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ABSTRACT 

Trihalomethanes ( T H M s )  are suspected carcinogens that are formed in the water 

treatment process upon chlorination of THM precursor compounds. Organic materids 

such as humic substances and algal biomass have been shown to be THM precursors. 

This study examines the effect of ozone on these THM precursor compounds in waters 

that have a high organic load due to the presence of an algal bloom. 



! 

TABLE OF CONTENTS 

CHAPTER 

I . INTRODUCTION ............................... 1 

I1 . LITERATURE REVIEW .......................... 5 

Ozone ...................................... 5 

History of Ozone Use .................. 5 
Physical Properties of Ozone ............ c; 

Toxicity to Humans .................... 6 
Properties of Disinfection ............ 9 
Practical Aspects of Ozone ............. 11 

Seneration ....................... 11 
Aqueous Ozone Chemistry .......... 13 
Methods of Ozone Oxidation ....... 16 

Trihalomethanes ............................ 19 
Definition ............................ 19 
Formation and Precursors .............. 19 
Health Hazards ........................ 23 
History of THM Regulation ............. 24 
Destruction/removal of THM Precursors 
and TKMs by ozone ..................... 27 

Problems Involved in the Combination of 
Ozone with Chlorine or Bromine . . . . . . . . . . . . .  30 

I11 . SCOPE OF THE INVESTIGATION ................. 32 

iii 



I V  . MATERIALS AND METHODS ...................... 34 

. .  

V . 

VI . 
VII . 

VIII . 

Materials .................................. 34 
Reservoir Water ....................... 34 
Algae ................................. 34 
Test Water ............................ 36 
Ozonator/Contact Chamber .............. 36 
Other Equipment ....................... 38 

Pump ............................. 38 
Hoses ............................ 38 
Flowmeter ........................ 38 
Valves ........................... 40 

Methods .................................... 40 
Test Procedures for Batch Tests ....... 40 

Set Up ........................... 40 
Experiment ....................... 41 
Shut Down ........................ 41 

Test Procedures for CSTR Tests ........ 41 
Set Up ........................... 41 
Experiment ....................... 42 
Shut down ........................ 44 

ANALYTICAL PROCEDURES ...................... 45 

pH and Alkalinity .......................... 45 
Ozone Residual ............................. 45 
Trihalomethane Formation Potential ......... 46 
Dissolved and Colloidal Organic Carbon ..... 47 
Chlorophyll a .............................. 47 

STATISTICAL NETHODS ........................ 49 . 

RESULTS AND DISCUSSION ..................... 54 

Batch Test Results ......................... 54 
Continuous-flow Stirred Tank Reactor Test 
Conditions ................................. 6 4  

Decrease in THME'P ..................... 68 
Decrease in Dissolved and Colloidal 
Organic Carbon ......................... 70 
Decrease in Chlorophyll a ............. 72 

Relationship between THME'P and TOC/DCOC .... 74 
Summary .................................... 75 

CONCLUSIONS ................................. 77 

iv 



IX . RECOMMENDATIONS ............................ 7 9  

APPENDIX A . DATA FOR FIGURES 3-6 .................... 83 

APPENDIX B . CSTR TEST RESULTS ....................... 85 

APPENDIX C . CSTR TESTS OZONE RESIDUALS .............. 86 
APPENDIX D . CSTR TESTS DCOC ......................... 87 

APPENDIX E . CSTR DYE TEST ........................... 88 
APPENDIX F . MATHEMATICAL MODELS ..................... 90 

REFERENCES .......................................... 101 

V 

c 



LIST O F  TABLES 

Table 1. CSTR T e s t  C o n d i t i o n s  .................. 6 6  

Table 2 .  Reduct ion  i n  THME'P .................... 69 

Table 3. Reduct ion  i n  DCOC .................... 7 0  

Table 4 .  Reduct ion  i n  Chlorophyll a ............ 7 3  

i 

.. 

v i  

I ,. . 



! 

I 

L I S T  OF FIGURES 

i 
F i g u r e  

F i g u r e  

1. 

2 .  

Ozone Con tac t  Chamber/Reactor .............. 
Experiment  Flow Diagram .................... 

39 

43 

F i g u r e  3. Batch  K i n e t i c s  T e s t  #1 
Low I n i t i a l  C h l o r o p h y l l  
Low Ozone Dose ............................. 5 6  

F i g u r e  4 .  Ba tch  K i n e t i c s  T e s t  # 2  
Low I n i t i a l  Ch lo rophy l l  
High Ozone Dose ............................ 57 

F i g u r e  5 .  Batch  K i n e t i c s  T e s t  # 3  
High I n i t i a l  C h l o r o p h y l l  
Low Ozone Dose ............................. 58 

F i g u r e  6 .  Batch  K i n e t i c s  T e s t  # 4  
High I n i t i a l  C h l o r o p h y l l  
High Ozone Dose ............................ 59 

F i g u r e  7 .  F r a c t i o n  Remaining Batch  K i n e t i c s  T e s t  #1 .. 63  

F i g u r e  8 .  F r a c t i o r i  Remaining Batch  K i n e t i c s  Test # 2  .. 63 

F i g u r e  9 .  F r a c t i o n  Remaining Batch  K i n e t i c s  Test #3 .. 6 4  

F i g u r e  1 0 .  F r a c t i o n  Remaining Batch  K i n e t i c s  Test # 4  .. 64 

v i i  



CHAPTER I. 

INTRODUCTION 

I 

! 

In November 1979, the United States Environmental 

Protection Agency (USEPA) established, in accordance with 

the Safe Drinking Water Act (SDWA) of 1974, a Maximum 

Contaminant Level (MCL) for total trihalomethanes (TTXMs) 

(1) 

Trihalomethanes (THMs) are halogenated organic compounds 

that are being studied for their possible carcinogenic and 

other toxic characteristics ( 2 ) .  In water treatment plants, 

trihalomethanes are formed when trihalomethane precursors 

in the water come into contact with free chlorine that is 

added as a disinfectant ( 2 )  The MCL that the USEPA has : 

established for total trihalomethanes is 0.10 mg/l ( 2 )  . 
This level can be reached by some treatment plants if the 

raw water contains few dissolved organic compounds. If the 

MCL is lowered, as is expected, many treatment plants will 

find it difficult to comply with the standard. Three 

possible solutions to the problem of THMs in drinking water 

are; 

1 

c 
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1. do not add free chlorine to disinfect the water, 

2 .  remove the trihalomethane precursors prior to 
chlorination, or 

. -  

I 

2 

3 .  remove trihalomethanes once they are formed. ( 2 )  

The first solution, not to add free chlorine, is not 

desirable in the U.S. at this time. Free chlorine is 

relatively inexpensive and disinfects at a higher rate than 

combined chlorine (NH,C1 and NHC1,) ( 3 ) .  

Partial removal of the trihalomethane precursors will 

take place in the treatment plant through coagulation and 

settling processes. This will not solve the problem in all 

cases as some treatment plants chlorinate the raw water 

before it enters the treatment works. in one plant, 60% of 

the total trihalomethanes were formed in the prechlorination 

step (4). Various methods to control THM formation have 

been proposed by the USEPA and others. Among these methods ’ 

are; use of granular activated carbon ( G A C ) ,  use of ozone 

to oxidize THM precursors, and use of combined chlorine as 

a disinfectant instead of free chlorine. The benefits and 

detriments of these methods will be presented in following 

sections (3). 

Removal of the trihalomethanes is possible by stripping 

the trihalomethanes from the water but the free chlorine can 

continue to react with the remainder of the trihalomethane 

i 

precursors (3). 
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In Europe, ozone (0,) is a commonly used disinfectant. 

Ozone is a more powerful disinfectant than chlorine and does 

not form trihalomethanes. On the other hand, ozone cannot 

protect the distribution system as it decays quickly to 

oxygen in water and leaves no residual. Some plants use 

ozone as a primary disinfectant and then add chlorine to 

protect the distribution system. Ozone also destroys 

trihalomethane precursors so that subsequent chlorination 

forms fewer trihalomethanes than if no ozone was used. (5) 

Ozone is not widely used in the U.S. dxe to its high cost 

of generation compared to the cost of generating free 

chlorine. 

During the late summer, many reservoirs are host to 

algal blooms. A s  algae are a source of trihalomethane 

. .  

precursors ( 6 , 7 )  it was decided to s t u d y  the effects of 

preozonation on the trihalomethane precursors present in an -- 

algal bloom. 

Trihalomethane formation potential (THWP), a measure 

of the total possible THMs in a water sample, was measured 

before and after ozonation. A decrease in the THME'P would 

suggest that the THPFP was reduced by the ozone. In 

addition, dissolved and colloidal organic carbon (DCOC) and 

chlorophyll a concentration were measured in order to study 

the oxidation characteristics of ozone. Both batch kinetics 

and continuous flow tests were performed. In the batch 

r . . .  

' .  
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k i n e t i c s  tests t h e  v a r i a b l e s  were ozone d o s e  and level o f  

a l g a e .  The level o f  t h e  a l g a e  w a s  measured b y  t h e  

c h l o r o p h y l l  a c o n c e n t r a t i o n .  High levels o f  c h l o r o p h y l l  a 

were u s e d  i n  o r d e r  t o  s t u d y  a "worst  case" s c e n a r i o .  I n  t h e  

c o n t i n u o u s  f low tests pH, ozone dose,  and  d e t e n t i o n  times 

were varied. 

Funding f o r  t h i s  p r o j e c t  was p r o v i d e d  b y  t h e  Western 

Water Research  C e n t e r  (WWRC) . A d d i t i o n a l  THMFP s t u d i e s  were 

funded by t h e  c i t y  of  Laramie, Wyoming. 

. .  c . 
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CHAPTER 11. 

LITERATURE REVIEW 

OZONE 

PHYSICAL PROPERTIES OF OZONE. Ozone i s  a very power fu l  

o x i d i z i n g  a g e n t  w i t h  a r a n k i n g  f o u r t h  i n  o x i d i z i n g  power 

b e h i n d  d i a t o m i c  f l u o r i n e  gas, f o l l o w e d  by F,O, and f ree  

oxygen ( 0 ) .  The b o i l i n g  p o i n t  o f  ozone i s  -112" C and it 

i s  e x p l o s i v e  i n  a i r  i n  c o n c e n t r a t i o n s  above 15%. Ozone i s  

r e l a t i v e l y  s tab le  i n  a i r  w i t h  a h a l f  l i f e  measured i n  h o u r s  

and i s  r e l a t i v e l y  u n s t a b l e  i n  water w i t h  a h a l f  l i f e  

measured i n  m i n u t e s .  Ozone i s  1 0  t o  20  times more s o l u b l e  

i n  water  t h a n  i s  oxygen ( 8 ) .  

T h e  chemistry o f  aqueous ozone i s  

be p r e s e n t e d  i n  a l a t e r  s e c t i o n .  

c o m p l i c a t e d  and w i l l  

HISTORY OF OZONE USE. Ozone received i t s  name from 

t h e  Greek  word " o z e i n "  which means " t o  smell". The 

d i s c o v e r y  o f  ozone i s  credi ted t o  Van Marum who, i n  1 7 8 5 ,  

f i rs t  n o t e d  t h e  charac te r i s t ic  odor  n e a r  an  e l e c t r i c a l  

machine ( 9 ) .  

I t  wasn ' t  u n t i l  1 8 4 0  t h a t  ozone was de te rmined ,  b y  

Schonbein ,  t o  be a new s u b s t a n c e  t h a t  several years  l a t e r  

. . -- 

I . .  -: i 

i . . 
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was d i s c o v e r e d  

commercial  u s e  

( 9 )  

6 

t o  be t r i a t o m i c  oxygen, 0,. The f i r s t  

o f  ozone w a s  i n  t h e  d i s i n f e c t i o n  o f  water 

The f i r s t  major  o z o n a t i o n  p l a n t  went i n t o  o p e r a t i o n  i n  

1 9 0 6  i n  Nice, F r a n c e  a l t h o u g h  p i l o t  p l a n t s  were b e i n g  

o p e r a t e d  as e a r l y  as 1 8 9 2 .  By 1 9 3 6  there were abou t  1 0 0  

m u n i c i p a l  o z o n a t i o n  p l a n t s  i n  F rance  ( 9 ) .  I t  was r e p o r t e d  

i n  1972 t h a t  approx ima te ly  8 m i l l i o n  p e o p l e  w e r e  b e i n g  

s u p p l i e d  ozona ted  water i n  France  ( 9 ) .  

T h e  f i rs t  p l a n t  t o  go i n t o  o p e r a t i o n  i n  t h e  U . S .  was i n  

Whit ing,  I n d i a n a  i n  J u l y  1 9 4 0 .  T h i s  p l a n t  was i n s t z l l e d  

because  o f  t a s t e  and  odor  problems created upon c h l o r i n a t i o n  

o f  t h e  Lake Michigan water ( 9 ) .  

T h e  S c h u y k i l l  r i v e r  n e a r  Phi lade lphia  was s o  p o l l u t e d  

t h a t  t h e  c i t y ,  i n  1 9 4 9 ,  i n s t a l l e d  a water  t r e a t m e n t  p l a n t  

u s i n g  ozone t o  remove manganese, t as tes ,  and  o d o r s  ( 9 ) .  

TOXICITY TO HUMANS. Ozone, i n  low c o n c e n t r a t i o n s ,  p o s e s  

no t h r e a t  t o  humans. I n  fac t ,  t h e  smell o f  ozone i s  u s u a l l y  

t a k e n  as  a f resh smell. I t  i s  t h e  smell one smells a f t e r  

a t h u n d e r s t o r m .  But i n  higher  c o n c e n t r a t i o n s ,  ozone can 

a f f ec t  t h e  human body i n  d i f f e r e n t  ways r a n g i n g  from 

d i s c o m f o r t  t o  death i n  extreme cases. The most common 

symptom o f  ozone p o i s o n i n g ,  t o x i c o s i s ,  i s  a d r y n e s s  o f  t h e  

nose  and  t h r o a t .  Reddening and s w e l l i n g  o f  t h e  eyes i s  

i , 
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a n o t h e r  common symptom. T h i s  symptom can  o c c u r  w i t h  

e x p o s u r e  t o  ozone c o n c e n t r a t i o n s  o f  1 ppm i n  a i r .  A t  ozone 

c o n c e n t r a t i o n s  between 0 . 1  and 1 . 0  ppm it becomes d i f f i c u l t  

f o r  t h e  v i s i o n  t o  a d j u s t  t o  d a r k n e s s  (10). 

T h e  most dange rous  effects  of  ozone exposure  o c c u r  i n  

t he  r e s p i r a t o r y  t r a c t .  There a r e  t h ree  levels o f  t o x i c o s i s  

w i t h  respect t o  t h e  r e s p i r a t o r y  s y s t e m ;  symptomatic,  

symptomatic  i r r i t a n t ,  and severe i r r i t a n t .  Symptomatic 

refers t o  t h e  i n i t i a l  s t a g e s  o f  t o x i c o s i s  i n  which a mi ld  

i r r i t a t i o n  i s  f e l t  i n  t he  nose and t h r o a t .  The effects  o f  

ozone are labeled as  symptomatic i r r i t a n t  when t h e  

s e n s a t i o n s  described above become more m p l e a s a n t  and are  

u s u a l l y  accompanied by coughing.  When e x p o s u r e  t o  ozone i s  

p r o l o n g e d  o r  there i s  a high c o n c e n t r a t i o n  o f  ozone i n  t h e  

a i r ,  symptoms can become severe. These symptoms r e l a t e  t o  

t h e  o n s e t  o f  pulmonary edema. B r e a t h i n g  becomes l a b o r e d  and 

there i s  p r e s s u r e  and  p a i n  f e l t  i n  t h e  chest. Ozone affects  

t h e  a l v e o l i  i n  two separate ways. The f i rs t  effect  i s  

edematic s w e l l i n g .  T h e  e n t r a n c e  t o  t h e  a l v e o l i  becomes 

res t r ic ted and b r e a t h i n g  becomes d i f f i c u l t .  The second 

e f fec t  o f  ozone on t he  a l v e o l i  i s  t h e  c a u s i n g  o f  t h e  a l v e o l i  

t o  p a r t i a l l y  fill w i t h  f l u i d .  T h i s  f l u i d  decreases t h e  

gaseous  v o l u m e t r i c  c a p a c i t y  of  t h e  l u n g  ( 1 0 ) .  

Clamann and B a n c r o f t  tested t h e  e f fec ts  o f  ozone on 

humans a t  levels o f  6 ppm f o r  one hour  and  1 . 2  ppm f o r  2 . 5  

c 
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h o u r s .  They tested t h e  s u b j e c t s  t a s t e ,  smell, blood 

c i r c u l a t i o n ,  b lood  q u a l i t y ,  and r e s p i r a t i o n .  The 
researchers found t h a t  smell w a s  i n h i b i t e d  f o r  s h o r t  p e r i o d s  

o f  t i m e  f o l l o w i n g  exposure .  The o t h e r  tes ts  showed no 

e f fec t  e x c e p t  f o r  r e s p i r a t i o n .  6 ppm, 

v i t a l  c a p a c i t y  decreased t o  58% o f  t h e  o r i g i n a l  amount. I t  

was a l s o  found t h a t  t o t a l  c a p a c i t y  d e c r e a s e d  t o  80% o f  

o r i g i n a l .  S ince  t h e  r e l a t i o n s h i p  between v i t a l  c a p a c i t y  and 

t o t a l  c a p a c i t y  is;  

I t  was found t h a t  a t  

T o t a l  Capac i ty  = V i t a l  Capac i ty  + R e s i d u a l  Volume 

these tests showed an i n c r e a s e  i n  r e s i d u a l ,  unusab le  volume. 

The effects  o f  exposure  l as ted  f o r  several hour s  a f t e r  t h e  

t e s t s  w i t h  no permanent symptoms (10) . 
Although t h e  effects o f  exposure  t o  ozone are s i m i l a r  

i n  n a t u r e  t o  t h e  effects  o f  exposure  t o  c h l o r i n e ,  there are 

t w o  main f a c t o r s  t h a t  p o i n t  t o  ozone as b e i n g  safer t o  u s e  

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

on s i t e  as it i s  needed.  

T h e  f i rs t  f a c t o r  i s  t h a t  ozone i s  g e n e r a t e d  

T h i s  f a c t o r  removes t h e  dange r s  

9 

of  t r a n s p o r t a t i o n  and s t o r a g e  t h a t  c h l o r i n e  i s  s u b j e c t  t o .  

The second  ' f a c t o r  i s  t h a t  ozone has a h a l f  l i f e  i n  a i r .  

T h i s  means t h a t  once a l e a k  i s  s topped  t h e  dange r  i s  mos t ly  

o v e r .  C h l o r i n e  i s  dangerous  u n t i l  it h a s  dispersed (11). 
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Ozone h a s  p r o v e d  t o  be a 

v e r y  effect ive d i s i n f e c t a n t .  Tests have  been  pe r fo rmed  on 

bac te r ia  (12,13) , v i r u s e s  (12,14) , algae (15) , f u n g i  (13), 

and  p r o t o z o a n s  (16). I n  each case ozone p roved  t o  be a more 

p o w e r f u l  d i s i n f e c t a n t  t h a n  c h l o r i n e .  Ozone d o s e s  ranged  

from 0 . 0 1  t o  1 . 3  m g / l .  I t  was found t h a t  g rea te r  k i l l  

e f f i c i e n c i e s  were found  a t  lower  pH's ( 1 3 ) .  The h i g h e s t  

d e t e n t i o n  time n o t e d  w a s  8 0  s econds  f o r  b a c t e r i a  (13), f ive 

m i n u t e s  f o r  v i r u s e s  (12), five minu tes  f o r  f u n g i  (13), and. 

n i n e  m i n u t e s  f o r  p r o t o z o a n  c y s t s  

PROPERTIES O F  DISINFECTION. 

(16). 

Katzene l son ,  e t  a l .  ( 1 2 )  show a two stage l i n e a r  

r e l a t i o n s h i p  be tween p e r c e n t  s u r v i v i n g  bac te r ia  a n d  c o n t a c t  

t i m e .  The i n i t i a l  k i l l  was on t h e  o r d e r  o f  9 9 . 9 %  i n  5 0  

s e c o n d s  a t  an ozone  d o s e  o f  0 . 0 4  m g / l  and  on t h e  o r d e r  of  

99.995% i n  1 0  s e c o n d s  a t  an ozone d o s e  o f  1 . 3  m g / l .  

Ka tzene l son ,  e t  al. ( 1 2 )  a l s o  r e p o r t e d  on t h e  a b i l i t y  

o f  ozone  t o  i n a c t i v a t e  v i r u s e s .  The i n a c t i v a t i o n  c u r v e s  

f o r  t h e  v i r u s e s  a l s o  showed t h e  two s tage i n a c t i v a t i o n .  

Stage one  t o o k  a b o u t  1 0  s econds  a t  a l l  ozone d o s e s  and  t h e  

i n a c t i v a t i o n  r anged  f rom 99.7% t o  99.998% w i t h  an  ozone dose  

o f  0 . 0 1  t o  0 . 2 6  mg/l. 

Farooq,  e t  a l .  (13) r e p o r t e d  on t h e  u s e  o f  ozone t o  k i l l  

Candida  p a r a p s i l o s i s .  Percent s u r v i v i n g  f u n g i  a f t e r  2 4  

s e c o n d s  d e t e n t i o n  t i m e  i n  a c o n s t a n t  f l ow r e a c t o r  was 

r e p o r t e d  t o  be on t h e  o r d e r  o f  t o  lo-'. 

.' c 

Y 

. ,  . .. . .  . I  . .  . .  . 
. .  . . . . .  . 



i I 

10 

Roy, Englebrecht, and Chian (14) tested the effects of 

ozone on six enteroviruses. These viruses, in order of 

increasing resistance to inactivation by ozone, ’ were; 

coxsackievirus A9 (Griggs), echoviru 5 (Noyce) , 
coxsackievirus B5 (Faulkner) , poliovirus 1 (Mahoney) , 
echovirus 1 (Farouk), and poliovirus 2 (Lansing) . The 

results concur with those of Katzenelson et al. in that 3 

two stage inactivation occurreci. Roy, Englebrecht, and 

Chian found that at an ozone residual of 0.15 mg/l the time 

for 99% inactivation ranged from Q.12 minxtes for 

coxsackievirus A9 to approximately 4.8 minutes for 

poliovirus 2. 

