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EXE CI ’l I UF; SIThINAl~Y

I- . I ec t  rochemi ca (hem u i  I ( ) x v g l ’ t I  l)eniarid m d  i o t a  I O r g a n  i c Ca rbon Ana I yze  rs w e r e
I ()nct p t i i i  I I Y  d e s i gned for i f e a s  i h i  li I v  eva I uat i o n  u n d e r  C o n t r a ct  DAMU1 7— 75—
-5070. The analyz er ut -s i g n  g u s  i n c l u d e d  the  capability for simp le , a u t o m a t e d

m i n i  t o r i n i g  o f  ( ‘ r g I n i  c so l  u t 1  I l u l l - n t  i a t  i o n s  t h r o u g h o u t  t h e  r a n g e  of 0 . 5  to 30
ppm (‘hem i c i i  o x v g e n i  u l e m . m n i l  ,i ~~il 0.1 I 10 ppm t o t a l  o rg an  11, c a r b o n .  I h e y  WI - re

1 gned f o r  ~ n — i i i e t 11’ I d  app I i umt  i I J I I S  , intl t h e  des i gu s  t h e r e  I o r e  i n c l u d e
t h e  f e a t  u r e s  of  I l In t  i n u ou s  o p e r a t i o n  and i n  s i t u  gene rat ion of  t h e  r equ  i red
r ea g e n t  - Elect ro h e m l u . u i  g e n e ra t i o n  c u f  r e ag en t s  a v o i d s  the necessit y ( I f

sup p l y i n g  reagents to t h e analyzers i i i  the fi e l d , •iicil minimizes their log istic
demands  . Be u, a use I! f t h i t  S i mj i  I i ( ‘ i t  V O f  t h e  i R a  i y z e  r Ic s i  gr i S , the end— i t e rn
u r c i l v z t ’ i s  i r e  a n t i c i p a t e d  to  he lowe r ( ( ( S t  than c o m m e r c i a l l y  -u va i Iable , process-

or  i t~~ it  ‘ ‘ ‘ I  m a  I Vz t ’  I s -

1 0 -  (v i l u - i t i i i  ‘ i f  t h e  , m t u . i l v t l ’ r  I (Oi (t-ptIia l c l t ’ s i  gu s  i r i d i ( a t e l l  t O u t  t h r e e  c o m p o n e n t s
~ t - n  I ’  ( ‘ I , s I i l t  i a l  to  t h e  o p f r i t  i on  of the analv zc’rs - Pr i or to  f u r t h e r  d e v e l o p m en t

he j uu l y z ers , v x p e r i m f - l u t a l  t e s t i n g  ari d t-valua t i o n of lOose components W e r e
i t h ! i l r i d  t o  clet( rm lrit ’ t h t ’i r jItrf !)rma n ( - t - h i m i t , i t iciri s and  t o  identit y a l ly  S p e l l u l
r. c f cii r e m e r i t s  of  the r o m p l c n i e r i t s  n u t - d I l l f o r  ;ui I t ’ss fu l int egration in the anal yzers.

h o  oh j - ’  I A V e I I I  t h i s pu  u~ i~r a m  ~~- i: - ~ t o  i . v ’ l I p  a n t  tt’ : - t fo r evaluation breadboar d
‘- ‘ ‘ r S I O II S I 1 0 1  -s~~t - i I t  i i i  , i n , m i v z t — r c o m p c ) n i t r l t s .  hi t’lt ctr oc h em ll ii 1 1 used
f or  g u - n i t - r a t  i o n  ‘ I  i - n ’ u ; u l f , m t t ’ , t he rt u g t ’ r i t  u s ed  in  t h e  i n u l v z c r s , i s  one of  t h e

- Sensor s  t i c  nuüui t~~ r i n g  ~t rsul f~ i t  ~ id u r h ~~n i d i o x i d e  ar e the
t h o r I I u n n i f I I I-n ts  t e s t ~ - 1  t o t i ng  t h e  p r i I ~~r a m .  l’h~’ p t ’ r :  i l  t i t u ’  s t t i s ’ ’ r  i s  U i - , I ’ ,f f t

j i - t e r m i n u n i g  chenic i c i l  ‘x / ’ n I  ItI’’IiJIIII I ( If l (e t it  r i t  l i u R S , W hi It a cc , r m l h r m r I l ’  t v j ’ & -  i f

- ‘ I t” t l  Ii ( ‘ x i  I t ’  t i  t o t  t o i l ’ ’  ~~~~ f i t  c n a ’a su  r ’ ’m e n t  i I t i i  r g i r u  i I I I  r O il
\ u l u f s .

I hi t t I - ’ t  5 ~f t h e  I ccrn I Ic) n( f i t  ~ il t lflmj~ t I l t  ( I f  th at t h~’ v f l e e t  t h e  reu l It i r e r n t n t  s f o r
fri t i l l ’  E l t  t r i l l  hein u ui Ch emu .iI o x y g e n  I ) e m a n i l m u d  Icut u I ‘ r g a i i i c  C a r h i n i

—— Ari a ! v -i ’- r s  . i t  
~~

t ’  u ;u l  I i t o  gene  r at  i i i  t I l  opt ’  rat ~‘d s 1 I m l  hu ,is . i  1 111(1St t w i l l ~
t h e  m a x i m u m  uifI m~~ ~~~~ r F I 1 I I A i i i  by  the u n u m i v i e r s .  The  i t ’ r  ‘ o i l l , i t t -  ,~t icl - i rhon

I - S I ’  I I I ; ’ i S  e x h i b i t e d  ‘ I c ’ t t - r t i i , T l  l i m i t s  s u I t  i c i e n t  1 1  p e r m i t  l u  1, - i t  i on  o f
0 .  ‘

~ ~~‘r ~i I h em i u , i  I ‘ i x y g e n i  d em an d  a n d  0.  1 pp~ 
t o t i l  o r g an  i c  , i r b o n i  - I t o y  , m n t ’

I . l f ’ i h  I t ’ O f  m ( ’asu r  I r ig  i t  l I l t  140 p~cnrt (Th em ! (~~I I o x y gen  d e m a n d  1( 1( 1 ‘ t O )  ppm t o t  u i
organi c c irbon , res~ ec t i v u l y ,  ~ i t h  t h e  ‘pc i  i t  i n i g  u n i t i t  c ‘ i r i s  an t  i i  i l i l t  t u f  f o i -
l :  - I i i i  t V l i i i 1 v z e n  s -

h o -  I f - p r - i I i f  i 1 i t v c i t  t he  u, unni p o t i en i t  s , ir m ut t he sm~i 1 1 t ‘ I  I t ’  I s i t  1 , , i  I I ’ l l  t i .ml i n orga ni c
11111 i ! r g m r  I t  j i l t t ’ r i r - t  I’ !I( ‘ ‘ I ’  ‘ I I  I i i -  10 r t O  1 111 1 I I I  I’ of  t i l l ’  1( 1 1 s i !  f i t  u u~l ’ t I t ’  I i t  l u ll I t  I I
i n t l  s t - i I : U r s , i i i ’ t i c  i t ,  that t h i t ’ ’ ,’ i re  , i 1 i a h i u ’  ( I f  j u t  u v i c l i n i g  I i i  L i i  i t ’  J U I I  pre i~~I’

t - l ~~ri’i i  c m  I ‘ i X y ~~ t ’ i i  l , F I I , l 1 I ’ l  un iu l I t  i i  i i i  ~ . I f l j  I I a t h o n i  l i t i ‘*hi i ’t i  ( h i t ’ ’ , ’  i r e  l i t e r
j u t ‘‘gr it t - i l I l l  i n  m~~ u l ’ ~ , n - r  - I i ,  i t t  m m  t h i t  Ii (nflo~ t I I I  c i I i ( ~~ ’ , , m u l t u d f l l , I t e c t  i f i i 1 ~~’

m l  i b r a t  l i l t  i S  tO  olrmrrmt n i t l io l  I S  1 a t  i l i t ’  ( I t  t f i t  t l I i t ~~ i t  t n )  m u m  I \ , t ’ r

i t t  t I l l ;  j i l t f ’ rrriecl u loi ring f l i t s  p c o~~r inni fii ’~ t , ulsu , l i l i i , i l V , t  c m l  ~d I h. st in lt t ’ g i - m t  i u i l i

o f  t t ie  p t  n - ~ i I I a I t  a n u l  - m  r h u t n i  It , ,x  j i lt’ ‘ n r m - , ’ F 111 a S r i g  I t’ - m r i . m  I vie  F 1 ru pe rm i
ne l l !  t i n  m u g  h c u t f i  h i t rn m I a I i i x ’ ’ g t ’ n i  ‘ l t l l I , I r I I I  i t u u l  t i u t i  I ‘ u r g m n i i d m 1  t ’ i I l l  y , j  I mies ~, m ’ , -  f i t ’
J u i O . S  l i l t  - I h u , r e I I , i  e , t h u  ‘ - i t t —  i t  t i n  f t h i s  u f e v t l i i ~ i t n t ’ i i t  i i i ’ ,  i t  i i i  I~ I t ~~t moo t ie nui  ( I i
‘lot  ~ I Urg in i  i ( - i r O n A I I . I  l y z t ’r  , i i i  E l u m  I 1 ( 1  l i t I l m i l  m l  ‘ 0 ) 1 ( 1 1  - i i  O x y g e n  I ) t ’ m . m r u t l

~~0 ’
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Ana l yzer , or an Electrochemical Tota l Organic Carbon/Chemical Oxygen Demand
Analyzer.

The coi~ ion factor in all three analyzers is the oxidation of organic solutes
by persulfate The accuracy of total organic carbon and chemical oxygen
demand va lues obtained with the analyzers may be limited by the quantitative
efficiency of this oxidation process. Therefore , it is recoa~ ended that tota l
organic carbon and chemical oxygen demand data be obtained with a breadboard
version of the Electrochemical Total Organic Carbon/Chemical Oxygen Demand
Analyzer. This data will be compared to that collected using standard methods ,
and the analytical performance that can be expected from an end-item analyzer
will be evaluated. Based on the results of this evaluation , later development
of a completel y automated , on-line analyzer may be possible.

FOREWORD

The analytical and experimental work described herein was performed by Life
Systems , Inc. under U.S. Army Contract DAflD17-76-C-6077 during the period
September 1 , 1976 to August 31 , 1977. The program was directed by Dr. R. J.
Davenport . The technical effort was comp leted by Dr. R. J. Davenport , J. D.
Powell , 1. S. Steenson and Dr. R. A. Wynveen .

M r .  W i l l i a m  J. Cooper was the Contract Project Officer representing the U.S.
Army Medical Bioeng ineering Research and Development Laboratory , Fort Detrick ,
1W 2 170 1 .  M r .  La r ry Lobring was the Project  O f f i c e r  represent ing  the Environ-
menta l  Moni to r ing  and Support Laboratory , Environmental  Protection Agency ,
Cincirtnati , OH , 45268. Dr. Deh Bin Chan and fir. Richard Saam represented the
Civ i l  Engineer ing  Laboratory  at Port Hueneme , CA , 930 10. Maj Emil Frein and
Cpt Gary McNutt represented the Water and Solid Resources Division at Tyndall
Air Force Base , FL , 32401.

_ _ _ _ _ _ _ _ _ _ _  
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I 51W hI LT I ( I N

I h r -r e  i s  - m n eed f o r  s i m p l u -  , I ’ s — u  u u ~~t m l i i i i i —  I i n c  c h e m i u  a I oxygen demand (COD )
m o d t ’ ’ t a l  o i~~’ t i l i i  t i c  t i n  ( ‘lU L ) • m i m a l y i u ’ r s  f u r  f i t - I t t  . ipp l i c . m t  m o n o .  l n c r u - i i i n g
c o n ~ u r n  m t ’ ’ ’ c i t  I i i , - p c u r m t v  i t  s - i t  or  i n t l  c u u n i t  i i  o f  o r g , m n m t c  p o i l u t a n t t ;  w i l l
r e s u l t  i i i  g r u ’ u t t ’ r  r o t -  c f  s l i t  f t  - u r l u l \ , c - r s  i n  w , i t t - r  t r u ’ . u t c c t u ’ n t  l , m h o r m t o r m e s  - m n i ’ I
p r o c e s s  c - t i n t  i i  app l i c u t  l i l t ; .

Si me i f  p 1 a - - t  t m (( l i s t , -  u j l i j  I , ’  t I t o  u s e  - 1  IC ) !)  o r  f I L L  , u u u  I v ;~e r o  I t t  rem ’’t  u -  a r u - i s
h u e  ~~, i t t i  I’ r i u t  i ’ s s m n g  I , l ’ -iri t -ri t ‘~~} I . )  o f  t h u  M u - l i  - m l  h I l t  , S u - l I — C o n t , m i r l r - ’ t , T r a n s —

j i m ’  t 0 1’ ’ 1) I) Airrr ~’ I i t - l i t  110 - l u  i t  a !  i i ;  in  t j ’ j  I l l  - i t  i i t o  o f  th at I v j ’ t ’  . T h u
m l  i ‘ V / t r o  l O t ” !  m i  t i l t ’  ~ I’ l o r  i n c  ‘ ‘ t h u r r em o t e  s m t  ( ‘ i i  ; h i i , i i l u l  i i p t ’ r m t t -  w i t h o u t

t o li s i t b ’ h i t  t i t  i t  t ’ - . i ~~ u ’ r i t s  i c  u - i r r i j i r r - s s t - u l  ga se s  t u  m i n i m i z e  l o g i s t i c  i f u ’ r n , u n d s .
s i l o  0 t i l t ’  i n , u l v t u ’ r s  ~ m 1  1 t o -  t r  u r i ’ ~h u i t r t  - ‘ 1  i n  t i u t -  f i t - I ’ ! , u - i t h u - r  i n d i v i u l t i c l I v

0 as  p u t t  t u f  - u  l i i  e u - I  - v t  c- rn , H i ’ -  i n . m l y zer  , , h u i t i l u j  h ,  c i , r r i ~i c i  t , 1 i g h t s u - m g h t  and
t i l t -  fo r Hi ’ ’ aitalvz t -i to to- s i l t -  ly , i c ~t t ’ j u t u ’ l , it must l it - h~~ co si , r u ’ l i , m t , l u .

,i r u u i  s m ~ I) I t -  I - - ~i t ’  r a t  u -

[ t o t i n g  ( - i t h ~ c i i  ) CI I I  7 — / C — t _ ) O i O , t h u  u ‘ i c i e p t u m i  l u - s i g n , of  H i t -  E i ~~c t~~~u i  i ’ ’ m i c - u l
C l i i  u n i t  I i i i

r~~~
l u d i t . / u ~~~~~~

s t  ~
, -  h-~~ - i - 3’ ii , t i ’ )  ,i  f t - . i s i h i I ~~ t v  u n - m i s t s  o f  t ) i t ’ r i u  ~~iS

j i t - r ’ o r r l i , ’ l l i t ’ t n , u  ( c s- er  - s r - i - u ’  d e s ,  ~st - il I - h a y ’ -  t h e  c h u r u  t u - r i  i C S  r u - c  u - s o  c r y
t c u r u t ’  t o  I h ,  I i t ’ l l  ‘ i i i - )  t i l t ’  m i t  i - i l  l j ’ ( ’ l  m e  u t i o n  c o n s m - t ” i u ’ -i  v - i S  t t , t M l  ‘ i ’ ’~ i ’5 ,

P- - t i m  i t - i  l v . - t ’ r ,  m r  I ’  - . 1  ‘n t i~ ‘ i  ~oc~~~ l u ’  1 ‘ i x i u l , i i  i i i )  of  01 - u f l i t  s o l - i t e s  in
S i l t - ?  S Iin~ i t - s  u s i n g  j ’ u ’ r ~~ i i l f . j t o  I ~~~~~ 

- ), w i t h  ;. ‘ - r c s ’ m s  t o  r i t - i t i u r ’ ’  t i t h e r
c u r l - - i l  - l l n - : i ’ i u -  ( ( ( i  ) i r l i i t - t l ’s  I t t ’ ’  -~~ i d i t  i ’ ~~i t o f  H i t ’  u r g m r t m C s , i -  r t h u  COn ’  e l i —
t r - r t r i , r t  u , t  h u - r . o l i h t u t t ’  - - ‘ i i t n t - - 1  t l u r i n g  H i t ’  i u x t - l . u t i , u r c . Tht- C i , u ’ v o L r ’ t i s
f i t ’ ’  j i l t t i  - ‘ l i  u l  I i ,  t i l t -  ‘I t ) )  ( ‘ ‘ 1 1 1  ‘ - i t r a t i o i i i  t I -  s . i m i u l u — , . i n i  t i l t ’  t i h I l i  - t i t  r i t  luj ic  u i )
f t - r o I l  I t t  t ’  c - t i s i l 5 t u - ’ !  i i  ‘ f : ’  - ‘ ,< i t , i t  u - n  i s  f : r c u j u u u r t i i u r r  c i  t u  f i t -  Cu! ) i n t e n t  , The

m n , - i t \ ’ i ’- r - t t ’ s i g i t . m l i i  l u - I , ’  I t o  I t - d u n ’  o f  in  s i t u , t - l e c t r i u t  t i c ’ m i r . u l g u ’ i t t - r i t  i ’ ’ n m  o f
t i m , j o - n , :1  i t t -  i i i  i t  ‘ I - i  t r ’ ’ I c t c -  r u - u  v i  I t -  I~~~ t h a t  i’- o i i s  t h  l t - u j ’ i l i t i l t t ’ I i t  01
O h t f i ! i l y i r ; s  h t ’  . a i l u i v z u - r s  s - m t t m  r i g - r u t s .  11  s i t n p i u - l u ’ -  - u g h  i i i  t h e  u n i h ’ i ’ - r : -  is
t ‘ i i r q ’ . i t  m b ! .  w i t h  m t r t ’ - i r u - u t .  - 1  i i f u t . r i t i u i r m , - - i n - i l l  s m i t -  i i ’ )  su ’i g h t  , l u u r t i h i  l i t ’ , a n t ’ !

