n  i n  Europe. However, r e s e a r c h  

i n t o  ozone produc t ion  under c u r r e n t  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  a  

s i g n i f i c a n t  r e d u c t i o n  i n  such c o s t  i s  f e a s i b l e .  I n  a d d i t i o n ,  proposed 

government r e g u l a t i o n s  may r e q u i r e  t e r t i a r y  t r e a tmen t .  T e r t i a r y  t r e a t -  

ment i s  expens ive  s o  ozone t r e a tmen t  might b e  compe t i t i ve  w i t h  o t h e r  

o x i d a t i o n  ( b i o l o g i c a l )  p roce s se s .  

One advantage of ozone u se  i s  t h a t  any unused ozone decomposes 

i n t o  oxygen, which can then b e  used f o r  o t h e r  purposes  o r  ven ted  t o  

t h e  atmosphere.  Other  methods have u n d e s i r a b l e  end-products ,  such 

a s  a c t i v a t e d  s l udge  and carbon,  which must be  d i sposed  of when no 

l o n g e r  u s e f u l .  Also,  ozone i s  a n  e x c e l l e n t  b a c t e r i o c i d e  w i th  none of 

t h e  u n d e s i r a b l e  e f f e c t s  of c h l o r i n e .  

The f i r s t  o b j e c t i v e  of t h i s  r e s e a r c h  w a s  t o  b u i l d  a  p o r t a b l e  

t e s t  u n i t  t h a t  gene ra t ed  ozone and could he us22 t o  t r e a t  any t ype  of 

waste wate r .  P o l l u t e d  wa t e r  from a  K r a f t  pu lp  m i l l  was s e l e c t e d  a s  a 
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s u i t a b l e  t e s t  c a s e ,  having a  h i g h  COD, a  chocolate-brown c o l o r ,  and 

a  nox ious  odor .  T h i s  wa te r  provided an  e x c e l l e n t  t e s t  f o r  t h e  t r e a t m e n t  

p o t e n t i a l  of ozone.  S i n c e  t h e  b iochemica l  oxygen demand (BOD) i n  

such  w a t e r  i s  o n l y  abou t  one- ten th  of t h e  COD, ozone t r e a t m e n t  was a n  

obv ious  c h o i c e  over  a  p r o c e s s  i n v o l v i n g  b i o d e g r a d a t i o n .  

The second o b j e c t i v e  of t h i s  r e s e a r c h  was t o  de te rmine  t h e  optimum 

o p e r a t i n g  c o n d i t i o n s  f o r  ozone t r e a t m e n t  of p u l p  w a s t e s  based on r e d u c t i o n  

of COD, c o l o r  and odor .  E v o l u t i o n a r y  Opera t ion  (EVOP), f i r s t  developed 

by G.E.P. Box, was chosen a s  t h e  s y s t e m a t i c  method f o r  such d e t e r m i n a t i o n .  



11. REVIEW OF THE LITERATURE 

A.  Ozone Uses 

Ozone, be ing  a  s t r o n g  o x i d i z e r ,  h a s  been i n  u s e  f o r  many y e a r s ,  

p a r t i c u l a r l y  i n  Europe, a s  a  d i s i n f e c t a n t  f o r  w a t e r  s u p p l i e s .  Buydens 

(L) and I v e r s  ( 1 2 ) ,  - among o t h e r s ,  r e p o r t  improved t a s t e  and c o l o r  w i t h  

t h i s  t r e a t m e n t  of r i v e r  w a t e r  used f o r  m u n i c i p a l i t i e s .  T h e i r  l a b o r a t o r y  

t e s t s  i n d i c a t e  100% removal of harmful  b a c t e r i a  and v i r u s e s .  Ozone 

a p p e a r s  t o  b e  p r e f e r a b l e  t o  c h l o r i n a t i o n  f o r  t h i s  purpose  s i n c e  ozone 

decomposes i n t o  oxygen which h a s  no u n d e s i r a b l e  a f t e r - e f f e c t s  a s  would 

b e  p r e s e n t  w i t h  c h l o r i n a t i o n .  I n  f a c t  Buydens and F r a n s o l e t  (8). - used 

ozone t o  o x i d i z e  c h l o r i n e ,  c h l o r i n e  d i o x i d e ,  and c h l o r i t e  i c n s  l e f t  i n  

w a t e r  a f t e r  c h l o r i n a t i o n .  These ,  t h e y  b e l i e v e ,  could i n f l u e n c e  t h e  

h e a l t h  of t h e  w a t e r  u s e r s .  