Ginnocchio (15) reports that preozonation aids in the 

elimination of algae through filtration. Three filtering 

metnods were used; sand filtration, fine sand filtration, 

and double layer filtration. The algae studied were; 

Fragilria crotonensis, Asterionella formosa, Synedra, 

Tabellaria fenestrata, Cyclotella, Phacotus lenticularis, 

and Stephanodiscus. The reaction time was 10 minutes. The 

ozone was dosed at 2 mg/l and after 10 minutes the residual 

was 0.25 mg/l. Although details are lacking, in each case 

ozone increased the removal of algae by filtration. 

Wickramanayake, et al. (16) tested the effect of ozone 

on the protozoan cysts Giardia muris and Naegleria gruberi. 

They found in a batch reactor that after an initial lag of 
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20 seconds  t h e  k i l l  c u r v e s  were l i n e a r  w i t h  respect t o  

p e r c e n t  s u r v i v i n g  v e r s u s  c o n t a c t  t i m e .  

PRACTICAL ASPECTS OF OZONE, 

G e n e r a t i o n .  3zone i s  produced  i n  t h e  o z o n a t o r  

by v a r i o u s  methods.  One method i s  t o  e x c i t e  t h e  oxygen 

atoms by u l t r a v i o l e t  l i g h t .  The oxygen molecu le s  w i l l  b r eak  

apar t  i n t o  a tomic  oxygen. These two atoms w i l l  bond ontc: 

o t h e r  oxygen m o l e c u l e s  t o  form ozone. Another  method o f  

making ozone i s  t o  pass t h e  oxygen t h r o u g h  a gap between two 

charged d ie lec t r ics .  The e l ec t r i c  f i e l d  produced  b y  an 

a l t e r n a t i n g  c u r r e n t  between t h e  dielectr ics  c a u s e s  

e x c i t a t i o n  o f  the  oxygen molecu le s  which s p l i t  and recombine 

w i t h  oxygen t o  form ozone (17). 

Ozone i s  most commonly g e n e r a t e d  on a l a r g e  scale by 

p a s s i n g  a c u r r e n t  o f  a i r ,  o r  oxygen, between two e l e c t r o d e s  

t h a t  are s u b j e c t e d  t o  a high vo1,tage a l t e r n a t i n g  c u r r e n t .  

I n  n a t u r e ,  ozone i s  formed by l i g h t n i n g  b u t  i n  i n d u s t r y  an 

arc: i s  u n d e s i r a b l e ,  t h e r e f o r e  the  e l e c t r o d e s  are  c o a t e d  

w i t h  a d ie lec t r ic  t o  a v o i d  a r c i n g .  The a p p l i e d  v o l t a g e  

u s u a l l y  varies between 8 , 0 0 0  t o  2 0 , 0 0 0  v o l t s .  The 

e f f i c i e n c y  o f  ozone p r o d u c t i o n  depends on t h e  t e m p e r a t u r e ,  

d r y n e s s ,  and p u r i t y  o f  t h e  feed gas ( 1 8 ) .  

There a re  three g e n e r a l  t y p e s  o f  ozone g e n e r a t o r s  on 

t h e  market: p l a t e - t y p e  o z o n i z e r s ,  and  v e r t i c a l  and 

. i  . . 
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h o r i z o n t a l  t u b e - t y p e  o z o n i z e r s .  Most o f  t h e  commercial  

u n i t s  sold a t  t he  p r e s e n t  t i m e  are  o f  t h e  h o r i z o n t a l  t u b e  

T h e  y i e l d  o f  ozone i s  found by t h e  f o l l o w i n g  e q u a t i o n s .  

(Y/A) = C , f e V 2 / d  

V 

P 

9 
f 
e 
d 
c, 
c2 

i s  ozone y i e l d  per u n i t  a r e a  o f  e l e c t r o d e  
s u r f a c e  unde r  optimum c o n d i t i o n s .  
i s  v o l t a g e  a c r o s s  t h e  discharge gap (peak 
v o l t s ) .  
is gas p r e s s u r e  i n  t h e  discharge gap 
( p s i a )  . 
i s  t h e  w i d t h  o f  t h e  discharge gap. 
i s  f r equency  o f  t h e  a p p l i e d  v o l t a g e .  
i s  t h e  d i e l ec t r i c  c o n s t a n t  . 
i s  t h i c k n e s s  o f  t h e  d ie lec t r ic .  
i s  a c o n s t a n t  o f  p r o p o r t i o n a l i t y .  
i s  a c o n s t a n t  o f  p r o p o r t i o n a l i t y .  ( 1 9 )  

T h e  p r o d u c t i o n  o f  ozone u s e s  a l a rge  amount of ene rgy .  

On t h e  average 20 t o  30  wa t t -hour s  a r e  used  t o  p roduce  one - 

gram o f  ozone. The v a r i a n c e  i n  ene rgy  consumption depends 

on t he  s i z e  o f  t h e  u n i t  (18). 

Because a i r  c o n t a i n s  s i g n i f i c a n t  amounts o f  n i t r o g e n ,  

it must  be dr ied  and c o o l e d  b e f o r e  p a s s i n g  t h r m g h  t h e  

o z o n a t o r  t o  r e d u c e  accumula t ion  o f  c o r r o s i v e  by-products  

s u c h  as n i t r i c  acid and n i t r o g e n  o x i d e s  t h a t  a r e  c r e a t e d  

when t h e  dewpoint  o f  the  a i r  i s  above - 4 O O .  If oxygen i s  

used  as a feed gas, t h e  p r o c e s s  o f  d r y i n g  and c o o l i n g  i s  

u n n e c e s s a r y  (17). 
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Acrueous Ozone Chemis t rv .  S i n c e  ozone i s  a gas, t r a n s f e r  

t o  t h e  aqueous phase i s  n e c e s s a r y  f o r  o x i d a t i o n  o f  aqueous 

o r g a n i c s ,  T h e  mass t r a n s f e r  o f  ozone i n t o  t h e  water i s  

. .  

i 

. .  
i 

I 

. .  
i , 

l imi ted  by s t a g n a n t  

i n t e r f a c e .  T h e r e f o r e ,  

most e f f i c i e n t  method 

s u r f a c e  e f fec ts  a t  t h e  g a s - l i q u i d  

f i n e  bubb le  d i f f u s i o n  i s  perhaps t h e  

o f  gas t r a n s f e r  s i n c e  it p r o v i d e s  a 

high s u r f a c e  area t o  volume r a t i o  f o r  ozone b u b b l e s  (16). 

T h e  o v e r a l l  decomposi t ion  o f  ozone i n  water i s  as  

f o l l o w s :  

20, ==> 30, 

However, there  are  many s u g g e s t e d  i n t e r m e d i a t e  steps i n  t h i s  

p r o c e s s ,  Peleg, i n  1976 ,  summarized several  t h e o r i e s  

regarding t h e  c h e m i s t r y  o f  ozone i n  water. Some o f  t h e  

t h e o r i e s  da te  back t o  t h e  1930 's .  Although it i s  

u n n e c e s s a r y  t o  go i n t o  d e t a i l  abou t  t h e  e x a c t  r e a c t i o n s ,  it 

s h o u l d  be no ted  t h a t  Peleg s u g g e s t s  t h a t  t h e  p o t e n t i a l  

species i n  an aqueous ozone s o l u t i o n  i n c l u d e  t h e  hydroxyl  

r ad ica l  ( O H ' ) ,  d i s s o l v e d  ozone (0,) hydrope roxy l  r a d i c a l  9 

(HO;) I o x i d e  rad ica l  ( * O - ) ,  ozon ide  r a d i c a l  (-OJ I and 

p o s s i b l y  free oxygen ( 0 ) .  All t h e  i n t e r m e d i a t e  species a r e  

very react ive and  have half- l ives  on t h e  o r d e r  of  

m i l l i s e c o n d s  ( 2 0 ) .  

Peleg i n d i c a t e s  t h a t  there  are  many f a c t o r s  which 

Three o f  t h e  c o n t r o l  t h e  decomposi t ion  o f  ozone i n  water.  
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most  i m p o r t a n t  f a c t o r s  a re  t e m p e r a t u r e ,  pH, and a l k a l i n i t y  

( 2 0 ) .  H e w e s  and Davison have shown t h a t  t h e  r a t e  o f  ozone 

decompos i t ion  i n c r e a s e s  as water t e m p e r a t u r e  i n c r e a s e s  ( 2 1 )  . 
They a l s o  varied pH and found t h a t  t h e  decay r a t e  of aqueous 

ozone  i n c r e a s e d  a s  p H  increz lsed .  To c a l c u l a t e  t h e  r a t e  o f  

ozane  decay ,  k,  H e w e s  and Davison measured t h e  c o n c e n t r a t i o n  

o f  ozone  i n  t h e  i n f l u e n t  and  e f f l u e n t  l i n e  of  a p l u g  f l o w  

r e a c t o r  and  assumed second o r d e r  k i n e t i c s .  

dC/dt = kC2 

They p l o t t e d  ( l / C o u t  - l / C J  v e r s u s  t i m e .  The s l o p e  o f  t h e  

c u r v e ,  k, s h o u l d  be 

o r d e r  w a s  c o r r e c t .  

Davison  found t h a t  

t e m p e r a t u r e s  between 

d e c a y  r a t e  was f i rs t  

i n c r e a s e s  by a f a c t o r  

c o n s t a n t  i f  t h e  assumpt ion  o f  s econd  

From t h e i r  expe r imen t s ,  H e w e s  and 

ozone decay w a s  second o r d e r  a t  

10-50°C up t o  p H  8 .  Above p H  8 t h e  

o r d e r .  The f a c t o r  k,  i n  L/ (mg-hr), 

o f  1 8 3  as t h e  t e m p e r a t u r e  i s  i n c r e a s e d  
Y 

* 

from 1 0  t o  50°C a t  p H  6 .  

by  a f a c t o r  o f  1 8  from p H  2 t o  p H  6 ( 2 1 ) .  

A t  40°C t he  r a t e  c o n s t a n t  i n c r e a s e s  

S t a e h e l i n  and Hoigne a l s o  found t h a t  between p H  8 and 

p H  10 t h e  decay r a t e  o f  ozone was f i rs t  o r d e r .  For t h e i r  

e x p e r i m e n t s ,  S t a e h e l i n  and Hoigne s t u d i e d  t h e  h a l f - l i f e  

(t1,J of  ozone i n  water i n  t h e  p r e s e n c e  of  free r a d i c a l  

s c a v e n g e r s .  I t  is t h e i r  t h e o r y  t h a t  t h e  p r e s e n c e  o f  t h e  

h y d r o x y l  rad ica ls  ac t s  as  a c a t a l y s t  i n  t h e  decay o f  ozone 

t o  oxygen a s  such: 
I 
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0, + H,O ==> 0, + 2 0 H '  

OH' + 0, ==> HO; + 0; 

HO,' + 0, ==> OH' + 20, 

I n  t h e  p r e s e n c e  o f  free r ad ica l  s c a v e n g e r s  t h e  second and 

t h i r d  r e a c t i o n s  do n o t  t ake  p l a c e  ( 2 2 ) .  

I n  o r d e r  t o  p r e v e n t  these c a t a l y t i c  r e a c t i o n s  from 

t a k i n g  place,  S t a e h e l i n  and Hoigne u s e d  b i c a r b o n a t e  and 

c a r b o n a t e  as free r ad ica l  s c a v e n g e r s .  They found t h a t  t h e  

h a l f - l i f e  of  ozone i n  water i s  dependant  upon t h e  p H  and  on 

t h e  b i c a r b o n a t e  c o n c e n t r a t i o n .  S t a e h e l i n  and  Hoigne p l o t t e d  

t h e  ha l f - l ives  o f  ozone v e r s u s  b i c a r b o n a t e  c o n c e n t r a t i o n s  

a t  p H ' s  o f  8 ,  8 .5 ,  9, 9 .5 ,  and 1 0 .  As t h e  b i c a r b o n a t e  

c o n c e n t r a t i o n  i n c r e a s e d ,  t h e  h a l f - l i f e  o f  ozone would r e a c h  

a p l a t e a u ,  the  height  o f  which w a s  d i c t a t ed  by t h e  p H .  With 

less b i c a r b o n a t e  t h e  h a l f - l i f e  decreases. The da ta  show 

t h a t  p H  i s  more i m p o r t a n t  i n  d e t e r m i n i n g  t h e  h a l f - l i f e  t h a n  

b i c a r b o n a t e  i s .  A t  p H  8,  and 0.01M b i c a r b o n a t e  ( 1 0 0 0  mg/l 

as CaCO, ) ,  t h e  h a l f - l i f e  o f  ozone i s  4 0 0 0  seconds  (1 h r  7 

m i n u t e s ) .  A t  1 0 - 4 M  b i c a r b o n a t e  (10 mg/l as  C a C O , ) ,  t h e  h a l f -  

l i f e  i s  2 0 0 0  seconds  (33 minutes  20 s e c o n d s ) .  A t  pH 9,  and 

0.01M b i c a r b o n a t e ,  t h e  h a l f - l i f e  i s  4 0 0  s econds  ( 6  minu te s  

4 0  s e c o n d s )  and a t  1 0 - 4 M  it i s  3 0 0  seconds  ( 5  m i n u t e s ) .  A t  

pH 1 0  t h e  h a l f - l i f e  was 4 0  seconds  and t h e  c o n c e n t r a t i o n  o f  

b i c a r b o n a t e  had l i t t l e  e f fec t  ( 2 2 )  . 
Whether o x i d a t i o n  i s  a i d e d  o r  h i n d e r e d  by t h e  r a d i c a l  
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s c a v e n g i n g  i s  unknown. Oxida t ion  by t h e  hydroxy l  r a d i c a l  

i s  f a s t e r  and less selective t h a n  o x i d a t i o n  by aqueous 

ozone.  So the main b e n e f i t  o f  rad ica l  s c a v e n g i n g  i s  t h a t  

t h e  ozone  w i l l  react  by less c o m p l i c a t e d  mechanisms. 

These three f a c t o r s ,  t empera tu re ,  p H ,  and a l k a l i n i t y ,  

w i l l  d e t e r m i n e  t h e  r a t e  o f  decay o f  aqueous  ozone t o  oxygen. 

S i n c e  i n c r e a s e d  t e m p e r a t u r e  and p H  i n c r e a s e  t h e  r a t e  o f  

decay and  i n c r e a s e d  a l k a l i n i t y  decreases the  r a t e  o f  decay, 

c o l d ,  low t o  n e u t r a l  p H ,  high a l k a l i n i t y  waters would see 

aqueous  ozone as t h e  predominant  species. 

Methods o f  Ozone Ox ida t ion .  Many researchers concur  

on t h e  e x i s t e n c e  o f  two t y p e s  o f  o x i d a t i o n  by ozone.  The 

f irst  is t h e  o x i d a t i o n  of  o r g a n i c s  d i r e c t l y  by ozone and 

t h e  o t h e r  i s  o x i d a t i o n  by one of  t h e  f ree  rad ica ls ,  mainly 

OH', p roduced  upon decomposi t ion o f  ozone i n  water 

(20,22,23,24) . 
The hydroxy l  rad ica l  s p e c i e s ,  OH', has a higher  

o x i d a t i o n  p o t e n t i a l  t h a n  d i s s o l v e d  ozone,  0,. The f a c t  t h a t  . 
t h e  hydroxy l  rad ica l  has a h i g h e r  o x i d a t i o n  p o t e n t i a l  t h a n  

ozone c o u l d  s u g g e s t  t h a t  t h e  powerfu l  o x i d a t i o n  c a p a b i l i t y  

o f  aqueous  ozone i s  due  t o  the hydroxy l  radical  ( 2 0 ) .  The 

r e a c t i o n s  due t o  t he  o x i d a t i o n  by t h e  hydroxy l  r a d i c a l s  a re  

less selective and predominate  under  bas ic  c o n d i t i o n s  ( 2 5 ) .  

Hydroxyl o x i d a t i o n  i s  ve ry  f a s t ,  on t h e  o r d e r  of  
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microseconds (25). 

Direct oxidation by ozone, ozonolysis, involves the 

creation of an ozonide by fixation of an ozone molecule at 

a double bond ( 5 ) .  The organic molecule is then broken 

apart by the instability of the ozonide ( 5 ) .  

According to Gomella, a third method of oxidation is 

"conventional oxidation". Conventional oxidation refers to 

the oxidation by free oxygen that is liberated from the 

ozone molecule when it breaks down into diatomic and 

monatomic oxygen as such: 

0, = 0, + 0 (5)  

The free oxygen produces a high energy oxidation and 

reacts with most organics in the water, including the cell 

wall of microorganisms (9). Gomella (5)  places more 

emphasis on the monatomic oxygen atom than Peleg (20) does. 

Aqueous ozone, meaning any o r  all of the possible 

species discussed above, will react with most organic 

compounds. The mechanisms of reaction are varied, b u t  in 

general ozone breaks down aromatic nuclei and cleaves double 

bonds. As a result of these reactions, ozone makes organic 

matter more biodegradable (26). The common o x i d a t i o n  

products of the organic compounds are generally simpler 

organic compounds. Only rarely will ozone oxidize an 

organic compound to carbon dioxide and water ( 2 5 ) .  

Hoigne and Bader (27,281 conducted experiments to c 

. i  
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deternine the reaction rate of ozone on various compounds 

in the presence of free radical scavengers. These 

conditions would effectively simulate the typical conditions 

in a water treatment plant. Phenols were shown to have a 

high reactivity to ozone. Deprotonated organic acids were 

also highly reactive. Acetic acid reacted so slowly that 

no rate constant could be determined ( 2 7 , 2 8 ) .  H u m i c  

substances are common organic compounds found in the aqueous 

environment. Although the properties of humic substances 

are not fully known, Peleg suggests that they contain 

aromatic and aliphatic components that are arranged in a 

polymer form. The aromatic components and the double bonds 

in the aliphatic components are potential oxidation sites . 

( 2 0 )  0 

Humic substances will be treated in greater detail in 

the section on trihalometnane precursors. 

TRIHALOMETHANES 

DEFINITION. The term trihalomethane refers to 

a group of organic compounds similar in structure to methane 

(CH,) where three of the four hydrogens are replaced by 

three atoms of one or more of the elements chlorine, 

bromine, and/or iodine which are  all halogens (2). The ten 

possible combinations of these three halogens are: 

1. Chloroform CHC1, 
2. Bromodichloromethane CHBrC1, 
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3 .  
4 .  
5.  
6. 
7 .  
8 .  
9. 

10 . 

Dibromochloromethane CHBr,Cl 
Bromo f orm CHBr, 
Dichloroiodomethane CHC1,I 
Dibromoiodomethane CHBr,I 
Chlorodiiodomethane CHClI, 
Bromodiiodomethane CHBrI, 
Bromochloroiodomethane CHBrClI 
Iodof orm CHI, 

The main source of THMs in drinking water is 

reaction of the chlorine addec! for disinfection with 

the 

the 

aqueous THM precursors (2). The Federal Register 

that chloroform and bromine could be contaminants 

chlorine source (2). 

reports 

in the 

i 

! 

FORMATION ANC PRECURSORS. The primary source of 

trinalomethane precursors in a water supply are the 

naturally occurring organics in the water such as humic 

substances and algae as opposed to organics caused by 

--, pollution (3) . The reaction mechanism and kinetics upon 

chlorination of THM Frecursors are largely unknown due to 

the complexity of the reactions and the unconfirmed 

molecular structure of the precursors ( 3 , 2 9 ) .  

In an aqueous environment, allochthonous trihalomethane 

precursors commonly arise from humic substances originating 

from decayed plant matter in the watershed. The sources of 

autochthonous trihalomethane precursors are highly varied. 

One source of aqueous THM precursors is the aqueous humic 

substances which can also be allochthonous or autochthonous. 
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Other sources of autochthonous THM precursors in a lake 

environment include algal biomass, extra-cellular products 

( E C P s )  I and chlorophyll ( 7 ) .  

In lake environments, the autochthonous humic substances 

are made up of chains of aliphatic compounds with few 

aromatic rings. However, the structure of the allochthonous 

humic substances shows many aromatic rings. Steinberg an& 

Muenster state that in a lake environment the autochthonous 

form of humic substances is more common than the 

allochthonous form (29). 

Steinberg and Muenster suggest that the primary source 

of autochthonous humic substances are macrophytes but they 

concede that it is possible, but not proven, that algal 

detritus is a source of aliphatic compounds that can 

polymerize to form humic substances (29) . 
In contrast, Steelink suggests that autochthonous humic -- 

substances may be formed almost exclusively from algal 

materials. The aromatic components of lignin, Steelink 

asserts, are the primary building blocks of allochthonous 

humic substances. Algae, which contain no lignin, cannot 

contribute aromatic structures to the humic substances. 

This explains, according to Steelink, why autochthonous 

humic substances contain mainly aliphatic components ( 3 0 ) .  

Algal biomass as a source of THM precursors has been 

studied by Hoehn et al. (6) and the USEPA ( 7 ) .  These 
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s t u d i e s  showed t h a t  components o f  a l g a l  biomass,  i n  a d d i t i o n  

t o  b e i n g  a s o u r c e  o f  humic s u b s t a n c e  p r e c u r s o r s ,  are also 

THM p r e c u r s o r s  i n  t h e i r  o r i g i n a l  form ( 6 , 7 )  . 
T h e  EPA r e p o r t e d  on t es t s  conduc ted  on three d i f f e r e n t  

types o f  a lga l  ce l l s  and ECPs. They found v a r i a t i o n  i n  t h e  

THMFP between d i f f e r e n t  species. The species tested b y  t h e  

EPA were: Anabaena c y l i n d r i c a ,  P e d i a s t r u m  boryanum, and 

Scenedesmus q u a d r i c a u d a .  The independen t  var iables  used by 

t h e  EPA were: phase o f  growth c y c l e ,  c h l o r i n e  c o n t a c t  time, 

species o f  algae,  and  c h l o r i n e  d o s e .  The EPA s e p a r a t e d  

a lga l  ce l l s  from a l g a l  ECPs and tes ted  each s e p a r a t e l y .  The 

r e s u l t s  were h i g h l y  varied.  THM f o r m a t i o n  r anged  from 0 . 1  

m i c r o g r a m s / l i t e r  t o  945  m i c r o g r a m s / l i t e r  and  the  o n l y  f a c t o r  

t h a t  made s t a t i s t i c a l  s i g n i f i c a n c e  w a s  t h e  phase o f  growth 

o f  t he  Scenedesmus ce l l s .  I n  t h e  later stage o f  growth ( 2 1  

d a y s )  Scenedesmus cel ls  showed n e g l i g i b l e  THM formation-  

p o t e n t i a l  ( 6 ) .  