i V (  l v  I ~ (‘ uJS

A rm i l - l i t  m m i i  t ’ - i u a u -  c,f t i t , -  , u r t u l , _ - u ’ rt ; is t h a t , O t i S )  l v  m i i i  l n i i l l u t  t o g  r . ’ , p g u ’ r , t s
c i , ’  nih ’ r t ’ u 1 i u i n t - i l I ) t u ’  ~~t - m i n I  Lob m eth cuul a i t ’t m u t - ’ r r , t t ’ ’ ’t v i r i u t m i o l - at  i t

r ’ - o u l t i i i  I ho  l i  si i~- c g ’  i l I t  t l t t - ~~t u V i  r t u n m f l i e r i t  o t  s i  ~ 4 t  f i r  m i t t qu a n i t  i t  ies of
- I i . ’ h r - - c s - c t ’ ’  ( L I  

~~~
‘ - ) ,  si  I v u - r  A g ) - u n i t  r n m m — r c o r - v (14 g 

~)s , ilt’ h, E Iu - c tro—
h u rs t a t  o I l  i~~~i ! ’ I OC .- \ r i t l y - t t - n - - f r i o t  us ’’  ) . r  , ‘~~~ 

- \g  or  h g and r e t a i n  t he
j r  r - u i  i t ,  - W i t )  i n t 1, u - u I t  - c t n ’ ’  l v  t ‘ - r c- v ’  i t ’  I ‘ - p i f m I I V  pe r O l l  i t  . i t t ~ m S i i i  ‘ - h i  r g m ’ d I

m t S i  I i  r a j  idl v -I t ’ ’ ’ s if t .  t ii f o a n t  s u i t  i t , ’  ( S t  I ) w it  i c i i  i s  m m i t  a p m ) 1 1  u t a n i  -

l i i i  t V , i 1 i i i t i i u [ i  u t  t hu-  t r i - m l y y ’ - n  - [ t i g r i s r e v , ’ , i l , - u t  t h a t  rn.n my s i m i l a r i t i e s  e x i s t
ft t ’ t ’ ....-i i i  ‘ h i -  F _ I t ’ ’  t n ’ ,  f l t nu t i  i i  ( ( i f )  , i m i u t  t t m t ’  I - I t t  t r i , i t m i u l l m u , m t f ( I )  i \ t i , m l v , ’t ’ i . I t  rni a c’
t h o r , -  f r i  r - -  he f o i l )  l u -  t o  i - i t c h m i t t -  t l i t -  p. - r s u  I f i t ’ -  u n ’ t  j r ) ’ ) )  se n s o rs  t n t  o J 5 1  t l ~~ le

- m r c a l v z u - r  u i j i u t i l u -  f mu l t i  t u ) r i r i g  i i i  f t  L I I I )  -m a i l  b C  v m l t i e s  ,~~o n  t l i t -  a i t  i t ’  of  COD to

I I )  R e f u r u - t u u  u ’ , i t o i l i n  I ’ ’ ’  , - i i t  f u u - s r ’ ~ u , ’  Ii st~~ul i t  t h u  u- nil o f  t h i s  r u M u i r t

- 
--~~~~~ - - - - - - - - - - -
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TOC . r t i u -  r u t  i o  o f  COl) t i  lo C may he v . u i u a b i u -  i n  so~nr app l i c a t i o n u s  f o r  d i s t m n —
g n r m s h i n g  t h e  t v p u ’ of o r g a n i  s o l i m t t ’ s  i n  t h e  w a t er  samp l e s .  For  i n s t a n c e ,
h u m i c  - u u  i d s  may to- i t i s tin gum ish ed from in d ustr ma i pollutants by t h e  COD to TOC
i - , t t  t O s  -

B e c au s e  i i i  the f l e x i b i l m l v  in combini n g sensors i n  t h e  an a l yze r s  t u i  r e s u l t  i n
ei th i-r a l u C , . m C I I I ) , t u  u F i l L / C O D  . i n - a l v o t - r  , this development ma~- result in
m o r e  t h a n  ‘ ‘ r i m ’  - u n - c  l ’. tt-n - E d c h  a n a i v z t - r  n t—i ’.’ he use ’! i n  op e n  f i r  a p j t l  m c a t i o r m s -

F i n  a p julm t i t i ns to w I r i l t  i n u lust n ial s u i t e s  are m o n i t o r e d , a COl) . m n u l y z er  m a y
be u se ful - In c other u f i p i i~~,itions w h t ’ r e  w a t e r  i s  j - t  ‘ i - s sed  f o r  r eu s e  or  f o r
consumpt m i n i , FOL m a y  i n -  Hi,- reu iuire d water u l Li u l j tv index , li t-r e f ire , t u t .-

~‘r e s e n t  i h i , i  ‘_ ‘i , i ’ -I , ’’ ; ’ ’ f ’ . p m e t u t  i s  a n i t c  l i t  ,‘ u l  t o  r e s u l t .  in  d n i u m h e r  of  a n a l y z e r s
t h a t  u -i in he t u i  10 r u ’ ) t o s p u ’ i  i t t  c app  1 i a t  i o n s  -

The oh i i ’ - t i v e  tu t this progr ;um w as  t o  t e st  and e v a l u m t ,e the  p e r f o r m a n c e  of t he
t - s se nt  i i i  - u n a l y z e r  c o m p u u n m e n u t s  i d e n t  i f  i e u )  d u r i n g  C o n t r . a u - t  DA~9 D 1 7 — 7 5 — C — 5 O 7 O

i u m f i u u r l t - r m t s w e r e  t u - s t e u t  u n d e r  c u r i u t i t i o i u s  p r ’ i j r - c t t ’ [ to be those used iii
future E lt - ctro chemi c.u l COD and ThC An i u l yzers. The c o m p o n e n t s  were  e v a l u a t e d
to i n s u t u ’  t h a t  t he  . i r i ; u l y t  m l  al p e r f o r m a n c e  of the  . i n i  I y z e r s  w i j i  r iot  be l i m i t e d
b y the  r iin im jion eflts i n i t i a l l y  selected du m ing the fea s ibilit y a n a i y s i s .

The p e r s c u ! f . u t o  g e n e r a t i o n  ~~‘ I 1  and t h e  p e r s u l f - a t r -  t o t  p CO 2 sensors  were t e s t e d
and e v a l n i , i t e d , a n )  t h ey  have  been shown to  s a t i s f ; m c t o r i l y p r o v i d e  the  qua lit y
of p e r f ’ r m a n  c n e c e s s a r y  f o r  the  an - i  l y z e r s  - I t  i s  c o n c l u d e d  t h a t  an E l e c t r o —
ch em l .fl !u iC ~ CO[) A n - u I - ; -i t - r , c o n t a i n i n g  t he  c o m p o n e n t s , can  now b~- a s s em b l e d  f o r
a n a l c - t i  a 1 t e s t  ing  a i m , )  C i - r i u f u i r i s o n  to  s t a n d a r d  m e t h o u l s  -

Det in iti on s

B o t h  CD!) -u rn )  FOL are common l y used in ulic t-s of o r g a n i l  s o l u t e  c o n c e n t r a t i o n s
and  -i ru  lu - f m m c d bu- i i  5

1 - Lhe mi cal L ) x v g t ’ r I  [ )emand:  ( 01) r e p r e s e n t s  t h e  o x y g e n  (0 , ) e q u i v a l e n t s
c ’iusumeu i tnt the diemu al o x i u t , i t m o ’ ~ of  o x i u l i z . i h l e  s o l i t r u ’ s  ( p r i m a r i l y

i r g u m n u i c  s [ue’t i t ’ s)  - The COD i t t  the samp l e  u s  determ ine ul by meas u r i n g
time q uant it’ - of a strong chemi c al oxidizin g agent consumed during
o x i u l a t i o n  i t  t h e solut e s . COD i s  e x p r u - s s u - u I u s  m g / i .

2. Total Organic Carbon: TUC v,i limes represent the concent rat ion of
c a r h o n a  e i i u i s  o r g a n i c  s o f u t e s  i n  t he  samp le , expres sed in  t e r m s  of
m i l l i g r a m s  of c a r b o n  p er  l a t e r  0 samp i t - .

An a l yzer Con ceptual Design s

The ( ‘ m l i i  f - j u t  u a l  des i g i l - . ‘li -vt-lo ped u l u r i n g  cont  r act  DAMD 1 7 — 7 5 — C — 5 0 7 0  i r e  d e s c r i b e d
b e l o w .

E!.-i t r u  t t u ’ c i u i t  a l  COD Ari a  l y i t - r

The u. u r i c  ep t  ua I des igr a i i i  t h e  E l~~c t r o c h e m i  c , i l COD Anal yzer is shown in Figure 1 -

To avo l ii onsumpt  u ont  of  m u -a gents , an e lu-u t rol y tt - r e t  ye  Ic loop is part of the
u l e s i g n .  t h u  wa t e r  sanip l t ’  i s  c o n t i n u o u s l y  i n j e c t e d  l i t  i i  th e  u - i e c t r o l v t t -  r e—

_____ - ~~~~
- — - - -‘——- -
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v u  it ’  l i - p  t im .u t l i - s  r , a t u -  th at ‘‘‘~t t u i s t h a t  - i t  th u u~~i , - t n ’ l y t u ’  - i’ u ’ r s u j f , u t t -
i s  ~ u ’ r i , - r . t t t ’ ’ t  i n  o j , t u  m i  t h u  - l u - i i i - , t i t ’ m m , , u l  c u l l  - i t - s n  i n  t i m e -  s u h e m n a t i ,  tic-

O X i t l d t  ion t i f  SO i i i  t uu - e ’ ! , ’ u  t r i m  I v t  u- I E j i u , u t  m o n  I )  -

2 S i ’  
- 

( I )

I N ’ - 0-\ r u t  i t i - ‘Ii ( I f  i n  g u  r i m  i i  [ a  H - l iv I i i ’ ~“ - r  su  I t  a u - (mc  ( l i t  S i t t  t Ito a ru t f u l l S t  ‘ - 1

~ f u , ’  I t - n - s i l l  t a t , -  i t - - n i t - r a t  i i i  i - i l  u r r ’ 1  t . t , t - p t - i t  t I  f i t ’  St ’tiSOi - f , - r u- ac I curt is

t n t  ~ , i t  a lv. ’t- f i y  t i l t r :a . i o l t - t  ( l ~ u r m d i  , i t i o li  - f i t ’  \ r a ’ fm a ’ i ’ l l  i - i h u -  i t ,  i i i )

s t  s i t  t I t t  s e l t u ’ ’, n n . m  t i s  f o i s m ‘nj  1 t i c i t  t i c ,

t V f i m c . m l  -: i - , t u ’ ’ r u  i s  sh o w n  I - - n  t i ,  t h . i n o l i n  I - p u t t  i c h I l  —‘-

CM n -Il + 11
2

0 Cu , s t u S O  + t M
t 

( 2 )

Diu i n t g  t o - i t  i i  ui , p - r sO 1 I i t o  m n i i r i s  i t f n l u ’ i l  - u n i l  t f i r ’  or  t - m r t  I C  SO l i t  u - n , - i r t ’
ox u - f t / e l t o  CO 

- 
- i i , -  f i t ’ r  - u i  I t H -  , u ’ n , , ’ - r  m o n i t o i  s t i , .  ‘ o t i t  e n)  r u t  l ul l o f  Hu t

- ‘ t - s , l a t e  r ’ - m u i n m i l g  . m t ) u - r  t h u -  o r g ; m i t l r s  a r e  comp l e t e l y  -xid i ,e , f , d i i i t t me
f t ’ L f t l ’- t  m i t  t f i e p e r s i m i  I i t t ’  ( - i n t e n t  r u t i u n  is j r  - f i i - t t l u i i a l  to  l i e -  .1) 11 c o f l t t ’ t t t  ‘f
t t ic  S m  i j n  l t -  -

- Pt’ s i t  or I ( c i  ted  m t  t ’ me - ’ ii ri f’ le i ru let must he- u - i min i n t - i t ’ d I rom t h e  e l e c t  ro l ’ .- t  c
r e - ’ v i  l e  l : i i j i  on  the o lcu I r i l v t i ’  c i i i  u - n i t r a t i o n  s i l l  c h a n g e .  l’lie ’ i i  m i - t i c  s t i l l ,
s-hi  i. lu u s  i t s  i i  a l l y  a v m u  n Iu i ~ d i s t  i l l  a t  ion  u l o v i  ce t h a t  uses  ~n - i r o u i s  me mbrane  to
~ ‘ I t t . ’ .ni the e l u - u  t r o l v t e , c d i i  e - 1 i~~ m n m a t e ’  f rom b \ s u l f u r i c  a c i d  ( 11

2
S01 ) is m uch

is 0.0028 cc/m Imi - f  S , i t c x  p e r  cm~ of  m e ’m b r d n m e  a r c . m . T h i s  i s  i t  u o mp T i s hr d  b y
l & t - , u t  m g  ‘ N t ’  s t i l l  t 9 ~t. a n t i  c o n t  r o l l  l ag  t h e  p r e s s u r e  on t h e  v a p o r  s i de  o f  t he
st ~~i I  to  v a l u e s  b e t w e en  2 a n d  6 p sm .m . Cadet these conditions , onl y 80 to 90
- Ill u t  r r m u - n m bn  . i r i t ’  a r u - .i i s  reu~um red t i  r emove the  w i t  u n  from the recycle loop
s h u t ,  t h e  samp le  and e l e c t r o l y t e  f l u i ~ ’ rate’s each 0.1 mI/m m . The osmotic
s t i l l  has been documen ted in the literature , T h e r e f o r e , the  c a p a b i l i t y  of
r e m o v i n g  s , m t , - r  f r o m  the “b et rol yte recycle loojc exists. Howe -vu ’r , later work
may i n d i c a t e  t h a t  simp ler , smaller , and more reliable devices exist for performing
the w atu-r e lim i nation function i n  the analyzers .

E l e c t r o c h e m i c a l lOC A n a l y ze r

The TOC cori te-ri t of the water sample an be determined by me asuring the CO
2produ ceul t r y  the oxiu fa tion of the organic solutes. The oxidat n of the organ i c s

may be c i rr ie - ul out with electroch emica lly generated persulf a’” , as sh own in
Equation 2. The output of a CO

2 
sensor in the anal yz e r downs t r eam of the

oxidation zone is proportional to t h e  organic carbon concentration (Figure 2).
As tim the EHo troche rnmc al COD Anal yz e r , an electrolyte recycle loop is incor-
pora ted i n t o  the- Ele- trochemical TOC Anal yzer concept to minimize the quantity
u,f electr o lyte that must he contained in the anal yzer and supp lied to it.

A second C t
2 

sensor upstream of the persu ifate generation cell is included in
the ~~~u n m c  e fu tii .i l desi gn to ult-term ine the inorganic carbon concentration in the
samp le . The CO

2 
sensor downstream at the persuifat e generation cell measures

the sum iii the CO
2 

from the inorg anic and organic carbon after oxidation of
the organics by persulfat e . The sensor contro l circuitry electronically
de termi n es the TOC concentration from the differ ence i i i  the response of the
two se-nmso r s .

h i
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Sensor Contro l Circuitry
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The membrane t v j u u ’  p C i )  u - i c - c  t r o d e  s ti s t - t o u t e d  f u r  use-  a n  t h e  anal yze r because
of its re-sponse c h a r m ~ t c - i  i st  m u , -~ , s m a l l  s i z e , cc l t~~b a I m t y  m a u l  1- i s - c o s t  - The
d u a l  sensor i j u p r u i ,~~-h was s e l u ’ u  l u - it  for t t m t -  u m u  - i m t u a l  - i t - : i g n u  tie , i i inu e ’ i t  p e r m i t s
the  c o r r e c t  j u n  o f  ana l y z e r  c u - s p i n s , ’  tnt  m n o r g a n ~~ . m r l u o n  without the use of
ru-agents or compressed guis es , I t  i v ’  i f s  t i a t —  j u r i l u l e m  i t t  l o s s  of v o l i t  i le

r g,a i i i  cs f ruum th e -  s - am p  I t -  t t t  i t  a - ii J u t  ru ’s u I t  i t t he  - sa mp l e w a S ’ , po r g - d  t o  remove
i n o r g a n i c  t a r  f i ~~r i .  f low r , - m  w i ’ r k u t l u - m i t e r n i t  iv ’’  f o r  t h e -  i f o ~j i u ~~e- n , , ’ r i ’ - , i r

i N n  ,u c  ft  is t I i , ’  u s ~ - o f  -i r r i u - m f i r , u n i , -  st  i t - I - u - n  I uu u - i  i n t i r i a t u -  l n i i i r g a n i c  c a n  P u n  -

F h i s  u l e v i c e  n t - rn -v t- s i t  i v  i l  I - s  t r i g  i r i t t r g u i t m c  t u r I n , i i i r u v , ’ r t e - f  t o  CO 
- 

fry t h e -
- a c i d i c  ‘ ‘ l e t ’ n u ’lv tu ’ , t -  l i t  fus e ’ f r o m  t t i ’ ’  t h o r  t r o l - ,’ t . ’  I h r c u u g h a p , ’ r nnu ” a r - l e  m e m b r a n e -
i n t o  .i l e a ~ m t  t i c  s u t t o n  i t - n  am t i m e ’  i t  t i e r s t i l e  The ’ ‘ri t ’ n i l - i  - m e  I r i C h e r  h a s  io - . ’ : i

t ’~~t e ’ i t  ~- v L i  l e  ~‘V- t t i re a r id  h a s  been 1 u n i t  I - f ’ -  p r ~~~ t i t  a l  a n t  “ i f  ect  iv e -

I n i , - r t ’ f o a ’ ’- , i t  may  f i t -  ~~~- h t i  toil f i t  u s e  i i i  . i d v a n m c e - i i  v t - r n , t t i c s  o f  the -mnu a l’.-~’er.

Tb , r e ~ n - u l  i t  thu u n i a l v s i s  o f  t h e ’  E l u ~ i I r o c h u - m i u , u l  ( C i D  mii i ‘roc A n a l y z e r s  , i r , ’
s- a’~n r , a r l ’/ ’ - -t i n  T - u i i l u ’  I .  L i m e  ; a n a l v t i i  m l , sy s t e m a n d  j r h v s i t  m l  j i , i r ,- m m e t t - r s of  t h e
i n i a  v ? e - r s  s- - n e ’  p u n t  r I i t t  t r y  - t i m ~u t  v s i s  u i  t t i e ’ rr , - liv idu ,a o m p u i r i e ’n t s  u uf Hi’

, u n , i l v z ’’ r s . m u  ‘ ( i , -  r e- su 1tini ’~’ - f , u t . i  s t i i i s s  ‘ h - m t  t h u  E l i - c t i i i  h e n t c a l  i ii) - in-i TOC
An i u 1v, ’”~~s t i e  ~t o ’ i t - e ’ t i c t a l l ’. i . u p , c f i l u -  o f  p r i v i d m n g  m u - . m s r m r - r n r  r u t s  v e r  t he  r a n g e
- ‘ I  O C  t o ~c) pp m Cu t) anti 0 . 1  t i  10 ppm N C .  l i m e  a r m a l v z u - r s  - i r e  c a p a b l e  c , t
i l u ’ t u — n rni i n t n g  t hu o r ’ g , i n i i  s u l u a t e -  con~~ - n i l  n i t  in n s  w i t h  - i n c  a ccurac y c i i  ‘10% m t  t h e

i i r i c e - n t r : u t i on  l i m i t s  f - i r  cuc nc o n m s u m l i t i ’ .’ , r o u t ; ’ i n  t h~ MI ’~ T h i i s p i t u l .  The
m a y  be ’ j u , u c k a g , ’ - f s r  t h i n  a vuilume of 1 3  f t  , t o i l i t  i s  a n t  i c i p a t r ’ l

I hat t h e y  Si Li ii se i g h aN t  r ox  i n - i t t - i  y 70 l b  -

P r o g r a m  O r g a n i z a t i o n

To achi t -v e th e - oh j u ’ , t u v - ’ s  - f  d e v e l o p i n g  i n - i  e v a l u a t i n g  t h u  e s s e n t ia l  c o m p o n e n t s
of the Ilectr o , herni al CDI) int l  f r j ~; A n a l y z e r s , the  p r o g r a m  s - i s  d i v i d e d  ir ~to
.evu ’nc tu- chri m u  ‘a 1 and manage—meri t tasks :

1.0 Design , fabri , a t e - , assemble arid test a breadboard electr ochem ical
cell for generation of persulfate.

2 . 0  Design , fabricat e , assemble and test a breadboard persul fate sensor.

3.0 Design , fabricate , assemble and test a breadboard pCO
2 

sensor.

4.0 Design , fabricate and assemble Test Support Accessories (TSA ) required
for testing the persulfate generation cell and sensors.

5.0 Perform supporting research studies necessary for the design and
testing of the persulfate generation cell.

6.0 Prepare and submit the program ’ s documentation and data requirements.

7.0 Perform progr am management needed to successful l y meet the program ’s
cost , schedul e and technical performance objectives .

12
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TABLE 1 PRELIMINARY DESIGN GOALS AND SPECIFICATIONS

Analytical Parameters

Range 0.5 to 30 ppm COD ,
0 .1 to 10 ppm TOC

Detection Limit 0.5 ppm COD
0.1  ppm TOC

~ (a)Accuracy i O i

System Parameters

Tempera ture , C

C e l l  25

Osmot ic  S t i l l  80 to  100

Flow Ra tes , ml/~’in

Samp le 0 . 2
E l e c t r o ly t e 0 . 2

Power Consumpt ion , W 300

Ph y s i c a l  Pa ramete r s

Di mensions , in  (H x W x 0) 12 x 12 x 16