Much r e s e a r c h  h a s  been done i n  o t h e r  a r e a s  i n v o l v i n g  t h e  oxida-  

t i o n  p o t e n t i a l  of ozone. D e i t z  and Mol le r  (10) - r e p o r t  t h e  u s e  of ozone 

t o  t r e a t  h o t  a l k a l i n e  i n d u s t r i a l  w a s t e  w a t e r .  The p u r i f i e d  w a t e r  i s  

comple te ly  f r e e  of ha rmfu l  b a c t e r i a  and v i r u s e s  and i s  used by Gerber 

P r o d u c t s  Co. t o  c l e a n  g l a s s  b o t t l e s  in tended  f o r  food f o r  humqn consumption.  

Other  e x p e r i m e n t a l  s t u d i e s  i n d i c a t e  t h a t  o z o n i z a t i o n  i s  a n  e x c e l l e n t  

method f o r  b l e a c h i n g  wood pu lp .  A n c e l l e  and Plancon (1) - r e p o r t  i t s  

advan tages  over  t h e  u s e  of c h l o r i n e  d i o x i d e  i n  pu lp  b l e a c h i n g .  

One of t h e  f a s t - r i s i n g  a r e a s  of o z o n i z a t i o n  r e s e a r c h  i s  t h a t  of 

w a s t e  wa te r  t r e a t m e n t .  H i s t o r i c a l  work i n c l u d e s  t h a t  of B a y l i s  ( 5 ) ,  - 

whose work i n  1935 i n d i c a t e d  s i g n i f i c a n t  r e d u c t i o n  of c o l o r ,  odor and 

b a c t e r i a  th rough  ozona t ion .  The work of Huibers ,  e t  a l .  (11) is  a n  

i l l u s t r a t i o n  of a  more r e c e n t  s t u d y  on ozone t r e a t m e n t  of secondary 



e f f l u e n t s  from t r e a t m e n t  p l a n t s .  E f f e c t i v e  r e d u c t i o n  of COD, c o l o r  

and odor  i s  r e p o r t e d  from t h e i r  s t u d i e s .  

Other  i n v e s t i g a t o r s  (4 )  - r e p o r t  e f f e c t i v e  o x i d a t i o n  of pheno ls  from 

wate r  w i t h  ozona t ion .  S i n c e  a  l a r g e  p a r t  of pu lp  m i l l  w a s t e  wa te r  con- 

t a i n s  phenol  g roups ,  o z o n i z a t i o n  i s  t h u s  thought  t o  be  an  e x c e l l e n t  t e r -  

t i a r y  t r e a t m e n t  f o r  such water. 

The h i g h  c o s t  of ozone p r o d u c t i o n  can be  d imin i shed  by improved 

g e n e r a t i o n  methods a s  w e l l  as u s i n g  cheaper  s o u r c e s  of h i g h  p u r i t y  oxygen 

i n  such p roduc t ion .  Work by S t e i n b e r g  and B e l l e r  (16) - i n d i c a t e s  ozone 

s y n t h e s i s  by h i g h  energy r a d i a t i o n  c o s t s  h a l f  t h a t  r e q u i r e d  by t h e  con- 

v e n t i o n a l  method of e l e c t r i c  d i s c h a r g e .  The Linde D i v i s i o n  of Union Car- 

b i d e  d e s c r i b e s  a  r e l a t i v e l y  i n e x p e n s i v e  method ( u s i n g  molecu la r  s i e v e  

beds)  f o r  g e n e r a t i n g  h i g h  p u r i t y  (95%) oxygen. 