Hoehn, e t  a l .  ( 7 )  a l s o  tested c h l o r o f o r m  y i e l d s  f rom 

a l g a l  biomass.  They tes ted  f o u r  species of  algae; two 

species of  g r e e n  algae and two species o f  b lue -g reen  a l g a e .  

The two s p e c i e s  o f  g r e e n  a l g a e  were C h l o r e l l a  py reno idosa  

and  Scenedesmus q u a d r i c a u d a .  The t w o  species o f  b lue -g reen  

a lgae were O s c i l l a t o r i a  t e n u i s  and  Anabaena f l o s - a q u a e .  

Hoehn, e t  a l .  a l s o  s e p a r a t e d  a l g a l  ce l l s  and  ECPs. They 

tes ted t h e  THMFP a t  many d i f f e r e n t  p o i n t s  i n  t h e  growth 
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cycle. Al though t he i r  r e s u l t s  were a l s o  h igh ly  varied, t h e  

h igher  THM y i e l d s  o c c u r r e d  i n  t h e  e a r l i e r  stages o f  growth ,  

The h ighes t  THM y i e l d  was 6 .7  mg/l f o r  S .  q u a d r i c a u d a  ECPs 

when t h e  o r i g i n a l  c u l t u r e  had a c e l l  c o u n t  o f  10' cel ls /ml .  

The THM y i e l d  from S o  quadr i cauda  c e l l s  a t  9-35 days i n  t h e  

growth  c y c l e  w a s  0 . 6  - 1 . 0  m g / l  i n  direct  d i s a g r e e m e n t  w i t h  

t h e  EPA s t u d y .  T h i s  d i sag reemen t  i s  one example o f  t h e  high 

v a r i e t y  o f  r e s u l t s  from s t u d i e s  on TEMFP.' 

I t  can  be conc luded  from t h e  r e s u l t s  o f  these 

e x p e r i m e n t s  t h a t  a l g a l  biomass ( c e l l s  and  E C P s )  i s  a 

s i g n i f i c a n t  form o f  aqueous THME'P. 

T h e  m a j o r i t y  o f  o r g a n i c s  i n  a lake  envi ronment  are i n  

t h e  form o f  d e t r i t u s  i n  t h e  sediment  l a y e r .  Dur ing  an a l g a l  

bloom, these o r g a n i c s  become i n c o r p o r a t e d  i n t o  a l g a l  biomass 

which c a n  e n t e r  a water t r e a t m e n t  p l a n t .  There i s  a - 
c o m p l i c a t e d  r e l a t i o n s h i p  between t h e  a lgae,  which consume 

ca rbon  d i o x i d e  and  water and  p roduce  a l g a l  b iomass  and 

oxygen t h r o u g h  p h o t o s y n t h e s i s ,  and b a c t e r i a ,  which consume 

oxygen and o r g a n i c s  ( d e t r i t a l  o r  a l g a l  b iomass )  and  p roduce  

ca rbon  d i o x i d e  and water t h r o u g h  t h e  p r o c e s s  o f  r e s p i r a t i o n  

(29)  

K u e n t z a l  ( 3 2 )  s u g g e s t s  t h a t  t h e  l o g a r i t h m i c  growth 

p a t t e r n  o f  an  a l g a l  bloom i n  an  "unpo l lu t ed" '  water i s  caused  

by t h e  abundance of  ca rbon  d i o x i d e  from b a c t e r i a l  

r e s p i r a t i o n  a s  opposed t o  t h e  abundance o f  n i t r o g e n  and 

. 
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phosphorous .  

These three f a c t o r s ;  humic s u b s t a n c e s  as THM p r e c u r s o r s ,  

a l g a l  biomass as THM p r e c u r s o r s ,  and a l g a l  d e t r i t u s  as humic 

s u b s t a n c e  p r e c u r s o r s ,  s u g g e s t  a c o m p l i c a t e d  set of 

i n t e r a c t i o n s  between humic s u b s t a n c e s  and  a l g a l  b iomass  in 

t h e  f o r m a t i o n  o f  THM p r e c u r s o r s .  

HEALTH HAZARCS . Chloroform can  e n t e r  t h e  body by 

many d i f f e r e n t  r o u t e s  i n c l u d i n g  a i r ,  food ,  and water .  The 

i n t a k e  of ch lo ro fo rm from water can  add up t o  a b o u t  90% o f  

t he  t o t a l  chloroform i n t a k e  ( 3 ) .  Once i n s i d e  t h e  body, 

c h l o r o f o r m  i s  m e t a b o l i z e d  t o  ca rbon  d i o x i d e ,  c h l o r i d e  i o n ,  

phosgene  (COC1,) , and p o s s i b l y  o t h e r  m e t a b o l i t e s  ( 3 ) .  I t  

i s  p o s s i b l e  t h a t  these m e t a b o l i t e s  b i n d  o n t o  t h e  DNA by 

c o v a l e n t  bonds ( 2 )  . 
Exposure  t o  c h l o r o f o r m  can  c a u s e  c e n t r a l  n e r v o u s  sys tem 

d e p r e s s i o n ,  damage t o  t h e  l i v e r  and k i d n e y s ,  t e r a t o g e n i c i t y ,  

a n d  c a r c i n o g e n i c i t y  ( 3 ) .  These r e s p o n s e s  i n  mice, r a t s ,  and 

monkeys were o b s e r v e d  f o l l o w i n g  d o s e s  o f  c h l o r o f o r m  between 

30-350 mg/kg body weight (3). I t  i s  t h o u g h t  t h a t  t h e  

. 

b r o m i n a t e d  THMs are more t o x i c  t h a n  the  c h l o r i n a t e d  ones b u t  

e x i s t i n g  d a t a  a re  n o t  c o n c l u s i v e  ( 3 ) .  S t u d i e s  have shown 

t h a t  t h e  brominzrted and  i o d i n a t e d  forms o f  t h e  THMs are  more 

m u t a g e n i c  t h a n  c h l o r o f o r m  i n  Sa lmone l l a  typhimurium ce l l s  
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Human epidemiologic data on the effects of THMs on 

health is not conclusive. However, all the data taken from 

a l l  the available studies show evidence for concern, The 

Federal Register asserts that although effects on humans by 

trihalomethanes are not statistically significant, animal 

research data is dependable enough to justify setting an MCL 

f o r  trihalomethanes (2) 

The National Academy cf Sciences (NAS) concurs with this 

decision by stating that, "sufficient evidence was available 

from animal toxicology studies to conclude that exposure to 

chloroform did pose a risk to human health" ( 2 ) .  

The EPA set 0.10 mg/l for the Interim Maximum 

Contaminant Level (MCL) for total THMs in finished waters- 

The Federal Register warns that this MCL "should n o t  be 

construed as an absolutely 'safe' level, but rather a 

feasible level achievable with water treatment technology 

available since 1 9 7 4 "  (2). 

The Science Advisory Board, the NAS, and the USEPA 

Carcinogen Assessment Group, using different models for the . 

ingestion of THMs through water, all agree that at the MCL 

there is an incremental cancer risk of 3-4 per  10,000 people 

consuming 2 liters of water a day for 70 years (3). 

HISTORY OF THM REGULATION. In 1974, it was discovered 

that trihalomethanes were formed during drinking water 
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( 3 ) .  I n  

a l l  f o u r  

o f  t h e  p r imary  THMs, ch loroform,  bromodichloromethane,  

dibromochloromethane,  and bromoform, were found i n  f i n i s h e d  

waters i f  t h e  t r e a t m e n t  p r o c e s s  u s e d  free c h l o r i n e  a s  a 

d i s i n f e c t a n t  ( 3 )  . 
Towards t h e  end  of  1975, t h e  EPA i n i t i a t e d  t h e  N a t i o n a l  

O r g a n i c s  Moni to r ing  Survey (NOMS) . T h i s  su rvey  examined t h e  

THMFP i n  t h e  water d i s t r i b u t i o n  s y s t e m s  o f  113 c i t i e s .  I t  

w a s  found t h a t  measu r ing  t h e  THMs a t  t h e  water t r e a t m e n t  

p l a n t  w a s  i n a d e q u a t e  because  l a r g e  q u a n t i t i e s  o f  THMs can 

be formed i n  t h e  d i s t r i b u t i o n  s y s t e m  ( 2 ) .  The F e d e r a l  

Register of  November 29, 1 9 7 9  i n d i c a t e d  t h a t  t n e  EPA's 

d e c i s i o n  t o  r e g u l a t e  T3Ms was based on: 

- p o t e n t i a l  human h e a l t h  r i s k s  o f  ch lo ro fo rm and 
o t h e r  THMs; 

- the  f a c t  t h a t  d r i n k i n g  water i s  t h e  major  s o u r c e  
o f  human exposure  t o  THMs; 

- t h e  fact  t h a t  THMs a re  t h e  most u b i q u i t o u s  
s y n t h e t i c  o r g a n i c  chemicals found i n  d r i n k i n g  
water i n  t h e  U . S .  and are  g e n e r a l l y  found a t  t he  
h i g h e s t  c o n c e n t r a t i o n s  o f  any s u c h  chemicals; 

- t h e  f a c t  t h a t  THMs a r e  i n t r o d u c e d  i n  t h e  c o u r s e  
o f  w a t e r  t r e a t m e n t  as  b y p r o d u c t s  o f  t h e  
c h l o r i n a t i o n  p r o c e s s  and t h u s  a re  r e a d i l y  
c o n t r o l l a b l e ;  

- t h a t  low c o s t  and f e a s i b l e  means have been 
g e n e r a l l y  ava i l ab le  s i n c e  1 9 7 4  t o  r educe  t h e i r  
c o n c e n t r a t i o n s  i n  d r i n k i n g  water; 

- t h a t  m o n i t o r i n g  i s  f e a s i b l e ;  

Y 

. .  ~ 

. ,. - . . .  . .  . .  . .  . : .. . ' . , . .  , . . .. 



! 

b 

2 6  

- and t h a t  the THMs are a l s o  i n d i c a t i v e  o f  t h e  
p r e s e n c e  o f  a h o s t  of  o t h e r  h a l o g e n a t e d  and 
o x i d i z e d ,  p o t e n t i a l l y  harmful  b y p r o d u c t s  of  t h e  
c h l o r i n a t i o n  p r o c e s s  t h a t  are c o n c u r r e n t l y  
formed i n  even l a r g e r  q u a n t i t i e s  b u t  which 
canno t  be r e a d i l y  c h a r a c t e r i z e d  c h e m i c a l l y .  ( 2 )  

T h e  i o d i n a t e d  THMs were n o t  i n c l u d e d  i n  t h e  regulations 

due t o  t h e i r  chemica l  i n s t a b i l i t y  whicn makes mon i to r ing  

d i f f i c u l t .  T h i s  does  n o t  imply  t h a t  t h e  i o d i n a t e d  THMs a r e  

harmless. 

On J u l y  1 4 ,  1976, t h e  USEPA p u b l i s h e d  an  Advance Not ice  

of Proposed  Rulemaking (ANPR) t o  c o n t r o l  s y n t h e t i c  o r g a n i c  

chemicals i n  d r i n k i n g  water  (3)  . The p roposed  r u l e s  were 

p u b l i s h e d  on Februa ry  9, 1978. I t  w a s  s u g g e s t e d  t h a t  t he  

a d o p t i o n  o f  an MCL f o r  TTHMs w i t h  r e q u i r e d  mon i to r ing  and 

r e p o r t i n g  would be t h e  op t ima l  s o l u t i o n  t o  c o n t r o l  THXs. 

The p roposed  r u l e s  sugges t ed  t h e  u s e  of g r a n u l a r  a c t i v a t e ?  " 

ca rbon  (GAC) i n  o r d e r  t o  r educe  t h e  d a n g e r  o f  synthetic ., 

o r g a n i c  chemica l  contaminat ion  (3)  . On J u l y  6,  1978, the 

USEPA ex tended  t h e  p u b l i c  comment p e r i o d  for t h e  proposed 

r e g u l a t i o n s  from J u l y  31, 1978 t o  September 1, 1 9 7 8 .  T h i s  

e x t e n s i o n  was t o  allow t h e  p u b l i c  t o  a i d  i n  the 

documenta t ion  and  c l a r i f i c a t i o n  o f  t h e  p roposed  r u l e s .  The 

f i n a l  r e g u l a t i o n s  were p u b l i s h e d  i n  t h e  F e d e r a l  Register of  

November 29 ,  1979. The USEPA amended t h e  N a t i o n a l  I n t e r i m  

Pr imary  Dr ink ing  Water R e g u l a t i o n s  by e s t a b l i s h i n g  an 



. 

. .  . .  

27  

interim maximurn contaminant level (MCL) of 0.10 mg/l of 

total trihalomethanes (TTEM). T o t a l  trihalomethanes is 

defined as the summation of the concentrations of the f o u r  

major trihalomethanes; trichloromethane (chloroform), 

bromodichloromethane, dibromochloromethane, and 

tribromomethane (bromoform) , in mg/l rounded off to two 
significant digits (2) . 

This interim MCL became the MCL in 1986 with the passing 

of the SDWA amendments (1) . 
The EPA also stated that the MCL of 0.10 mg/l TTHM is 

mostly based on current (1974) removal abilities. In the 

future, the EPA believes that treatment plants will be able 

to reduce THM levels to as low as 0.010 to 0.025 mg/l and 

that these values should be set as goals ( 2 ) .  

It should be added that the Federal Government does not I 

require monitoring for THMs in water systems serving less 

than 10,000 people. The individual states have the 

authority to regulate these smaller systems ( 2 ) .  

DESTRUCTION/REMOVAL OF THM PRECURSORS AND THMS WITH 

OZONE . It has already been mentioned that THMs are 

formed in a series of reactions between aquatic THM 

precursors and free chlorine. Some of the characteristics 

of selected THM precursors have been presented. It is not 

to be inferred that humic substances and algal biomass are 



the only THM precursors in drinking water supplies. Humic 

substances, algal biomass and some of their fundamental 

components are simply the most common THM precursors in a 

lake environment. Rice (33) points out that the most common 

THM precursors in drinking water supplies are the humic, 

tannic, lignin, chlorophyll and acetogenin substances, all 

of which are components of either humic substances or algae. 

Rice also states the fact that he believes the compounds 

which contain acetyl moieties are tine primary source of THM 

precursors. Rice cautions that compounds which do n o t  

contain an acetyl group can be oxidized by ozone inLo 

compounds which do contain an acetyl group. Examples of 

such compounds include ethanol and methyl secondary 

alcohols. Therefore it is possible to create THM precursors 

by use of ozone (33) . 
The compounds which are oxidized to THM precursors are 

not common in drinking water supplies. A partial list of 

such compounds includes hydroquinone, salicylic acid, 

methoxybenzene, benzaldehyde, and benzoic acid (34) . 
Destruction of THM precursors is possible by oxidation 

processes. Although THM precursors are seldom oxidized to 

carbon dioxide and water, it is possible to oxidize the 

precursors to non-precursor compounds (33). Even those 

compounds listed above which can be oxidized to 'THM 

precursors can be further oxidized to non-precursor 

. .  
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compounds ( 3 4 ) .  

R i c e  p r e s e n t e d  da ta  from 2 3  water s y s t e m s  t h a t  u s e  

ozone.  O f  these sys t ems ,  66% r e p o r t e d  a r e d u c t i o n  i n  THME'P 

by ozone,  26% r e p o r t e d  an i n c r e a s e ,  a n d  8% had no THMFP 

e i t he r  b e f o r e  o r  a f t e r  o z o n a t i o n .  Ozone d o s e s  r anged  from 

0 . 5  - 227 mg/l. Absorbed ozone doses  r a n g e d  from 0 . 5  - 1 7 . 7  

m g / l .  The d a t a  p r e s e n t e d  show t h a t  ozone  c o n c e n t r a t i o n ,  

appl ied o r  abso rbed ,  i s  n o t  the p r i m a r y  factor in 

d e t e r m i n i n g  TZMFF d e s t r u c t i o n .  The p r i m a r y  f a c t o r  is t h e  

e x a c t  chemical n a t u r e  of  t h e  water.  U n f o r t u n a t e l y ,  c o n t a c t  

times were n o t  g i v e n  for each s i t u a t i o n  a l t h o u g h  R i c e  s t a t e s  

t h a t  1 2  minu tes  i s  " typ ica l " .  (33)  

R i c e  s t r o n g l y  emphasized t h e  f ac t  t h a t  humic acids  from 

one water supply d i f f e r  g r e a t l y  i n  t h e i r  r e a c t i o n s  w i t n  

o x i d a n t s  when compared t o  humic a c i d s  from o t h e r  water 

s u p p l i e s  ( 3 3 ) .  

So the ev idence  s o  f a r  i s  i n c o n c l u s i v e .  The a b i l i t y  o f  ' 

ozone i n  the  removal o f  THMF'P i s  based on the  e x a c t  n a t u r e  

o f  t h e  o r g a n i c s  i n  t h e  water.  There i s  a high p r o b a b i l i t y  

t h a t  ozone w i l l  r e d u c e  t h e  THMFP of  a water b u t  p i l o t  p l a n t  

o p e r a t i o n s  s h o u l d  precede i n c o r p o r a t i o n  of  ozone i n  a water 

t r e a t m e n t  p r o c e s s  t o  a v o i d  i n c r e a s i n g  t h e  THME'P. 

Ozone does  n o t  d e s t r o y  THMs once t h e y  a re  formed ( 3 ) .  

THMs c a n  be removed by a e r a t i o n  ( s t r i p p i n g )  b u t  t h i s  removal 

i s  n o t  recommended because  a l t h o u g h  t h e  i n s t a n t a n e o u s  THM 
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concentration decreases, much of the formation potential and 

the chlorine residual have not been removed. THMs can then 

form in the distribution system (3). 

PROBLEMS INVOLVED IN THE COMBINATION O F  OZONE WITH CHLORINE 
OR BROMINE 

One of the drawbacks associated with disinfection by 

ozone is the lack of residual to prevent bacterial regrowth 

in the distribution system. The obvious solution is to 

first ozonate to disinfect the water then chlorinate to 

protect the distribution system. There are, however, 

complications associated with this method as well. One 

complication is the fact that ozonating the water at the 

small doses needed for disinfection may cause some of the 

Lecl.xsors organics in the water to become trihaiomethane pv 

Subsequent chlorination then produces more THMs than would 

have been created had ozone n o t  been used (3). 

Another disadvantage associated with the combination of 

ozone and chlorine is the fact that if both are present in 

the water, a series of reactions will take place causing * 

both oxidants to be destroyed (35) The overall reaction 

with ozone and free chlorine is this; 

1.230, + OC1- ==> 20,  + 0.77C1- + 0.23C10,- 
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The h y p o c h l o r i t e  i o n  (OC1') reacts w i t h  t h e  ozone, b u t  n o t  

t h e  hypochlorous  ac id  form (HOC1) ( 3 5 ) .  T h e  pKa o f  HOCl i s  

7.5 which i n d i c a t e s  t h a t  above pH 7.5 t h e  dominant species 

i s  OC1-. The r e a c t i o n  between ozone and  combined c h l o r i n e  

(monochloramine) i s  as fo l lows ;  

NH,C1 + 30, ==> 2H' + NO,- + C1- + 30, (35) 

None of  t h e  end  p r o d u c t s  have any d i s i n f e c t i n g  

p r o p e r t i e s  e x c e p t  oxygen which w i l l  d e s t r o y  obligate 

a n a e r o b e s .  I f  there i s  bromine i n  t h e  water, ozone 

d e s t r u c t i o n  i s  i n c r e a s e d  because  i n  a d d i t i o n  t o  a r e a c t i o n  

t h a t  pa ra l l e l s  t he  r e a c t i o n  w i t h  free c h l o r i n e ;  

1.230, + OBr- ==> 20, + 0 . 7 7 B r -  + 0.23Br0,- 

there i s  an  a d d i t i o n a l  r e a c t i o n  w i t h  bromide t h a t  c a u s e s  

t h e  r e a c t i o n s  t o  be c y c l i c .  

0, + B r -  ==> 0, + OBr- (35)  

Thus t h e  c y c l e  w i l l  c o n t i n u e  u n t i l  a l l  t h e  ozone i s  used 

up o r  u n t i l  a l l  t h e  bromide and bromine have  become bromate  

(BrOJ  ( 3 5 ) .  



CHAPTER 111. 

SCOPE OF THE INVESTIGATION 

I 

While the literature provides information on ozone 

oxidation of THM precursors, it does not yield details on 

the behavior of ozone in algal laden waters, The literature 

suggests that high ozone doses combined with long detenticn 

times would be t h e  most effective method to destroy THMFP 

( 6 , 7 , 2 7 )  . The literature also suggests that low ozone doses 
may actually increase the THMF'P due to the creation of 

precursors from non-precursor organics present in the water 

supply ( 3 3 )  . 
Some water treatment plants preoxidize the raw water. - 

Oxidation of the raw water prevents the growth of algae in 

the flocculators and settling basins. Most often, in the 

U.S., chlorine is the oxidant of choice. The chlorine comes 

into contact with all the organics in the raw water as 

opposed to only those organics that make it through the 

treatment system. Thus chlorination of the raw water often 

increases the level of THMs in the finished water, 

3 2  

. .  
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T h i s  s t u d y  was i n i t i a t e d  t o  d e t e r m i n e  t h e  effect  t h a t  

p r e o z o n a t i o n  would have on t h e  THME'P o f  t h e  raw water. Raw 

water from t h e  Laramie Water Treatment  P l a n t  was ozona ted  

u n d e r  a g iven  set o f  c o n d i t i o n s  and the  THMFP w a s  compared 

t o  the  THMFP o f  t h e  unozonated  sample. The d i f f e r e n c e  

between t h e  THMFP o f  t h e  r a w  and o z o n a t e d  water w a s  t a k e n  

t o  be a direct  measure o f  t h e  e f f e c t i v e n e s s  o f  r e d u c t i o n  o f  

t he  THMFP by ozone.  E i g h t e e n  c o n s t a n t - f l o w  s t i r red  t a n k  

r e a c t o r  (CSTR) t es t s  were conducted .  The var iables  i n  these 

tes ts  were; p H ,  three v a l u e s ;  ozone dose, two v a l u e s ;  and 

d e t e n t i o n  t i m e ,  three v a l u e s .  