Volu me , f t ” 1 .3

i~eig ht , lb 70

(a) At 10 ppm COD or S ppm TOC

13
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PERSULFATE GENE RAT I ON CELL

The breadboard persulfate generation cell was tested to evaluate the concept
of in situ el ectrochemical generation of persu l fate in the Electrochemical COD
and TOC Analyzers. The testing was preceded by an i n v e s t i g a t i o n  desi gned to
i d e n t i f y  the op t im um e l e c t r o l y t e  to be used in  the cell  and l a t e r  in-i t he
anal yzers.

Elect rochemical Generation of Pe r su l f a t e
- , -2 -Persulf ate can be generat~~ )electroche mi cal ly by oxidat ~on of SO4 at p latinum

(Pt ) anodes ( E q u a t i o n  1) .  The concen~~ a~~ on of SO 4 a nd ce r ta in  ca t ions
a f f e c t  t h e  c f f i c i e n c y _~~f the genera t ion . ‘ Solu t ions con t~ in ing  la rge
concentrations of SO4 are particularly effective since SO4 is _~he reacting
s p e c i e s .  However , in a c i d i c  so lu t io ns an equ il i b r i~.m between SO4 and b i s u l f a t e
(HSO

4 
) determines the actual concentration of SO

4

HSO4 = + SO4
2 (3)

It has been determined that the concentration of SO
4
2 

reaches a maximum of
2 M wh~~~,4~ n the case of H

2
S04, the total electrolyte concentration is

S.O i~t.

The effect of ammonium (NH
4~), sodium (Na

t) ,  and hydrogen (Hi) cations is
demons t ra ted  i~ Figure 3. Except at very large cur ren t  dens i t ies , s o l u t i o ns
containing NH4 resul t in greater persulfate generation efficiencies than
solutions containing other cations. Therefore , aminonium bisu lfate (NHLHSO4)was se l e cted as the elec tr o ly te f or use dur ing  the tes t ing progr~m. Tfie con-
centration of 5.0 H was selected since the concentration of SO

4 
in the

sol ution is a near maximum concentration of 2 Fl.

-2
The exact concentration of 30

4 
is dependen t on the temperature of the solution

because 9f the influence of temperature on the equilibrium shown in Equa t ion 3 .
The ~O4 concen tr ati ons a t 0 , 25 and SOC are shown in Figure 4 . Since t he
SO
4 

concentration increases at low temperatures , low temperatures improve
the e f f i c i e n c y  of persulfate generation .

At ambien t  tempera ~ ures , the cu r re nt efficiency for persulfate generation can
be 6O°~, if the SO 

2
concentration is 2.0 H (5 .0  H NH 4HSO 4 ) and the current

density is 1.0 A~cm (Fi gure 5). Lower current densities result in l owe r
current efficiencies. This results because 0., evolution (Equation 4), which
is the major anode reaction that competes wit?i persulfate generation , is
inhibited at high current densities .

211
2
0 = 0

2 
+ 4Jj

4 
+ 4e (4)

When the °2 
evolution is inhibited , persulfa te generation is facilitated.

Breadboard Persulfate Generation Cell

The p ersulfate generation cell (shown in Figure 6) was desi~ ned to operate
with S 11 NH

4
HSO

4 
electrolyte at a current density of 1 A/cm . The anode is a

14
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Pt w i  r e h . i v i n i g  en . m p p e r e n t  s u r f  m u  e ’  a rea  of 0 .0 7 9  cm 2 
- The w i r e  is sealed in a

gi es s t u b e - , and e Ie- t ri m a !  m. d u t  m et i s  made  t o  t h e  w i r e  t h roug h a mercury  (H g)
pool i i i  t h e  b o t t o m  of  t he  t u b e -  -

I l i e  c i t  i m u - u l e  is m l so i I t  w i r ’ -  , L it  i t  is  s e par a t e d  f r o m  t l iu -  b u l k  of the  s o l u t i o n
in time m u - I l  by -j i i  ( t i - m i  g i . i s~~. f i s k .  Th i s  s e p a r a t i o n  a v o i d s  r e d u c t i o n  of p e r —
5 1 11 i t  - i t  t h e  i t  h o l e  - Th , - ma i i i  r u ’ u c t j o n  at the c a t h o d - is evolution of
h v i i  - ~ e ’ i i  ( H ~ I • i s  s l u - w i  io ’l~~ -

t = fi ~

T he - u- l e c t  r u ’ l v t  m - is t r m m m l -  - r t  - f  t h r o u g h  the  c e l l  a t  a f l o w  r i t e  of 1.0  m l / r n i n
by -i  t s u — . i m i n n e -  1 p u n  i s i - m i t  i p u mp  - The e l e c t  r u l y t e  e n t e r s  and e x i t s  the  ce l l
t h r u g l i  t I i ,  tufo m s f i u -~~ i m  in F i gm ir m - C - The e l e  t r o l y t e  in  the  c e l l  is s t i r r e d
l v  .m m a g n e t i c  s t i r i  i r e g  f i r  i insure liomog -oe ’r tv within the cell. The current
is - u p p l m e d to the m l !  by S t l f l I d i i 20 V / I . 5  A p ower  supp l y .

Pe r sul f. i t u Cell Test Program

Thr ~ut- r su lfa te gen ier :itic fl u:elI t e S t  p rog ram si s desi gned t o  q u a n t i f y i t s
p e rf - rm iu c u’ arid p r ’. mul e d a t i  t f i , i t  s i l l  be u s e f u l  later when the cell is inte—
g r i t - i  i ri t - - the L l e- ~ t i h em mcdl CUD and TOC A n a l y z e r s .

C lu e  kout Test

lie  i i i  i t  ial che k u m i t  o f  the u u-I 1 w — m s c a r r ie d  out to test the functional pe r—
I o r ma nc e  of the m u - I  1 , p o w er  s u pp l y  ar id pump - D u r i n g  the test bubbles of 0,~

- m n m l  H we -re generat (-ul m t  the m b -  m i i i c a t h o d e , r e s p e c t i v e l y .  The b u b b l e s  ~1id
n ot  t I n  1 l u l  up on t h e  i e  t r o de-  s u r f a c e s  hec iu s c  < m l  t he  v er t i c a l  o r i e n t a t  iu f l  of
the w i  r u  e l e c t  ru b- s -

~~l i c~ : t i m e  m e l l  i s  - p e r . i t e - d  i t  c u r i e - i t t : , i h o v u  200 mA ( 2 . 5  A / u n ,
2

) ozone  H )  
- I is

ge n e r a t e ! i t  the- •iilmoI ( dil l a m mo n i a  ( N H
2

) i s  e~; 1ved i n  the  - i t  bu t t e  ch mm! ~c r .
he NH ., is 1 i be r~ t c m l  l e e - u  m U s e  u o il s  imp t  i o n  of  H - i t  the cat h I i - s h i f t s  t he

e u j u l  1 i~~r m u n i  sli s ni i n  E q u a t i u r i  C t m  t I m e  r i g ht  ~ i t l  p r u m l u c u ’ m m  NH vapors.

= Nil  t U~ ( )
‘4 1

N e i t h e r O~ nor NH
1 

ire pr odum u - u i  i n  s i g n i t m u m n t  q u a n t i t i e s  wh en-i the cell is
p u - r i t  u - I  i t  t h e -  i e w e - i  d u r r e - n i t s  n o r m a  lAy u s e d .

P e r s u l f i t  m e  rU-r,,t i o n  l e s t

l I m e  i l m i l i t v  f t h e -  c e l l  t o  g e n e r a te -  persulf ate was qu ant i f i e - d  luring this
t e s t .  A l s o , t h -  m m i i  u r i t ri t i o n s  of ot h e r  o x i d i -i i n g  a g e n t s  t h a t  may be p r o d u c e d
is s i t e n e - a u  t i o n s  in t h e  cc l  1 w e re  de t erm i ned .  These b y — p r o d u c t s  a re  h y d r o g e n

r < ’x i l u -  (11
2
0
2
) mmmd pe r o x o m o n i u s u  I f  m m r  m c  a c m !  ( I{

2
S0

5 
) - Pc roxomonosul f~~~ c acid

I so kno wn as I m  r u  - s mm id  ) is produced either d i r e c t l y i t  t~ g)anode • or
r e - s  i i i  t s t ron  the l e t  ompos i t  i or, (~I pe rs u i t  e t c  i s  shown  he- I ow -

H~ N , e ~ + f j ( m  - 11 5’ + H
2

S0
4 

( 7 )
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H y dr o g e n  pe r  - x i lu is p r u t u m e - ul  i m ~ h y e l r o  1 ys i s  of  H
2

SO~ , as shown m u  E qu~ t i u n  8.
— 

+ H c i  = 0 5 )  
— 

+ H - U ( 8 )
2 2

The aria Iv t i a I met  hu m! ~ -~ i~ i~ to  mea sure the 1 onm u-n t rat i m  m I s  1 t h e s e -  : ; J m u  S i s
s p u-  t r em p li u t  - n m e - t  r i c one - i r m  t h i s  p r o c e d u  r€ - , t he  t o t  i i  ox id it i ng powe of
t h e  so l o t  i - i, - i s  I m r s  m m m c i so cc- -i by m m m c i  i ng a vol mim e o t  t h e - so l i i i  i o n  w i  th
f e r r o u s  ( F e  - ) s a l t s  (lie - t u t u  o x i d i z i n g  power  is  t he  t m m t i 1 ~~i, o r u e n t r a t i o n  of
10. r s u  H at e 11 ii anti II Si m~ in the so 1 Ut. i on  . Ox i d a t  m on of Fe produces
t e ’ r r i c  (Fe- )~~s~~e - m m e s s h i  C i r e  m e a s u r e - m t  p h o t o m e t r i c a l l y  i t  H) 4 flm~~~4 H y d r s g e ri
I f - r o x i d e  i s  mi u t e r m i n e m l  in a second amp l e -  b y r e a c t i o n  w i t h  c e - n c ( C e -  ) i o n s
a f t e r  r e - d m ~m t i o n  f H , S I L  w i t h  a r s e r i i o i i s  o x i l ~~~ ( A s H

3
) .  P e r s u l f a te  i n  t h a t

s amp le  th um is d e t e i ~~ , n~~m t lm v o x i d a t i o n  of  Fe - T’u-r oxom oriosu lfur i c acid is
c m l  c u l a t e i l v  l i t  f e - r e n c e -  -

U s i n g  t h i s  s i e - c t r o p h o t o m e t r m c  t e c h n i q u e , t h e  1 sfll m ; i t m o n i  of  the effluent of
t h e  p e r s m i l  t m t t  g e n m e r a t  i o n  e l i  was dete rmined - Fm gure 7 shows the - c o n c e n tr e t i  on
0 e a c h  s p e -  i e - s , p l u s  th e -  t o t e  1 o x i d i z i n g  power , m a : -, a function of the cell
current - The < m i l l  c- li t rat i l lS  of  11

2
0 and  H 2 S0~ a r e  ve ry  low f i r  a! 1 cell current

‘- - c l u e s  Ibm c o r l m ~~~rmt rati oo of p ersut fat e reacFies a m a x i m u m  of O 04l-~. 9 at
l 3 ~ mA ( - ~~~-~~~

- -~~/ r n~~~~~.

C o n c e n t r i t i m u r i c o r  p e r s u l f i t e  r e q u i r e - I  i n  th e- E l e c t r o u h e m i c a l  COD an im i  TOC
A i a l v z e r s  I a r m  f e -  m e l c u l m t  e l  - I f  t h e  flo w r a t e  t i s e e l  duri ng test i mi ~ ot 1 the
l m - r s m I f a t e  g e n e - r a t i o n  u - i l  ) 1  .0  m I / m i n i  is c~~n i s i d e r e d , t h e n  1 . 9  x 10 1
p e r s u i t - i t c  i s  r e - , i i r c - l  t - 4 x i I i t c -  30 ppm COD . I t  m e - t h a r i u - l  is t h e  s o l u t e

o ns  i ic r e - - I  - t b -n 2 5 x  10 - 

~ persul fate - is r e q u i r e - m I  to ox i d ize- 10 ppm T I ) C  -

- t h e - ox m - la t m on mis < cm u r  w i t h  g r e a t e r  c t  f i c  m e n  v 1 f mm u - xm ess of
p er s ul  f - a t e -  i s  p r e - m ; u - i i t  i n  I )~ e -  s o lu t  l u m t o  f r m  u - t h e -  r e i  t i m  t o  omp l e t i o n .  A
t e n f o l d  e - x m e - s s  is a n t i c i p a t e d  t he s u f f i c i e n t  f o r  c p l m n t i t a t i ’ . -e o x i d a t i o n  of
o r g a n i c  s o l u t e - s

In Figure 7 , the c o r i u  ent rat i l l  of  pc r ’; t i l t  a t e  r u - q i m  m r e - i t o  x i e l i t e -  10 ppm COD is
sb -sm - i :  t h e -  1<  s- e r  lashed line - The up p e r  ne i c - p r  c~s e - n t s  the t e n t  o l d  excess
I o r m i e n i t r a t  ion for x i  l e t  ion of  10 ppm P I C  ( 2 . 5  x 10 - 9 p e r su l  f e t e ) - The
~ e- r s ’~ 1 t at e g e - r i o  r i  t i o n  e 1 1 i s  u a p e b  le u t  g e n e r a t i n g  a I m u - d  t t w a ,  e - t h i s  amount ,
a n d  t h e - i c - f o r e -  lid s m o r o  t h a n  e n o u g h  u i } m a c l t v  f o r  use  in t h e -  analyzers. Normal

I C ration w t I i  p r m l eb ‘. r u - ~~u i r e -  m e l I  m m  rents a r o u n d  100 mA , ari d t ii is cur rent
w a s  se lc o  t e l  - as t h e  b is p i m i m e -  valu e for subsequent t e s t s .

The c -u n  u - l i t  u - f t  i m u - r u  y f r  g e n e r a ti o n  f pers ulfate reaches a m axmmw n of tm0~~,
at a u r r e - r i t  o f  100 mA , i s  - h o w r i  l i i  F m gure ~ - At l o w e - r  c u r r en t s , t h e  e l  f i m e r l e ’ .

i c c  m e - : .  l u u - m  m u m e- o f  t h e  conpet  I ng  eve lut ion of ( )  , wh i Ic  at  l a r g e r  c u r r e n t s
the evolu tion of ()~ is e - x , - e s siv e . A l s o  m i e - m o n s t r a t e - i t  in Figure i~ is the fact
that a h e u v u -  I u- fl m ir ru -rit of  2( 1 mA the -  c on c e n t r a t  ion  of persul late is more than
95% of t i m e -  t o t - i l o x i m i m t m n g  lo we r of the solution. At the baseline current of

~00 mA , pe- rs ia l fate is almo st the onl y oxidizing m g - r i t  generated in the cell.
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I - n t j ’- r a t  i i r ’ -  ~ t tid y

r i m e  t e m p e r i t  l i r e  - l f e m t s on p e r  s o i l  a t ’ -  g e - n i e r i t i o n i  sc-r e u 0 A , ei it i f  m u - t i  w i t h  t i a (
h r e - . m - t f - a r e t  c u - l i  l m ~ i mr ni - r:; i mmg t he- t e l l  n a c o n t r o l l e - m I  t empe r a t u r e -  w a t e r  l a t h .
-\ :  e - : . ~~’ e - t  t m - - i  o m i  t i m e -  h i s  is m l  t t t c -  p m  m m t r  i n ve s t  i g a t  ions of  t l ; u -  p e r s r i ~~f a t c -  c e r t e r a —

t o ni j c r . - m  -ss , I m m s m - r  I c - u m~ m e - r m c t u r e - m -  l i i i I i t a t u -  g e - T i e - r a t  c m - r i  o f  l m e - r s u l  f a t e  ( F  i g e i r e ’
1 ) .  fl -sc -y e- n , Ve Il i t  3NC , .a-  I u - m p i a t e  p e - r s u l  f a t e -  i s  g e n e r a t e d  f o r  use  I ri t iu-

.i r m a i v t t - r - . i h e r m - f o r u -  , i t  s p e c i a l  m ooi  i n g  w i l l  he re u ju m red in time - ana lyzer t mm
i r l . a m n m t i m n m  t h e  cu - i  I i n  -e t u ’ r r e p e r i t  l i r e -  r an g e  for prope r per f orm a nce- . Al so , the

- f  f e - i t s  - 1  t em p e - r a t  m i c e -  < h i n g e - s  on 1 - m- rsu lf at e gene-r ation c -ft m c i e ~r i v  c - c rc r e a d i l y
he L m m r i l p e - e l s e t e - m t  f o r  1v  snn , i l I a dj u s t m e n t s  i n  t h e  m u - i l  c u r r e n t  -

Fl -s R a t e -  St  t i d y

l b . - f I  m c i e - n t  ‘, f o r  g e - n e i . i t i . i i  o f  p e - r s u l f a t e  at t i m e -  c o n m c e n t r a t  i o n i  r e q u i r e ) b y
t h e -  - a r , i l v , e - r s  is  g l c a t  c - s t in t he -  b r e a d b o a r d  ~e 1 l  w h e n  the -  I l ’s- r a t e  ~~s 1 0  m I / m m .
N t i s  i s  - I c- mu - - i i s t r e t e - - t  i n  F i g u r e -  10 , i r e  w h i c h  t h e -  c o n c e n t r a t i o n  o f  p e r s ul f a t e  i s
p l o t  t ‘ - -I  v u - r s t i : -  .1 c m  m r rrm a l i t u - ’i m e - l i  c u r r e n t  v a l u e -  ( c u r r e n t / e l e c t r o l y t e  f l o w
r i t e - )  - t i e -  n o r m a l i i e - m i  m m i r r e n t  m m ;  u s e - i  f t e c - a u s e  t h e  c u r r e n t  m u s t  t e e -  m n m re- .i se :d
is  i t t  c - I c -  t r m m l u , t e -  t i - m w  c i t e  m n c i e . i s c - s  i n  o r d e r  to m a i n t a i n  a I i xeol p e r s u l f a t e

m ono - i t t  r a t  i o n , . i f  n h -  u - i  f i c i e - i i t v of  g u ’n e r . i t i n g  p e - r s u l f a t e  w a s  c o n s t a n t  at  a l l
f l - s  rates , t h e  t h r e e -  c u r v e - s  s - m i l d  h e -  s u p e r i m p o s e d .

I F i e -  c i i i  f e - r e - r i m e-  i i i  ‘ft m H i l t  y r c - sci l t m  i c e - cause  t h e -  m u - i l  operat e- :~ i t  d i f f e r e n t
r u i r .  i t  l ’ -t ~ - m t  c - s t ot u- ~ a - f m  f i sm s  r e ~~u - . The c _ I  f m - c t  o f  c u r r e n t  m i e r i s u t y  on p e - r s u l —

I m i r r c - n t  u - i f  H i c - t i  u,- lii:; f e - c - i t  c i t ~ - - i  ( F  m g u r e  8 ) .  ~~m t h  t h e  b r e a d b o a r d  c u l l ,
i c - r e t  i - i t  - i t  .a t ~s t a t . -  i 1 . 0  m t / m i r e  r e s u l t s  i n  c u r r e n t  t l e - m i s m t i e s  a r o u n d  t h e

u - p t  a r n aum of 1 A i n  - 0 m - -~ ’ - v c - n  , f l - s  r4 t e - s m m f  0 . 1  mi/mini r e q u i r e -  m t m r r e n t s  e n  t he
1 m m ; e l f  i c - i u - e , t  r a i l e e -  . i r m c u n m l  0 . 1 4 / I  m~ A f I  us r a t e ’ of  10 m I / m m  r e q u i re - s

l i i  r e - l i t  - i c - n s a  t i c - s  a r o u n d  10 A/  nm ~ - 1c,jth t h e  t m r - a m f l m t m m r d  m t - i l , o p e - r a t  i o n  ~i t

vu- rv h i g h  u r n - n t - f a i t ~~ i t  m e - s  S i : -  I m mii i t ent lmv  t h e -  i t - : ;  i S t i m l i  u -  of  t i m e -  c o u n t e r
t -  I a  - i- t i m - I c  - t i j  it t ’- r I n i t  e m i t t lie - .7 ( 1 U I m m  i t .  of  t h e  p e 5 c r  S 11 1) 1) 1\ -

T h i n t e s t  p u c m n i t s  - u t  t I m e -  i m p o r t . m r a u  e of s e - l u - m t  r i g  t h e  a n o d e  a r e - i f o r  s p u -  j f i c

~ m c - m e t ~~ n t g  m c eri ~1 i t i - i m :  t o  r e - s u i t  i n  < p e t i t i o n  a t  c u r i e - n i t  m l e n s t t i e - s  of  abo u t
I A / u  rn~ - l a r g e - n  erio - i -s w i l l  l e - r m n r l t  ) t e - r a t i o n m  i t  higher I 1(5 r ;i te s . or pro d uct ion
of l e e  g m - i  ) m c - r s < J  1 t a t e -  m u ra l e n t r e t  a i ri s a t  t i m e  same I low rate. T h e r e f o r e , the