B. C u r r e n t  Methods f o r  t h e  Treatment of Pulp  M i l l  E f f l u e n t  

The o l d e s t  method of t r e a t m e n t  of pu lp  m i l l  e f f l u e n t  h a s  been 

p r imary  t r e a t m e n t  u s i n g  a  c l a r i f i e r  t o  r i d  t h e  was te  wa te r  of suspecded 

s o l i d s .  Probably  t h e  most common method of secondary t r e a t m e n t  i s  t h e  

a c t i v a t e d  s l u d g e  p r o c e s s  u s i n g  a e r o b i c  b a c t e r i a  ( 1 4 ) ,  - w i t h  mechanical  

a e r a t o r s  p r o v i d i n g  t h e  oxygen. I ts  purpose  i s  t o . l o w e r  t h e  BOD. I J a r i a t i o n s  

on t h i s  p r o c e s s  i n c l u d e  t h a t  done by Bar ton and Byrd ( 2 ) ,  - who r e p o r t  

good BOD removal by c o n c e n t r a t i n g  t h e  l i q u o r  i n  e v a p o r a t o r s ,  s e c d i n g  

t h e  condensed vapor  through t h e  a c t i v a t e d  s l u d g e  p r o c e s s ,  and b u r n i n g  

t h e  s o l i d  m a t t e r  f o r  energy.  T h i s  method of t r e a t m e n t  i s  expens ive  due 

t o  t h e  energy requ i rement  of t h e  e v a p o r a t o r s  and t h e  c a p i t a l  c o s t  of t h e  

n e c e s s a r y  equipment.  Ozone t r e a t m e n t ,  i n  c o n t r a s t ,  would n o t  r e q u i r e  

t h e s e  c o s t s .  



T e r t i a r y  t r e a t m e n t s  t h u s  f a r  s t u d i e d  c o n s i s t  of two main methods 

f o r  c o l o r  removal which a r e  a c t i v a t e d  carbon a d s o r p t i o n  and l i m e  pre- 

c i p i t a t i o n .  Tempe, e t  a l .  (17) conc lude  t h a t  a c t i v a t e d  carbon p r o v i d e s  

a  s a t i s f a c t o r y  t r e a t m e n t  f o r  t h i s  purpose .  Davis  (9)  - r e p o r t s  e x c e l l e n t  

r e s u l t s  w i t h  a  second method f o r  c o l o r  r e n o v a l ,  l i m e  t r e a t m e n t .  Lime 

r e a c t s  w i t h  t h e  color-producing b o d i e s  and t h e  r e s u l t i n g  m a t e r i a l  set t les 

o u t .  Both methods have l i m i t a t i o n s ,  however. When t h e  a c t i v a t e d  carbon 

and l i m e  beds  a r e  s a t u r a t e d  w i t h  t h e  c o l o r  producing b o d i e s ,  t h e y  must 

b e  r e g e n e r a t e d  o r  d i s c a r d e d .  C a r e f u l  c o n t r o l  must b e  used i n  r e g e n e r a t i o n  

t o  avo id  a i r  p o l l u t i o n .  Disca rd ing  t h e  s a t u r a t e d  beds  might c a u s e  

a d d i t i o n a l  p o l l u t i o n  problems. Although l i t t l e  r e s e a r c h  i s  r e p o r t e d  

concern ing  t h e  odor  problem, Huibers ,  e t  a l .  (11) r e p o r t  o z o n i z a t i o n  

i s  e f f e c t i v e  f o r  odor  reduc.Lion a s  w e l l  a s  i n  COD-BOD r e d u c t i o n  and 

c o l o r  removal. 

C. Gas-Liquid Contac t  Systems 

Gas- l iqu id  c o n t a c t  sys tems c a n  b e  d i v i d e d  i n t o  two g e n e r a l  

c a t e g o r i e s :  ( 1 )  low s h e a r  r a t e ,  and (2 )  h i g h  s h e a r  r a t e .  Absorp t ion  

columns a r e  c h a r a c t e r i z e d  by a  low s h e a r  r a t e  w h i l e  v e n t u r i  s c r u b b e r s  

p r o v i d e  h i g h  s h e a r  r a t e s .  