T h e  three v a l u e s  of t h e  p H  were; 5, 7 ,  and 9 .  T h e  p H  

was a d j u s t e d  t o  w i t h i n  + / -  0 . 2  p H  u n i t s  o f  these v a l u e s .  

T h e  ozone dose  v a l u e s  were 1 . 6  m g / l  and  8 . 3  mg/l. T h e  th ree  

v a l u e s  f o r  t h e  d e t e n t i o n  t i m e  were; 1 0 ,  2 0 ,  and 4 0  minu tes .  

Four  batch k i n e t i c s  tes ts  were a l s o  conducted .  The: 

variables i n  these tes ts  were ozone dose and  i n i t i a l  ' 

c h l o r o p h y l l  a c o n c e n t r a t i o n .  The ozone d o s e s  were, a g a i n ,  

1 . 6  and 8 . 3  m g / l  and  t h e  approx ima te  c h l o r o p h y l l  a 

i 

c c n c e n t r a t i o n s  were 4 0  and 1 0 0  mic rograms / l .  C h l o r o p h y l l  

a c o n c e n t r a t i o n s  varied somewhat from expe r imen t  t o  

expe r imen t  w i t h i n  each range .  
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CHAPTER I V .  

MATERIALS AND METHODS 

MATEXIALS 

WSERVOIR WAT3:R. Water w a s  t a k e n  from t h e  i n f l u e n t  

l i n e  o f  t h e  Laramie Water Trea tment  Plant and t r a n s p o r t e d  

t o  t he  U n i v e r s i t y  o f  Wyoming Envi ronmenta l  E n g i n e e r i n g  Lab 

i n  a Laramie Water Department t r u c k .  Approximate ly  2 0 0  

g a l l o n s  were pumped i n t o  a f i b e r g l a s s  r e i n f o r c e d  p l a s t i c  

s t o r a g e  t a n k  i n  t he  l ab .  T h i s  water was a l lowed  t o  s e t t l e  

for a f e w  weeks u n t i l  research commenced. Suspended matter 

w a s  d r a i n e d  o f f  i n  o r d e r  t o  p r e v e n t  i n t e r f e r e n c e  by 

suspended  s o l i d  mater ia ls .  

ALGAE. To p r o v i d e  an  inoculum algae was scraped o f f  

the  w a l l s  o f  t h e  s e t t l i n g  t a n k s  o f  t h e  Laramie Water 

Trea tmen t  Plant and grown i n  a 2 0 0  g a l l o n  p l a s t i c  s t o c k  

t a n k -  The s t o c k  t a n k  was f i l l e d  w i t h  t a p  water a n d  t h e  

a lgae w a s  added. The s u s p e n s i o n  was kept mixed w i t h  a 

p r o p e l l e r  t y p e  o f  mixer .  

Eight grams o f  s o l i d  f e r t i l i z e r  c o n t a i n i n g  n i t r o g e n  of  

an  u n s p e c i f i e d  form, phosphorous a s  P20,, f e r r ic  s u l f a t e ,  

. .  

i-' - A .  -, .. . 
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and p o t a s h  was added d i r e c t l y  t o  t h e  t a n k  and a l s o  p l a c e d  

i n  a mesh c o n t a i n e r  i n  t h e  s t o c k  t a n k  t o  p r o v i d e  f o r  s low 

release o f  t h e  f e r t i l i z e r .  One hundred  grams o f  ammonium 

n i t r a t e  was added t o  t h e  water t o  p r o v i d e  two s o u r c e s  o f  

n i t r o g e n  . The approx ima te  c o n c e n t r a t i o n  o f  ammonia n i t r o g e n  

and  n i t r a t e  n i t r o g e n  were 23  m g / l  a s  n i t r o g e n .  I n  a d d i t i o n ,  

1 0 0  grams o f  e n r i c h e d  Trona (>go% NaHCO,) w a s  added t o  

p r o v i d e  a s o u r c e  o f  a l k a l i n i t y .  T h e  a l k a l i n i t y  a f t e r  

a d d i t i o n  o f  t h e  Trona w a s  220  ng/l zzs CaCO,. A s  algae grow, 

t h e y  remove d i s s o l v e d  carbon d i o x i d e  from t h e  w a t e r  t h e r e b y  

i n c r e a s i n g  t h e  p H  (31). When t h e  pH i n  t h e  s t o c k  t a n k  r o s e  

above  7 . 5  o r  SO, p h o s p h o r i c  a c i d  was added t o  r e d u c e  it t o  

n e a r  p H  5 .  The i n c r e a s e  i n  the  c h l o r o p h y l l  a c o n c e n t r a t i o n  

was t a k e n  t o  be an  i n d i c a t i o n  o f  a l g a l  growth. 

L i g h t  was p r o v i d e d  by p l a c i n g  f o u r  f l u o r e s c e n t  l i g h t s  

and  one  250 W a t t  i n c a n d e s c e n t  l i g h t  approx ima te ly  one f o o t -  

f rom the  w a t e r  s u r f a c e .  A t t e m p t s  w e r e  made t o  i n c r e a s e  t h e  

r a t e  o f  growth of  t h e  algae by g i v i n g  them 6 p h o t o p e r i o d  and 

an  oxygen supp ly  d u r i n g  t h a t  p h o t o p e r i o d .  Algae grow i n  the 

l i g h t  b u t  r ep roduce  i n  t h e  dark s o  t h a t  i n c o r p o r a t i n g  a f o u r  

h o u r  dark p e r i o d  i n t o  t h e  d i u r n a l  c y c l e  shou ld  r e s u l t  i n  

greater  biomass p r o d u c t i o n  t h a n  s y s t e m s  u s i n g  a c o n s t a m  

l i g h t  s o u r c e  (31) . However, t h i s  w a s  n o t  obse rved .  I n  

f a c t ,  a f t e r  a f e w  d a y s ,  t h e  c o n c e n t r a t i o n  of  c h l o r o p h y l l  a 

i n  t h e  s t o c k  t a n k  began t o  d r o p  and  t h e  p h o t o p e r i o d  was 
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d i s c o n t i n u e d .  The c h l o r o p h y l l  a c o n c e n t r a t i o n  i n  t h e  s t o c k  

t a n k  a t  t h e  t i m e  o f  t h e  e x p e r i m e n t s  r a n g e d  from 7 0  t o  1 0 0  

micrograms p e r  l i t e r .  The algae were i d e n t i f i e d  as b e i n g  

m o s t l y  Scenedesmus w i t h  some C h l o r e l l a  and  some Anabaena. 

TEST WATER. T h e  water used  i n  b o t h  t h e  CSTR and  batch 

t es t s  w a s  2 m i x t u r e  o f  r e s e r v o i r  water and water from t h e  

algae s t o c k  t a n k .  A d i l u t i o n  o f  t h e  s t o c k  water b y  t h e  

r e s e r v o i r  water w a s  per formed i n  a 5 0  l i t e r  temporary  

s t o r a g e  t a n k .  E i g h t e e n  l i t e r s  o f  water from t h e  a lgae t a n k  

was t r a n s f e r e d  t o  t he  s t o r a g e  t a n k  and  d i l u t e d  t o  36 l i t e r s  

by t h e  r e s e r v o i r  water i n  o r d e r  t o  p r o d u c e  a t e s t  water w i t h  

t h e  desired c h l o r o p h y l l  a c o n c e n t r a t i o n .  The t e s t  water was 

t h e n  mixed and i t s  p H  measured. If needed,  a d j u s t m e n t s  t o  

the p H  o c c u r r e d  a t  t h i s  s tage .  A f t e r  a d j u s t m e n t s  t o  t h e  p H  

were per formed,  t h e  a l k a l i n i t y  w a s  measured.  The t e s t  water = 

w a s  t h e n  t r a n s f e r r e d  t o  t h e  c o n t a c t  c h a m b e d r e a c t o r  i n  

p r e p a r a t i o n  f o r  t h e  tests.  

OZONATOR/CONTACT CHAMBER. The Ozonator  u s e d  ir, t h e  

expe r imen t  was an  OREC model 03SP19-0 capable o f  p roduc ing  

100 grams o f  ozone per hour  a t  maximum v o l t a g e  and  oxygen 

. f l ow.  C o n t r o l  o f  t h e  o z o n a t o r  o u t p u t  was accompl ished  

t h r o u g h  a d j u s t m e n t s  t o  t h e  v o l t a g e  and  ozone f low r a t e .  

V o l t a g e  w a s  a d j u s t e d  u n t i l  two amps o f  c u r r e n t  was produced 
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on t h e  ammeter. The gas f low w a s  i n c r e a s e d  u n t i l  a d e q u a t e  

m i x i n g  w a s  achieved. The gas f low w a s  decreased u n t i l  

c o h e s i o n  o f  t h e  b u b b l e s  was minimized.  Both  f a c t o r s ,  mix ing  

and  b u b b l e  cohes ion ,  were de te rmined  v i s u a l l y .  The f l o w  a t  

which the  best b a l a n c e  between these two f a c t o r s  o c c u r r e d  

was 4 l i t e r d m i n u t e  on t h e  f lowmeter  scale.  The a c t u a l  f l o w  

a d j u s t e d  f o r  t h e  sys tem p r e s s u r e  o f  15 ps ig  w a s  5 . 4  

l i t e r d m i n u t e .  Apprcximate s e t t i n g s  or' t h e  o z o n a t c r  volt 

meter r e q u i r e d  t o  p roduce  2 amps were 90 v o l t s  u s i n g  a i r  as  

t h e  i n p u t  gas and 7C v o l t s  u s i n g  oxygen as t h e  i n p u t  gas.  

A i r  w a s  u sed  as t h e  feed gas i n  t h e  "low ozone dose"  

e x p e r i m e n t s  and oxygen was u s e d  a s  t h e  feed gas i n  the  "high 

ozone  d o s e "  e x p e r i m e n t s .  

T h e  c o n t a c t  c h a m b e d r e a c t o r  was a f o u r  i n c h  diameter 

g l a s s  t u b e  w i t h  a c a p a c i t y  o f  s e v e n  l i t e r s .  Glass was 

c h o s e n  because  it does  n o t  react w i t h  ozone and would-- 

p r o v i d e  f o r  v i s i b l e  i n s p e c t i o n  o f  mix ing  and  c o l o r  removal .  

T e s t  water w a s  i n t r o d u c e d  i n t o  t h e  t o p  o f  t he  r e a c t o r  and 

removed t h r o u g h  an  e f f l u e n t  l i n e  on t h e  bot tom.  Ozone was 

i n t r o d u c e d  from t h e  bot tom o f  t h e  r e a c t o r  t h r o u g h  a Pyrex  

ASTM 20-50 C d i f f u s e r  (see F i g u r e  1 ) .  The numbers "20-50"  

on t h e  d i f f u s e r  means t h a t  t h i s  d i f f u s e r  p r o v i d e s  gas 

b u b b l e s  between 2 0  and  5 0  microns  i n  diameter. I n t r o d u c t i o n  

o f  ozone  t o  t h e  bot tom of  t h e  r e a c t o r  p r o v i d e d  f o r  gas f l o w  

c o u n t e r - c u r r e n t  t o  t h e  f low o f  the  tes t  wacer. T h i s  

... 
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a r r angemen t  p r o v i d e d  adequa te  mixing.  I n  o r d e r  t o  d e t e r m i n e  

a d e q u a t e  mixing,  a dye  t e s t  w a s  per formed.  The r e a c t o r  w a s  

set  up as a CSTR and  a p l u g  i n j e c t i o n  o f  a f l u o r e s c e n t  dye,  

Rhotamine w t ,  w a s  i n j e c t e d  i n t o  t h e  i n f l u e n t  l i n e .  The 

r e s u l t s  o f  t h i s  dye  t e s t ,  r e p o r t e d  i n  append ix  E,  show t h a t  

t h e  r e a c t o r  s i m u l a t e s  comple te  n i x  very w e l l .  

OTHER EOUIPMENT. 

Pump. I n  o r d e r  t o  c o n t r o l  t h e  i n f l u e n t  and  e f f l u e n t  

f l o w  ra tes ,  a Cole-Parmer M a s t e r f l e x  a d j u s t a b l e  p e r i s t a l t i c  

pump w i t h  two heads w a s  used .  T h i s  pump w a s  hooked up t o  

b o t h  t h e  i n f l u e n t  and  e f f l u e n t  l i q u i d  l i n e s  t o  p r o v i d e  a 

c o n s t a n t  f low.  

Hoses.  A l l  h o s e s  f o r  l i q u i d  i n f l u e n t  and e f f l u e n t  

were v a r i o u s  diameters o f  Tygon t u b i n g  manufac tu red  b y  

Nor ton  Co.. Ozonator  feed gas  l i n e s  were 114" diameter 

T e f l o n  t u b i n g .  L i n e s  f o r  ozone feed were 1/4" diameter 

T e f l o n  and 3 / 8 "  diameter Tygon t u b i n g .  Tygon t u b i n g  w a s  

I 

u s e d  due  t o  i t s  f l e x i b i l i t y  and i t s  r e s i s t a n c e  t o  

d e g r a d a t i o n  and o x i d a t i o n  by ozone ( 3 6 ) .  

Flowmeter .  A f lowmeter  was u s e d  t o  measure  and 

m a i n t a i n  a c o n s t a n t  t e s t  wa te r  i n f l u e n t  r a t e .  T h i s  a l i owed  

c o n t r o l  o f  t h e  d e t e n t i o n  time. The f lowmeter  u s e d  w a s  a 
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Lab-Crest Mark I11 f lowmeter  from F i s h e r  S c i e n t i f i c  Co. . 
S t a i n l e s s  s t ee l  and  glass  f l o a t s  were used  i n  t h e  1/4" 

diameter t u b e  . The s t ee l  f l o a t  w a s  u s e d  f o r  t h e  higher  

f lows  which would p r o v i d e  f o r  t h e  1 0  and  20  minu te  t e s t  

water d e t e n t i o n  times. The g lass  f l o a t  was used  when t h e  

d e t e n t i o n  t i m e  w a s  4 0  minu te s .  

V a l v e s .  F i n e  ad jus tmen t  o f  f l ow r a t e s  was accompl ished  

by PVC ball valves which were placed on the  high p r e s s u r e  

side o f  t h e  i n f l u e n t  l i n e  and on t h e  low p r e s s u r e  s i d e  o f  

t h e  e f f l u e n t  pump. A 2VC b a l l  valve which served as  a 

sampl ing  p o r t  w a s  placed a t  a t ee  j o i n t  a t  t h e  e f f l u e n t  o f  

t h e  r e a c t o r .  Rigid PVC w a s  chosen b e c a u s e  o f  i t s  r e s i s t a n c e  

t o  d e g r a d a t i o n  and  o x i d a t i o n  b y  ozone ( 3 7 ) .  

METHODS 

TEST F'IIOCEDURE FOR BATCH TESTS. 

S e t  UD. T e s t  water was t r a n s f e r r e d  from t h e  s t o r a g e  

r e s e r v o i r  t o  t h e  r e a c t o r  i n  an  1 8  l i t e r  g l a s s  c o n t a i n e r  

which w a s  p l a c e d  on a magnet ic  mixer  and  s t i r r e d  v i g o r o u s l y .  

Mixing p r e v e n t e d  s e p a r a t i o n  and s e t t l i n g  o f  t h e  a lgae.  The 

t e s t  water was t h e n  pumped i n t o  t h e  reEictor t o  t h e  seven  

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

water t r a n s f e r .  



Exoer iment  . Before  t h e  ozone w a s  t u r n e d  on 

i n i t i a l  samples were t a k e n .  Ozone r e s i d u a l ,  THM, DCOC, 

4 1  

t h e  

and 

c h l o r o p h y l l  a were measured. 

by a d j u s t i n g  t h e  v o l t a g e  on 

level  and  t h e  timer s t a r t ed .  

The ozone w a s  t h e n  t u r n e d  on 

t he  o z o n a t o r  t o  t h e  desired 

Samples were t a k e n  a t  t e n ,  

t w e n t y ,  f o r t y ,  and 1 2 0  minu tes .  Ozone r e s i d u a l  measurements 

were made a t  r e g u l a r  i n t e r v a l s .  A f t e r  t h e  l a s t  sample was 

t a k e n  t h e  r e a c t o r  w a s  s h u t  down. 

Shut  Down. Once t h e  f i n a l  sam;?les were t a k e n  t h e  

v o l t a g e  d i a l  on t h e  o z o n a t o r  was t u n e d  t o  z e r o  and  t h e  feed 

gas w a s  a l l owed  t o  f low t h r o u g h  t h e  o z o n a t o r  f o r  three o r  

more m i n u t e s  t o  remove r e s i d u a l  ozone from t h e  o z o n a t o r .  

T h e  s o u r c e  of  gas was t u r n e d  off and t h e  sys t em p r e s s u r e  

dropped  t o  z e r o .  The main power switch on t h e  o z o n a t o r  was . 

t u r n e d  t o  o f f .  The r e a c t o r  was d r a i n e d  and r i n s e d  w i t h  ’ 

e i ther  t a p  water o r  d i s t i l l e d  water.  If more t h a n  one 

e x p e r i m e n t  was t o  be run  t h z t  day t h e  o z o n a t o r  need  n o t  be 

s h u t  down, e x c e p t  f o r  t h e  gas f low and  v o l t a g e  s e t t i n g ,  bur: 

t h e  r e a c t o r  must be d r a i n e d  and  r i n s e d .  

T S S T  PROCEDUEIZ FOR CSTR TESTS. 

S e t  UD. T e s t  water was t r a n s f e r r e d  from t h e  s t o r a g e  

r e s e r v o i r  t o  t h e  r e a c t o r  i n  two 1 8  l i t e r  g l a s s  c o n t a i n e r s .  

One of t h e  g l a s s  c o n t a i n e r s  was ? l a c e d  on a magne t i c  miser 

i 
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and s t i r r ed  v i g o r o u s l y .  Mixing p r e v e n t e d  s e p a r a t i o n  and 

s e t t l i n g  o f  t h e  algae.  Mixing c o n t i n u e d  f o r  t h e  d u r a t i o n  

o f  t h e  expe r imen t .  T h e  t e s t  water was t h e n  pumped i n t o  t h e  

r e a c t o r  t o  t h e  seven  l i t e r  mark. T e s t  water from t h e  second 

1 8  l i t e r  c o n t a i n e r  was added t o  t h e  f i r s t  c o n t a i n e r  as 

needed-  

Exoeriment .  T o  beg in  t h e  expe r imen t  t h e  r e a c t o r  

e f f l u e n t  v a l v e  was opened and t h e  t e s t  water c i r c u l a t e d  

t h r o u g h  the  r e a c t o r .  A t  t h i s  p o i n t  t h e  i n i t i a l  samples were 

t a k e n  f o r  ozone r e s i d u a l ,  THM, DCOC, and  c h l o r o p h y l l  a from 

t h e  sample p o r t .  Using t h e  p e r i s t a l t i c  pump c o n t r o l s ,  t h e  

f low r a t e  was a d j u s t e d  t o  a p r e s e l e c t e d  v a l u e  t h a t  would 

p r o v i d e  f o r  t h e  desired t e s t  water d e t e n t i o n  t i m e  i n  t h e  

r e a c t o r .  Gas f l G w  t h r o u g h  the  o z o n a t o r  was a d j u s t e d  t o  4 

lpm a t  15 p s i g .  

desired amount and  t h e  timer was s t a r t e d .  The e f f l u e n t  from 

the  r e a c t o r  f lowed t o  d r a i n  when samples were fiat b e i n g  

t a k e n .  F i g u r e  2 shews t h e  f low diagram o f  t h e  e x p e r i m e n t s .  

DCOC and C h l o r o p h y l l  a samples were t a k e n  a t  t h e  e n d  o f  each  

d e t e n t i o n  time. Ozone r e s i d u a l  measurements were t a k e n  

e v e r y  t e n  m i n u t e s .  The exper iment  p roceeded  u n t i l  three 

d e t e n t i o n  times had e l a p s e d .  A t  t h a t  p o i n t  it w a s  decided 

t h a t  s teady s t a t e  c o n d i t i o n s  had been  r eached .  F i n a l  

samples were t h e n  t a k e n  and t h e  sys tem was s h u t  down. 

T h e  v o l t a g e  on t h e  o z o n a t o r  was set  t o  t h e  -- 

* 
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Shut  down . Once t h e  f i n a l  samples  are t a k e n  t h e  pump 

w a s  s h u t  o f f .  T h e  v o l t a g e  d i a l  on t h e  o z o n a t o r  w a s  t u r n e d  

t o  z e r o  and a i r / o x y g e n  was a l lowed t o  f low t h r o u g h  t h e  

o z o n a t o r  f o r  three o r  more minutes  t o  remove r e s i d u a l  ozone 

from t h e  ozonator. T h e  s o u r c e  of  g a s  w a s  t u r n e d  o f f  and  t h e  

sys t em p r e s s u r e  d ropped  t o  z e r o .  The main power swi tch  on 

t h e  o z o n a t o r  w a s  t u r n e d  t o  o f f .  The r e a c t o r  was d r a i n e d  and 

r i n s e d  w i t h  e i ther  t a p  water o r  d i s t i l l e d  water. I f  more 

t h a n  one expe r imen t  was t o  be run t h a t  day t h e  o z o n a t o r  need 

n o t  be s h u t  down, e x c e p t  f o r  .the gas f l o w  and  v o l t a g e  

s e t t i n g ,  b u t  t h e  r e a c t o r  must be d r a i n e d  and  r i n s e d .  

i 

i 



CHAPTER V. 

ANALYTICAL PROCEDURES 

pH AND ALKALINITY 

T h e  p H  o f  t h e  t e s t  water was measured w i t h  a F i s h e r  

Accumet Model 425 D i g i t a l  Ion/pH meter ca l ib ra t ed  a t  pH7. 