p e r :uli. i t e -  g e n e r . ct  i l l  I t - i l  can i t -  m o e l i f  i c t i  f o r  e a s e  in  m a n l y  app l i c a t i ons w h e r e
w i d e l y  t a t  t e r e n t  - - r i m  a l i t r a t  i o n s  - - I  o r g a n i c  s o l  it en; are expected.

F l u - ,  I i s  l y l e- Cori cut r a t  m on St udy

The a - i c - c  t r o c h e - m i c a l  g e n e - r e t . i on  c c l  p u - r s i m l  f a t e  i s  i t  f e - c t e d  by  the concentration
- I t h e -  N1I 4

HS(J
4 e- I c - ,  t r i  I y t  e - - In F m  gem re Ii the con ceni t r.i t r on of pc- rs u If it t~

p r t . m l c J ~ ~-d w i t h  a c a - l i  current of 100 mA i s  shown I or  three concentrations of
Nil , H S( )  - I - or  ‘

~ M N } I
4

HSo
4 , the m ‘ trim u-nt n- at ion c m i  p e r s u l f a t e  is 0.0186 9. The

i t u - ~~su i ~~a t e t m m m i i  e litrat m o m ,  dec  r e - u s e - c ;  f t n  b o t h  more eli lute and more concent~ ated
e l u - ,  t r t i i y u - s .  The te n r e - a w e  r e - s u i t s  f rom the  l u m w - r  concentration of SO

4 
in

t i iu ~ no I u t i o h s  -

The d a t a  shown i n  F i g u r e  I i  i n i e l i m  . a t C s  t h a t  t i m e -  E l e n  I rm mi -hem i - .ml COD and TOC
Ana lyz e rs must hav e p r o v i s i m t r a s  f o r  ma irat e i n in a g t he -  t o n c e n t  r a t  ion of the e - l e c t ro—
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l ’ c t e -  C i m s a  t o  the ’ v a l u e  tN ‘
~ H .  M a i n t a i n m n i g  t h e  e - I e - c t r o l y t e  ( - e ) n i c e n t r a t  ion  i n

t h e  e l  c - c  t n t  l y t e -  re c v c  i e loop is a t unic t ion of the osniot ic still or ot he- n
s e - i c c - t e d  w a t e r  e - l i m m n i a t i m n  t h - v i c e .  The osmotic still , the refore , must he

e m  i m n a t e l y  ce nt  r u t  I I eel t o  e l i m i n a t e  wa t u n  arid ma i nt a i n the to t ni cu -nt rat ion at 5 11
511 , HSO -

- + 4

l it  r r t . - n u r i m u ’  St oi ly

The effect on elc’ m t nc tc ia em i c al generation of persu lfate of common i n u o r g a n i c

~ i 1t s wse s test ed . Silts were se le ct ed that the EIe-ctro chemica l COD and TOC
A r m . a l v i e - n s  may  e x p t - n i e n i c e -  i n  a t y p i c a l  field app licat ion. The buildu p of
i n ( t r g a f l m .  spec ie-s e ra the electrolyte recycle loop was also addressed in this
te-st I-m v testing couc entrat ions of the salts e q u a l  to  t h o s e  that could exist in
t h e  e - l e - c t n i m l v t a -  r e c y c l e -  loop  a f t e r  30 days of continuous operation.

The t e s t  i i i i S  m u l e - r e e l  a t v U ~~c a i  w a t e r  samp le  containing 4.2 x 10 
‘
~ H (150

c l m l , m n i m t e -  (CI ,~~, 7 .1 x 10 9 n i t r a t e  (NO
3 

) (10 ppm NO
3 

/N), and 5.4 x 10 11
(0.3 ppm ) Fe . A f t u  n 10 clays of anal yzing thi s solution , the ~ 1ectro 1 yte
recvc~ e l m ) m p 1  if its vet l ume

5
was 2~ 9 

ml , would contain 3.6 x 10 M Cl , 6 i
x If) 9 NO~ and 4.7 x~ J

1
O - H Fe - 

- Ferrous ions from the sample solution
w e m m i l d  he oxidize-el to Fe- by pe’nsulfate. These concentrations were used
i i i  ‘l u - s t  5 .  3 , sh own i n  T a b l e  2 .  Tes t  N o .  2 used  .a solution with half those
c o n u - n i t r a t a o n s , an d  Tes t  No. I was a blank , containing no interferences.

[ t i c -  c on cc - n m t  r a t  i o n  of persu lf:e tt - increases from 0. 169 to 0.235 M as  the concen—
t r a t j o n i  of  the i n t e - r f e r e t a c e s  i n c r e a s e - s .  These v a l u e s  a r e  o b t a i n e d  w i t h  a

- .tmi st ant c-Il urrent c f  100 m A .  ‘ Ihe  increased persulfate concentration
r e - - m a l t s  l e e - c  ause Cl inhibits the competing production of 0

2 
at the anode .

N t i s  t e - ~~t d emonstrates that production of per sulfate is not inhabited or
1m n e v e n i t e d  when  n e - l a t i v a - l v  l~a r g -  coro e n t r a t i o n s  of  s a l t s  e x i s t  in the recycle
l oop . ~~i t h o u t  the co n c e n t r a t i n g  e f f e c t  of  the recy lce loop , t h e  i m p a c t  of
connniora a I t s  f o u n d a n  i r e - s b  w a t u - r  s amples  i s  expec ted  to be neg l i g i b l e .  The
E l m - ,  t t o e  h - r n i m  al COD -and  TOC Ana l yzers may require the feature of autom ated
co n trol of the mu - I l  curre nt to maintain the desired per sulfate conc e -n t rat e on
as i n o r g a n i c  s i l t s  b u i l d  up i n  the electrol yte recy -ie loop . This feature ciii

t t e -  r e - a u l i ly  in c  o r l t m l r a t e d , i f  r e q u i  red , in a d v a n c e d  v e r s i o n s  of the ana l yzers -

Rej e r o d m i c i b  i Ii ty  Test s

ibm short—term pr e-cision and the  d a y- t o - d a y  r e p e a t a b i l i t y  0! the persu lt ;ate - 1
c u - l i  wer e- (1ua nti ti ed to determine if special provisions for maintaining constant
pe m su lf at e concentrations in the analyzers would be required .

S h i r t - l u - n m  P r e c i s i o n  S t u dy .  D u r i n g  the precision study ,  the persulfate cell
w.m m. operated continuously for 8 hours with a cell current of 100 mA. Ambient
t empera tu res  and arm electrolyte flow rate of 1.0 mi /mm were maintained . The
m m m c m ,  e - r t t r a t i t n i  of p e r s u l f a t e  in  the c e l l  e f f l u e n t  was measured on app rox ima te ly
an hourl y bases.

ftc- results of t he- test ire shown in F igu re  12 .  The concen t r a t ion  of p e r s u l f a t e
re-ma c ned w i t h i n  t i m e  r a n g e  of 0 .0 161  to O . 0 l 6 ~) £1. The c e - l i  has t h e r e f o r e
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c l e m e n i s t  r a t e d  X e. c i  [ ‘ n e t  - - I t - u t  — t u r n ,  i t t  e m  I S i  - i i , - V t - n i  i i L d e - n  a n t i  i c - F i t  t e- t l i p u ’ r . e t t i i u -

c m m r i m l  i t  e m m f l s  -

l i v- t - - - l i v  k e - j i m . a t  e l -  i i t y N t  u - l ~- - L i k m  - th u - it r e - c  i s  m m m i i  s i n - t v , t lie a e l m u - a  t a b  m i i  t
t e s t  w a s  - - - i t - I t i m  I c - I  u n i t l c r t i m e  t - i i m t  i t i~~m t i S  t m t  100 mA m t~~i r e - s t  - , i i i  c - I  u - c t  u l y t e -

- - ~~ i i t t  o f 1 .0 nn!~ eel aim , a nti an ti ’  i c - n t  t e m p - r i t  can e s - l),i t - j  l i m e  n i s  (1) 1 1 m m  t v - - i
sc et t t -re el I c y -  - t u r i n  t i m ’  t m - s t i n g  ~i r o g r a ne i r e -  s h o w n  i r e  F i g m i r i -  i i .  I t t -

conic i t t  n i t  m m m i i  c m t  I m o e S m i l f a t e - um r i t . a m r i c - t t  w i t h i n  time- r a n g e  of  0 . 0 I u ~h t - -  O .018~- 1.
i t u c  I - - w e - n  v i  l i m e s w e -re- m t m t , i j~~~t - l  t tie I . e - t  two la y s , ili a r c e ig w hich t h e  I c t m m r - c t - - r v
t m - t i i I - m - i ’ .it m i r c -  i n c r e - a s i d t m  2 5 c ’ - [icc ue iust m ;a i l y h i g h  t e m p u - r a t u r u -  m m d  co rn ing t itm m ~~u .

m I a v u  i c - s m i l t e m l  in  t h e -  I - w e - n ’ p c - m id f - ate- coni e— r i t r - a t a o n s .

1 i s t e s t  1 . e  s m l d ! i t m  m i t t ,  t a-~a t c m l  tie c po t e n a t  m a  1 c i  p a l m  i 1 i ty  of  t h e  I c e  r s  c a l f  a t e  c m l i  t cm
m a e r t t ~~~1 t i  - ‘ f cxc ii 1 e - 1 m U l t i t ,  ( m m e e t  ‘n t  rte t ion ove r a long pe n i o m l of time . Small
c c l  I c u r t  c - i t t  it! m i s t i n e - n t s  w i l l  ice - r e s a ml e i n  thu  e n a l v z e - r s  to c om p e n s a t e  t m m r
, i t n t t t  - i t t  t I l m I m e r . i t i m r e .  v a r i a t i o n s , as  w e - I l  as  t h e  p r e s e n c m -  of  i n o r g a n i c  s a l t s

m ! m s c m m ~~s . - ij  c l ove- .

Fe rsu l fate- Oe ne-rat ion Ccl 1 Summa ry

I e ’ r s u i  i . i t o  ~‘ c - t t m i i t  l i m O  c- c- i l has ‘lu-moist r ite - il the a b i  1 it v to generate in
S i t  m m  t u e  r c i g m - i i  t. ceqia i n e d t or m i s c  i re  t he  E l e c t  r o c h e m i c a  1 COD ar id  TOC A n t  I y z e r s  -

h i t -  c - I  f e - u  t s  of t u - m p e - r a t u r c - , f l m m t - , r i t e  and e l m - i  t r m m l y t e  concentr .et ion var i at ions
h a v e -  i - c e - t m  -~t a 1 r t t  i I i c ’ ! i n m i  f o u n d  t o  h e - w i t h i n  a c cep t  a b l e  l i m i t s  f i r  c o n t r o l  or

- m e l m j m c - i i s a t  - - i a  of t t i m m s r  c f f u c t s .  Ihe bu i ldu p of  com m on irior g -er .ic salts w it h i r a
t he-  c - I c - i  t r t t l v t m -  r e m  v l u  l m m m l m  o f  t h a t — a na l y z e r  h . i s  bc-en d e m o n s t r a t e - m i  to  p r e s e n t
no s m gri m t i m  ~e n i t  i c r  m l m  lu-n .

( N : t m m t  l m ’ r f o r m a e i c e  c c l  t i m e -  p e r s i i l t e t c -  g e - n e r a t  m o r e  c e l l  r e q u i r e - s a r e l a t i v e l y  c m t i —

m e - i t t  r i t e - i c ’ l e - m  t n t m l ’ , t c -  (5  M NH
4 HS O 4

) - I n p r m m v e - t p e r t  o r m a n c - c- m t  th e cell may
t h l e - r e - t m m r e -  t i e -  t m f m t  a i r i e t i  by  r e [m o s i  I. m o n i i n g  i t  i n  t i m e ’  E l m ’ ’ t r o c h i e m i c a l  COD ar id  TOC
~\ r i e l v ~-t er s .  I t  i s  0 m w  l i m c a t e - m l c i i  t h e  m l i ’ s  a g ne s d o w n s t r e a m  of t i m e  s a m p l e  l e t  j e ~~ t i - n
p o i n t  (F i g u r e - s  I - c ree l  2 ) .  The c - l u - c  t r i m l y t e  is , l i l e m t c - i t  by t i m e  s a m p le  th ere ’ .
I h a e n f - f t m r e -  , a n p n m m v e - m l  p e r t m m r m a r i c m -  w i l l  probabl y r e - s t i l t  by r e p r m s i t i o n m n g  t he  ~e - l l
ups  t r e - - am c u t  t i me -  a n t I c i c  c i i i u - I , - i~ i t  h i t i c  is mo d i f  m c at  a oem , t lie m~i I  w i  11 opei at -

en 5.0 9 Nil , HSO 4 ,  wba i I c the se nsors end osmot a s t i l l  w i l l  u ’x p e -r i e r i c e  2 5  9
5114 115 4

The e r i e  1 y I c e- a 1 s~ e e - t  i t  i t  a t i  m i t i  s of t h e -  p e n s  u i f ate gene rat c o n e  m u - l i  a r e  s umm a r i r ed
a l o i i y  w - e t l a  t h e  t i m e - c i t  i c a t i o r e s  of  t h e  se -nsor s  i re  a l a t e - n  s e - m t  t u n e  ( s e e- ‘ [ ab l e  7 ) .

P E R S U L F A T E  SENS OR

The i t e - r s e m l f a t e  s e r a s t i r  w i l l  be i s a - e l  in the El e ctrochemi c .al COD Analyzer t i m

m e - a s e a r e -  the m i t e m ,  c - r a t  r e t  ion i f  I t e - r s u l f  a t e  consumed d u r i n g  t i m e  o x i e l a t  i ( t f l  o f
c )rgar aic solute-s . limit ,  t~uu n t ity m t  p e - r s u i f ~e t e  is pro port ionil to the- COD
i t,na t u - eat m ) f thee s_imp Ic-

I t i e ’  i~~’ rn  u l  I m e t e -  s u - n m s e m r  meet ~ t te nS mi m i c rio r c a  ge t i  t S t m - a m t i m e - v t -  the tic -s m gn g m - a l  - i f
i t f t - idIfl f} t e~~n - - C ecu re- age-rats me comp res Se m i ga ses by the F ic- c . t i c tc l ee m i ca I u t’l)
An a l yzer - F in c -x m n qm h- , the  spu-  t rop hotome’t n i c techni que use- cf t o measu  r e- t he
(efl (cli trat i o n  m t  pee t r i l l  e t a -  in  ~9

e ge n i e - r a t  m c i i i  c c l i  e f f  lut-nt cannot he us e - ti
h a t  . e i i t ; e a r u - a g m - r e t  i o r i t i u n m m n ag F e -  a s  c o c i su m in i e -u l .

I’’
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b i t e - i t  s p e ’ m  t c - - 1 m i m i - t o e n e t r e r  t e c h n m i m 1 t u c - t - , u n a  w h i c h  t h e -  I t g h t t  of  - e  s 1 t u - c i t  i r  w . i v e - l e - r a i ’ t hi
a i t : t m r l t e e i  i t , t i l e -  I i e - r s u l  f e t e -  i s  r e l a t e - m t  t m  i t s  r i m  u - r t t r . e t i o i e , s m - m m - ’’ v a l u a t u - m i ,

i c  i r i u t _ i t~~ m_~~ m ’ i k i t _ ’ , h s i i i t m t ,  t \  t e i l i , i t ~~~~~~~ h~~ Cl  a n i m i  N i t  e h s o n b t  i n c a ,  h m m m c m -
st r m m i i g  I v - 

- - 
I l i m i e f  m i r e ’ , m l i i i  t -~~m e - m  t r i m 1 m l i m  - t  m m t t t u t r u  i f l c m n i  i t  - - I 1 r i g  ( i f  J~ ’~ 

i i i  f i t ’ ’
w - - i . l d  i c e -  t m i t m j e ’ i t t o  Sc ’ \ i ’ r c  m t i t c - r t - i c - t t i m - s  t o, con om icn a s a l t s .

I c -  I,’ i t n e t  m m c i i i  m a !  t e m  l i i i m m ~~U m - s  . . m - d c -  a l s m ,i m ’,’ i l m i ~a t  c m l  e l i t e -  t h e - v  t m - i a  l e t  h e
t is c~~l w i t h m ’ i  r - - e  c . ’ e i i  t S - - t l i e - n  t h m , a n i  t I 1 ~ - e’ I c - m t r m )  1 V t  1 .1 1 i’m - - i -t v i n c  t i m e  - ~ , . e 1 v / c - n  -

P e , t - s t  a -  l i e - I  n e c , t t n l l m i m m c t  n c  co i l u m i l m m t m i m - t c ’ iç  m e t h i m m m i s  w e - r e -  i r t ’, e - t t l g , e t m - m t .

I - t e ’nt i m~f le - t r i ~l e -  i i i  m I S

P ot  u- r i m - - n m - t m e c ne t t i o d s  - c c i ’ He  ~~m i m c ii t l i e ’  nu-a s u r e ’ m e n c  t c t  t he’ i - - c - i t t  i - i  1 i c  I f e e  c i i
i m e - t w e m ’ t t  a n d  m o t i l e  i t  h g  c - I ’ m t no t e -  a n u l  a r c t e - r e r i c m -  c - i c - i t t  m m m t d - , I t , t e t  c r c - l i -  e
t i d ’ m t r - - t c  h t r o v i m i c ’ s , i  re c - i ’ m - l i t  u- 1m t ’ t c ’ i i t  i i i  that m f m m m s t i t m t  chan ge’ w i t h  v i n cI i o t t s

i i i  t h e -  m m t i i t  e ’ n i t r . e t  i nn  o f  j c u - r s u l t a t c  , ~~ie - - t m  n i t  i - e l m i i i  t e r e t i t  m -  c c - t w e m - t t  t i m ’-
i f l m l i i  - i t t u g  a i m - I  i m ’ t m ’ r c - e m t  e - m i e n  t r o m l o s  may he’ ne- ,i s u r e ’ t i  w i t h  1 d m  ( l i t i c - l i !  I l - w i n g
i t t - - u g h  t h e  a n i l e  a t i r i g e ! e c t i ’ m m m t f -  ( i t i m e ’ r n m e l I m o t e n t i i c n i e - t  r y )  - or w i t h  cu rrent
f l - w i n g  ( I m o t t n c t  i - - m e t r ’. n t i l e  a p m t l , l c - i / c ’ m t  e r a i l i m  i t  i ng e l e c t  r i - d c ) .  l i e -  1 c e ’ e  f i r - t m  mit
- - I  t l m i ’ s e ’  ‘ d ie t t i m m c t S  is m~~~ct  t t s s , - m t  l u - l w .

I -  - t m - i t t  W i - t n  i C N e - i t s o r

N- - r m - eI 1 i t e n m e - i  n c  t c i  t e r m a m i t i c s  i c e ’ l i t -  s i m p l c - s t i - 1 - c t n i m , a n i , a l y t  i c - i l  i i tu ’ t h i o m i s  t m
i t i t e ’  l~~t e l i - I  i r e -  c m i i i  t i t l e -  w i t h  a I 1 m w — t h r o u g h , c o t a t  m n u o u s  s e - m a s o n  ‘ i m - t e g n ,

- i  e~~~m - r c  , t he-  C -  - t i ’ i i t  1 - - d u e t  I i C a j m p  c - e m  i t  w a s  t h e  I a rtu t, m i l e ’  u - va l t m - a t m - i t  t o n  non i t  o r  a m g
e - rt~~ I t - i  m -  -

F gur e- 1 i s  e S t  h u r f l i , i t I C  C u t  - i  n o r m - i l  l m m m t u - n it i im ii i u - t  ri - m - t t t ~m - r  , T it e i n c h  c - i t  a r i g
u - l e ( i r - - t c  s u s c - i l  d u n e- t h i s  t i t ’,’ m - s t  a g i t  e o n  w e - i c -  m a d e - o f  Ft  , g i l  c A c a  I , Ag.

~~i l  ~ , e - t i t a t j t  l i i i ) , g i  c S s V  c _ a m I m i t , J m ’ .’ n m u l ’ . t i c  gr d ~ m h i t c ’  - e n d  t m r ’ t m u s  gr a ~ m h m a t i - . ‘ j u t -
re- f e t e - t m , e l c  - t r io  w i n  ‘a S a t u r a t e - c !  C a l m - r i t e ’ !  E i e - c t r m m m l m ’  i h i F, ) - Ttu  ~‘ o l t i g e
r e’s j- m r m s i  , F , o f  i i i  e s c - i t S - - t  i s  t i t , -  v o l  t , i g m -  m i t t  fe’r e’n c m u ’ l m c ’ t w c - c ’ n m t h e -  m n i d i c e t  i n g

c t ,  t I i ~~~~ t c -  SCE, - I i t -  t t a t - i  rc ’ t a m  - i i  r c ’ S i i t m t i e-  - a t e i c e -  c a  1 c u l  a t  cci C e m m e t t  t h e ’
- r i ms I I - c 1  - c i  a ore , m aul is s i t r i w r e  I c c - I -  -~~ I m - t l i e  - ca - c ’  m - i c c  i n  c i i  l e t  e’

, e) H F  I S . c m  — 2 )
F. C F + 2 .  101  

21 
l o g  2 h ( 1 0 )

( S  ) -

‘. . l m  t - i t  F — c - - ea m t , i i c t  .

F) L’ n i ’ _’ e - r  v i i  t , j ~~ ( ‘ t i l i S t i n i t  . u t i l e ’ s / K
I - I c - e e q i e -  m - a t  e a t  e , K