The r e a c t i o n  between ozone and p o l l u t a n t s  i s  l i m i t e d  by t h e  

n e c e s s i t y  of d i s s o l v i n g  t h e  ozone I n  t h e  w a s t e  wa te r .  A c o n t a c t  

d e v i c e  p r o v i d i n g  a  h i g h  s h e a r  r a t e  ( h i g h  t u r b u l e n c e )  would promote 

b e t t e r  mass t r a n s f e r  t h a n  a  low s h e a r  r a t e  d e v i c e .  High s h e a r  r a t e s  

promote h i g h e r  mass t r a n s f e r  c o e f f i c i e n t s  and t h e r e f o r e  f a s t e r  r e z c t i o n  

r a t e s .  Work by Jackson  and Col . l ins  (,L3) on t h e  u s e  of v e n t u r i .  a e r a t i n g  

d e v i c e s  i n d i c a t e  i n c r e a s e d  oxygen t r a n s f e r  t o  t h e  i i q u i d  over  c o n v e n t i o n a l  



methods--e.g.,  s p a r g e r s  and d i f f u s e r s .  Huibers ,  e t  a l .  (11) r e p o r t  

a p p r o x i m a t e l y  t w i c e  t h e  COD r e d u c t i o n  w i t h  a  h i g h  r a t h e r  t h a n  low s h e a r  

r a t e  d e v i c e .  (Thus a  v e n t u r i  g a s - l i q u i d  method was chosen f o r  t h e  

p o r t a b l e  ozone u n i t  d e s c r i b e d  i n  t h i s  t h e s i s .  S i z i n g  of t h e  v e n t u r i  

was based  on t h e  work by J a c k s o n  and C o l l i n s ) .  



111. DESIGN OF PORTABLE TEST UNIT 

A. P r e l i m i n a r y  Work 

P r e l i m i n a r y  tests on a  b a t c h  p r o c e s s  were conducted t o  y i e l d  

i n f o r m a t i o n  f o r  t h e  c o n s t r u c t i o n  of t h e  c o n t i n u o u s  system used on t h e  

p o r t a b l e  t e s t  u n i t ,  i . e . ,  f low r a t e s ,  r e s i d e n c e  t i m e s  and t empera tu res .  

A  schemat ic  diagram of t h e  b a t c h  p r o c e s s  i s  shown i n  F igure  1. The 

r e a c t i o n  v e s s e l  was a  t w o - l i t e r  g l a s s  d i f f u s i o n  column w i t h  a  sample 

v a l v e  n e a r  t h e  bottom. Ozone was produced by a  Welsbach C-1-D model 

ozone g e n e r a t o r  provided by t h e  Welsbach Corpora t ion .  A l l  t e s t s  r u n  

i n  t h e s e  s t u d i e s  used p u r e  oxygen a s  f e e d  t o  t h e  ozone g e n e r a t o r .  

A  wet t e s t  meter  made by t h e  P r e c i s i o n  S c i e n t i f i c  Co. and an  e l e c t r i c  

t i m e r  from t h e  Lab-Line I n s t r u m e n t s  Co. were used t o  de te rmine  t h e  czcne- 

oxygen f low r a t e  o u t  of t h e  ozone g e n e r a t o r .  A ?otass ium i o d i d e  s o l u t i o n  

was used t o  d e s t r o y  any unabsorbed ozone i n  t h e  g a s  b e f o r e  i t  passed  

t o  t h e  test  mete r .  

B. T e s t s  

The t e s t  f o r  COD l e v e l  employed i n  t h e s e  s t u d i e s  was t a k e n  from 

Standard  Methods f o r  t h e  Examination of Water and Waste Water (15). 

The test  p rocedure  and n sample c a l c u l a t i o n  a r e  o u t l i n e d  i n  t h e  Appendix 

A. Color  t e s t s  were done w i t h  a  Bausch and Lomb spec t rophotomete r  
0 

i n  t h e  form of l i g h t  t r a n s m i t t a n c e  a t  a  wave l e n g t h  of 420 A. No 

a p p a r a t u s  was a v a i l a b l e  f o r  d e t e r m i n a t i o n  of o d o r ,  s o  p e r s o n a l  judgments 

on t h e  s e v e r i t y  of odor were made. Ozone c o n c e n t r a t i o n s  were determined 

by t h e  method o u t l i n e d  i n  Bas ic  Eanual  of A p p l i c a t i o n s  and Labora to ry  

Ozoniza t ion  Techniques ( 3 ) ,  - p u b l i s h e d  by t h e  Welsbach Corpora t ion .  