The a l k a l i n i t y  tes t  was per formed as i n  S t a n d a r d  Methods 

f o r  t h e  Examinat ion of  Water and Wastewater ( 3 8 ) .  T h e  

t i t r a n t  w a s  0 . 1  N HCI, t h e  sample volume w a s  2 0 0  m l  and  t h e  

t i t r a t i o n  end  p o i n t  was p H  4 . 5  i n  all cases. The ph and 

a l k a l i n i t y  were measured once  per t e s t .  I f  a d j u s t m e n t s  t o  

t h e  p H  were n e c e s s a r y ,  t he  a l k a l i n i t y  w a s  measured a f t e r  t h e  

a d j u s t m e n t s .  

OZONE N S I D U A L  

The ozone r e s i d u a l  was measured a c c o r d i n g  t o  t h e  I n d i g o  

method described by H.  Bader and J. Hoigne ( 3 9 ) .  Sample 

s i z e  var ied  from 2 m l  t o  2 0  m l .  I t  was found  t h a t  t h e  g r e e n  

c o l o r  of t h e  t es t  water i n t e r f e r e d  s l i g h t l y  w i t h  t h e  

abso rbance  r e a d i n g s  s o  a sample o f  t h e  t e s t  water w a s  u sed  

i n  a d d i t i o n  t o  t h e  d i s t i l l e d  water f o r  d e t e r m i n a t i o n  o f  the  

b l a n k .  Sample s i z e  must remain c o n s t a n t  o r  t h e  color of t h e  

45 
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t e s t  w a t e r  may i n t e r f e r e  w i t h  t h e  r e a d i n g s .  The ozone 

r e s i d u a l  w a s  c a l c u l a t e d  u s i n g  two z n a l y s i s  per sample ,  

T y p i c a l  volumes o f  t es t  water were 5 ml and 1 0  ml per 

ana lys i s .  The r e p o r t e d  ozone r e s i d u a l  I s  t h e  a v e r a g e  o f  

these two v a l u e s .  Ozone r e s i d u a l  i s  r e p o r t e d  i n  u n i t s  o f  

mil l igrams per  l i t e r  (mg/l) . 

TRIKkLOMETHANE FORMATION POTENTIAL 

Tr iha lomethane  samples were p r e p a r e d  by  adding  0 . 2  ml 

o f  Clorox t o  4 0  ml ' Jar i -Clean Sample S t o r a g e  vials ( N o .  

13510 from Pierce) .  Tr iha lomethane  (THM) samples were 

s t o r e d  a t  20" C for seven  o r  more days and  t h e n  t u r n e d  i n t o  

t h e  Wyoming S ta t e  A g r i c u l t u r a l  Labs f o r  THM a n a l y s i s .  The 

v i a l s  were p r e - c l e a n e d  b y  Pierce s p e c i f i c a l l y  f o r  THM 

samples and  were f i t t e d  w i t h  Te f lon  and s i l i c o n  discs i n s i d e  

open t o p  screw caps .  Three v i a l s  were f i l l e d  per sample i n  

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

r e s i d u a l  a n d  two independen t  THM a n a l y s e s  c o u l d  be per formed 

per sample. The S ta t e  Labs a n a l y z e d  the samples by t h e  

purge and  t r a p  methoc! w i t h  a ha l ide  spec i f ic  d e t e c t o r .  I t  

was found a f t e r  t h e  f i r s t  f e w  a n a l y s i s  t h a t  t h e  

c o n c e n t r a t i o n  o f  ch lo ro fo rm was greater  t h a n  t h e  

c o n c e n t r a t i o n  of  t h e  o t h e r  th ree  THMs by a t  l e a s t  2 l o g  

scales. T h e r e f o r e ,  o n l y  t h e  c o n c e n t r a t i o n s  of  ch lo ro fo rm 

were measured.  THMFP i s  r e p o r t e d  i n  u n i t s  o f  m i l l i g r a m s  per 
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l i t e r  (mg/l). 

DISSOLVED AND COLLOIDAL ORGANIC CARBON 

D i s s o l v e d  and c o l l o i d a l  o r g a n i c  carbon (DCOC) 

measurements  were made w i t h  an  A s t r o  Model 1 8 5 0  T o t a l  

O r g a n i c  Carbon-Total  Carbon A n a l y z e r .  Samples were s t o r e d  

i n  200ml French  s q u a r e  b o t t l e s  and  ac id i f ied  w i t h  p h o s F n o r i c  

acid t o  pH<2. The samples were t h e n  s t o r e d  a t  5°C u n t i l  t h e  

t i m e  o f  a n a l y s i s .  The TOC a n a l y z e r  w a s  ca l ibra ted  w i t h  an 

a c e t o n e  s o l u t i o n .  Acetone w a s  chosen  as t h e  s tzndard  

b e c a u s e  o f  ease i n  p r e p a r a t i o n  and  r e p r o d u c a b i l i t y  o f  

r e s u l t s .  The r ange  used  on t h e  TOC a n a l y z e r  was 0.1-100 ppm 

as c a r b o n .  The samples  were f i l t e r e d  t h r o u g h  a 0 . 4 5  micron 

f i l t e r  and  purged  w i t h  n i t r o g e n  f o r  three minutes  t o  remove 

c a r b o n  d i o x i d e  which would i n t e r f e r e  w i t h  a n a l y s i s .  Samples 

were t h e n  i n j e c t e d  into t he  a n a l y z e r  w i t h  a g l a s s  s y r i n g e .  = 

Four  a n a l y s i s  p e r  sample were conducted .  _The r e p o r t e d  DCOC 

v a l u e  i s  t h e  average o f  these f o u r  v a l u e s .  I f  t he  v a r i a n c e  

i n  t h e  r e a d i n g s  w a s  greater  t h a n  5%, t h e  TOC a n a l y z e r  was 

recal ibrated and t h e  a n a l y s i s  w a s  r e p e a t e d .  The a n a l y z e r  

p r o v i d e d  a r eadou t  i n  b o t h  d i g i t a l  and hard copy form. DCOC 

i s  r e p o r t e d  i n  u n i t s  o f  mil l igrams per l i t e r  ( m g / l ) .  

CHLOROPHYLL a 

C h l o r o p h y l l  a xas measured as  descri5e.j. i n  t h e  Handbook 

Y 
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o f  Common Methods i n  Lirnnology ( 4 0 ) .  The wa te r  sample, 

which varied i n  volume from 0 . 5  t o  5 0  m l ,  was f i l t e r e d  

th rough  a 0 . 7  micron  b l a n k  f i l t e r .  The f i l t e r  was t h e n  

d i s s o l v e d  i n  a 90% a c e t o n e  s o l u t i o n .  T h e  f l u o r e s c e n c e  o f  

t he  a c e t o n e / c h l o r o p h y l l  a s o l u t i o n  was measured on a 

f l u o r o m e t e r  and  t h e  ch loro2hyi . l  a c o n c e n t r a t i o n  was 

d e t e r m i n e d  by c r o s s  r e f e r e n c i n g  t h e  f l u o r o m e t e r  r e a d i n g  w i t h  

f l u o r o m e t e r  r e a d i n g s  of  known c h l o r o p h y l l  a c o n c e n t r a t i o n s  

f rom a cal ibrated fluorescence/chlorophyll a graph. The 

F l u o r o m e t e r  w a s  a Turne r  Corp. model 110 Fluoromete r  

equipped w i t h  a F4T5/B S t r a i g h t  Tube Lamp w i t h  lamp adapter.  

The p r i m a r y  f i l t e r  was a 5-60 and t h e  secondary  f i l t e r  was 

a 2-64 b o t h  by  Turne r  C o r p o r a t i o n .  T h e  f l u o r o m e t e r  was 

ca l ibra ted  u s i n g  c h l o r o p h y l l  a p u r c h a s e d  from Sigma 

Chemical Company. S t a n d a r d s  w e r e  prepared and  t h e  ' 

f l u o r o m e t e r  w a s  ca l ibra ted  on t h e  lx, 3x, and lox scales. -* 

F o r  t h e  batch k i n e t i c s  tes ts ,  one  sample was t a k e n  p e r  

sample t i m e .  F o r  t h e  CSTR t e s t s ,  one  sample o f  t h e  i n i t i a l  

x n d i t i o n s  was t a k e n  and  two samples ~f t h e  f i n a l  c o n d i t i o n s  

were t a k e n .  A l l  t h e  samples  were a n a l y z e d  on t h e  l x ,  3x, 

and IOx scales o f  t h e  f l u o r o m e t e r .  The r e p o r t e d  v a l u e  is 

t h e  average o f  t h e  r e a d i n g s  from these three scales .  

C h l o r o p h y l l  a i s  r e p o r t e d  i n  u n i t s  o f  micrograms p e r  l i t e r .  

. '  . 

. . . . .  . . . .  . . . . . . .  
1 .  . . . .  _ * .  . . . . . . . . . . . . .  . . . .  . . .  -.. . . , I  

, .  . .  - 
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I n  o r d e r  t o  de t e rmine  t h e  p r e d i c t a b i l i t y  o f  t h e  

r e a c t i o n s  o f  THM p r e c u r s o r s  w i t h  ozone, at tempts were made 

t o  model t h e  r e s u l t s  w i t h  l i n e a r  models .  These models show 

t h e  v a r i a t i o n  of t h e  dependent  var iab le  b e i n g  tes ted against  

independen t  var iab les  c o n t r o l l e d  i n  t h e  study. The models 

were created on t h e  SAS s ta t i s t ics  package by  t h e  Genera l  

L i n e a r  Model P r o c e d u r e  (PROC GLM) command. T h i s  package 

gave t h e  results o f  a Least S q u a r e s  Regression and 

de te rmined  t h e  f i t  and  t h e  s i g n i f i c a n c e  of  t h e  model. 

The Least Squa res  Method d e t e r m i n e s  t h e  e q u a t i o n  f o r  

t h e  best f i t  l i n e .  The example g i v e n  below shows the  = 

c a l c u l a t i o n s  for a best f i t  l i n e  i n  two d i m e n s i o n s .  If more 

t h a n  t w o  d imens ions  are  t o  be used ,  m a t r i x  c a l c u l a t i o n  

methods must be appl ied.  The bas i c  form o f  t h e  L e a s t  

Squares  R e g r e s s i o n  Model i s  

y' = B, + ?3,x 
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I 

where y' = t h e  e x p e c t e d  v a l u e  o f  t h e  dependent  

x = t h e  independen t  v a r i a b l e ,  
B, = t h e  y i n t e r c e p t ,  and 
B, = t h e  s l o p e  o f  t h e  l i n e .  

va r i ab le ,  

The s l o p e  o f  t h e  l i n e  i s  de te rmined  b y  t h e  f o l l o w i n g  

e q u a t i o n  . 

where 

T h e  y 

where 

B: = (n*Sxy - s x * ~ y ) / ( n s x ~  - ( s x ) * )  

n = t he  number o f  samples i n  t h e  d a t a ,  
Sxy = t h e  sum cf t h e  p r o d u c t  x*y, 
Sx = t h e  sum o f  t h e  independen t  var iab le ,  
Sy2 = t h e  sum o f  t h e  dependent  var iab le ,  and  
Sx = t h e  sum o f  t h e  s q u a r e  o f  t h e  independen t  

var iable .  

i n t e r c e p t  i s  d e t e r m i n e d  by t h e  f o l l o w i n g  e q u a t i o n .  

B, = mean ( y )  - B,*mean ( x )  

mean(y)  = t h e  a r i thmet ic  meztn o f  t h e  dependent  

mean(x)  = t h e  a r i thmet ic  mean o f  t h e  independen t  
var iable  and  

var iable  . 
The n e x t  s tep a f t e r  d e t e r m i n i n g  t h e  best f i t  model i s  

t o  d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  t h e  model,  t h e  s i g n i f i c a n c e  

o f  t he  independen t  va r i ab le s ,  and t h e  f i t  o f  t h e  l i n e .  

-- 

T h e  s i g n i f i c a n c e  o f  t h e  model i s  d e t e r m i n e d  by t h e  F 

v a l u e .  The F d i s t r i b u t i o n  i s  a o n e - t a i l e d  normal 

d i s t r i b u t i o n  t h a t  d e t e r m i n e s  i f  a t  l e a s t  one o f  t h e  S ' S ,  

e x c e p t  B, i s  n o t  e q u a l  t o  z e r o .  I n  t h i s  example there  is 

o n l y  one o t h e r  B, 2. .  If any one o f  t h e  B ' s  a r e  n o t  e q u a l  

t o  z e r o  t h e n  a t  l e a s t  one independen t  var iab le  has an 

i n f l u e n c e  on t h e  v a l x e  o f  y'. The e x a c t  F v a l u e  needed  f o r  

a c e r t a i n  s t a t i s t i c a l  s i g n i f i c a n c e  depends  on t h e  number o f  

I 

. .  
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degrees o f  freedom i n  t h e  model and  i n  t h e  e r r o r .  If t h e  

c a l c u l a t e d  F v a l u e  i s  grea te r  t h a n  t h e  F v a l u e  r e q u i r e d  f o r  

t h e  s i g n i f i c a n c e ,  s a y  95%, t h e n  the  model i s  accepted. I t  

f o l l o w s  t h a t  t h e  grea te r  t h e  L: v a l u e ,  t h e  h igher  t h e  

s i g n i f i c a n c e  o f  t h e  model. I t  i s  a l s o  p o s s i b l e  t o  d e t e r m i n e  

what t h e  s i g n i f i c a n c e  o f  t h e  model i s  from t h e  F v a l u e .  The 

F v a l u e  is t h e  r a t i o  o f  t h e  mean s q u a r e  o f  t h e  model divided 

by the mean s q u a r e  o f  t h e  e r r o r .  

F = mean square/mean s q u a r e  e r r o r  

The mean s q u a r e  i s  de termined  b y  d i v i d i n g  t h e  Sum o f  Squares  

(SS)  o f  t h e  model by t h e  Degrees o f  Freedom (DF). T h e  Sum 

o f  S q u a r e s  of  t h e  model i s  s imply ;  

ss = Sum(y - mean(y)  

The degrees of  freedom i s  e q u a l  t o  t h e  number o f  i ndependen t  

var iables  i n  t h e  model. The Sum o f  S q u a r e s  of  t h e  E r r o r  

(SSE) is de te rmined  b y  t h e  f o l l o w i n g  e q u a t i o n .  

SSE = Sum(y - y f  ) '  

The degrees o f  freedom i s  e q u a l  t o  t h e  sample s i z e  minus 

t h e  number of B 's ,  two i n  t h i s  example.  

The s i g n i f i c a n c e  o f  each i n d e p e n d e n t  va r i ab le  i s  

d e t e r n h e d  by t h e  T r a t i o .  The T r a t i o  works on t h e  same 

p r i n c i F l e  as  t h e  F v a l u e  e x c e p t  t h a t  i t  i s  a two t a i l e d  

normal d i s t r i b u t i o n  and each  i n d e p e n d e n t  var iable  i s  

i n d i v i d u a l l y  tes ted f o r  s i g n i f i c a n c e .  T h e  T r a t i o  i s  t h e  

estimate o f  B divided by t h e  e r r o r  i n  t h e  e s t i m a t e .  As w i t h  

- .  
. .  . .  ; . , "  i t 
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t h e  F - v a l u e ,  t h e  greater  t h e  T r a t i o ,  t h e  higher  t h e  

s i g n i f i c a n c e  o f  t h a t  p a r t i c u l a r  i ndependen t  var iab le .  The 

estimate of  B (B1 i n  t h e  two d imens iona l  case) i s  t h e  same 

v a l u e  a s  w a s  de t e rmined  i n  t h e  Least S q u a r e s  Regres s ion .  

The e r r o r  i n  t h e  estimate (EZ) i s  found as  i n  t h e  f o l l o w i n g  

e q E a t i o n .  

EE = s / ( s q r t ( S x x ) )  

where S = sqrt (SSE/ (n-2) ) and 
sxx = (nSx2 - ( ~ x ) ~ ) / n .  

The a b s o l u t e  v a l u e  o f  t h e  T r a t i o  Is compared t o  the  v a l u e  

needed depending  on t h e  s i g n i f i c a n c e  r e q u i r e d ,  t h e  degrees 

o f  f reedom i n  t h e  es t inate ,  and t h e  degrees o f  freedom i n  

t h e  e r r o r .  I f  t h e  T r a t i o  i s  e q u a l  t o  o r  greater  t h a n  t h i s  

p r e d e t e r m i n e d  v a l u e ,  t h e  independent  var iab le  i s  accepted. 

A s  w i t h  t he  F v a l u e ,  it is p o s s i b l e  t o  de t e rmine  t h e  

s i g n i f i c a n c e  of  t h e  independent  var iab le  from t h e  T r a t i o .  

The goodness  o f  f i t  o f  t h e  model i s  d e t e r m i n e d  b y  t h e  

c o e f f i c i e n t  o f  d e t e r m i n a t i o n  (R2) . The v a l u e  o f  R2 is 

de te rmined  a s  i n  t h e  f o l l o w i n g  e q u a t i o n .  

R2 = 1 - ( S S E / S S )  

If no s t a t i s t i c s  were avai lable ,  t h e  e x p e c t e d  v a l u e  o f  t h e  

dependent  v a r i a b l e  would have t o  be d e t e r m i n e d  b y  t h e  rcean 

o f  t h e  dependent  va r i ab le .  The c o e f f i c i e n t  o f  d e t e r m i n a t i o n  

i n d i c a t e s  t h e  improvement, i f  any, t h a t  t h e  Least Squa res  

Model has  on p r e d i c t i n g  t h e  expec ted  v a l u e  o f  t h e  dependent  

. .  
. .  . . -  
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va r i ab le .  An R2 of  0 i n d i c a t e s  t h a t  p r e a i c t i n g  t h e  expec ted  

v a l u e  of  t h e  dependen t  v a r i a b l e  w i t h  t h e  Least Squa re  Model 

i s  no more a c c u r a t e  t h a n  u s i n g  t h e  mean of  t h e  t h e  dependent  

var iable  t o  d e t e r m i n e  t h e  expec ted  v a l u e .  An R2 of 1 

i n d i c a t e s  t h a t  t h e  model predicts t h e  expected v a l u e  of  t h e  

dependent  var izb le  w i t h  n e g l i g i b l e  e r r o r .  

By u s i n g  t h e  F v a l u e ,  t h e  T r a t i o ,  and  t h e  c o e f f i c i e n t  

o f  d e t e r m i n a t i o n ,  it i s  p o s s i b l e  t o  accept or re ject  the 

s i g n i f i c a n c e  o f  a g i v e n  model o r  a g i v e n  variable i n  t h a t  

model.  Th i s  d e c i s i o n  making c a p a b i l i t y  aliows f o r  i n c r e a s e d  

f l e x i b i l i t y  and a c c u r a c y  i n  t h e  a b i l i t y  t o  p r e d i c t  t h e  

e x p e c t e d  v a l u e  o f  t h e  dependent  variable.  

. .  . - .  . .  . . .  - . . . .  . . . . .  .:. . 
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CHAPTER V I I .  

WSULTS AND D I S C U S S I O N  

BATCH K I N E T I C S  TEST RESULTS. 

Four  batch k i n e t i c  expe r imen t s  were per formed.  K i n e t i c  

e x p e r i m e n t s  were done t o  a s c e r t a i n  p o s s i b i e  r e a c t i o n  models 

and t o  d e t e r m i n e  t h e  b e h a v i o r  o f  o z o n e - a l g a l  mass r e a c t i o n s  

o v e r  an  ex tended  t i m e  p e r i o d .  @zone d o s e  and i n i t i a l  

c h l o r o p h y l l  a c o n c e n t r a t i o n  were t h e  o n l y  independan t  

va r i ab le s .  The r a w  da ta  a re  p l o t t e d  i n  F i g u r e s  3-6 and  w i l l  

be d i s c u s s e d  below. 

The i n i t i a l  c m d i t i o n s  f o r  thes2 t e s t s  are as f o l l o w s .  

A t  t h e  low c h l o r o p h y l l  a c o n c e n t r a t i o n s  ( a p p r o x i m a t e l y  4 0  

m i c r o g / l )  i n  t es t s  1 and 2, t h e  THMFP is a?proxirnately 3 -- 

mg/l and the  DCOC i s  approx ima te ly  6 m g / l .  A t  t h e  high 

c h l o r o p h y l l  a c o n c e n t r a t i o n s  ( a p p r o x i m a t e l y  1 0 0  m i c r o g / l )  

i n  t e s t s  3 and 4 ,  t h e  THMFP i s  a p p r o x i m a t e l y  6.5 mg/l and 

t h e  DCOC i s  approx ima te ly  9 mg/l .  

S t a t i s t i c a l  a n a l y s i s  i n d i c a t e s  s t r o n g  two way 

c o r r e l a t i o n s  between i n i t i a l  THME'P, i n i t i a l  DCOC, and 

i n i t i a l  c h l o r o p h y l l  a .  The c o r r e l a t i c n  between i n i t i a l  

THMFP and i n i t i a l  DCOC was 0.91 ( 1 . 0 0  b e i n g  p e r f e c t l y  

54 



c o r r e l a t e d ) .  The c o r r e l a t i o n  

i n i t i a l  c h l o r o p h y l l  a w a s  0.987, 

between 

and t h e  
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i n i t i a l  TiiMFP and 

c o r r e l a t i o n  between 

c h l o r o p h y l l  a and DCOC w a s  0 .895.  These h i g n  c o r r e i a t i c n s  

s u g g e s t  t h a t  t h e  i n i t i a l  THMFP can be predicted if t h e  

i n i t i a l  c h l o r o p h y l l  a and  DCOC are  known. The r e g r e s s i o n  

model shows t h a t  t h e  i n i t i a l  THMFP can be modeled a s  such ;  

THMFP = 0 . 2 l * D C O C  + 4 3 . 5 * c h l o r o p n y l l  a 

w i t h  an  R2 of  0.997 and a c o n f i d e n c e  o f  99.7%. T h e r e f o r e ,  

as  i n i t i a l  DCOC and c h l o r o p h y l l  a i n c r e a s e ,  i n i t i a l  T H M F  

a l s o  i n c r e a s e s .  I n  t h i s  case, t h e  u n i t s  for THMFP, DCOC, 

and c h l o r o p h y l l  a are  a l l  i n  m g / l .  Due t o  t h e  f a c t  that 

THME'P, DCOC, and c h l o r o p h y l l  a have d i f f e r e n t  r e s p o n s e s  t o  

ozone, t h e  THMFP coulc! not be a c c u r a t e l y  modeled b y  DCOC 

and  c h l o r o p h y l l  a .  Once t h e  exper iment  was st t tr ted,  t h e  

r e s u l t i n g  models i n c l u d e d  t i m e  as an independen t  v a r i a b l e  

which c a u s e d  a lower s i g n i f i c a n c e .  A t t e m p t s  t c  p e d i c t  t h e  

l i n e a r  r e s p o n s e  o f  ozone r e s i d u a l ,  T H W P ,  DCOC, and 

chlorophyll a w i t h  respect t o  ozone dose ,  i n i t i a l  

c h l o r o p h y l l  a c o n c e n t r a t i o n ,  and c o n t a c t  time weri 

u n s u c c e s s f u l .  Thcs,  f o r  example,  c h l o r o p h y l l  a and  DCOC 

czln be u s e d  t o  e s t ina t e  THMF'P f o r  unozonated  waEers but n c t  

f o r  o z o n a t e d  samples .  