— 
, i “ i- .an mctl.a y ’ s (N tnm st. mn et , m m 1 4 1 m l i i I m s J u - m l i i e ’.’ a l c n i t

C i m O C  c - n i t  r e t  u t m n i  of S — , “1

I SC - I C t - m i l e  c l i i i  a t  c c  t i  m i t  S I ) , ‘ 
, 1

l i m e -  c -  i t  - , - I S - t a c t  l a m  - I u- ~~fe a t t i c thee’ I h i e m i t  c c - a I r e n j i m nm u- p n m - l a i  t c i t  to, ’ F.ejua t m o t e  I))
l i s l e - i - h t t c e -  i c - s p i c e -  t i  - i l l  t h a i —  n i a c l m u  c t  m u g  c - f e - c t  e t c h ’  c n i , a t c n e - a l s  s - a t ;  s i n e  1 _ a n  t i m
t t u m t  L u - w i  a l a g a m e ’  l ’ e f m m ~ Pt . I w c -  - t , c y s  o f  t e s t s  j m e m t t i m m  c - c l  c r ’ c ’ , a t i v  e i c f f e r e r i t
r c - s l i m r t t , e -  m u m - u t, , N e - i t L u - i  c c a r v u -  w i t -, I e n e c - j i  n m m r  m u d  t i e e y i a , a v u -  t h e ’ I l i e ’ m m i e ’ t  m c m l
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s I  j m c  - l i m e  i t c c i c — t h t t ’ - - i e t  m c i i  !u c - i ’ t m l u t l i u u -  m i t  I C c ’  l i - I c c  - m c itc ~’ c i - -  t i m - h e ’ . i t ,  ~c i o F t . t t c 1 ,’
mi i ; m ’ ( m c  5 s i i  n e t  i c - s  f u n  t i l e -  r e - _ i t  I a t t i c  c a t  j c c - c  v i a  I - u t ’ -  - i t , ( l i e ’  c - i c  t t 1 i a - c t  e m e i  II ).

~ 
~~-2  

+ ~~ 2 5 ( i 2 
I I I )

l t t , c ’ i - c - l i - - t m - - I c  l e o  I a c i n a n , s c a t  i t  - c t  m c c l i i i ! -~ n , m f  m l  
- 

( I t - m a t  i - n i  l~ , )  , rn-a’ ; , a l s ’ u
i n i t  c ’ n t  c - u t ’  -

(1
2 

e 
+ 

+ H i  - ( 1 2

m f . ’ 1 o m , m 1  t , a v - . t - m — i l - c v  r c - j m r ’ - - t a m  c i i i  d l .  m l  t I c ’  r e ’ n i i m m ; e t , e .  i s i s  I c c - e n - i t t  n i l - m i t e - I  t c ,

e l , -  t a m - - f e ’  l eas t - cv ‘ ‘ f t c - u  t s -

- e -  - - - C j e - n n s  c e n ;  t a in c t 1 - p - c - i m li i e n d  ‘ I y ,~~~~~~~ 1 Y i 1 m g  - c - l i i  1 1 c ta rn c -tat I - m I l i e ’

e t m - t i e c t i t m ~ e ’ I c ’ m  t r o t ’ - l i m e ’  c~~~~i m e t  ‘;c - e ’ ; e ’ ’- - t i m  n n u , a i i i t , c m n m  t h e -  ‘ - I c - c t n m - i c ’  m u  .a

i u - p  r I o  m i t t  I v n c - I  I m r  c c x  a - i i  / e  - I t a t . ’  , I c  i m u - i l c i  t i a C ’  U j c m  i t  t I m e ’  I - , m ’ t t v - 1  t b e c
C e d r i c - n m ! ~~~ i c - l e e - , t b ’ -  n e - s j c - a n c t c ’  ( 0  m t - i - u I t a t  , m f  a i - - t e ’ l i t i m u u i c ’ t n i c  s c - n c s c m r

w a t t ,  - i  j e c u l a n i _ - ’ ’ -  t i i i ’ t i  i t S t  c l o t , !  ‘ - - - I t -  w e : .  t c - s t e i l .

j c c t e t a t i - ; ’ t t a a ’ “ c i t  m n  ‘~~n t fe I - i , m i i . ’ i I i I , , ’ ! c L -

~\ t b c c ’ ” e - - - ’ ! e - c  t r i t e ’  s- . n i  - ‘ mc i as c c - 1 m i : ~~ e ’ m f  t m , r  ‘ i ; c ’ u s i a  m ’ ’t m u ’ ’ i t l t ;  u S m n a c  t h t -  p - l i r i ’ c - - t

‘ - i e - i ’ r m I ,  - - t u t u  - i n c  ‘ r a t  t ’ ’ m b t i i i  c i i ’ , S i a m  h a m v ’  I i ;  i S  : , i u i ’ w t i  n i l , i - n c , e t i c i i l v  i t

F a . t i u r c  I ’  A - - m i n t ,  r ‘ ‘ i e s  n - - I ’ i s  , ‘ I m ! e ’ ’ l  l~~~ l i m e  m m - I l  I - -  p u  ‘.‘ i m t c -  - i  p u t  b t ~~- u .  I

c m  lii t b i t ’  e o t t  a - m  t , i m g  t I c - u  c - - - I ’  - ‘, -  c i a  I n ’  m ,  t ( m m ~ s t t i n  i t  i t  t h nc — t i - i

e l  c - e l : - - I t  t u m  m c c l i  0 ’ c n a / a I a ( ’  - t m ’  c - i t - i t  r m  0 e t c - I  j t r i i ’ I t C a t t g - - - I  ‘ ‘ i t t  i a !  i t , m - , i s t i i  m - f l h e i i t

- i  r I

ih i- 5 e I ’ .’ i t  ‘ i t  j ; m  t ‘ i t  ma t S t i i~ v l  - i t t  I’ a - t ’ ’  e s i a p c i  1 ’ -  n I  ( e ‘ n i t  n 1 I e : m ~
- I - - c  t i m e -  ( m . i r e ’ fl t  c c c  p - t i - i a ’ a - c  - t  t I m ’  a c t - t a t  a t  c r : c ’  c ~~‘ t e ’ c c t c ’ , l ’ t , i u g  this

1 ’  i ’h ~r m a ) i a ’ -  . a tea m I i  c i i : ’  1 ( I pA I I i i - \  I m s .a;’p I u - i  ‘ n i h  m e t  i t t c  c i ’ - - ‘ r c c m l c -  -

- l I t  t I  - -  ‘.‘‘‘ i t ~ , i I~~ t I c r  ‘ ‘ I i i ’ ’ C m ,  t w c ’ c ’ n  l u ’  c t c c l u u  m l  in . m i m i e ’ ’ ’ e ,  n e e  t i m  t t r i ’ i e - s  i t ;

r , t , - t t H t  I .  l a t e  ‘‘.st ’ - niis ’ l ’ [ u ’ ( t e m ’ , t , , i t i  i i )  c t i ’ I  ‘ l e t  I t - c c  c - n c i i , , I  - ‘ I I  i t - - i  - t u r i n g

t i c  t ’ e -  ! u- , !  c c  t ’ : , t u - ’~~ t m  a t ,  F a ~ u a e e ’  1 7 .  l I m e e n u , I i c  c t  m i c a ’ m I ” u - t  i ‘ - I ’ s s - - i  m -  i t !  t i e -
I m l  a m g  - I c ‘ ‘  I ’  - - ‘ - I H c i ,  I g ’” - c u e - 1, e v I- e gd I m ’  I I . c m  - I t i c - ’  w’u- n ‘‘ ccc- - i t  - I ‘ - - I  e n

I _ a  - ~vt~ t m — r n ! ;  ‘ ‘ t - a m - I c  t - - t c i  - i s I ;  -w’ n a e r a  F a m : ’ a  I I ,‘ - (~ t c m  n I h e -  c ’  I i ’ -, I ‘ I  ‘ ‘‘ - a r c ’

r i , t , e ’ e ’ i t  i t - -  a t  Ym ’’ er  l~~n - ,  e t t a t t n c I  ax is , n ; e e i m a t  e l m  I i m m 5 ;, m~~- t t c  ( t i c ’  t i c ,  0 1  t t - e

l a n k  e I t - u t n m - I ’  nm c a i m  t t u u i m u m  - ccc l i e ~~
c t - m ’ f m i m  u b t i c  m i n n i e - u  ( F t , i m c ’  I S P  - ,\ I t t  I m m n i

- l i - , t ~ i i  a i i m ,  - i I a t  c - ‘ ‘~~~~a - t t - t , ’ t 1 l i e  - I i - i  t e ‘ -  - i c  c i i  - I st ca n e  h t ’~ s~~~~t c ’ t -  I t , b e i t t ‘.‘ l i e u  h a
n il’ ‘t .  o l e - c  I r i c a  I c m e t  c c  I t - - t ( c c -  c - l u - C  t i ’ m - I c ’  , l b  a t - - u - l i  - t i m  ‘ I c ’  e - ’ - - - c i m , t c c ,’ Pu -  n ’tii i I S

t f m e  o l e - i  I t e , - t c ’  t o  i i . ’  n .  e t a  i v  p c I  i 5 t c c ’ ’l e t u m t  l i t  t i - a t m  I , n e ’ s m t l t  m u g a rc .e  I c - j i c  - - m t o c i b l ’’
c - I c ’  t n - - f e  ‘ t i n t  c c c - ,

i i i ’ -  m i st  r t ’ t p . ! m : I . c -  i n i i f i c - i l m r a g  ‘ ‘ I c - c t  r c , i t c ’ t ,  t i - l i t  t i m e -  l e e  V i - t c s  I m f l t m I m t  i - t i l t - t n  m c
e -  ‘ a I i i i ’ - ic  s c - c ’ ’  I ‘ -  s t e - I  w i t  i t  t i m e ’  I I ~c i a e - - I c - I c  - m - - I c  - I c ‘ - inc i ’ 1 m t t  - -\g i a n  • t te a -
m t , i ~~~, c e c l l m -  l e t  t~ i t h liar I ’ (  c - i , ’ ~~t c I c -  a n .  i m m ( t c c t  e c . a ’  u I  c e - n c i l t s  i u i m t , i a n a e m t  s ’ u t i m
- n t i e r c - I c - m t n - - l u - -  - I~ a g ri n e - I I  s i t - m w : ,  t i -  I ’ !  c - i c - ct  t i c ’  i , c - h . e c . m m m u  t i c ’  g t c ’ a t c ’ v t
l e s i m e t n i n c  ‘~ is - - i t  a i r m a i l  ~ i t b u  a u n  m e t !  i t  I i )  l i m e , f i c i t i ’ ~ 

, l _ a \ t c m - I _ a , ’ r e - l i t  m ’ - l d i i  i i i l  i t \ -

~~, e t ,  c u l t - a ’. c c i .
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Life SMsIeIws. Inc.

l i i i ’ s, ’ c c ’ : , m i l t s  t e ’ m n m m n t ’ , t  r a t e -  t h a t  f a n t h e r  m i c - v c - I u ’u 1 u m u - r c t  c i t  p i t o n t  a m - t e a t r a n  1 m m , b m n i i ’ 4 c a e - -

5 - - t i !  - t  m . - I t c t - m a  I I i n c  t h u  9t1 ; i  I a t  V c i t  j c e ’r t  - m  r l e t , i n c t  u -  r a - t 1 uJ u re el bc. t l i e ’  F, i c c  t r m m c  he—rn i i  a !

~
‘ ui j) ‘m l m - i l c . . ’ c ’ a . T h r ’ r u ’ I m m i e ’ , - - t i m e - n  c - i c ’  t i - m m  i a c ’ e n a c  ,el t e - c l a n i m l d i e ’ s  w c ’ n u -  c - v a l u a t e - m t .

m\Ire p u ’  c m m c l i i t r i n  M e t  t c i c i f

:\rfl1ii-n ’ mmflc c ’ t  n ’, i t ;  the cm . m t , u i t  c ’ t u t o n i t  of m t ic re-nit m a t  c _ arm m ac h i i t  m u g  u - l e t  t co mIc’ sit u -n time
p c m t e ’ t a t  i i i  m t  t h e ’  u - l u -  I r o c h e -  i s  m m i r a t e m , l l u i h  i l  c C a x e - -I  v a l u e .  ‘the ’  cc a r r e - n t  t’ e - t - , t u i t s
I r u m  t i ce -  - - x i  d a t  m i t  o n  r m ’ m l u m c t a n  c t  I l i e ’  u - l i t  t r m m t l c ’  ‘ m l  th e ’ sp -c cc- v t i e - t o g  d e t e i i u t i  t i e t i

“e ~~~~~~~ 
u t m s t , c t  l i k e  t i m e t  t i m - s i t  i n c  i g uie-s l i m  c _ a n t i  1 7  w u s  c _ a s u - t h  C m i i ’  t he-  a m p e r c i m e t e  a m

e’v ,c l u , c t  l c c n ,  i i  R l ) E ,  g e - - m i l e e - t  i v  (F ’ c g c _ a n c - I l ~) w a s  t i n e - I  d u r i n g  t h u - - i -  te sts b e c , a c i t , c-

t h e  n c - l i t  a o r m s h u i ’  i c c - t ~~ u ’ t ~~ c - l e n t  c o m i c -  e m n r u ’ n t  i n c h  thu’ m m u m  c- c i t  r a t  m n  o f  c - l u - c t  r m m , m m  t i v e
i c’ ” a!, u , , - 1 l — k t i m , ~~t i T h i s  c c - l e t  i u i n s h i p  i s  g i v e - n a  i n  F m 1 u , i t  i o n  1 3 ,

I = 0 . 1 m 2  ~F AI ) ’~~ v - I / ta ~~l / 2  c
b ( 1 3 )

w I t  c - n c ’  I = F , l e c t r m m m l u ’  c u r r e - n i t  , nnA
= F, m 1 u i i v , a l c ’ u m t s  l i e n m o l e -  i d  e ’ l t t  t i m m , c c t  i V t  Species

A Geomet r n C’ ~e r e - a  o f  di sk c ’ i c - c t r i l e’ -
I) = D i  ~ I t t - i  on oct C ~ m e r i t o I d I m  e m  m d i  1 i ye: spec a e s

(nfl /sc-c
v = Ki n em at ic vi nm co st tv , m m ~~/ s ec

- - Rotat c m e t - a l -‘ c ’  l ou  it v of ROE , r a d / s e ’c

= Bu l k  ( m ) i t i  u n i t  r a t  jmi il 01 u - I c - u  t r i u j u - t  j v e ’  s p e cie s , 9

~~ii c ’ i m  t b mc- m m i r c ~ - na t i t  t u e  m i i i  , a t  l u g  c - i c ’ - t r m m m l c -  i s  c i c u - , a su r ed -i s  a fu nction ot  l i t ’ ’
m i l l  a c - i  1 - - t e n t  t e l , v t m l t c n n e m c i g r , a m s  I m k m ’  those shmc w ’ nc I - m r  - i A u R OE in Fi gure 2(1
r e - s t i l t  l i e ’  v c m I t c c r t t c t m ’ g u - c ~~t; e t c  F’ e g c m c ’ c 20  j i m ’  - f  , a a r — s m t u e , c t u - uI  2 . > M NH

4
III - i i ,

w i t h  ane d wdti ao ma t I -, 10 9 i m e r : ; u l t a t u ’  l h ~- I i e r s c a l t , u t ~ is r e - h a m  ed at pmc t~-n t i a 1 s
re t - - i c -  n i t - g e ’ i v ’ -  th ,ar c ‘ U t  ‘, ve rsus 1-I I’ , ‘i s irc uhi a ,cte cl b y t h e  large m ’,a th o I ; c

c i r c e - i t s  - i t  t h a t - c ’  p c - t e n t  a l t ; - -  t m t , a m n c ’ t f o r  t h e  pe n c i l  t , a t c ’ — m  m i i t ~ a i n a a n g  s c , l u t i o i a .
Ti m e ’  t i c !  i c , n c  n c - i a n ;  m u g  - i t  t h e  c - l u - m t u - - I c ’  i s  t h a t  g i v u - r u  i n  E c 1i a j t  co n  1 1 .  ( ) x v g e - t c
in l i e u -  s c m l m a t  m c c l i  as c i t - i t  s t e - sn  t u c  l i e ’  i e ’ , I n t  - - I  d t  t i m e - s c ’  p o t e n t ia l s , a c c o r d i n g t o
I h u e ’  m ‘ - - c c  t a ciii s l a m  - s e t  1ev I . m l c a , a t  i o t a  12

D i ssolv e-u t I ) , t i m e - n  ‘ ‘ f - r u - , i n , a l n c m t  i -n i t  c a l  I v  ; - e ’ r  i ot i s  i n c t c - r f c - r e n i  u ’ - ‘e’a r m , a t m c c n s  i n c
11c c - c i m t u i  e r a t u - i t i o n i s  o f  I t  

- 
u l a s sc-> l v e I i r a  t h e  s m m l mi t i m m e a  c, , , m m c l l u j  r e - s t i l t  in a c u r ren t

v a riatio n - aim - I ( 0 1  e m m n c i  c - n t n - c t  jon e rror.

The I s,  e -lei t r c m m l u - ’ , c n c ’ m : , t  a e ’ S I ) ( J f l S i V c ’ t i m  i~~r s u l  f e t e -  w e - r e -  A rc and  g l a s sy  c a r h m o c
‘I li e -  a m f i e -  n ‘ cu te-  t n m m  n i t - i  m u - n i : - , ,  - CII  r y e :,  f e a r  tie ’s - ma tc- ri ,a is a r e  s b u c c w r c  i n  F m  g l a r e -  2 1
The- Au POE p r o ( i u m  c ut  t i m e -  nnost I m e - i n  u e - : ; i i t m e a m , u -  , h t m L  g I i s sy  m a r h u n a  was  more
se -ra s m t a Va -

Bo th  c - I c c  I n m - f e - s  w e ’ r e -  n c ’ : , l m m t r m s t v ( ’  t o  0 m a s  s- i- l i  at ; I t u - r s u l l , a t c -  , l I me ’ response of
t h e Au c ’  I c - e ’t ro l e -  I - i  ( l i e ’  m m  i nc t h e  a m  ‘ — t , , a t c m n , a t  u ’ m f  c - I c - i  t i o l y t - Ic i’ cu iuceml  a r e u t a i m  t i o n

u r r e - e u l  c u t  ‘30 mA ( F i gc i r ’u- ~P u ) . ~l c c - nm t h i s  c - car t  c-rat v a l u e -  i s  (‘uamp i_are’d t m  the
r e - s pur i s e  c u t  t h e  e t c - i  I r u l e ’  to l c ( ’ i  se a l f a t , ’  ( F i g u r e 21  1 , t t c e -  0 , r m ’ s l m m t n u s u -  eq u a l s
t h a t  w h i t  h WOU Id b e e ’  m i b  t i i  t u e - t i  I ronni “. - 8 ppm ( i i i )  a I t h e ’  Au RD~ w e r e  m o u n t e d  ~u s - a
sensor  i r a  t h e -  a r t - a  l y z e r .  V a r i a t i o n s  i n  th e -  i i i  s s c c I v e - u i  H , conacu ’ntr atio n in the
wat e r s a m i t le - ‘m l  c I a - c  I r o l yl e-  nt-c ‘p’ , I c -  i e c e u l c  ~~m m u i 1 e i  t h - r i  i m c ~~m c 1 c i c  u ’ se na sor t l u c t u a t  i o m c s
e - i 1 m i a  I t~i -  :, c ’ v e -  i ,i l ~t~m nc (:1)1).
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Lif t  S~stc#vs. Inc.
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Lift S~stc1ws. Inc.

Be’c ,a u i t - , c ’  ‘ f t h e  a n a t  c m  i j m , a t ‘ct m e  c u r  I r onj e u l e r ; t - c m l v e e l  (C ,, u m u t t c ra t r u at j t m t t  v ,a rm ;i t i - u n i t - , ,
t h e ’  I _ b a a u - i  c - I c - i t r u , , a n c . u l v t  a i d  t u - c ’ h m i i u i u e - , c u c c c l t i e i c c - t  r’y’, s-a s cncvc- s t i g a t e-ul . ‘fhai s

I n c  u l t a u  1 c e ,  - - I i i  c m l  t u e  t e m p t  a c c - i l  I e mi C e u n e  - s i t u  - c i t e ’  I_ u t  i c  - c t - n i h  f a t _ c-  w e  t b a oea  t e r  r t u  ns
cl u e ’  t m m  lie’ r e ’ ’ t t i i  t m c c i  m l  cc  , -

C m i i i  I cnn ie ’t  n c  t’-ie~ t l i t - m c i

( c - u i ’  m e d ic- I r c. t s ( i c c -  nice ’ - a s c a r u ’ n e e ’ n m t  c a l  t i m e —  c - Q u a  I onchs , (.~ - of i l u , c  c g e  c c ’ m 1 u i  i r e - c l  I _ m m  c a x i  e l m  t u -
d u e  n - c - m i m i c , -  c - h e - u  I e c , , c c t  iv , ’ s i t u - a m e s  at an el c’ m, tn ’ cmt lt ’ _ ( c c i a l m m n n c c ’ t n a ( ’  t u - i _ i c n m a q u a e - : ;

r’ e ’ t~ c ai c c -  l e t  c l i—st ,- l e ’ t , c i c s c i e .s a ni wIm m c i i  a u ’rta in v c c i  ueiae m l  t h a t ’ t e s t  S c ) l  mi t . i o n  is

, a c l ’ I c ’ u h  t - - t lie’ ; m c m i i  c c r n e - t  r a t ’ ccl  I am id t lie- el e’c’t n’tm a c I eve ’  s i te-c i i - : ,  a ni t bc;i I V O l  cai ne us
m m x i u l e ,’c ’ u I  - - n  n c ’ m h m a m  c u t .  I n  t h a t ’  I - m t - c- , pe’rsum l fa t e ’ i s  reduce-cl a t  u t u m t i S t , c n t  p o t e n t i a l
- a t ,a Hg I t i m m l t ’ l c ’ t I t  m m m l c ’  i n c  t h e  coulomete em’ c— u - i 1 - The- n’ e ’ , ac t  i l i u m  ~ S s l i t i w e c  a h u m u v e -
m ni F.u l u a , c  t a ’  e m  I I -

‘ ‘ u a h  m cic c ’t n i l  I c -  I I

li e ’ ~~~c u i i - m u i i t - t  n i t  I m e t t c i l f . e t c -  su ’n c s o r  is sh c wni  s c l a u ’ m a t i m - i l  i y c r c  F i g u r e -  2 2 ,  T i m e -  Hg
1 m t m m l  ~- I c ’ m  t n - - f e -  a s  m m - e t t . c l n c c - m j  a r m  t h e ’  h e m u t t o m  of  t h e -  m e - l i .  E l e c t r i c a l  c o n t , e r t  i s
c c t . c ’ t ’ ’ t m , tc m c e n s  m t  a ‘~enc , a 1 1  w a r e  m n i s u - r t v u i  t h r o u g h  the- m e - i l  bottom , ‘I’hi u Ic-st
n-. m m l u t m ’ - r i  a - , f - I ’ d I -  f l u e ’  c u - i l  a n d  as m ec h a nuam i a l ly s t i e n u ’ m l . ‘l’he c c - t e -’n enu c e -  end
c - - m u t t e r  e l e c t  t m - m i t - s  - a t e ’  i l l  i h i , a t t t t m e ’ n ;  se- p ;i r i t e-uI f rccn i c  t h a t -  test so i u t m m m e c  by t n I t _ e l
t h i s  s -

t I m e ’  e m m c i i - - u n c e - I  T i C  m c - I l  i s  n - r u t  e i e h i c ’ c i  l iv  -i p o t e - n c t i i e s ( ~et  s i m i l a r  I c c  th at shown in
I’ a ; ‘ m a  n e i i -  w e - v t  n - t i m e -  C i i  n a n t , I h i s  u m eg th r tcag h m thee’ h g c - i  c — c t  t i t l e ’  i s  e t a t  cg ra  l u - m i
I - -,- e m - a l - c i t i , ‘ ‘ I  m t be t h e e -  i ’  I c — r e t m - m - , t a I