The p rocedure  and a  sample c a l c u l a t i o n  a r e  o u t l i n e d  i n  t h e  Appendix B.  





The b a t c h  p r o c e s s  tests were  r u n  on t h e  f o l l o w i n g  t y p e s  of pu lp  

m i l l  was te :  (1 )  c l a r i f i e r  i n l e t ,  (2 )  b l e a c h  p l a n t  o u t l e t ,  and (3 )  

secondary  t r e a t m e n t  o u t l e t .  The e f f e c t s  of t r e a t m e n t  t i m e  and v a r i a t i o n  

of t h e  gas  f low r a t e  on t h e  w a s t e  w a t e r  were recorded .  A s  shown i n  

F i g u r e  2,  ozone produced i s  a  n o n - l i n e a r  f u n c t i o n  of g a s  f low r a t e .  

O r i g i n a l l y ,  500 m l  samples were  t r e a t e d  i n  a  g l a s s  b o t t l e  f o r  

f i v e  minu tes  w i t h  v a r y i n g  g a s  f low r a t e s .  COD, odor and c o l o r  tests 

were  r u n  on t h e s e  samples b e f o r e  and a f t e r  t r e a t m e n t .  R e s u l t s  a r e  shown 

i n  T a b l e  1. No c o n c l u s i o n s  were drawn o t h e r  t h a n  t h a t  o z o n i z a t i o n  was 

r e d u c i n g  t h e s e  v a r i a b l e s  and t h a t  a  b e t t e r  t e s t i n g  a p p a r a t u s  was needed 

t o  improve r e s u l t s .  Although t h e  g a s - l i q u i d  c o n t a c t  method ( a  d i f f u s i o n  

b u l b )  used i n  t h e s e  t e s t s  was t h e  same a s  f i n a l l y  adopted i n  t h e  a p p a r a t u s  

shown i n  F i g u r e  1, t h e  geometry of t h e  o r i g i n a l  r e a c t i o n  v e s s e l  p reven ted  

c o n t a c t  of a l l  w a s t e  wa te r  w i t h  t h e  oxygen-ozone m i x t u r e .  A t  t h i s  p o i n t  

i t  was dec ided  t o  have a  s l e n d e r  g l a s s  column ( a l s o  shown i n  F i g u r e  1 )  

made s o  t h a t  a l l  t h e  l i q u i d  would b e  i n  c o n t a c t  w i t h  t h e  g a s  mix ture .  

A v a l v e  was a t t a c h e d  t o  t h e  c y l i n d e r  s o  t h a t  samples cou ld  b e  withdrawn, 

COD and l i g h t  t r a n s m i t t a n c e  cou ld  b e  determined w i t h  c o n t a c t  t ime ,  

and a r e s i d e n c e  t ime f o r  t h e  con t inuous  p r o c e s s  cou ld  b e  e s t a b l i s h e d .  

I n i t i a l  t e s t s  w i t h  t h e  new d i f f u s i o n  column were r u n  f o r  f i v e  

minu tes .  Some of t h e  r e s u l t s  a r e  shown i n  F i g u r e  3 ,  4 and 5. F i g u r e s  

3  and 4 show t h a t  f o r  a  g i v e n  t y p e  of pu lp  m i l l  w a s t e ,  t h e  e f f e c t  of 

ozone c o n c e n t r a t i o n  on l i g h t  t r a n s m i t t a n c e  and COD was n o t  ve ry  s i g n i -  

f i c a n t .  The e f f e c t  o f  ozone c o n c e n t r a t i o n  on l i g h t  t r a n s m i t t a n c e  f o r  

d i f f e r e n t  t y p e s  of pu lp  m i l l  was te  i s  i l l u s t r a t e d  i n  F i g u r e s  4 and 5. 

Such s i m i l a r i t y  i n  r e s u l t s  provided t h e  r a t i o n a l e  f o r  t r e a t i n g  on ly  one 

t y p e  of p u l p  m i l l  w a s t e  w i t h  t h e  p o r t a b l e  t e s t  u n i t .  The r e a c t i o n  








































