I n  g e n e r a l ,  t h e  b a t c h  k i n e t i c s  t e s t s  demons t r a t ed  thit 

t h e  h i g h e r  t h e  ozone dose ,  t h e  g rea te r  t h e  removal o f  THFIF2. 

T h i s  r e s u l t  agrees w i t h  t h e  l i t e r a t u r e .  On t h e  o t h e r  hand, 
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Figure 4a. Ozone Residual 
versus Time. 
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as c a n  be s e e n  i n  f i g u r e s  3b and 5b, l o w  czone  dose d i d  n o t  

s i g n i f i c a n t l y  remove THMFP. 

The i n c r e a s e  i n  DCOC c o u l d  be c a u s e d  by the b r e a k i n g  

down o f  larger  o r g a n i c  compounds i n t o  c o l l o i d a l  o r  d i s s o l v e d  

s t a t e s .  T h i s  phenomenon has been reported i n  many studies 

(33,34,41) . 
R i c e  ( 3 3 )  and V e e n s t r a  ( 4 1 )  s u g g e s t  t h a t  i n c r e a s e s  i n  

DCOC c a n  o c c u r  a t  t h e  same t i m e  a s  decreases i n  t h e  THME'P. 

This o b s e r v a t i o n  can  r e s u l t  from t h e  f ac t  t h a t  crganic 

c a r b o n  i s  r a r e l y  o x i d i z e d  by ozone t o  c a r b o n  d i o x i d e  and 

water w h i l e  THM p r e c u r s o r s  can  be o x i d i z e d  t o  non-p recu r so r  

compounds. T h e r e f o r e ,  exposure o f  o r g a n i c  mater ia l  t o  ozone 

w i l l  r e s u l t  i n  d i s s imi l a r  r e s p o n s e s  o f  t h e  DCOC a n d  T H W P  

p a r a m e t e r s .  

An a d d i t i o n a l  e x p l a n a t i o n  f o r  t h e  i n c r e a s e s  i n  DCOC 

o c c u r r i n g  a t  t h e  same t i m e  a s  decreases i n  THMFP i s  

p o s s i b l e .  The f i l t e r i n g  o f  t h e  DCOC samples results i n  

t h e  r e t e n t i o n  o f  i n t a c t  ce l l s  on t h e  f i l t e r .  I n  t h e  i x i t i a l  

( t = O )  samples, t h e  o r g a n i c  ca rbon  i s  l a r g e l y  t i e d  up i n  

i n t a c t  ce l l s .  A f t e r  e x p o s u r e  t o  ozone, many of  t h e  c e l l s  

were probably l y s e d  and much o f  t h e  c e l l u l a r  c o n t m t s  passed 

t h r o u g h  t h e  f i l t e r  and were detected by t he  TOC a n a l y z e r .  

The CCOC would t h e n  be obse rved  t o  i n c r e a s e  upon exr>osure 

o f  a l g a l  c e l l s  t o  ozone.  

Ano the r  i n t e r e s t i n g  
! 

phenomenon n o t e d  i n  chese 

i 

i 
! i 

. .  

. .  
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e x p e r i m e n t s  i s  t h e  t empora ry  i n c r e a s e  i n  the  THM!? and 

c h l o r o p h y l l  a c o n c e n t r a t i o n s .  The r e s p o n s e s  o f  t h e  TXME'P 

t o  c o n t a c t  w i th  ozone ( f i g u r e s  3b, 4b, 5b, and  6b) 

c o n s i s t e n t l y  showed a n  i n i t i a l  d r o p  i n  THMFP f o l l o w e d  b y  an 
i n c r e a s e  peak ing  a t  approx ima te ly  2 0  m i n u t e s .  This  

i n c r e a s i n g  o f  t h e  THMFP w a s  s u b s e q u e n t l y  f o l l o w e d  by a s h a r p  

d e c l i n e .  On t h e  o t h e r  hand,  i n  most cases c h l o r o p h y l l  a 

showed no i n i t i a l  d e c l i n e  ( f i g u r e s  3d, 4d ,  5d,  6 d ) .  I n s t e a d  

it i n c r e a s e d  s t e a d i l y  b e f o r e  d ropp ing  o f f .  

T h e  i n c r e a s e  i n  t he  THME'P can be e x p l a i n e d  by the  

d e g r a d a t i o n  o f  n o n - p r e c u r s o r  o r g a n i c  compounds i n c o  THM 

p r e c u r s o r s  o r  by t h e  l y s i s  o f  a l g a l  cel ls  c a u s i n g  t h e  

release o f  THM p r e c u r s o r s .  E i t h e r  p r o c e s s  c o u l d  require a 

l ag  t i m e  b e f o r e  t h e  effects  are obse rved .  Dur ing  t h i s  t i m e  

a d e c l i n e  i n  THMFP would be obse rved  as n o n c e l l u l a r  THME'P 

i s  d e s t r o y e d .  Then as  cel ls  l y s e  o r  non-p recu r so r  - w  

s u b s t a n c e s  a re  o x i d i z e d  t o  p r e c u r s o r  s u b s t a n c e s ,  an i n c r e a s e  

i n  t h e  THMFP would be detected. These p r e c u r s o r  s u b s t a n c e s  

are s u b s e q u e n t l y  o x i d i z e d  t o  non-p recu r so r  s u b s t a n c e s .  

These r e s u l t s  show t h a t  w i t h  " s u f f i c i e n t "  exposure  t o  ozone, 

d e s t r u c t i o n  of  THM p r e c u r s o r s  w i l l  o c c u r r .  The ' ' s u f f i c i e n t "  

level o f  exposure  t o  ozone i s  a f u n c t i o n  o f  t h e  e x a c t  n a t u r e  

and  c o n c e n t r a t i o n  o f  t h e  THM p r e c u r s o r s ,  t h e  e x a c t  n a t u r e  

and c o n c e n t r a t i o n s  of  t h e  o t h e r  o r g a n i c s  i n  t h e  water ,  and 

t h e  i n o r g a n i c  n a t u r e  o f  t h e  w a t e r .  

i 
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T h e  a p p a r e n t  i n c r e a s e  i n  t h e  c h l o r o p h y l l  a c o n c e n t r a t i o n  

i s  t o  be e x p e c t e d  s i n c e  c h l o r o p h y l l  a i s  measured by i t s  

f l u o r e s e n c e  p r o p e r t y .  The f l u o r e s e n c e  c a n  be i n c r e a s e &  b y  

s t r e s s i n g  t h e  c h l o r o p h y l l  by p a r t i a l  o x i d i z a t i o n .  The 

f l u o r e s e n c e  o c c u r s  when t h e  c h l o r o p h y l l  r e t u r n s  t o  i t s  

r e d u c e d  s t a t e  ( 4 2 )  , F u r t h e r  o x i d a t i o n  would l i k e l y  r e s u l t  

i n  d e s t r u c t i o n  o f  t h e  c h l o r o p h y l l .  Consequent ly ,  when a l g a l  

c e l l s  are  exposed  t o  ozone, t h e  a p p a r e n t  i n c r e a s e  i n  

c h l o r o p h y l l  a c o n c e n t r a t i o n  can  be c a u s e d  by t h e  f l u o r e s c e n t  

r e s p o n s e  o f  c h l o r o p h y l l  a t o  o x i d a n t  r e l a t ed  s t r e s s i n g  o f  

t h e  molecu le .  

T h e  data  from each tes t  w e r e  a l s o  p l o t t e d  i n  F i g u r e s  7 -  

i0 w i t h  t h e  ve r t i ca l  a x i s  r e p r e s e n t i n g  t h e  f r a c t i o n  o f  t h e  

g i v e n  parameter r ema in ing  (C,/C,) where C, i s  t h e  

c o n c e n t r a t i o n  o f  t h e  var iab le  a t  any t i m e  and C, is t h e  

i n i t i a l  c o n c e n t r a t i o n  of  t h e  same var iab le .  A l i n e a r  f i t  

to these plots would i n d i c a t e  a f i r s t  order response o f  t h i s  

parameter to o z o n a t i o n .  I t  was attempted t o  f i t  t h e  d a r a  

i n  f i g u r e s  7-10 t o  a such  a model,  I t  was found t h a t  

f r a c t i o n  r ema in ing  o f  THMFP w a s  modeled f a i r l y  w e l l .  The 

r e g r e s s i o n  e q u a t i o n  was; 

' 

Log ( (THME'P;) / (THMFP,) ) = - 1 . 052*10-3*TIME*DOSE 

w i t h  a c o n f i d e n c e  of 99.99% and an R2 o f  0 . 9 0 .  T h i s  means 
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t h a t  as  t h e  va r i ab le  (TIME*DOSE) i n c r e a s e s ,  t h e  T H W ?  

decreases. The o t h e r  dependant  v a r i a b l e s  (DCOC, ozone 

r e s i d u a l ,  and c h l o r o p h y l l  a )  d i d  n o t  f i t  a f i r s t  o r d e r  model 

as c l o s e l y  as d id  THME'P. For example , the  best model f o r  l o g  

f r a c t i o n  remain ing  o f  c h l o r o p h y l l  a,  

Log( (CHL,)/(CHL,)) = 0 . 7 8  - 0.02*TIME - 0.2*DOSE 

had an  R2 of  0 . 7 3  and  a c o n f i d e n c e  o f  9 9 . 9 9 % .  T h i s  e q u a t i o n  

shows t h a t  as  t h e  t i m e  o r  d o s e  i s  i n c r e a s e d ,  t h e  c h l o r o p h y l l  

a decreases. Al thouqh t h e  R2 term i s  n o t  e x c e p t i o n a l l y  

high, t h e  c o n f i d e n c e  l i m i t  shows t h a t  there i s  a strong 

t r e n d  i n  t h e  da t a ,  I t  i s  t h i s  t r e n d  t h a t  can  be modeled, 

n o t  n e c e s s a r i l y  t h e  e x a c t  f r a c t i o n  of  c h l o r o p h y l l  a 

r e m a i n i n g ,  I n  t h e  batch expe r imen t s  t h e  ozone r e s i d u a l  

varied th roughou t  the  d u r a t i o n  o f  t h e  tes ts .  T h e  maximum 

v a l u e  o f  t h e  ozone r e s i d u a l  (Cmax) u s u a l l y  o c c u r r e d  n e a r  t h e  

end  of  t h e  run  when much o f  t h e  ozone demand had been .- 

s a t i s f i e d .  The best model f o r  the  l o g  f r a c t i o n  o f  maximcm 

ozone r e s i d u a l  ( l og (Ct /Cnax) )  had an  R2 o f  0 . 1 8  and a 

c o n f i d e n c e  level  o f  7 3 . 5 % .  The model f o r  t he  l o g  f r a c t i o n  

r e m a i n i n g  for DCOC had an  R2 of  0.12 and a c o n f i d e n c e  of  

85.5%. These models a re  n o t  r e g a r d e d  as r e l i a b l e  s i n c e  t h e  

t r e n d s  show c o n f i d e n c e  levels less thar, 95%.  

These expe r imen t s  show t h a t  ozone can  be used f o r  t h e  

d e s t r u c t i o n  of  THM p r e c u r s o r s  b u t  t h a t  high d o s e s  and l o n g  

d e t e n t i o n  times a re  needed i f  t h e  ozone i s  a p p l i e d  t o  raw 

! 
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water t h a t  h a s  a h i g h  i n i t i a l  THMFP. 

I' 

CSTR TEST C O N D I T I O N S .  

E i g h t e e n  CSTR e x p e r i m e n t s  were conduc ted  where ozone 

dose ,  p H ,  and d e t e n t i o n  t i m e  were v a r i e d .  The t e s t  

c o n d i t i o n s  are  shown i n  Tab le  1. 

Table 1. CSTR T e s t  C o n d i t i o n s .  

PH 

5.3 
6.8 
9 .1  
4 . 6  
7 . 1  
8 . 9  
5 . 1  
6 .6  
8 . 9  
5.3 
7 . 4  
8 .7  
5 . 1  
6 . 6  
8 . 9  
5 . 4  
7 . 1  
9.0 

D t  
(min. ) 

10 
1 0  
1 0  
20 
20 
20 
40 
40 
4 0  
1 0  
1 0  
1 0  
20  
20 
2 0  
40 
4 0  
4 0  

Ozone 
Dose* 

l o w  
l o w  
low 
low 
l o w  
l o w  
l o w  
l o w  
low 
h i g h  
high 
h i g h  
h i g h  
h i g h  
h i g h  
hign 
h i g h  
high 

Ozone 
R e  s i cua 1 

0 . 8 7  
0 .40  
0 . 0 3  
1 . 63 
0.48 
0 . 4 4  
1 . 4 1  
0 . 92 
0 .79  
2.74 
1 . 6 8  
0.74 
4 . 7 6  
3 .04  
1 .33  
5.47 
3 . 6 1  
2 . 6 6  

A l k a l i n i t y * *  

25.0 
107 .5  
267 .5  

2.5 
125 .0  
237.5 

12.5 
100 . 0 
252.5 

25 .0  
132 .5  
212.5  

20.0 
95.0 

220.0  
27 .5  

1 2 0 . 0  
215.0 

* mill igrams/ l i ter  
* *  mill igrams/ l i ter  as  Calcium Carbonate  

T e s t  11 
# I  

2 
1 
9 
3 
5 
8 
4 
6 
7 

1 6  
17  
1 8  
1 3  
11 
1 5  
12 
1 0  
14 

~~ 

I t  was expected t h a t  t h e  g rea tes t  removal o f  THMFP, 

DCOC, and c h l o r o p h y l l  a would t a k e  p l a c e  a t  t h e  h i g h e r  

ozone doses and l o n g e r  d e t e n t i c n  times. A s  will be shown, 
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t h i s  w a s  n o t  a lways  t h e  case. 

\ 

T h e  da ta  were fit t o  a g e n e r a l  l i n e a r  model which had  t h e  

form o f :  

Y + + + + 
where 

B, = a c o n s t a n t  
X, = D e t e n t i o n  time, Ozone Dose, p H ,  o r  

Predicted Ozone R e s i d u a l  o r  combina t ions  o f  
s a id  

Y, = Decrease i n :  THMFP, DCOC, o r  C h l o r o p h y l l  a .  

T h e  number o f  variables w a s  k e p t  small i n  each model 

tested.  I f  l a rge  nurnbers o f  var iab les  were i n c l u d e d  i n  a 

g i v e n  model, t h e  model c o u l d  give a fzllse high c o e f f i c i e n t  

o f  d e t e r m i n a t i o n  (R2) and conf idence  l i m i t .  Variables  which 

showed s i g n i f i c a n c e  w e r e  i n c l u d e d  i n  a g e n e r a l  model.  This  

g e n e r a l  model was c h e n  tested for s i g n i f i c a n c e .  Due t o  t h e  

fac t  t h a t  i n c l u d i n g  t o o  many var iables  would decrease t h e  

r e p r o d u c a b i l i t y  o f  the  f i n a l  model, t he  number o f  variables 

w a s  kept a t  th ree  o r  less.  Although i n  l a t e r  s e c t i o n s  on ly  

t h e  t o p  t e n  r anked  removal c o n d i t i o n s  are  r e p o r t e d ,  a l l  

e i g h t e e n  da ta  p o i n t s  were used  i n  t h e  p r e d i c t o r  models .  A l l  

t h e  d a t a  a r e  p r e s e n t e d  i n  appendix B .  

Because t h e  ozone  r e s i d u a l  w a s  a dependant  v a r i a b l e  it 

was n o t  p o s s i b l e  t o  u s e  it a s  an  independen t  v a r i a b l e  i n  

t h e  model ing  p r o c e s s .  Hence, it was n e c e s s a r y  t o  model t h e  

ozone r e s i d u a l  and  u s e  t h e  pred ic ted  v a l u e s  a s  t h e  
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i n d e p e n d e n t  var iab le  i n  t h e  g e n e r a l  model f o r  t h e  decrease 

i n  Y .  The r e g r e s s i o n  model f o r  t h e  predicted ozone r e s i d u a l  

( R e s . )  t o  be i n c i u d e d  i n  t he  g e n e r a l  model was; 

R e s .  = 0,82*Dose + O.Ol*Dose*Time - 0.095*Dose*pH 

w i t h  a conf idence  i n t e r v a l  o f  99 .99% and  an R2 o f  0 . 9 8 .  

T h i s  model s u g g e s t s  t h a t  as t h e  ozone d o s e  i s  i n c r e a s e d ,  

t h e  ozone  r e s i d u a l  also i n c r e a s e s .  This  model a l s o  sGggests 

t h a t  a t  lower  p H  v a l u e s ,  t h e  ozone r e s i d u a l  i s  greater  t h a n  

a t  h igher  p H  v a l u e s  a t  t h e  same ozone d o s e .  T h i s  c o n c u r s  

w i t h  t he  l i t e r a t u r e  (20 ,21 ,22 ,23 ,24)  . 

DECREASE IN TXMFP 

Table 2 shows t e n  o f  t h e  expe r imen t s  r a n k e d  i n  

d e s c e n d i n g  o r d e r  o f  decrease i n  THMFP. 

From Tzble 2 w e  can  see t h a t  t h e  highest  r anked  t e s t  

f o r  THME'P removal i s  t e s t  #14 where high ozone d o s e ,  l o n g  ' 

d e t e n t i o n  t i m e ,  and high p H  were used .  This  r e s u l t  was 

e x p e c t e d  (27 ,33 ,34)  . However, t h e  second  h ighes t  r anked  

t e s t  f o r  THMFP removal (#18) o c c u r r e d  under  t h e  same 

c o n d i t i o n s  as t h e  f i r s t  e x c e p t  t h a t  t h e  s h o r t e s t  d e t e n t i o n  

t i m e  w a s  i nvo lved .  I n  a d d i t i o n ,  t h e  t h i r d  ranked  t e s t  ( # 7 )  

had t h e  same c o n d i t i o n s  as t h e  f i r s t  e x c e p t  t h a t  t h e  l o w  

ozone d o s e  was used .  Out o f  t h e  t o p  f ive c o n d i t i o n s ,  t h ree  

a re  h igh  p H ,  three a re  4 0  minute  d e t e n t i o n  t i m e ,  and  three 

are l o w  ozone dose .  



Table  2 .  Reduct ion  i n  TH-MFP 

THMW * 
B e f o r e  

2.5 
2 .6  
2 . 1  
2.7 
2.0 
1 . 9  
2.2 
1 . 8  
2 .6  
2 . 1  

6 9  

THMF'P * 
A f t e r  

1.4 
1.6 
1.1 
1.1 
1.1 
1.1 
1 . 6  
1 . 2  
2 . 1  
1 . 6  

Rank 

1 
2 
3 
4 
5 
6 
7 
8 
9 

. l o  

Test # 

14 
18 

7 
5 
4 
3 

1 3  
12 
15 
1 0  

* m i  1 ligrams / 1 it er  II 

Decrease i n  
THME'P * 

1.1 
1.0 
1.0 
0 . 9  
0 . 9  
0 . 8  
0 . 6  
0 . 6  
0.5 
0.5 

T h e  s t a t i s t i c a l  model shows high a c o n f i d e n c e  level i n  

t h e  t r e n d  o f  t h e  da t a  b u t  a l a rge  v a r i a t i o n .  The best f i t  

model for t h e  r e d u c t i o n  i n  THMFP w a s :  

Decrease i n  THMFP = O.O16*Time 

The l i n e a r  model had a c o e f f i c i e n t  o f  d e t e r m i n a t i o n  (R2)  of  

0 .4  w i t h  a conf idence  o f  99 .6%.  T h i s  means t h a t  as t h e  -* 

d e t e n t i o n  time i s  i n c r e a s e d ,  THMFP decreases. Again,  t h i s  

model is very good a t  r e p r e s e n t i n g  t he  t r e n d  o f  t h e  da t a  b u t  

c a n n o t  be used  t o  p r e d i c t  t h e  e x a c t  decrease i n  THMET under  

a g i v e n  set of  c o n d i t i o n s ,  Although t h e  re la t ive  r e d u c t i o n  

i n  THMFP i s  n o t  very grea t ,  t h e  a b s o l u t e  r e d u c t i o n  i s .  The 

t o p  t e n  ranked  conditions show removals  o f  THME'P t h a t  a r e  

5-11 times t h e  MCL. The NOM s u r v e y  ( 2 )  showed t h a t  THMFPs 

a t  the consumers t a p  r anged  from 0 . 0 8  t o  0 . 8  mg/l w i t h o u t  

t h e  u s e  of  ozone .  The s t u d i e s  r e p o r t e d  here show t h a t  ozone 

. .  
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can reduce the THME'? by 0.5 to 1.1 mg/l. Therefore, in 

almost all cases, the incorporation of ozone into the water 

treatment systems of the surveyed cities would enable 

compliance with the MCL .of 0.10 mg/l. It can be concluded 

from these observations that ozone can remove significant 

amounts of THMFP . 

DECREASE I N  D I S S O L V E D  AND COLLOIDAL ORGANIC CARBON. 

The data are shown in descending order of dissolved and 

colloidal organic carbon (DCOC) removal in Table 3 .  