~~~ em s’’ lair I c  na c - - t u e  a l g a e tag i - a -n m u  I C i t e ’  i s  , j c i f e - u l  t i m  time’ u_’ou 1 onuet n m  c c l  I , t h e -  J m e -  r—
‘~~~j f t c  a s  n a - d i m e  ‘ -I  a t  i i c e -  H g a l e c  I n m c m t u ’ . Na ’  c u r r u ’ e i t _ r u - s c a h t  a r a g  t r ’ can c t l a u p e ’ r s c i l —
C , ’ , ’ - - C m i  t u - - n m i s  m i m i C  u - d I v  l a r g e - , t e c a t  h e - i  r e e s e - n ;  exponentially as the pe r s u mhf;at e —
u s a c c - - , m c u c - I  I h u m s  c S s Cm - sn c m i  F m g can ’ u- 2 1. I l i e ’  m oci I onii c ’t c r  int egr at e’s th e

m a n  i c —ac ’- , ,- a I u a a u  i t u i c n c - - t m c i i ’ -  c t u i  n a m i g  t hue- n ‘ m l i i i  t m e a n  l i i i s i r a t  e g r e  1 e i 1 t i , a  1 s tim e ’
t m - e l  I ’  , m e m t  - ~. , iJ - i m f l u - a e ge - n e ’ ’ ~ m m re-cl f e  r comp I c -L u’ re h e a t  t m o r e  c u t  t I c e ’ pe n ’ s u h  I ate adcle’ ul
t e m  t i c e ’  e a ’  I I I t i c  - m i a m I  I I  y , e~ , a sh i ( c wua  a s  a s l i t t l e — e l  a t e a  c i n c h ’  r (lie ’ cci rye’ m u
I- a _ - m e -  2 ‘ , c i i i a s  m e - h u t ,  - t  t i c  thee- m m - n u t  u n i t  nat a o n i  ‘ i t  p e -r s u h f i t u’ era the e ’ S a r c u l e i c ’  bc.