II Table 3. Reduction in DCOC 

DCOC* 
Before 

DCOC* 
After 

Decrease in 
DCOC* 

4 6 . 0  
0 .0  
0.0 

i 2 . 7  
0 .0  
6.0 
9.7 
9.0 
8 . 9  
5 .2 

42 .3  
0 . 0  
0 .0  
14.4 

3.0 
9.5 

13.5 
1 3 . 6  
1 4 . 2  
11.5 

3 . 7  
0 . 0  
0 . 0  

-1.7 
- 3 . 0  
-3.5 
-3.0 
- 4 . 6  
-5 .3 
-6.3 

11 * milligrams/liter 

It was expected that the conditions that allowed tne 

most T H W P  removal would also permit the grea tes t  renoval 

of DCOC. This, however, was not the case. The conditions 

under which removal of DCOC was maximized (in fact the only 

' r .  

i 
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s i t u a t i o n  t h a t  p r o v i d e d  a p o s i t i v e  removal)  w a s  t h e  

c o n d i t i o n s  o f  low pH, low ozone dose ,  and  s h o r t e s t  d e t e n t i o n  

t i m e .  T h i s  set  of  c o n d i t i o n s  was e x p e c t e d  t o  show t h e  l e a s t  

DCOC removal  s i n c e  it r e p r e s e n t e d  t he  l o w e s t  o p p o r t u n i t y  f o r  

o x i d a t i o n  o f  t h e  o r g a n i c s  i n  t h e  water.  However, it i s  

p o s s i b l e  t h a t ,  a l t h o u g h  t h e  ozone dose was t o o  low t o  l y s e  

a l g a l  cel ls ,  it was g r e a t  enough t o  o x i d i z e  n o n c e l l u l a r  

o r g a n i c s .  

If the t o p  f ive ranked  c o n d i t i o n s  a re  examined, it can 

be s e e n  t h a t  t he  ac tca l  r e s u l t s  are s i m i l i a r  t o  t h e  e x p e c t e d  

r e s u l t s .  One of  t h e  t o p  f ive had a high p H ,  two had a 

n e u t r a l  p H ,  and  two had a low pH.  Two o f  t h e  t o p  f ive were 

4 0  minu te  d e t e n t i o n  t i m e ,  two were 20 m i n u t e s ,  and one was 

t e n  m i n u t e s .  Three o f  t h e  t o p  f ive had a high ozone dose .  

The l i n e a r  model f o r  t he  decrease i n  DCOC; 

Decrease  i n  DCOC = -4.6*0zone R e s i d u a l  

had a c o e f f i c i e n t  o f  d e t e r m i n a t i o n  (R') sf 0 . 2 5  and a 

confidence o f  97%.  This model s u g g e s t s  that DCOC i n c r e a s e s  

as t h e  ozone r e s i d u a l  i n c r e a s e s .  A s  w i t h  t h e  decrease i n  

THME'P model,  t h i s  model can o n l y  p r e d i c t  t h e  t r e n d  o f  t h e  

da ta .  Due t o  t h e  f ac t  t h a t  DCOC and  THMFP have o p p o s i t e  

r e s p o n s e s  t o  exposure  t o  ozone, t h e  change  i n  DCOC s h o u l d  

n o t  be t a k e n  as  b e i n s  r e p r e s e n t a t i v e  o f  t h e  change i n  THME'P. 

S i m i l a r l y ,  t h e  r e d u c t i o n  i n  t h e  THMFP s h o u l d  n o t  be t a k e n  

a s  i n d i c a t i v e  of t h e  level o f  o r g a n i c s  removed. 
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Only one set  o f  t e s t  c o n d i t i o n s  a c t u a l l y  r e s u l t e d  i n  a 

decrease i n  DCOC. All o t h e r  cases tested showed an i n c r e a s e  

i n  DCOC. T h i s  i n c r e a s e  cou ld  be caused  by t h e  same f a c t o r s  

t h a t  r e s u l t e d  i n  t h e  r i s e  o f  DCOC t h a t  o c c u r r e d  i n  t h e  batch 

r e a c t o r  t es t s .  I t  i s  p o s s i b l e  t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  

o f  d i s s o l v e d  and c o l l o i d a l  o r g a n i c s  by b r e a k i n g  down t h e  

o r g a n i c s  t h a t  were r e t a i n e d  by  t h e  f i l t e r  i n  t h e  unozonated 

samples. 

Ano the r  d i f f i c u l t y  i n  t h e  i n t e r p r e t a t i o n  of  t h e  TOC d a t a  

l a y  i n  t h e  z e r o  v a l u e s  o f  TOC i n  t es t s  10, 11, and 1 2 .  I n  

some cases, samples  which c o n t a i n e d  a l g a l  biomass y i e i d e d  

no detectable d i s s o l v e d  and c o l l o i d a l  o r g a n i c  carbon.  T h i s  

phenomenon may be due  t o  l i m i t a t i o n s  i n  t h e  TOC a n a l y z e r .  

The lower  r a n g e  o f  t h e  a n a l y s e r  is 0 . 1  m g / l  and r e a d i n g s  a t  

t h e  d e t e c t i o n  l i m i t s  have o c c u r r e d .  These z e r o  v a l u e s  were 

unexpec ted  and  may have biased t h e  r e s u l t i n g  models.  

DECREASE I N  CHLOROPHYLL A .  

The e x p e r i m e n t s  are  ranked  i n  d e s c e n d i n g  o r d e r  of  

c h l o r o p h y l l  a removal i n  Table 4 .  

The s i t u a t i o n  f o r  greatest  chloro2hyll a removal was 

high ozone  dose ,  l o n g e s t  d e t e n t i o n  t i m e ,  and  low p H .  Out 

o f  t h e  t o p  f ive  r e s u l t s  on ly  one was h igh  p H  w h i l e  two were 

n e u t r a l  and  two were low pH. Three of  t h e  t o p  f i ve  

c o n d i t i o n s  had  t h e  l o n g e s t  d e t e n t i o n  t i m e  wh i l e  t h e  o t h e r  

: i 
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Rank T e s t  # C h l o r .  a* C h l o r .  a* 11 1 1 B e f o r e  1 A f t e r  

two c o n d i t i o n s  had the  i n t e r m e d i a t e  d e t e n t i o n  t i m e .  All of  

Decrease i n  
C h l o r .  a* 

the t o p  f ive  ranked  t es t s  u s e d  a high ozone  dose. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Table 4 .  Reduc t ion  i n  C h l o r o p h y l l  a 
I I 

48.9 2.5 46.4 
45.7 
39.1 
34.1 
27.3 
11.8 
10.6 
9.4 
6.9 
1.1 

13 

12 39.8 0.7 
11 47.1 13.0 
14 31.5 4.2 

4 7 . 6  35.8 4 
28.9 39.5 6 

47.8 38.4 7 
27.7 34.6 16 
22.6 15 23.7 

10 47.7 2.0 

* m i c r o g r a m s / l i t e r  
1 

II I I I 1 11 1 

T h e  model f o r  t h e  decrease i n  c h l o r o p h y l l  a,  

Decrease i n  C h l o r o p h y i l  a = 2.4*Time -15.8*pH + 8*Dose, 

had a n  R2 0.845 and  a c o n f i d e n c e  of  99 .99%.  I n  o t h e r  words,  

as d e t e n t i o n  t i m e  and  ozone res idual  i n c r e a s e ,  more 

c h l o r o p h y l l  a i s  d e s t r o y e d  and as pH decreases less  

c h l o r o p h y l l  a i s  d e s t r o y e d .  

Y 

T h e  models for p r e d i c t i n g  t h e  respozse of  c h l o r o p h y l l  

a t o  e x p o s u r e  t o  ozone had a h i g h e r  c o n f i d e n c e  i n t e r v a l  an5  

a h igher  degree of  c o r r e l a t i o n  t h a n  t h e  models f o r  

p r e d i c t i n g  t h e  r e s p o n s e  o f  THME'P and  DCGC had. 

. _  . . , .  . . .  
. .  1 .  . .  . .  . . .  . . .  . . . .  . . . ,. 
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RELATICNS BETWEEN THME'P AND TOC/DCOC. 

Some r e p o r t s  i n  t h e  l i t e r a t u r e  have a t t e m p t e d  t o  d e f i n e  

t h e  r e l a t i o n s h i p  between THMFP and TOC. Yamaca e t  a l .  ( 3 3 ,  

i n  t e s t i n g  t he  e f f ec t  o f  p r e o z o n a t i o n  on t h e  THM f o r m a t i o n  

p o t e n t i a l  o f  v a r i o u s  o r g a n i c  compounds, p r e s e n t e d  THME'P i n  

t h e  form o f  micrograms o f  CHC1, y i e l d e d  per  m i l l i g r a m  TOC. 

T h e i r  da ta  r a n g e  from 0 t o  2 , 1 6 8  mic rograms /mi l l i g ram 

depending  on t h e  o r g a n i c  compound b e i n g  s t u d i e d .  They 

conc luded  t h a t  there  i s  a r e l a t i o n s h i p  be tween TOC and  THMFP 

but t h a t  t h e  specif ic  r e l a t i o n s h i p  depends  on t h e  e x a c t  

n a t u r e  o f  t h e  o r g a n i c  compound b e i n g  s t u d i e d .  

Hoehn, e t  a l .  ( 7 )  found no c o n s i s t e n t  p a t t e r n  between 

THMFP and TOC i n  a lga l  biomass.  However, t h e y  conc lude  from 

t h e i r  da ta  t h a t  t he  a l g a e  i n  t h e  e a r l i e r  phase of  growth 

have a higher  THME'P/TOC t h a n  when t h e  c u l t u r e  was i n  t h e  

l a t e r  s tages  o f  growth.  

The e x a c t  n a t u r e  o f  t h e  o r g a n i c  compounds and t h e  s tage 

o f  growth o f  t h e  algae i n  t h e  e x p e r i m e n t s  r e p o r t e d  here a re  

unknown. I t  i s  assumed t h a t  t h e  a lgae used i n  these 

e x p e r i m e n t s  r e p r e s e n t e d  a l l  stages o f  g rowth .  No e f f o r t  was 

made t o  c o n t r o l  growth s tage .  Using t h e  same t y p e  o f  r a t i o  

employed by  Yamada et a l . ,  t h e  THME'P/DCOC r a t i o  

(mic rograms /mi l l i g ram)  was found t o  have a 95% c o n f i d e n c e  

i n t e r v a l  o f  0 t o  5 8 4  b e f o r e  o z o n a t i o n  and  0 t o  3 4 4  a f t e r  

o z o n a t i o n .  These l a rge  c o n f i d e n c e  i n t e r v a l s  s u g g e s t  t h a t  



u s i n g  DCOC w i l l  p r o v i d e  a somewhat i n s e c u r e  method o f  

p r e d i c t i n g  t he  THMFP o f  a g i v e n  wa te r .  

SUMMARY 

Four batch r e a c t o r  exper iments  and  e i g h t e e n  CSTR 

expe r imen t s  were conduc ted  i n  o r d e r  t o  d e t e r m i n e  t h e  effect  

of ozone on a l g a l  l a d e n  waters. When i n t e r p r e t i n g  t h e  

r e s u l t s  it i s  imperative t o  reca l l  t h a t  t he  THMFPs t h a t  were 

s t u d i e d  are v e r y  h i g h  due t o  t h e  p r e s e n c e  o f  t h e  a l g a l  

bloom. These c o n d i t i o n s  r e p r e s e n t  a "wors t  case" s c e n a r i o .  

I f  ozone can  s i g n i f i c a n t l y  r educe  t h e  THME'P of waters under  

these ex t r eme  c o n d i t i o n s ,  t h e n  ozone i s  a va l id  means of  

THME'P removal y e a r  round.  The r e sponse  t o  e x p o s u r e  t o  ozone 

of c e r t a i n  p a r a m e t e r s  such  as d i s s o l v e d  and c o l l o i d a l  

o r g a n i c  ca rbon ,  c h l o r o p h y l l  a,  and, most i m p o r t a n t l y ,  THM 

fo rma t ion  p o t e n t i a l  w e r e  s t u d i e d .  Y 

Samples were t a k e n  d u r i n g  t h e  batch k i n e t i c s  tes ts  

i n i t i a l l y  and a t  1 0  minu te s ,  20 minutes ,  4 0  minu te s ,  and 

1 2 0  minu tes .  I n  t h e  CSTR tes t s ,  t h e  r e a c t o r  was se t  up i n  

such  a way as  t o  p r o v i d e  a c o u n t e r - c u r r e n t  f l o w  between t h e  

test w a t e r  and  t h e  ozone g a s  f low.  Samples were t a k e n  from 

t h e  CSTR t es t s  i n i t i a l l y  and a f t e r  each  d e t e n t i o n  t i m e  u n t i l  

s t e a d y  s t a t e  was assumed t o  have been reached (three 

d e t e n t i o n  times) . 
The v a l u e s  of t h e  THMFP of  t h e  samples were i n  t h e  range  
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o f  1 t o  2 . 7  ppm even i n  t h e  ozona ted  samples. The v a l u e s  

o f  t h e  THMFP i n  t h e  batch tes t s  t h a t  had a high i n i t i a l  

c h l o r o p h y l l  c o n c e n t r a t i o n  were n e a r  7 m g / l .  The c h l o r i n e  

dose w a s  v e r y  high i n  o r d e r  t o  achieve a maximum THMFP. I t  

was i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c o n d i t i o n s  t h a t  w e r e  most 

f a v o r a b l e  f o r  t h e  removal  o f  THMFP were noc n e c e s s a r i l y  t h e  

o p t i m a l  c o n d i t i o n s  f o r  removal o f  DCOC. 

S t a t i s t i c a l  a n a l y s i s  on t h e  data showed t h a t  due t o  t h e  

small sample s ize ,  model ing  of  most o f  t he  parameters c o u l d  

n o t  be accompl ished  with much accuracy .  I t  was p o s s i b l e  t o  

model t h e  t r e n d  of  t h e  data  o f  l o g  f r a c t i o n  r ema in ing  THMF'P 

i n  t h e  batch tests and ozone r e s i d u a l ,  decrease i n  THMET, 

decrease i n  DCOC, and decrease i n  c h l o r o p h y l l  a i n  t h e  CSTR 

t e s t s .  

Y 



CHAPTER VIII. 

CONCLUSIONS 

Based on the  a b s o l u t e  r e d u c t i o n s  o f  T H W P  i n  a l l  t h e  

t es t s  r e p o r t e d  here and  t h e  f ac t  t h a t  Gnly two o f  e i g h t e e n  

CSTR c o n d i t i o n s  i n c r e a s e d  t h e  THMFP i t  i s  concluded  that 

ozone can  s i g n i f i c a n t l y  r educe  the  THMFP o f  a l i  waters 

i n c l u d i n g  t h o s e  e x p e r i e n c i n g  an a lga l  bloom. 

Al though d e t e n t i o n  t i m e ,  ozone dose, p3, and ozone 

r e s i d u a l  are  a l l  f a c t o r s  t h a t  effect  t h e  a b i l i t y  o f  ozone 

t o  o x i d i z e  THM p r e c u r s o r s ,  t h e  most s i g n i f i c a n t  f a c t o r  i s  

t h e  d e t e n t i o n  t i m e .  

A l l  t h e  independen t  variables ( d e t e n t i o n  t i m e ,  ozone 

d o s e ,  p H ,  and  azone r e s i d u a l )  had p o s i t i v e  c o r r e l a t i o n s  w i t h  

decrease i n  THMFP. T h i s  means t h a t  o p t i m a l  THM p r e c u r s o r  

removal  o c c u r s  a t  l o n g  d e t e n t i o n  time, high ozone dose ,  high 

p H  and  high ozone r e s i d u a l .  

The THMFP i n  unozonated  w a t e r s  can  be predicted u s i n g  

t h e  c h l o r o p h y l l  a and  DCOC c o n c e n t r a t i o n s .  The i n s t r u m e n t s  

and  methods used f o r  d e t e r m i n i n g  t h e  c h l o r o p h y l l  a and DCOC 

are  less expens ive  t h a n  t h o s e  used  t o  d e t e r m i n e  THMFP. I n  

a d d i t i o n ,  t h e  c h l o r o p h y l l  a and DCOC t e s t s  can  be performec! 

7 7  
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w i t h i n  2 4  hours o f  sampling whereas t h e  t e s t  f o r  THM-FP 

requires a seven day incubat ion  of t h e  samples. 

. .  
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CHAPTER I X .  

R E C O W i N D A T I O N S  

. 

1. Al though the  tes ts  r e p o r t e d  here show t h a t  ozone i s  

effect ive i n  t h e  removal of  THMFP, t h e  level of  exposure  t o  

ozone ( d o s e  and d e t e n t i o n  t i m e )  r e q u i r e d  f o r  s u f f i c i e n t  

THMF'P removal  must be de te rmined  f o r  e a c h  i n d i v i d u a l  

s i t u a t i o n .  

2 .  The o p t i m a l  l o c a t i o n ( s )  o f  o z o n a t i o n  ir, t h e  t r e a t m e n t  

works s h o u l d  a l s o  be de te rmined .  Al though n o t  shown i n  

these e x p e r i m e n t s  it i s  l i k e l y  t h a t  o z o n a t i o n  o f  s e t t l e d  

water w i t h  o r  w i thou t  p r e o z o n a t i o n  i s  t h e  o p t i m a l  l o c a t i o n  

o f  o z o n a t i o n  t o  reduce  THMFP. T h i s  t h e o r y  can  be conf i rmed 

by r u n n i n g  p a r a l l e l  water t r e a t m e n t  p i l o t  water t r e a t m e n t  

p l a n t s  i n  which one p l a n t  i n c o r p o r a t e s  ozone wh i l e  t h e  o t h e r  

does  n o t .  Th i s  s t u d y  i s  imperative f o r  f u r t h e r  

u n d e r s t a n d i n g  and q u a n t i f i c a t i o n  of  t h e  uses  o f  ozone f o r  

t h e  r e d u c t i o n  of  THME'P. 

3. I f  a i r  i s  t o  be t h e  feed gas, it s h o u l d  be d r i ed  w i t h  

CaC1, ( 3 6 )  t o  p r e v e n t  b u i l d u p  o f  c o r r o s i v e  by-products  i n  

7 9  
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t h e  ozone g e n e r a t o r .  I t  i s  a l s o  i m p o r t a n t  t o  v e n t  t h e  off 

g a s  from the r e a c t o r  SO as n o t  t o  expose  t h e  o p e r a t o r  t o  

p o s e n t i a l l y  t o x i c  ozone fumes. 

4 .  T h e  e x a c t  ozone d o s e  shou ld  be de te rmined .  This  

d e t e r m h a t i o n  can be accomplished by measurement of t h e  

c o n c e n t r a t i o n  of ozone i n  t h e  supp ly  l i n e s  versils t h e  

c o n c e n t r a t i o n  of  ozone in t h e  off g a s .  T h i s  would a l l o w  a 

c a l c u l a t i o n  of  milligrams o f  ozone consumed 2er m i l l i g r m  

decrease i n  THME'P. 

5. I t  would a l s o  be w i s e  t o  get  a l g a l  c o u n t s  and b a c t e r i a  

c o u n t s  i n  t he  t e s t  water. These coun t s  would a l l o w  t e s t i n g  

of c o r r e l a t i o n  between c h l o r o p h y l l  a and  ce l l  coun t s  and 

THME'P and  c e l l  c o u n t s .  

6. F u t u r e  s t u d i e s  s h o u l d  de te rmine  t h e  e f fec t  o f  

t e m p e r a t u r e  on o z o n a t i o n .  A l l  t h e  tes ts  i n  t h e  exper iments  

r e p o r t e d  bere were done a t  room t e m p e r a t u r e .  Tests shou ld  

be run  a t  t e m p e r a t u r e s  closely s i m u l a t i n g  raw wa te r  

c o n d i t i o n s ,  such as  4-15'C. 

7 .  The e f fec t  o f  t h e  level o f  a l g a e  s h o u l d  be i n v e s t i g a t e d  

f u r t h e r .  T h e  CSTR t es t s  in t h i s  s t u d y  w e r e  conducted  a t  one  

h i g h  level of a l g a e .  Tests t h a t  de t e rmine  t h e  a b i l i t y  of 
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ozone t o  remove THM p r e c u r s o r s  a t  lower  levels  of  a l g a e  

s h o u l d  be conducted .  C o n d i t i o n s  t h a t  i n c l u d e  c h l o r o p h y l l  

a c o n c e n t r a t i o n s  i n  t h e  r ange  o f  0 - 2 0  micrograms per l i t e r  

s h o u l d  be i n v e s t i g a t e d .  

8 .  Another  i m p o r t a n t  ?henomenon t o  be examined i n  f u r t h e r  

s t u d i e s  i s  t h e  c o n d i t i o n s  t h a t  c a u s e  ozone t o  i n c r e a s e  t h e  

THMFP. T h i s  knowledge i s  c r i t i c a l  f o r  t h e  safe  u s e  o f  ozone 

i n  water t r e a t m e n t  sys t ems .  

9 .  D i l e  t o  t h e  f a c t  t h a t  many r e s e a r c h e r s  claim t h a t  ozone 

r e s i d u a l  i s  a more i m p o r t a n t  f a c t o r  t h a n  ozone dose  i n  t h e  

r e d u c t i o n  o f  THME'P by ozone, t h e  ozone r e s i d u a l  s h o u l d  be 

held c o n s t a n t  a t  d i f f e r e n t  levels.  Sugges ted  ozone 

r e s i d u a l s  f o r  f u r t h e r  s t u d i e s  are; 0 . 5  mg/l, 2 mg/l ,  and  5 

mg/i. The f i r s t  level was chosen because  it i s  a commonly 

used  level  of  ozone r e s i d u a l  u sed  f o r  d i s i n f e c t i o n .  S t u d i e s  

a t  t h e  o t h e r  two levels w i l l  a l l o w  s c i e n t i s t s  t o  d e t e r n i n e  

t h e  o p t i m a l  ozone r e s i d u a l  f o r  THMFP removal .  

1 0 .  Some researchers claim t h a t  radical  scaveng ing  by 

c a r b o n a t e  and b i c a r b o n a t e  i o n s  i s  an  i m p o r t a n t  f a c t o r  i n  

a q u e o w  ozone c h e m i s t r y  . and hence  ozone o x i d a t i o n .  

T h e r e f o r e ,  s t u d i e s  t h a t  f i x  the  c o n c e n t r a t i o n s  o f  c a r b o n a t e  

and b i c a r b o n a t e  a t  known v a l u e s  w i l l  e n a b l e  s c i e n t i s t s  t o  

.. 
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determine the e f fec t  o f  radical  scaveng ing  by ca rbona te  

species on o x i d a t i o n  o f  TEM p r e c u r s o r s  by ozone.  
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WPENDIX A .  

DATA FOR FIGURES 3 - 6 .  

Batch Test #1. L ~ w  Initial Chlorophyll, Low Ozone Case. 

0 0 3 . 1  4.7 39 .3  
1 0  0.52 2.8 5 .4  
20  1 .43  2 .7  9.3 405 .3  
4 0  1 .80  2.9 1 0 . 9  1 .7  

120  2 .37  2.4 12 .6  0.15 
____________________-------------------------------------- 

Batch T e s t  # 2 .  Low I n i t i a l  Chlorophyll, High Ozone Dose. 

Time 
(min . ) 

Ozone THMFP DCOC Chlorophyll a 
Residual (mg/l) (mg/l) (microg/U 

0 0 2.7 6.5 37 .8  
1 0  3 . 5 1  2 . 1  12 .8  3.88 
20 4 .76  2.2 1 4 . 0  0 . 1 3  
4 0  6.11 1.6 13.7  0 . 4 5  
120 5.97  0 . 1  7 . 6  0.08 
_____________-______-_----------------_------------------- 
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Batch T e s t  $ 3 .  High I n i t i a l  Chlorophyll, Low ozone DQse. 

Time 
(min . ) 

Ozone THMFP DCOC Chlorophyll a 
Residual (mg/l) ( m g / l i  ( ;nicrog/ 1) 

0 
1 0  
20  

0 6.3 9.7 9 2 . 1  
0 . 3 6  5 . 2  19 .0  8 8 1 . 8  
0 . 6 6  6 . 0  2 1 . 7  597.3  

4 0  0 . 7 1  5.8 26.3 27.3 

Batch T e s t  # 4 .  E i g h  I n i t i a l  Chlorophyll, H i g h  OzoRe Dose. 

i 



APPENDIX B. 

CSTR TEST RESULTS. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15 
1 6  
1 7  
1 8  

6.8 10 
5.3 1 0  
4.6 20 
5.; 4 0  
7 . 1  20  
6 . 6  4 0  
8.9 4 0  
8.9 20 
9 . 1  1 0  
7 . 1  40 
6 . 6  20 
5.4  40  
5 . 1  20  
9.0 4 0  
8 . 9  2 0  
5.3 1 0  
7 . 4  1 0  
8 . 7  10 

Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
Low 
High 
High 
High 
High 
High 
High 
High 
High 
High 

0 . 4 0  
0 . 8 7  
1 . 5 3  
1-41 
0.48 
0.92 
0 . 7 9  
0 . 4 4  
0.03 
3 . 6 1  
3.06 
5.47 
4 . 7 6  
2 .66  
1.33 
2.74 
1.68 
0.74 

2 . 4  
2 . 1  
1 . 9  
2 . 0  
2.0 
0 . 1  
2 . 1  
2.3 
2 . 1  
2 . 1  
1 . 6  
1 . 8  
2.2 
2.5 
2 .6  
2.4 
2 .5 
2 . 6  

2 . 6  
1.9 
1.1 
1.1 
1.1 
1.1 
1.1 
2 .0  
2 . 1  
1 . 6  
1.6 
1.2  
1 . 6  
1 . 4  
2 . 1  
2 .3  
2 .3  
1.6 

54 .2  
31 .2  
43.7 
4 7 . 6  
5 8 . 1  
39.5 

35.8 
43 .5  
47.7 
4 7 . 1  
39 .8  
48 .9  
31 .5  
23.7 
3 4 . 6  
4 2 . 1  
31 .3  

47.8 

119.3  
95 . 3 
65.9 
35 .8  
8 6 . 9  
2 8 . 9  
38.4 

131 .7  
1 7 9 . 1  

2.0 
13 .0  

2.5 
4.2 

22 .6  
27.7 
57.2 

104.7 

0.7 

1 0 . 7  18 .5  
4 6 . 0  42 .3  
12 .5  1 8 . 5  

8 . 9  1 4 . 2  
6 . 5  i3.7 
0 . 0  7 . 2  
0 . 1  1 4 . 7  

12 .7  1 4 . 4  
0.2 7.2 
0 . 0  0.0 
0 . 0  0 .0  
0 . 0  3 .0 
9.5 97.4 
9.7 1 3 . 5  
9 .0  1 3 . 6  
6 .0  9 . 5  
4 . 2  1 0 . 7  
5 . 2  11.5 

( * )  m i n u t e s  
( * * ) nil1 igrans / lit er 
( * *  * )  micrograms/liter 
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APPENDIX C. 

CSTR TESTS 
OZONE RESIDUAL (mg/l) 

Test Time 
# 5 10 20 30 40 50 60  70 8 0  90  100 110 120 

1 0 . 4  0.3 0 . 4  0.5 
2 0 .7  0 . 9  0 . 8  i . 2  
3 1.0 1 . 2  1 . 5  1 . 9  1.9 1 . 7  2 .0  
4 1.0 1.0 2.0  1.6 1.3  1 . 6  1 .0  
5 0.2 0 . 1  0 . 8  0.3 0 . 7  0 . 7  0 . 7  
6 0 .5  0.9 1 . 2  1 . 2  1.2 
7 0.0 6 . 0  0 . 6  1 . 0  0 .8  
8 0.5 1 . 0  0 . 2  0.5 0.2 0.5 0 . 3  
9 0 . 0  0 . 0  0 . 0  0.1 

10 1.7 2.5 3.3 4 . 0  3.9 4.5 
11 1 . 8  2 . 7  3 . 2  3 .6  3.5 3.3 3.2 
1 2  4 . 7  4.7 5.3 5 . 0  5 .3  
13 3 . 9  4 . 8  4 . 8  5 . 0  5.0 4 . 8  5.0 
1 4  
15 

0 .6  2.1 2.9 3 . 1  3.7 
0.2 1.1 1 . 9  1 . 4  1 . 4  1 . 9  

1 6  1 . 9  2 . 9  3.0 3.2 
1 7  0 . 7  1.5 2.0 2.5 
18 0.2  0.3 1.1 1 . 2  

1.5  1.1 1.4 1.6 1.9 1.3 

1 . 4  0 . 8  1 . 2  
0 . 6  1 . 9  1 . 4  

5.3 

3 . 6  

3.3 

5.5 

3.9 3.5  
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Test 

# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
i 3  
1 4  
15 
1 6  
1 7  
1 8  

APPENDIX D. 

CSTR TZSTS DCGC 

Time (*Detention Time) 

0 1 2 3 

1 0 . 6  1 5 . 2  1 5 . 6  1 8 . 5  
46.0 
12.5 

8 . 9  
6.5 
0 . 0  
0 . 1  

1 2 . 7  
0 . 2  
0 . 0  
0 . 0  
0 . 0  
9.4 
9 . 7  

6.0 
4.2 
5.2 

8 . 9  

3 9 . 5  
1 7 . 6  
13.2 

5.1  
1 2 . 9  
1 4 . 9  

9 . 3  
0 . 1  
0 . 5  
0 . 0  
3 . 7  

2 1 . 6  
16.5 

12.8 

9.2 
1 0 . 6  

3 9 . 7  
1 7 . 6  
13.5 
1 3 . 6  

1 3 . 8  
15.5 

7 . 2  
0 . 0  
0 . 0  
6 . 8  
4 . 7  

1 8 . 8  
1 6 . 0  
1 1 . 4  
10.4 
12.1 

8 . 4  

42.3 
1 8 . 8  
14.2  
1 3 . 7  

7 . 2  
1 4 . 7  
14 .4  

7 . 1  
0 . 0  
0 . 0  
3 . 0  

9 7 . 4  
13 .5  
1 3 . 6  

9.5 
1 0 . 6  
11.5 
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Time 
(min) 

0 
0.5  
1 
1.5  
2 
3 
4 
5 
6 
8 

1 0  
12 
1 4  
1 6  
1 8  
20 
25  
30 
35  
4 0  
50 
60 
8 0  
100 

A?PENDIX E. 
CSTR DYE TEST 

Fluorometer 
Reading 

0 
5 . 4 9  
6.29 
4 . 7 1  
4 . 6 1  
4 .69  
4 . 4 5  
4 . 4 9  
4 . 0 6  
2 .92  
3.58 
3 .43  
3 .24  
3 .08  
2 . 6 4  
2.54 
1 .98  
1 .83  
1 .59  
1.35 
1 . 0 4  
0 .78  
0 . 4 1  
0.25 

Dt s e t  at 3 0  minutes 

Volume = 7 liters 

A i  1: flow 2 

Regression Line :  
Significance = 99.99% 
R2 = 0.985 
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APPENPIX F. 
MATHETdATICAL MODELS 

T h i s  a?,pendix shows s a e  o f  t h e  n a t h e m a t i c a l  models t h a t  
were L sed t o  determine  t% r e p r o d u c a b i l i t y  of  t h e  r e sz l t s .  
T h i s  a,:pendix is a r r a n g e d  as such ,  

Y = E, + B,X, + - .  + BEXn 

where Y = Model 
i3 = Z s t i m a t e  
X = Parameter. 

T h e  valce o f  PR>F is t h e  p r o b a b i l i t y  o f  an occur rence  
greater  ck,an t h e  F v a l u e .  The F v a l u e  i s  t h e  r a t i o  o f  t h e  
mean s q u a r e  of  t h e  model and t h e  mean s q u a r e  o f  t h e  e r r o r .  
These v a h e s  are n o t  shown h e r e .  A PR>F o f  0 . 0 5  i s  
ana logous  t o  a 95% conf idence  i n t e r - J a l .  The v a l u e  o f  PR>T 
i s  t h e  p r s b a b i l i t y  o f  an o c c u r r e n c e  greater t h a n  t h e  
a b s o l u t e  v a l u e  o f  the T r a t i o .  The T r a t i o  i s  t h e  r a t i o  
between t h e  estimate and t h e  s t a n d a r d  e r r o r  o f  t h e  estimate.  
These v a l u e s  a r e  n o t  shown h e r e .  A PR>T of  0 . 0 5  i s  
a n a l o g o u s  t o  a conf idence  i n t e r v a l  o f  95%.  

BATCH KINETICS MODZLS 

Model: I n i t i a l  THME'P PR>F = 0.15 

Parameter E s t i m a t e  PR>T 

RZ = 0 . 9 8  

I n t  Zrcept 
DCOC 

0.45  
0.12 

0 . 7 9  
0 . 7 5  

C h l o r  a 0 . 0 5  0 . 2 3  
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Par am& e r Estimate PR>T 

Time *Dose -0.001 0.0001 

P ar amet e r Estimate PR>T 

Intercept 
Time 
Dose 
Time*Dcse 

- 6 .  0 4 4  
0 . 0 0 1  
0.013 

- 0 . 0 0 1  

0.51 
0 * 2 0  
0.27 
0 .  OOCl 

P ar amet e r Estimate PR>T 

Intercept 
Time 
Dose 

0 . 7 8  
-0 .02  
-0 .17  

0 . 0 4 0 8  
0 . 0 0 0 1  
0 . 0 0 4 5  

Parameter Estimate PR>T 

Intercept 
Chlor a 

0 . 1 4  
0 002 

0.14 
0.15 
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Parameter E s t i m a t e  PR>T 

Intercept 
C h h r  a 
T i m e  

0.081 
0 . 0 0 2  
0 . 0 0 2  

0.41 
0.11 
0.13 

Model: Ozone Residual PR>F = 0.27 R2 = 0.18 

Parameter E s t i r n a E e  PR>T 

Intercept 
T i m e  
T i m e  *Dose 

- 0 . 5 7 4 1  
0 . 0 0 4 2  
0 . 0002 

0.01 
0.35 
0 .75  

Model: Ozone Residual PR>F = 0 . 1 0  R2 = 0.18 

Parameter Estimate PR>T 

Intercept -0 05-74 
T i m e  0.005 

0.01 
0.10 

CSTR MODELS 

Parameter E s t  h a t e  PR>T 

Dose 
Dose * T i m e  
Dose*pH 

0 . 8 2 4  
0 . 0 0 9  

-0 .095 

0.0001 
0.0001 
0 . 0001 
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Model: Decrease i n  TEMF'F PR>F = 0 . 0 0 4  R' = 0 . 4 0  

Parameter E s t i m a t e  PR>T 

T i m e  0 . 0 1 6  0 . 0 0 4  

? aramet e r  E s t i m a t e  PR>T 

Intercept  0.55 0 . 6 3  
pir -0.05 0 .73  

0 . 0 0 0 3  0 . 9 8  T i m e  
Dose -0 . 285  0 . 4 5  
Ozone R e s i d u a l  0 . 1 8 9  0 . 4 0  

P a r  ame t e r E s t i m a t e  PR>T 

In te rcept  

Time 
Dose 
R e  s idua 1 
A l k a l i n i t y  
A l k .  *Alk. 
pH*Alk. 
Dose*Alk. 
R e s i d u a l * A l k .  
Time*Alk. 

PH 
-2.50 

0 .70  
-0.01 
-0.16 

0.32 
-0 . 02 
0.00 

-0 . 002 
0.001 

-0 . 002 
0.000 

0 . 8 9  
0.85 
0.70 
0.57 
0.55 
0.72 
0 .85  
0 . 9 3  
0 . 4 9  
0 . 6 8  
0 . 5 6  



Model: Decrease in THMFP PR>F = 0.87  R2 = 0 . 4 0  

Parameter Estimate PR>T 

Intercept 

Time 
Dose 
Re s idua 1 
Alkalinity 
pH*pH 
pH*Dose 
pH *Re s idua 1 
pH*Alk. 
pH* Time 

PH 
-6.10 

2 . 4 4  
-0  . 0 4  
-0 .  47  

0 . 8 0  
-0 . 05 
- 0 . 2 1  

0 .07  
-0 . 10 

0 . 0 0 6  
0 . 007 

0 .89  
9 - 8 6  
0 .65  
0.55 
0 . 6 1  
0.78 
0 .85  
0.53 
0.67 
0.78 
0.63 

Parameter Estimate PR>T 

Intercept -5.28 
FH 0.84 
Time -0 . 03 
Dose 0.07 
Residual 3.27 
Alkalinity -0 . 008 
Residual*pX -0 . 287 
Residual*Dose - 0 . 2 1  
Residual*Residual 0.013 
Residual*Alk. 0.005 
Residual*Time 0.005 

0.76 
0 . 8 1  
0.55 
0 . 8 1  
0.77 
0.87 
0.90 
0 . 3 1  
0.97 
0 .89  
0.84 
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Intercept 
PH 
Time 
Dose 
Residua 1 
Alkalinity 
Dose*Dose 
pH*Dose 
Dose*Resieual 
Dose*Alk. 
Dose *Time 

-5 .24  
1 . 0 2  

-0 .03  
C.98 
2 . 1 3  

-0 . 0 1  
0 . 0 0  

-0 .20  
-0  . 2 2  
0 . 004 
0 . 002  

0 . 7 1  
0 .75  
0 . 5 2  
0 . 7 8  
0.33 
0 . 8 1  

0 . 7 7  
0 . 4 4  
0.75 
0 . 8 2  

Parameter Estimate ?R>T 

Intercept 

Time 
Dose 
Re s i dual 
Alkalinity 
pH* Time 
Time *Time 
Tine*Dose 
Time *Res i du a1 
Alkalinity*Time 

PH 
7 . ? 3  

-1 .67  
-0 . 0 1  

0 . 3 1  
-1 . 05 

0 .02  
0.03 

-0 .003 
-0 . 007  

0 . 0 3 0  
0 . 0 0 0  

0 . 6 6  
0 . 6 5  
0 . 9 9  
0 .47  
3 .35  
0 . 7 1  
0 . 8 6  
0 .33  
0 . 7 3  
0 . 4 8  
0 . 93 

I 



96 

Parameter E s t in: 3 t e PR>T 

Ozone Residual - 4 . 5 9  0.03 

Parameter Estimate PR>T 

Ifitercept 
PH 
Time 
Dose 
Residual 
Alkalinity 
Alk. *Alk. 
pH*Alk. 
Dose*Alk. 
R e s i d u a l * A l k .  
Tirne*Alk. 

- 1 8 4 . 5 6  
3 8 . 2 7  
0.92 
3 . 0 8  

- 1 9 . 9 2  
0 . 1 0  
0 . 0 0 4  

- 0 . 1 9  
-0 . 0 2  

0 . 1 7  
-0 . 0 0 7  

0 . 7 7  
0 . 7 8  
0 . 4 7  
0 . 7 7  
0.33 
0 . 9 6  
0 .72  
0 .77  
0 .74  
0 . 2 8  
0 .38  

Parameter Es t hate PR>T 

Intercept 
PH 
Time 
Dose 
Eie s i dua 1 
Alkalinity 
PH*PH 
pH*Dose 
pH*Residuai 
pH*Alk. 
pH*Time 

-473  - 2 2  
1 6 1 . 3 0  

3 . 1 9  
7 . 9 6  

- 7 1 . 1 9  
-2 . 1 4  

- 1 2 . 9 8  
-1 . 1 2  
1 0 . 6 2  

0 . 2 7  
- 0 . 4 7  

0 . 7 5  
0 . 7 5  
0 . 3 7  
0 . 7 7  
0 . 2 2  
0 . 7 1  
0 . 7 5  
0 . 7 6  
0 . 2 3  
0 . 7 0  
0 . 3 6  
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Parameter Estimate PR>T 

Intercept -130.26  
27 .86  
-1 . 47 PH 

Time 
Dose -2.82 
Residual 93. i 2  
Alkalinity -0 . 38 
Residual*Residual -14.31 
Re s i dual * p H  -18 .50  
3esidual*Dose 4.02 
Residuai*Alk. 0.17 
Residual*Time 1.42 

0.75 
0.72 
0 . 1 9  
0 . 67 
0.72 
0.74 
0.15  
0.72 
0 .38  
0.85 
0.05 

Parameter E s t  inate PR>T 

Intercept 
PH 
Time 
Dose 
Re s i dual 
Alkalinity 
Dose*Dose 
pH*Dcse 
Dose*Residual 
Dose*Alk. 
Dose *Time 

-127.  I1 
18 .29  
-1.40 
34 . 91 
21 .63  
-0.13 
0.09 

-2 .86  
-9 . 54 
- 0 . 0 6  

0 .68  

0 .77  
0.82 
0.23 
0.69 
0.68 
0 . 9 1  

0 .87  
0 . 1 9  
0.85 
0.02 

Y 
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P ar amet er Estimate PR>T 

Intercept 

Time 
Dose 
Re s idml 
Alkalinity 
pH* Tine 
Time* Time 
Time *Dose 
Time*Resicual 
Alkalinity*Time 

PH 
4 3 5 . 7 1  
- 8 4 . 5 0  

- 8 . 5 8  
1 3 . 9 3  

-64 - 7 3  
1 . 0 4  
2 . 1 0  

- 0 . 0 6  
-0 .26  

1 . 4 7  
-0.027 

0.35 
0 .39  
0.63 
0.23 
0 .05  
0 . 4 9  
0 . 6 0  
0 . 4 6  
0 . 6 5  
0 .21  
0.66 

Parameter Estimate PR>T 

Time 2 . 4 2  

8.06 PH 
Ozone Dose 

- 1 5 . 8 3  
0 . 0001 
0.0001 
0.0001 

Parameter Estimate PIDT 

Intercept 

Time 
Dose 
Residual 
Alkalinity 
Alk.  * A l k  . 
pH*Alk . 
Dose*Alk. 
Residual*Alk. 
Time*Alk. 

PH 
3 4 7  . 13 

1 . 6 3  
1 2 - 7 5  
- 6 . 3 6  

0 . 7 9  
- 0 . 0 0 5  

0 . 1 6  
-0 . 1301 
-0 0 5  
0.01 

- 8 8 . 8 9  
0.56 
0 . 4 9  
0 . 1 8  
0.22 
0 .73  
0 . 6 3  
0 .66  
0 . 8 0  
0 .98  
0 . 7 1  
0.13 

. . 
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? ar amet e r Estimate PR>T 

Intercept 
PH 
Time 
Dose 
Residual 
Alkalinity 
p,Y*pH 
piI*Dose 
pH*Residual 
p H * A l k .  
pH*Time 

813.28 
-267.17 

-2 .09  
1 3 . 7 1  
1 5 . 6 6  

3.92 
16 .75  
-0.02 
-4.65 
-0.42 

0 .78  

0 .57  
0 . 5 8  
0.54 
0 . 6 3  
0.77 
0 . 4 9  
0 . 6 6  
1 . 0 0  
c .57 
0 . 5 4  
0 . 1 4  

Parameter E s t imat e PR>T 

Intercept -5.14 

Time 4.09  
Dose 6.06 
Re s i dua 1 236.38  
Alkalinity -0 .36 
Residual*Residual 3.67 
Residual *pH - 6 0  . 50 
IiesidualxDose 5.22 
Resi&?al*..Uk. 1.30  
Residual*Time -0 .79 

PH -9.43 
0.99 
0 . 9 1  
0 . 0 1  
0 . 4 1  
0.40 
0.77 
0 . 7 1  
0 .29  
0.30 
0 .19  
0 .26  
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Parameter Sst imate PR>T 

Intercept 
PH 
Time 
Dose 
Re s idua 1 
Alkalinity 
Dose*Dose 
pH*Dose 
Dose*Residual 
Dose*Alk. 
Dose * Time 

-164.96  
1 0 . 8 1  

3 . 5 7  
-36.77 

9 .09  
-0.33 

0 .00  
9.32 
0 . 7 4  

- 0 . 1 6  
-0.35 

0 .82  
0 . 9 4  
0 . 1 0  
0 . 8 1  
G.92 
0 .87  

0 .75  
0 .95  
0 .74  
0 . 4 3  

Parameter Estimate 3R>T 

Intercept 
PH 
Time 
Ease 
Residual 
Alkalinity 
pH*T ime 
Time * Time 
Time *Do SE 
Time*Residual 
Alkalinity*Time 

-792.47  
1 4 2 . 7 9  

3 3 . 0 1  
-5.25 
40 .05  
-2 . 60 
-6 .19  

0 . 0 1  
0 .68  

-1 .76  
0 .10  

0 . 0 5  
0 . 0 9  
0.04 
0 . 5 4  
0 . 1 1  
0 .05  
0 .07  
0 .90  
0.15 
0 . 0 7  
0 . 0 6  
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