‘ i n c I

b y
50() 2 (14)

w t ae ’nc  - V = I i >  I came- c i i  s .cmld l m I c  , nrc I

l i ce- r e- a ’, a I s a y n - a ‘ m u m , ,  II c c ’ s  a ’ h tc , a I c cirr er a t I l i u w a n e g  t l u r o m a g h  t i m e -  Hg c - h e - c t  roche even
s lu m - n a  ~m c - r  ‘ i a  I I i t  e- a ’ , , a C u r , a - n a l  f t  u,mn t ice sal at m c iii - ‘ I O u -  m c iii I umlau t u - n  as j u t  um at am a I lv
-a ’ l I c a r t u - e l  I - ‘ Iran c - g e  e t c  m c i i  I y c ca m - ne-Fat s I - c r g - r I h,u nu lie- e ‘‘s a clcm ;i 1 c c a m  n - c - t m t , - u s
a na i l at at a - m t  in F a g c ir a’ 2 -

u u u a  I c,me t r ae  R a - s p u c r c r e -  i c c  1t n s e a l  t a l e ’

I I c e ’  r u’ : p i m n i : e ’  of t h y i i u e a  I uMn a- (  m i i  s c - n c s u n  1c m p e-rs um h f a t e -  a s  shown i n c  F ’ i gcm n’ e - 24 .
lii ,,t lul e t m e u ma t m  tha i - e- xp er i n u e nt  em I ly el~ t e- m m  a rae-cl I u ric ’ , t h -  C he~~u n e t  m c  a I r c ’ s l c u c n u s e
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u h c u j l - c t u ’ c l f r o m  b _ u 1 t a , e t  d c c l i  I . e  a s  e l i - m i ‘ , i a m m w r u . ‘ f lu - - 1 _ a t e  I m u m i t i t s  a n t  F agur e- 2o s c - r e -
nal l u - u t e i l  m , m v e r  the’ c - n u t _ c r c  t c ’  C 

~~~ 
om ,’r - i n n , , i u i m l  t h e -  1 m m t c-n t m a I m e l  t h e ’  F Ig

e ’ I c ’ ( c u  m e l t ’  i n  ,u 1 I ‘ , c i -u ’s  w a s  , I ~ c e ’  n ’ s m i s  S if ,  , l i m e ’  j - u u ’  a s a c - n c  of  thee se -res ts r a s
r u — l i t  n t - - e l y  g u I , I c u i t  C l a m -  a c  t u a , a i  e ’ ’ , i c m m c t . , e ’  a s  : ; m - i u i e ’ ~~b t , c t  g r e - . u t e - r  t i t a n  t h a t  t t m m ’ m m —

i c - I  m c cl ly m t i m  c a l _ a t e th  , I u ’ n h u , a l m : _  L i c e ’  t . j c u - (  t i u j m h i m i t  - - i m i c ’ t  t i  C’ t e e  1 m m  i - m u t t ’  t a t - c - m i  ¶ m ~ nla u- ,as m i re-
N u t  l c e ’ t s t i l l , a t t ’  m i - e t c  e ’ n t t n ’ , c t l m m n i — , u - c t - c a l l s  a r m  a s eiea l 1 r c e ’ g e t _ i v c -  e r r o r ,  I n c  an t - ’  ca se ,
t h e -  se n s o r  l m r - - l u i  m s , a L i n e a r  r e - s I m m u i s u -  c u r v e -  - - v u - n  .a ~~i m f e -  i c n a g c ’  - m l  p er s e i l f - a t ’ ’

r i m  c - c i t  r a t  a t i n s  -

l i m e ’  e c ’ s l c m m n t s , .  o f  t h e ’  5 , - u u sm ur t - ’  ‘ t i l l  ~~a n t  be’  s a e r t u a l , a t  c -mt i v mn a t r m t i c a m mng samp l e’s into
C c ’  sc nls on w hi ch m i c r i t , c j n i s  i m e ’ i ’s u i l l i t , ’  c u u n t c  m u t t  m e t  a m _ n a t -  t h i t  s m a l l  c o r n e t - l u r i d  1 m m

p u r l )  t - - i l m u c -s  i t  t h e -  t- u - t i s m r  w , c ,s l i n t  c f  t i a u ’  I’, l e ’ m  t r o c h e m i t  a l  COD A r i a l v t c ’ n ’ , ‘th e
sa m mi ~ - e te—t1 e e ’ s p m m r t t - t -  t m i  ( ‘ Oh as I c t - j c l a v c - m I c c i  F i g n i t e ’  2 S ,  h e - c e u m s u ’  t h i s  c u r v e
u~~. i i e ’ s e - n m t : - m ‘in e’x~m , cmt sion ~ mmf tiae - ta u v c ’ i n  1-’ i g m a u u -  ~ 4 , I _ b a t - m l e ’ v u , i t j m c n  b e t w e e n  t I m e ’
c - x i ce ’nm mu ue ’i m t , u I lv m i - I c -rnn i i r au- cl cca u v ’ - , e nu t l the Ibm - - r e t _ i c  a lly j e r - d a m  t u t i  I m i c e ’  i s  g e e - - a t e - n
t I m e r. m u  Figure _ ‘-u IOu ’ cl n c,’e- te a s ~c neg~a t i t - c ’  s i m i l c e ’  be t  a u i r - c’ , a ’  CUD m m m c m  m - n t r a t i Of l S

m e  n e - u se’ , the m m - nm u n it r e t  ion of j m c ’ n s t m l l a t m ’  a’c’nea u nu n n ag a f ter (icc- o r g a n a i c  m u x u ’ t - c t  ion
- I - c u c- - a r - es - G m m c m i  j u n e - u ’ a se - r u  n S c u t  i m - a t c m l  ~i t a 1 1 P01) cc itt c-nit r a t  i ons  St  maci i c m l

Ci c - nil v t - l ie’ g n - m u l i m  of fat ~a p0 arm t r-t ’ m f  f time’ c_ ut c.’e - .

I ca t ‘ u f e- u c-nc c- St i a f y

‘Ji m -  c i  fe-nIt - c m l  ‘- , c ’ v t ’ t , a i  i um t e ’ n tial m u t t _ c - n  t e r u - n i m m ’ s  c i i  t lu u ’ j u e n l o m i m i - c u i c  u- of time’
c o m i l- - -i cc ’ t r i c  p u ’ r s u I f i t e ’  - c- l as s c - n e ’  in av e-s ti g , u N- -I The’ f i r s t  p o t e n t i a l  n n t e - r —
f e - t m - t i c  ‘-s i r m c . ’ c ’ s t t g , i t e ’ m j  ~ c ’ f c ’ m t i S S c m i v , ’ m t  , a u u m l  (I ,

:x v ~~e u t  cu d  t u  
- 

I i u t e - n ’ t e - c ’u ’ n u m e ’  I c t - I s  - ftc ’ r e t - l i t : , ,  - f  t h e -  j c e - r s t a i f a t e  sen sor  t - -
s m t l u i t  c o n s c c m i ~ t , a a i m 1 r a ’ g cc - a n d  t d  

- 
S m u t - m t  p u  j if l e’ i m i u m m r t , c n C e ’  bu ’c , ccam , c- of  t h ee ’  m i , ’ c i t m m i i -

S t i , a t e ’ m I  a n t :  I c - m e - t i m e ’  oT I m s s o T v c ’  I m )  
- 

s i t u  t O m ’  e r u u i m m - i u m e - t n i i  1 i c ’ r ’ , u i t , m t m ’  s e - u s o r,

l m c ’  - - i i i  - m n m c ’ t  ra t p e r  sa i l I - u t , ’  - - c i t - u i  r i c - s  m i t  t n ,  i n t l t - - u m u ~ I )  i c ’ t ;  t No - 1

t a s t e - - I  10 t i t l e  I m l ” t t t c u u i t - m t u , a t c ’ : ,  h i d  m u  
- 

f a ’ ; s o h v c ’ m i  ira arc - t i e ’— m i t - m a t e d  s amp le’ of
“ l e s t r m m l ’ c t e ’  e s  t a c i t  c c - m f u i m  c - m i  a t  t h ~ - Hg ~3 m i m I  c l c ’ u I e m i c ’ , F a ’ ’ - r p m l i i i  e I _ u ’r s  c u t

c m  e c t t m c , c t e ’ m l  c ’ - ’ - t i - - I t - t m - c - l i e - - C  t m  t h e -  ct - i l  p u m u m i c ~~~e ’ m I  e m m ’  t - ~l i~ - t i - n t  c c m n ’ r c ’ n I  , a n - i
t l i e  - r e  - t m  n c ’  t a o  u a c i 1-  - t i m e  - I n a r e - - p t  n m : , , ’

I n  l e t s N - , 2 - o m i t  N i , I , I _ l i e —  n c ’ , m u t t - c -  o f  time- t i m m a l c m e n d c - I , r e m ,  sd ’ i a t ; m u i - to m i i st - uulvt-tl
i i ,_ w a s  c i i tj e t; t i g , c t e m t ,  I t u m u i c ’  a s  p r m m I c a m  u - m i  t n t  t i m  pe ’n’sul l i n e ’  i ’ e ’ r u u ’ r , c t m m u u u  c ’ l l  , it

hi
tm
gh c u i r r e - e a t  ( l e ’ n a s a t  m c ’ s ,  T h e r e - f  ‘ m u , -  U ed i t-’ t e ’ , i m  be t h e  c u m t m l c u m e ’ t  n c  Sc ’ t t S m t t ’

m a t t e - n  f r r , m  t i m e -  p e - r s c i l f - e t c  g c - m m c ’ e c t  m n  c e l l  or I morn t h e ’  c c i  m lvs i s - I m , i / m m i i , i t  c - - I
5 ; m t  c - n ,

I c - s t N - - . 2 i n v o l v e - m I  I_ h u e -  c e m a l y s i : -  o l  a s i c l i a t  a u n t  c m m u t t - u m n i e n e g  l ’ a ~ m x 10 1
l u e’ e c a l l  ate - ‘I ii a s  S a t n u p l u -  r u n t  a m ae-il rmcu -Ic s t - u i lvu- m l (i

f
. T h e -  cma ml omh s re-s u it inag

I rum that- n c m l i i i  I i  ‘ n t  ( d l  t ice ’  l c c ’ n ,s m m I t a t c ’  we-nc- ~J - 4,~~() - l,~’i iu ’n i .a mm i mit ral a t  a 1 p er su  1 t a  Ic—
s arrup l e ’- 5 - e S  m m / j m n i , n t e ’ m f  a t e - f  t i m e ’  l i  s s u u l v e ’ c l  () ~ c m~~c~ e ’ ~i t  n - - i t m o n  S c : -  2 . 2  ppm , t h e  c o u l o r n b s
t n - urn t l a , m t s r i l m a t m c , n m  u ’ m h t i , e I h e - i f  m~ , O ’ 4 t - m  Thi s m l c n e t i m t t : , t  n a t e - s  t h a t  (~~ 1 e n m m m l t m m , e ’ s  no
sa gru e f a t  a l i t  r e - s l e u m n i r ; c ’  a r m  t i m e ’  c c i u m l m m u n u e t ma c s e ’ t t s c m n

I r a u r  ~ . m n t  m m  Sa i t ,  SI  a f t ,- - ‘t ime -  ( - e ‘ l u m n m e ’  of t h a t ’  i~~- c  t- cc I f  , j t c -  t - , c - i m : - , m m t  t m  so lut m u n i t ,
s-i m i c h i  i u u n u t , j e cm a u c u r g . m m u i e  l O t u S S u n ;  t e - t ; t e - c l  l u t n i n u g  t h i s  S t i i m i ’ ’ , l I t , ’  n c ’ s u i t s  a r e
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~C’ft S!,’sicms . fm-.

s i t e  s r i  a t m  I c  I c Ic’ -  . A : -  ant C I t ’ -  _ a c ’ ’ ’ I I l i t ’  j c u ’  r i i i  l i t  e g e ’ u i ’ ’  n m l  m m m i i  c ‘ 1 1 , I e ’  ‘ -

‘, 1 S u i n t i l i t  c - i - ,  t h e - i - u - h  i m i m i c  - - t  ( ( 1  I , s  i m c ’ i  a t  m m i i i  ~~i C  h s i t  e r  c t ) t i t  - u  m i m i n g  l ” ) O
p , - t  C l  , I t t  -~ ‘ rnc 5 m m  / N m i i i I) - 

- t i  l a  
- I h u ’  u i  u m i a m i  I , m t  m cii m u f t bi t - c- s j me’ c i c ’ - - ru

0 c -  c m  ‘ u - i  ‘_ I~~- u c - m ’_ u  I t - 1 , - u  u u’ ,-, , a i c ui  I l i e ’  ( m m i i -  c - n i t r e t  m o n a  c m l  I_ h u e ’  i c i t i s  I t  t e d
i n  ‘ ‘ t \ - - - ‘s t N - 

m e ’ j  u se’ tin t I m e  i re i t  m a  1 - - m m m i i I a o t t  S l u t - i c  t i m  a s ‘- - e r j u i m  l~ ’
w u t c ’ i  i s  I :  n ’~~I a n t  c l V / c , c, u t m ’ l  t h u - - u t ’  ‘ ‘ i t t  i c t  t o r u s  t i C  I _ f i t  I m m e ’ m ’  m n t ’ m n ~~: . c r t m n . s j u e ’ c i e ’ s
I m , m v c ’  n i t  t a m -  c a s e ’  I i t t  ‘ I t t ’  e m  l u l u m p .  c t - h N i - , I i s  -‘a h I  t r i P  m m - i t t - c  m n a a e m g  no

~r m t e : t c  r’ ’eic ,c s .  lit c l i  Nut ,’ ’ l u - s t _ s  l ice- u o r c c c ’ n t r u t m m m e t  of t h e -  1 m c - r r ; u a l l . a t  e ’ - ’ - ) J c I I c ’ -t
- J  01-c ‘

~ ~I I ) ‘ ‘1 -

‘ C c  - m, .~~u e n u t n , a t i o r c  c m l  t I m e  m r c i t r , n a n a u u  s , a l t t .  i n c r e a s e ’ ’] h i r i n g  t i c ’ ’  ~ c ’ :  - him’
u e - s~ u o n i t - m m ’  - f I L -  s V n l S m m n  ( u - I  u c s c s e  if h o r n  m~ 3~~O to  9 , 2  C) - - ‘ u a i o m f  s .  I t i a s  u s  - i

rd u t a ’ , ’ e h ’ ,’ ’, , r c t . u l l  - i e ’ u  n - - a t - c ’ , ‘i . i m u t ’h ~~m m i u l m l  i c ’ s u l t  i re  - a n  u r n - c  01 - i i i ,  I
I i t s  - ,  I o n , , , a ( c l i  m c f t h e  i c  u ’ s c a  1 f a t e  su n a s m m r  a n t  I he ’  F. 1 c m  t m m  h t ’m i  ‘~ i I l l  11) A i m  c I c ’ t c ’

‘ - m i i i t i e ’  c r c , e c f e ’  s t - ti m t i m _ i t , u u i t , c t i m t _ e ’ - I  - a l  i h r a t a c t r c  o f  t h e ’  : , e ’ u i s u c r  s t a l l - m - u r t p e ’ t i t - i t e ’

1 c u e  :-, u u u , a  I I c iu. m m c i -  i i i  t c - ’ t _ p m m t  m t - u a m  I i  a s  t i i i  s

i t ’  r s u l  f - u t  ‘‘  O c ’ i t t , - i r Sean uia.a i v

IC,’ e ’ V . u m c l , i t  m m m n u  of S O t - c l s N u t  rnc t m : t m m m  t r i g  p c ’ u s u l  t i l e  a n  t h e  C l m ’ m t n o u bem i~~,ai COD
A - i l / a j cr g: i -t - ”- e d  I r - - - i t t  t h e ’  s i m i ’ l c - s t  c - I s  t n o , c i m - a l v t  c c l  I t ’ ’ b t t m a - 1 u a m ’ s  to mt-r u-

i - b i t - t i  t t t -  1 ‘ i t t ’ : . I l - - se ve r , I_ h e- e ’’ ,, uH m , aticu n - al t - c m  m u ’ m g i c - r - ; t- . c - m i  f ront su- ia s i i ut ,
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mV /C ,

Bee , c m a :,e - o f  t h e ’  I t - a r c  t h m i c  n i t  c i t - c- o f  t h e ’  sen s o r  a e s i m m u n a s e , t h a t ’  I t - i e d l m e ’ n , a t u n e
- - i  C t i e  i c - n a t  t a l l  r u - s  m a l t  i i i  S i  g e m a I i t  - a n a l c - r u m - n ’ s w h a t - r u  t ime ’ m c m i i ;  m u t t  i - a t i m m t i  of TOC is

t- r u ’ _ a t  c r  t b a a n m  10 ~i~u eum . 1- ca r e x a u a u i c l e , w ’hut ’ rc t i m e ’  F I ) ( .  t ’o r a c e t u t r . c t  l c m t i  i s  S pp nn c , a I,C

t empe n - i t  U t  e ’  c - h -a  r a g e - w m I i  r e su l t  a n ,a ma e r r o r  of  i c - n t -  t h a r m  (1 - I ppm 0 e ( ’ , However ,
sti n t 1 1cc’ - - m t t u  e ’ u m t r c t  c ola i s  50 ~~~~ - e I C  t c ’ e n l c c r , a t u r e  cha n ge’ r e s u l t s  in  ,ana u - n r ; m r
- - C  a l - - maC 0,7 pl u m ‘bo , i t  a s  t i i e ’ r c ’ f i j i - e ’ i u r t h c l c l e ”  t h a t  i r a t e - g n a t  m o n a  t u f  I c c - c -, ,
s e ’n e s o r  ir a time- b - l u - c t r i m ,  h e m i c  - ci ‘ lm c C A na l y z e-n s- i l l  i n c  ludu’ ‘a te ’m p e - r . u t t a r e ’  c ’~~n e t r u m 1

1’ c, m a c -  f or  rn _ a a r a t e a n u c n ag  t ime  s e - r a n-m r t ea ac~u m ’ r :a t i a n e ’  a t  e m u n i t  a o l  I c - c l , c a s t ’  I a a le - u _ - c l u e .

F I m i w  R a t e ’  St ma l t ,

t i e ’  m t  u s p l a t - u n  i s  n c - m t  s e r a s i t , a v i -  h a  v . a r m , a t e m ’ s a r m  t ime ’  1 1 m w  r , a t e  c u t  t i c , -  t e s t
so! c a t  m i m i ’t - l i m i t -  s e t -  v u ’ r a  I a c - u t  us in g  I I t s ’  r a t  c - s  n a amg mni g f rom 0. 1 t m u 10 . 0  m i / m i m i  -

l c ’ t , t S ( a l d a t i - - n u t ,  u m i n I  - ci fl u n g 0 i u i u n u a  , c t i - i  S lat in  l i c  w’c ’ n u -  t i s e ’ u i d u r i ng the’ h e - s t  , and
C l i ’ ’  n e - ’ I c m m t i ’ i e ’  o f 1 l i e -  : , e ’ n u s c : n ’ a t  c l i  H u t s  c t , ’  v a l u a e ’ s  w . c :~ t i m e -  s ame’  a s  t h , c t  o b t a m n e - ci
a l  t h e e ’  bu , a r - , u 1  a e u c ’  I 1 m w  c C , ’  of 2 ,0 m I / m i n i . I t  a n ,  t h m e ’ e  c - f  m m r c ’  c o n c l e u c l c ’O  t i m , u t  s m a l l
i l t a ’  t a , e t  j ams a n I l m c ’  t I - s  r ,atu ’ o f  e - i e - c t n ’ u u l y t e ’  a r m  t im e E l e - t n ’ u u c ’ h a e n i m m a l  l c t  Ana l yzer
w a I I rm m - t u - s c u l l  i i i  c’  n r - - r it i r a  I)  (C ccc i ’  a s c m  n’c ’ nu r na  t -

F l u - c  t z u - l  ‘,‘ t  t -  i m , t t m  ‘ ‘ n u t  c - a t  a c u n a  St  a a t i ~

B e -u  .a c m - , ’- of t he u - ft c -c t ec f c t ent - t m p re-s t - u i re- cia I I t - a  e ’ n c  e u - s  ,a n’os s t h e  nnu ’mb r an e  in
l i i ’ ’  1i i , ( ,  

- 
sc ’rus m )r , t lie t u - n i t  c - c i t  r a t  m c m i i  o f  t h a t  u - l u - c t  r o l yt e in the ’ r e cycle loop of

t i n e  I’, I c’ ~ I y  m m  h i r m a  m i i  ‘l OG A u a a l y z e ’ n  w a i l  h’a , a v c ’  a t m  u - f  l u - u  I up onu time- nn -r ;p on ct - e ’ u t  the
s u - n u n e c r  - h a m s  c - I C e - u  t was qu an m t at  m e e t  l i a r  u n a g  t h e  u - l u - c t r u u l y t e’ c m u n a c c ’ n u t  r a t  um rm
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st i~l ’,’ . -N :, tmtu um snu i n  1 - i g n i t e ’  1’ , a t m  a r ~~ r ut -a t- c’ i n  t h e  m t m n l u e r m t r a t u o n  c uf  t he ’  d c c —
t o l t , ’ t e -  i n  t ime-  a n a l y z e - n  s- u I I  le r o c i c i c u ’ c snrt;a I I m r m c re ’ ,ct;e ’ an t h a u -’ m m u i t p u t  of  t h e

se ’ r m s m ’ m ’  - Il m mw u ’v u ’ r , t h e ’  i i i  I I c - u  ‘ ni , c ’ b e t w e e n  t h at ’  c u r v e s  f o r  0 ari d 5 ppm ‘1 1CC rema i i i : -
c t m n s t . a n i t  - u r m c i m m  a t  a u i C ’ t h a t  t i m e ’  s e - n u t - i t  c v i  t y  of t h e -  : : c ’ a i t - or  r u - m a i n s  e i r u c h u n m g e d .
II ie ’ r e f m ’ u , - , a n  t h e -  1-_ i c - m t r u m  I m e - n u m i c - c i  ‘ I C  A n u , c l v z u ’ r , , a u i t m - e r i , e t e ’ d c i i  i h a r - u t  i o n  of  the ’
p CI. t s e ’ n i s u - r  a t  u m i u t  a c m i  c m l  t icc ’ m u m n ue c’nt I , a t  m m c l i  - m l  u ’ l c ’ u  t nrm i y t e ’  i n  l i c e -  r u - c  v c  It -
l - - - j m w i l l  m ‘ - t e u p e - u u n - - a t  c ’ O t  , a v m -  ui  s c - u ser  m m i a t  p a i l Va r i c h  a c m n a r ;  c lue  to c h a n g e s  i n  the ’

- I c - c h r m - l y l e ’  c ‘ - t i m  m n c t  r ‘at  a - nt  -

I nat C r  f e - n c - n i ,  e ’  b-’ I attn

\ n a , e ’ l v i n m t  - c c t t ’ - -  f t i m e -  1t i ’ ( i  
- 

t : m ’ n u : m u m e  is  t ic- i l t h e  m e ’ n m h r , c e i e -  se ’ p a r e t j n g  t h e -  u x t u ’ n n a l
t e n t  s o l e a t  u - n a  f rom h u e ’  i t t  c - a n a l e l e c t  r (m l ’,’te te’nuuls to l u r e - v u - n i h i n t e r  I e ’ e - n t c e ’ s
I i - - t a m  macm s- - p e t - me-s - i c i l y  v o l  , a t  i i , ’  :~ju c ’ m i c -s s’im i I a r u  t a m a l e  I c  u m f  m l j I I  m a s t  rug
I hro :am ’ . I _ l ie’ m e - n n i m r e u i e -  - e n d  i i a a n g  c n u t -  t im e ’  p h i  ‘if  t , imu ’  u n h c ’ r n c , a  I :;u I ut c e j r a , or whi cm

c ’ v c ’ n t l , n u u u e ’ m ; a I ‘ l i f t  i a : , j - - n t  i f  G i l  t h e ’ m m m a g i a  t im e ’  m u - m b m r’ , a n i e ’  , p n u m c l m i m  c - n-i a gnm i f i t  r a n t
i r m t e - r t ’  i t t ,  c ’ s ,  } , c ’ l , c t i v u ’ l v  t c - s ~~s t m e ’ ;  c t - tm a t e ’  c a 1m a b l u ’  ‘ - C  n n i t e ’ n f e n i n c g  in  t h e se

n u - -~~- ’ - c t  t u -  h i t e ’  a r m - c i v i c - n  - a p p l i e d  j o n , two g e n e r a l  type’s m , t  i n u t e - r f e - i c - t i t  m ’ s
s e t  c -  c- i, - - m u t e ’ u e ’ ’ I  - I c m n a n g  t h u s  t e st m n m g  p u - g r a m .  ‘the se ’ m n i t e - r f e ’ u ’c’ nm c t - t a t e -  u n m u m r g a e t a i

- - e l t s  m i m i c a n  ,‘ , c r , u c soheite’ s . m a t - u t - c r i m e  t - alts we’re’ u c t m i s u t h ( ’ r e - m l  S l u t ’  c -  t h e - v  w i l l  ice ’
i t u t u  o h m  a u - i  u n i t -  t i d e -  c i t _ c  I t - i c - n  - s e i t - , t a c - i  n t  e- i t t  n m  I” I ou ’i~m , r and w a  11 t e n d  t o  be

- - - n i t  e n !  u e l m - I -u  e ’ t u - m  t r m , I t , ’ t c ’  r u u  n e  i c - m I . l l r g a n i m  s i u l m i t e ’ s  s u ’ u c ’  u m , a m s m u t u ’ r e c l
si r : - ’ ’  . i m m l c ’ t  ui, u: - n t - f i t  - - n t : -  o x i - I , c t  m c i i i  o f  c m r g - c u t i c  s k i t _ c ’ s  u~t ,u ’,’ h u e -  t n t ’  m m r i u l m l e h n ,

f t c - u  ‘ - t e u t e ’ , i -- s  m - - n e c - c - n i l  i - c t  m m _ e n s  o f  o r g a n i m  n,c t l t a t u - m ’, nT u , c ~ S c m t n t c - t , te m u - ’ , e x i s t  i i i  t i m e ’
u -  ‘. n v t ’ ’ , i t t - I  t m ’ -  - n- , a I - i e -  u -f I c’ m I s of cf I b tu - ’ , ” r e ’ : - i - l e t - a l  o n  g i d e  s s c - r u ’

, r ; v e ’ s ’ i g a t e - I .

I t a - i n g . m i t i m  n e  I t s  b - b  ii i’; l i m i t ’ S su i mn a , a r’~~~, ’ ’ , t I c ’  rc ’r ,p c n i : c -  m l  t he ’  p C i t 
- 

s c-ns or 1 c m

s o l i a t a m - u : s  c - r i  - m c m i i ’  C l  , St , a n t I i c  m - - u t s ,  h e - s t  5 , - , 1 , c s  i n  t h im’ - a s , ’  o f
I f e -  r r: ,e I! m t m t  c r l  e c u - n i C e ’  ‘ t  a l a  i ’ m  l u - i  I mi m ic - c t  u l u r n n t :  t h a i s ~~~~~~ am , t e ’ 1 - n e ’ : m e ’  t I  u - - I

s , t ; , e t  i - - r i  c i i  w h i c h  -
‘ a l t _ n  w ’ u ’ n e ’  m u m i a m  ‘ ‘ n i t  r u l e - -I  i n c t h u ’  c l c ’ ,  tn ’ c m l t ,’te c - u-u ~‘m i t -  l m t m m 1 m

s u - r  a lU- - I c ’,’ p e n a l .  t e s t S- - 2 m r i v u c l v u ’ m l  . ; , a l t  e m m i c m  c - i t t  r e t  a m n i t ~ --h e’ h a l f  t h o s e ’
a l a  I c t  N - , L l c - , t  N - - , I s c ’ . , c h l , a r c k  - ‘ - n i l  c u r ì a n a g  i m o  m i - c g - a u i u c  u n m t c ’ r f t - r - i u m  t - :  -

I b m I’ n e - m ~ - m t - - u ’ c m l  1 i t u -  ‘ u - n i t - o r  to san um u i t ’ : ,  - - ‘ e t C  ~c i r m a n a g  S ~~~~ 1 ( 11 p 1 us t i m e -  c - n u t - C O t  r ,a t I c - n i t -
e t i  s a l t s  i t - w n ,  i r a  T e l - i c ’  5 , ‘ I c -i r’u ’ , a : , u ’ s  I ron 12 C i  ~a eceV e r ~ th e’ c o r n ’  ‘ - n i t  n a t i o n  - ‘ I

l i e -  S ;a i t  u nix t c i i ’ -  a l i t - n e m  : , ( ‘ s  -

lie s e ’ f l n _ u , r  n e . : I m c m t ’., c ’  t m  t i m e -  t e i t u r g ~a n u i c  n-c a l c i t e ’ s  a s  ~ n - i e _ u f c l y t i c c -  c e - s t i l t  o f  : . uecmc  I I
t i c  ci t - c - S  i n  t bce mcs nri o t, a ( ~u t  e ’ : ,  s c a r e -  m u t t  C f a e -  saen ~m I c ’  s a l u ’ c c i  t i m e ’  : , c - r m r , o  r t r e e — m i m e  , u a m e -  -

- m i m e ’  c i t  t t i c ’  c m _ l a m  u - ‘, u - t i  m a l t - i t  - a n  c -  m a  pu a 1’ I c ’  o f  c i i  I C i i : ,  i rag  r e - c u t  a I v I h rouagi a th e - ine ’n mii r i  e c u -
or u b :a nig i rug t h a t ’  l ul l c- f C h i c -  m i m I t i - n _ -a 1 1 a 1 1 i nag  so 1 m a t  a n ra  - l i m e -  I n c i  i 1 t l t i l t  of ’ i cc c e g ur u me
‘ . 1 m e - c  at-s m a  t i m e ’  c - i c - c t r’ m m h v t c -  n e t  ym I , -  I m m u l i  s i l l  h u e -  a S O m S  p a c u c ’ e ’sn ’~ r u - s t i l t  j u g  i rm .c
I , let S ’ m i r c I t  c u f  l i m e -  :- , c - n t : , u m r u m m i t p d m t  - I t  a r-i t i c c - r e - t o t e -  c u t  m c  n h u , u t  c- i l  t ha _ a t c c ’  lat ive-l y
a n a l r c - m 1 t m c ’ n u t  r e ’  ‘ c i  i - n - c t  n u m u m  c i t  t i m e —  I t

’ l l , m i - n i t - m e  s - n i l  c ’ I e ’ ’ 1 t a u t e - l y  o nn t e e ’rus , a t t ’ l c m t  t i m e ’
- - ‘ ‘ i i : , - ,  r i c - , I c m  , n a :-, c ’ t o t i f l -  s - u  I C  : - . S a tim ‘ - a e a t ’  uu nl , c  t e d  u c I m i c e  a I a m e n u  - m l  l i m e ’  1 1  t t 

- 
‘ l i t - c u  a

a s  a h a  g l u t s ’  - l u - n ;  m u c h  1e I c a  1 c m  r e  uu I t i n e ’  E i c ’ m  I e m u t b a e ’ n m i ,a I I’ tI ( c\ au , a l v i c e - - c nt ~ ’j ~, e t ,’ , t h ue ’
- u - n m ’  c-  c i t  n n a c a r g a r a  m so 1 c m  C c - : ,  ir a 1 h at ’  c - I  e m  C r u -  I v I u -  c e - c V u  I c - I mmm ~c t e n  e ’ : . c - n m  t S c c c

n a g r c i u m t , a e m t  d i f f i c u l t y .
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- i t  ~ a r u  C c  S u c i t a t e ’  SI u c - t~ ’ - l i c e -  r e s u a l  h t ,  ‘‘I t i m e  c m i  g m n u m  m s m  I o U -  m n u t e r f t - r e e e e’ s t u d y
- a n e ’ l i t - t e l m u m  I a i m  i ’  t - I e ’ : , t N - -  I s a s  I - c - c - I o rm e- m i aS  a b l a n k  - e c m m l  t hat t e s t
s m c l t i t  i - m t i  - r n t , i i n o - - I  t a m  ‘ ‘ u t - m a c u t ’ n - m u t a t e - n ; , l c ’ i t t ~ 5 - -  2 a n t I  N ’ ’  i c n v c m l v u - m i  s c - I - a l  c u n s

w ’bu i c h  - -‘ tn t ,u i r e - - I  - a u  c - - c , i mt - ’ h h , i n m u c l  - I l i e n ’ ’  I , I m b u e ’ - I . i n I  -a e - ’  c c  c m  ad c t  m - m n , ‘ ‘ r a t  r a t  i o n s

- - 1  1 
~~~ 

- a i t m l  ‘t i - h i m  J e ) l  , n ~~~~~ I I - — e ’  1 ’ ,- -

A s t h e -  I t - - a t - i c  s c u l l ,  - - I a ’  cot r a t  u i - t i  c n n  t i a c -  l e s t  s u - u l u a t  i t - u i  m l l c n ’ , - , a s e ’ s , ‘ I t  Se - r ;s - - ? ’

n e - s~ m i - ’ -  - l u - m m - ’ c s c ’ S  - - c a l ’ ;  l i - - n e t  + 1 1  nt ’S to +12 mV , )hms  c e - sp i - o s t - c h a n t - ’ ’ ma y he
- l : m t ’ C - - c-it ’ ‘ a m  ~‘ u t - ’ - t - - ~~ n ’ ’  - I ,  m it ’ s on  1 1 - m e ’  a o l  l t m e u m c  e - - - I  t h a t -  o m n , a r m i  s c u i m u t  e ’~~ i ap ’ ,ii

the’ ‘ n e t  - - m l  - f  CO I t m r m ’ u t’ li I t i e -  n n i e - u n b c r , a n n e - . i r a  - u niv c , a t ,e ’ , t h e ’  c h a n g e -  is i c - sn -
s t~~: t i c  c u m t  t t u . a u i  b i t !  , m t u ’ , t - n v e ’ ml  e n  t i e c -  a t m , ’ m l  a r c - u  c - t i l l ,  s a l t s ,

l u ) - ,, a r m - - ’ c m l  - c - i l l s , - a n t -  i m e a i l u i u [ u  o f  o c t - a l i t , s m i c a t m - ’ , u t  I h e ’  e - I c ’ c ’t r c m I v t u -  n c - y b ’ -
1 - - p s  i l l  1 - c ’  sI  s , e : , l s i l l  i c - s e a l t era a Ii a l t  a n u s ’ ’ n m s m m n  r’ c ’ r - p u m c ne ’ S~ rrneal ~, ,
s a d  -i  i m m i i  a f t , 1  a l l  :, - m m e t - c  ma r ie e ’c c i a ’ -, ’ ’ of  t h e ’  1 i m , a m i t  m t a t  a v t - - f  f e c a e ’ n i c  t, - - 1  1 j u t ’
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nu n re r m a t - g e l m a t e r i a l s  , . -‘\1  m c m i , t i me ’  m a n u a l  c a l  a h r a t  u it - t e ch n a m i u c s  ca: ,ed w i t h  the
j’ i ’t t  

- cr - I [mu - n - - t a l l  a te sc m - I s  s i l l  1-c ’ :um i t u-fia t c ’ ’ i .

- n  )NCl.1 f-~ l (uc5

l i ne- u-h c t ’  t i . e  of  ( . 1 - m a t -  [ e m m i t r a i m  l i e s  l ie- , m m  t - t~~ m. esst t a ll y achieved , The three
- ‘ ‘ m m !  i c i  c ‘ u f l i [ ’ m - t u u - n m t  S of t h ~ l’, l e ’ m  t n au u he ’m u , - ml COD -‘and  TOC Aau a l y ze- r s have b t e ’ e r i

l e t  I c - I  I n ,  I c ’ ’ , a l m a , u t e ’ m i , a t - m I  I f t c - a r  i c c r t m m n c t t , a n a c c  m a e - e l_ s  - u r  s u r p a s s e s  t h e  d e s i g n
a Is I - - n - a t - c  in t Dc’ a n _ c  I y i m ’ m s

: l m e  f ’ r t - a - I f ’ ’ - , m n c j  ~u e - m : ; m a l I a t e  it, r u t - r , t t i e c u m  m c l i  s u c c e s . s f m a l l ,y d e m o n s t r a t e d  t h e  c o n c e p t
u- I i t ,  s m t u  e i c - m 1 , ’ u e h e ’ n m a c . c i  g c ’ r t c - r . a t ] o n  o f  p e r s u l f ; a t u - , W ith in situ generation

~af hl,is n ” ~u g e n h , , e n a a l ’ ,’ ,-’u -r s  w h i m  1-u c onsum e no r e a g e n t s  or  compressed  gases  can
d , C .  m l e ’ ’ c ’ I - - p e ’ c I  I o n - f m e l ’ l  a p p l  c m  it b ut t , -

; e ’  p c ’r s u l f , a t  u- -c- ’ ’n i e ’r a h i o n  c e ’ l l  is - - a i c ’ a h l e- m l generating 0,04 9 persu ltate in
‘~}I HSO s u t h  -a f l - - s rate of 1 . 0  m i / m a n .  T h i s  is about twice the concen-

t e a t ;  e m - 1  [c e- nsc a l fa (e ~u r - t j c n t c - 1 I c r  ut -u” in the analyzers. Other concentrations
can I.e gener a t e-mt at Variou s I l (.uW rau-n . by pnoper sizing ac f the anode in the
i c-li and m i t - u - ml ap p ropr iat e currents.

~ hu- . m u l o m e h r i c  p c ’rs ul t .at - sensor was mlevc-’loped .e t h - ’-r lu sts of the potentiometr ic
s c - m i t - o n , i n i t i a l l y  s u - I e c t u ’ m l as t h c~ b a s e - l i n e  p e t r s u l f m t e ’  s e n s o r  during the previous
c.’o n c c ’ pt  m c !  t I e s  i t - r i  e f f o r t , t - h m ,~~e’d t h a t  m u - t e n t  iometri - me thods w o u l d  not  r e s u l t
an t t  i i i  m i , e -  , ru - i’ rcm ei uc a b l e ’  COD m e a s u r e m e n t s .

- ‘ - u i - - m e t  r cc met-n i t  ore ng o f  pe r su  1 f a t  u ’ scm 1 1 a l l  ow COD me a sc a r e - r t e e ’ n m t s  oven the
1 : u t - e f r o m  a l m m n a t  0 . 5  ppm t i m  a t  lc’a :, t l ’~G ppm COD . Dissolve- mt 0. and  0

3 
do

: u m , t  m i t  u - r I  c t - c -  a : - , t h e - v  t I c ,  v u  th  o t h e r  e led r m m m  h em ’ c a 1 t e c h n i q u e s ’:’ Di  r u’k. s p e c t r o—

~- b m - - t - ’ r e c e ’ t n i c  ‘ - ‘ -  h a u i i u p a e ’ :  w e r e -  c - l u - t w i t  h u m  l a ck  s e n s i t i v i t y  an i l  a r e su b j e ct  t o
m t ’  r 1 “ r e n c  “s . u t i m e r  t e m  b a n a i q u e s  a r e  p u t t - s  m h l e -  , I mut  t l n r t c -  consumn e r e a g e n t s , and

- ‘ ne e t t e st e d  d u r i n g  t h i s  e f f o r t  l u’ ause of the ul c -ve- lop men t goal of ana l yz e rs
c c  h r.’’~u a r e  no cc ,n su u m a h  it ’s

t h e -  p ossibl e ‘imsa ci vantage of th e - m o c i l o m t ’ t r u c  pe r s u l f a t e sensor for some app lica—
t i c - r a m ,  u s  the H g pool c - l u - c t  rode  used to r e d u c e  p e r s u l f a t e  e n  t h e  s e n s o r,
) { m - w e - v c - r , -~~ m e - rat ion of t i m e ’  s ensor  i n  the ’  e ’l e c t r c  l ’,’t u ’ recycle  loop of the  E l e c t r o —
- he’mic,a l ( l u t E )  A n a l y z e r i s  not ,  ant ~ ‘i p at ed to result an the discharge of Hg or
me r m  - , n y ions , 9 c c  - t . r ’,m a ‘ i r a n ;  ~ e 1 1 b at ’ r e ’du m e”i - a t  the c ’lect  rode ’ when i t  m s op e rat—
m n a g ,  a n t I  i u n c u l c e ’ r - I a - s m g a a  i t  t h e  Sensor s a i l  r e su lt I f l  00 I t - a s s  oh H g f rom the
‘- C - i a : ,  - - r c’Vc ’n a ‘ l u r e  rug t r - a n a : . [ u ’  - rt of the ana l y z e r .

The ‘ m m i l m u e r m e ’ t r i c  - , e • r a s c , r  u s i n g  t he  Hg p ool e ’le ct ro de is the f i r s t  workable
so i d a  t u-fl I - - t i m e ’  p r cA 1cm mu I N’ r n, ul fate mu-Ic a t i m  r a rag wi  t h u - u t  co n s um p t io n  of  r eagent .  mc
Ut ; e -  ‘ ‘ I t tm ’ Hg c i  e’c t r c u m l ,  a l l  a l l  us Clii ) m e a su r e ’ n i me ’ mi t  s and fu nt h e r  develo pment mm
I h u e  Cl ml) Ann .a 1 yze r La t e ’  r , o t h e r  e ’ l e ’ u  1 r u  m u l e -  m a t e r  c m l  is may be I ou i id  t o  c ’ 1 m m  r na t e ’
11 - ac- use ’ of Hg f o r  t t u ’  i n :  e -  1 PP 1 i i  u t  a c - n a : ;  u n wim m e - l u  a t is aande s a n able -

I t - !  c i  m a r t - a r m ,  C - , u n i m ’ m r m  crul ’ , u ! , u a r u ’ a c e ’ e ; t  s ‘I -’ h t m l  r e - l a m e c c  I h e -  p e r su l  1,-a I m ’  se nso r .
c m ’, c - j u l  , 1 1-ce ’ pLO

2 
me ’m n h n - a c m -  e - l e c  C r tid e ’ i s  m i s c - u I  t i c  m ’ .u s u a r e  TOC v m  1 ties - It is

a ! -  u l c l  e -  c a l  n e ue ’a s u r e m en t  mc c a v e ’  r the range’ ‘ m l  C ) - 1 to  m u m  C e -  t h a n  ‘cOO ppm TOC . The

‘;e n~o~’ ma e - u i  c l u a r i r a g  t h u s  c - v a  L u a t  ( c u t ,  was  - a I l u i s — t h e u m t i g i u  St ’n Son ’ t h , u t i u e r m i t t e 4
- ‘ , t m i  I r amau u t at - , t ’ ø r i m  - ‘ m i t  n - u t c ’ e r i  r e a d ou t .
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I f m u -  c i  t m - c t  S - ‘ i n  t i m e ’  c mtff l ~u m m 1 u c ’ ut  t s l i i ’ ’  t c c  : m c  i t  s a u c e am u  l a t e - u i  c r c  t i m e ’  c- Ic-c t ro I yt
r e m ’, - I c ’ l i i i - ‘ t  t h e ’  - c n , a l v ,’c r s  s u - c e - attv e: , h m y - u I  ‘ -I , T e s t s  s u - r e -  c o n e i u c t u - ’ l  e n

‘~. l : e c ’h sO~~i a t e m ’ u n :  W e - t m ’  p n c ’ p , u r e ’ m i  I , ’  s mneicil , at c’ t h e ’  ( m u u t p m t - m i t  ‘ ‘ i t  o f  t h e  i ’ I e ’ m  h n o l v t e
- e l l e n  ~t) - I c c - n - , - - I  ‘ - n a t  e r i c ;  i t ; : , , c m i , c l ’ ,’ n m u s  t n t  - a  sctlt at e m - m t  c’ u m r m t - c i n a n a g  150 i’i mrti  C l  , 10

/~ - a r m - I  0 .  3 p~cm F e ’  - , ‘ f ’b ie ’c - e  s u m  I t a t  m c , n m s  a r r u l J e o c - - c  d t h e e ’  ~c c - r t c - r r n m i n i m  u- c - f  I
j c e ’ r s a i l f,u I e it - n ;  e’ .a t j - - i i  cm ’  1 1 -e n m c l  b t  c i t  ru’ I ~a t a vu-i v 1 a t t it ’  c f  f m -  t m m i i  h hi ’ c - u - n m  so i s

b f c c ’ m u - l i - r u ’ , a t  l e a s t  in  t h u  , c - c ’  o f  c ommon] n i i m m n ’ g - a n m t  s a I l s , t he  bm ,a i l t i t m h m  c m l

m - ’ i , t , I f l ) j i ; , a f l l :  s a t h e n m  t h e ’  c j t - m  t r m t l v t e  r’ e ’ v t  I c ’  l i i m m j t  i s m a a a t . i c : i j n m a t e u l  t m  c c - s t i l t  i n
1 c  S i t  - c m v pn tthl e ’m s

- m i t - m a c i t t ’ ;  h e - s t  p o g r ;u n u  h a s  u lc ’m on ’c s t r m i t r m l  t h e  need b r  ( e - r t , a m n  h e - a t t i r e ’ s  in
n i ne  c - m m - I — i t t - n  , c n u , a l v ’ z. u - r s - F u m i  e - x i m p l m ’ , nit- - arms t m r  a dj u s t  m n g  t i c ’ ’  ( - c - I l  c u r t - t il t iii

P u -  i’~- r t - u 1  1 , a t ’ ’  g e - m i c e a t  i m m n  c e l l  : , b n m m t a l d  t i c -  p r m m v u d e d  i n  e t c - l u - n  t o  g u - n e - r . a !  c -  a

cu -ru s t m t  c m m m a c ’ nttr :e ti on of  [d c - r ’~c c I f c h c - . T h i s  .a m l justmera t s a i l  c o m p e t c s , a t c -  f m r ’

t t ’ m u i l m m ’ r a t c i r u ’  a n t i  c ’ j , ’ m ’t  r’ ’ - i y t c -  m ‘ - n a t - - n t r a t i m m n u  v - a r t a t m o n s , p l u s  t h m - p r e s d ’ n t m  m -  o f
c n i ’ - e y m r m m c  : ‘ . a l t s  in l i ce - c - lu -i t e t , i v t c ,  The -  t’ u , e i i o m e t n i c ’ p e - r s t i l t a t t ’  S e - n u t - o r  i S  - a

1 c t  - h — t y p e -  c - u -  i n c - O r , , u n c u l  t i t u -  i n t e r f a c e  1 - c e ’ t s u - m ’ n t  t h e ’  e ’ l c i t a’ o l v t e ’  r ( - ( v (  I ’ -  l m .u ct j n - a r i d
se -n am,u u r m ust }m r t mv m u t e  f o r  f m , ah ci a - f c c - n ’ ,at.,m m mn n - l i n e -  1’CO 

- 
se-r a m-c -mr s l i mm ta lei he- h e n m m l n e ’ r i t t m r ’ t - ’

C m l  n i l e - m i  or e i i i l c c ’ I i s , - c t c ’ m I  f o r  t e m p e r a c t u n u -  v , e r e , a t  r~~n i s ,  l-’ u t i , ’a l l v , t h e  “ n t - i — i t e m
, a t a , a l v i c ’ n t ’  m a i n - - t i l t  I m , e v ~ - p r m - v c s c i m n a s  t u i r  a u t o r n a t ,ecl c : c l i l m n , a h  c m i i  t i c  n c - s t i l t  c i t  t h e ’
m om- ; l , a m  m m m i - ’ , u t c’ c r u d  r e - p t - m i m i c  a l u l e -  I c - C  m i n d  COD m e ; a su r em en t s

f t c -  t-
~~

- e ’ ’  t a l  r c - q e i e n e ’ me n l  n ‘ m l  1 Pt c o mp o n e n t s  c r c ’  n o h  me a tni .cl lv e x c i c a t - i v e ,’ . T h e r e f o r e ’ ,
- - n s i t - c  I c l v  e x i s t s  C m - n  dt ’~~c ’ i ~ m~m i r m g  an  - a n a l y z e r  t h a t  t u u c - , i c - u r e s  I c - t b  ‘I’UC a r i d

:01) (‘fl t r , , t  m o n t ;  ln ~ mf ’ i nc u m c ~ t i m e  p u ’ - r s m m l f - i t e -  g m - a i m - r a t  m ’ m n  cell c i t - f  t t m u t t i  s e n s o r s
m a t  - c s i : ,~~ie  -u r : . u l c - z u - n ,  I t ; i s , e n i - a l v i m - r , t h -  F, l u ’ c t r o c i u e - n t i c . a I  l t ) ( ’ ’ L U i )  A a m , a l v z c ’ r ,

- l u : -  - - - i - l c a n m n g  Ut ’-  p r e v i o u s  f e a s i b i l i t y  - c r n . u l v : , r s  0 1 t h e  i i a u i i v c m l i i , c l
}‘, I ’ - m t n - - -  F m ’  m i i i ,  - a l  I t ) )  , i i i m t  ‘ku t m \au a j vv e rs , li me -  e ’ v . a l i a e t i t m e i c -  01 thu c O m jd mm nte ’in tc-

- ‘ - n  l o r : r t e ’ ’ f  ‘ t c ,a r i n , a ’  t i u i s  f - c t - m g i -  el a n s t a i c l u o r t  t h e  h i c m n s c h t  I i t t - ’  c c l  a n a l _ m t - m i t  a n t -  - a l l  t h n ’ o e ’
- - - i t ’  - r m l  s -

Al ’ 1- u - m i t - f ,  m e  ‘~ a ‘ h a m  I , i m n f l f m m m m i c - c m t  s I t t - c - c ’  bc -c-n ‘‘ ‘-‘ - a I c a m he’], t i me’ mc I c a m  I pu  r t o  n ’ n m n , a n t m e  m l

t f a e ’  1-. l c ’ -  I r’ o c b a e m i  c c i  TUC , COl) or’ h i u ( . / C O D  A c t - c I t - i c r  m u s h  -,‘ ‘ ‘ t  lie ’ I c - n i t - i t ’ : ! r - u t t ’ u I ,
l i m i t -  c s  f - c - c  ,.a a a : ; u -  t h e -  a r ’ i a lv t  a c - c l  p c ’ r f o r n t m i e n ’  c’  m i t  t h e  m u t e l v ,’t - r  m f u ’ i ’ m ’ i a m l n - _ c i - ’ t  c - f l i ’m ’ c-n
1 1 a m -  4 - c - r f c m n ’m , c i n t  c’  m l  t i m e  ‘ c - r i - m s  a n a u l  l i e n ’ :t - c l l c t e  gc- ’n ] e n  - a t  c m i i i  m m - l i , be a t  a l s o  c a l - _ m n ;
t 1 - t u -  u - f f a c j u - r u m  v c u t  h i m u -  o r g e t t u e  ‘ , ~~~i u i , a t i m , u i  pr m (m - t - 5 O u t  c a m u i r u g  v a t h i n  t t m m ’  a n t - u l v z e r .
I n c  u , n n l c  I c - I ’ ’  c , X i m l , i t  m u T t  m _ - l  t ime ’ or g .caa i c so li ahu ’s , - ‘ r e i x t  ‘ 1 - c t  - ‘ u i  - - I  m m i - m c ’ y , u r i a c ’ S J d e ’ u , ’ m e s
a r u  t h e -  t- c n r t f - l e , i n t . e y  l m n o m l m m c u _  s c - i t i f  m m  c u t  c ’ r r t i m : ’ , in u n i t ’  or ‘ ‘ ‘ - I  Ii 01 h l : e -  ‘ 1 1 C C - ar i d

1 , 1 If) clue ‘t i m e  u ’ ( f l u - r u t s  -

I’ , ’ -  a m i n e-  ‘m l  t h, - m- m m m n a ’ , m , l m ’ z , ct i c - r a t- c 1 1 -m e ’  c - I  t e a t  a v e - t a c t - s  ‘ - I  h I t ’ -  - - i g , a n a i c  o x i d a t i o n
u e ’ss arc ’] i t : m  c - f t c - m t  t a p o r m  h u e -  . a t i a l y t i m  c l  pe’ r fcm rnn aaiu c’ of  t i m e ’  . u n a ; u i v _ ’ m - u :-m s h o u l d

i c n ’ , c - ’ . t  c t - - c t ’  ‘ I  J u n a m u r  to  t e a t i m e , -  h i , a r ’ - I s , a t ’  c - m t e - ’.’ m - l c p m e ’ n n t  a r e ’ l  t i m t e l l i u m i n c ’ i t t  m n m t c ’ g u . a t  i O f l
c u v m t  i e - ’ ~ -

R I ,  HM9i- l~~l ) \ ’ h  I i  ( N P

I t t ’ ’  h e - s t  so f - c r  i u m n a u l u a m  t e - m I  iu , i v u -  m , i i c u w n e  t h a t  t i m e -  F c e ’ r S u A l I a t e ’  yc ’ n a c ’ r , a t  a u - n a  c c l  I a n d
j m e ’ r s ej l l u t e  n e i l  p m i i  se n s o r - ,  f l u e - u - C  t h e -  p u - u t  - i u e u a a i u m  e ’ r e” 1ea u i c c i t t - c i t  :, oh  t i m e  E l c ’ m t r o —
a t’a e f l c i u  a l Clii) , a i m c i  ‘ i h i  A z a , , l y , e ’ , t - ,  ( m c u c m l u n n t m i i g  t e e u t h sen s o r s  I n c  -a s u n a g l e -  a c m e  k i m - n
l a i n mc m m c c i  I , a tte ’ ’- ma ~, u n u c ’ , a : , u c r e ’ u r m e ’ t i t  u i  1 1 ) 1  a n t I  ( ( C I )  m ‘ u n i t -  c ’f l t  r a t  i on s  u u i m i i e ’~

j e s  t o  be ’
‘ - ‘ - u  I - I - -  I l t ’ ’ m ; c ’  uu ua ’ ,i sm cn e ’me ’r at c- c r c ’  t e a t - c - m i  t u t u  C l ue ’  o x i c l a t  u c u n c  m t  o r g a i t a c  m ; u u l t u t u ’ s
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an d  m n ’ ’ a s m i r e m e n i t  o t  t I m e -  C c c  
- p i - - m l i i ’  e ’ m f  hut c r a g t i m e -  m m x c  m i d  i m n n a , ‘ n  t h e  q d a a n t  m l t ,’ 01

p c - r s u l  t a t e ’  e,’oim s ej j n i’d d u n n a g  t h e -  O X a i l u a t, ~- ‘ i a  - I t  luas 1- m t ’ u n m m - r u m  I m c m i e m l  t i u a t  f i r i t i r  t i ,

t u ature- bm ; a a’ m I ’* , a n e ’  d e v e l o p m e n t  t h e ’  m i t m , c u t  a tat ic - c’ u - f l  m e i c - n t - v  cu t ! I c ’  ( ; a g ~a a c c  e j x a ’ t a t  i o n

~c r  m d c  c - s  S n A t - m u  l e t  icu’ a e t c - u - s t  u g , a  t c -c l , a a c c l  t h e e ’  ‘ ‘ I  I e m  I a , c u t  i - s  a i m  I ’ -  i n t  - r f e — r e - n m  e m ;
S t mid i u - d  -

the  t x m Wa t c m i  c c l  m u m  it~u n  i U t - ’~t I t a t  ,‘ ‘ , r y  ~ e ’ r n u l  I a he- is a 1 m e ’  t c c a 1 1 v s 1 - s  I t  r - - - ess -

, e t  a 1 V : m I  s a r e -  nc m nrr e ,a l i t - ’  m ’ , , ’  I t a n t i  u e ’ , e - , e ’ t he ’ r i t t ’  of t l i e -  - ‘ x c  - h a t  m m m i ,  10 , ;m, u ’l u I
I c ’ c - c ’ l s ,  U l t r a v i o i c ’ I  r , a ’ l i j h i m t - n a  an  I - , ’  u s e - m i  as a ( i t  u I ’ ,’st , ,a n ml  c t  p r o v e -I c ’ : ;  c
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It is recommended t h a t  t e chn i ques that may be utilized with the’ E le ctrochem a ca l
b C/COD An ,ml yzen to permit measurement  of p a r t i c u l a t e  o rgan ic  carbon concen-
tratio nus tat ’ s u r v e y e l m a nu a l e- vm a lu a te d , This effort would possibly consider
techn i m ~uae - s to disrupt p artm culates pr ior to anal ys is , such as therma l digestion
and destnu m t i on by u l t r a s o n i c  or mechanical means.

Fo llm t s ’un g testing and evaluation of the Breadboard E l e - trochem i c al TOC/COD
Ana l yzer , at is recoemimenuled that the development of a prototype version be
per faurmed . Automated sampling and inorganic carbon remova l techni qu es sho u ld
be part of the prototyp e anal yze r , and the persulfate generation cell will be
included ton mci situ generation of the reagent, Other modification to the
analyzer design , shown to be required by the tests of the breadboard analyzer ,
Wi l l  he incorporated into the prototype design. The prototyp e analyzer also
s -i ll h e lu-s i gne d to achieve required levels of durabilit y and reliability. A
feedback control function may be incorporated into the prototyp e des ign fo r
control of water tre;atment processes. The prototype analyzer will then be
testu’d to insure that it provides the performance , automation and reliability
requ ire d f o r  use in selected applications .

- - “ - - ‘ - - ‘ - - ‘r’ ,u, , , , .  ,, ,,, ,& _____________ — - - - , , .  —
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