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INTRODUCTION

P ho tom etric  T i t r a t io n s

H is to r i c a l

The d e te rm in a tio n  o f  t i t r a t i o n  end p o in ts  by means o f p h o to m e tr ic  

m easurem ents d a te s  back to  1918. T in g le  ( l ) ,  u s in g  a pocket s p e c t r o ­

sco p e , i s o l a te d  d e s ire d  c o lo rs  to  d e te c t  end p o in ts  v i s u a l ly .  M u lle r 

and P a r tr id g e  (2 ) in  1928, d e s c r ib e d  an in s tru m e n t capab le  o f  p e rfo rm in g  

au to m a tic  p h o to m e tric  t i t r a t i  ons. A lthough th e  p o t e n t i a l  o f  p h o to ­

e l e c t r i c  c o lo r im e te rs  and sp e c tro p h o to m e te rs  f o r  au to m atic  t i t r a t i o n s  

had been d em o n stra ted , r e l a t i v e l y  l i t t l e  use was made o f t h i s  tec h n iq u e  

f o r  many y e a rs . Many in v e s t ig a to r s  (3 , *0 seemed to  p r e f e r  m anual 

in s tru m e n ts  w hich re q u ire d  p o in t  by  p o in t  p l o t t i n g  o f  d a ta . L a te r ,  

M alm stadt and G ohrbrandt (5 ) m o d ified  a Cary re c o rd in g  sp e c tro p h o to ­

m eter f o r  au to m a tic  p h o to m e tric  t i t r a t i o n s .  O ther w orkers (6 , 7 , 8 )  

f e l t  i t  more advantageous to  m odify low er c o s t  in s tru m e n ts  such as  a 

Beckman Model B o r  DU sp e c tro p h o to m ete r f o r  au tom atic  t i t r a t i o n s .

M alm stadt and R oberts (9 ) ,  u s in g  a m od ified  DU, in tro d u c e d  th e  

f i r s t  s u b s ta n t i a l  improvements In  a u to m a tic  p h o to m etric  t i t r a t i o n s  

s in c e  M u lle r and P a r tr id g e  (2 ) . M alm stad t's  in s tru m e n ta t io n  a llow ed  

th e  o p e ra to r  to  o b ta in  f i r s t ,  second , and t h i r d  d e r iv a t iv e s  o f  th e  

t i t r a t i o n  p lo t  d u r in g  th e  co u rse  o f  th e  t i t r a t i o n .  The second o r  

t h i r d  d e r iv a t iv e  p u lse  cou ld  be s e le c te d  to  f i r e  a th y ra t ro n  w hich in  

tu rn  a c tu a te d  a s o le n o id , te rm in a tin g  th e  t i t r a t i o n  a u to m a tic a l ly .

1
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A lth o u g h  a u to m a t ic  t e r m in a t io n  o f  t h e  t i t r a t i o n  was n o t  new, t h i s  was 

th e  f i r s t  t im e  a d e r i v a t i v e  te c h n iq u e  h a d  b e e n  em ployed .

L in g an e  ( 1 0 , 1 1 ) u t i l i z e d  an  i n t e r r u p t i o n  c i r c u i t  t o  t e r m in a te  th e  

t i t r a t i o n  when t h e  o u tp u t  v o l ta g e  o f  th e  d e t e c t o r  r e a c h e d  a p r e s e t  

v a lu e  r e l a t i v e  t o  a i n t e r n a l  r e f e r e n c e .  The Beckman A u to m atic  T i t r a t o r  

(1 2 )  em ployed  an  " a n t i c i p a t i o n  c i r c u i t "  w h ic h  i n t e r r u p t e d  th e  n o rm a l 

c o n tin u o u s  f lo w  o f  c u r r e n t  d u r in g  c o u lo m e tr ic  g e n e r a t i o n  o f  t i t r a n t ,  

and s lo w ly  a p p ro a c h e d  th e  e q u iv a le n c e  p o i n t  b y  a l lo w in g  p r e t im e d  i n c r e ­

m en ts  o f  c u r r e n t  t o  p a s s .  O r i g in a l ly  t h i s  c i r c u i t  was u se d  i n  co n ­

j u n c t io n  w i th  p o t e n t io m e t r i c  end p o i n t  d e te r m in a t io n s ;h o w e v e r  no 

m o d i f i c a t i o n  f o r  p h o to m e tr ic  d e t e c t i o n  i s  r e q u i r e d  ( 1 3 ) .

P r i n c i p l e s

The f u n d a m e n ta l  law  o f  l i g h t  a b s o r p t io n  g o v e rn in g  p h o to m e tr ic  

t i t r a t i o n s  i s  t h e  B o u g u e r-L am b e rt-B e e r  Law ( l 4 ,  1 5 , 1 6 ) .  I t s  g e n e r a l  

fo rm  i s  g iv e n  b y  e q u a t io n  1 ,

i= n
Ax  = -  lo g  T ^  = ^  a i b c i  (1 )

i = l

w here  Ax  s i g n i f i e s  t h e  a b s o rb a n c e  a t  w a v e le n g th  >. ;  Tx  i s  th e  c o r r e ­

s p o n d in g  t r a n s m i t t a n c e ;  a^  i s  t h e  a b s o r p t i v i t y  o f  an  a b s o rb in g  s p e c ie s  

" i "  a t  w a v e le n g th  ;  b i s  th e  l e n g t h  o f  t h e  l i g h t  p a th  th ro u g h  th e  

a b s o rb in g  m edium ; c i s  th e  c o n c e n t r a t io n  o f  t h e  l i g h t  a b s o rb in g  co n ­

s t i t u e n t  " i " ,  an d  n r e p r e s e n t s  t h e  t o t a l  num ber o f  d i s t i n c t i v e  m o ie t ie s  

a b s o rb in g  a t  w a v e le n g th  > . .

C e r ta in  l i m i t a t i o n s  i n  th e  a p p l i c a t i o n  o f  t h e  law  a r i s e  fro m  a 

num ber o f  a s s u m p tio n s  made i n  i t s  d e r i v a t i o n  (1 7 ) . Of p r i n c i p a l
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concern  in  p h o to m e tric  t i t r a t i o n s  a re  th e  r e s t r i c t i o n s  o f monochromatic 

r a d ia t io n  and t h a t  each  a b so rb in g  s p e c ie s  be an independen t m oie ty , 

f r e e  from  any i n te r a c t io n  w ith  any o f  i t s  n e ig h b o rin g  s p e c ie s , a con­

d i t i o n  i d e a l ly  r e a l iz e d  a t  i n f i n i t e  d i lu t io n .

The B ouguer-L am bert-B eer's  Law r e la t io n s h ip  p r e d ic t s  th a t  th e  

absorbance  i s  p r o p o r t io n a l  to  th e  c o n c e n tra t io n  o f  th e  ab so rb in g  io n s  

in  d i lu t e  s o lu t io n s .  From t h i s  i t  may be deduced t h a t  in  a t i t r a t i o n  

where a s in g le  s p e c ie s  a b so rb s , w hether i t  be th e  t i t r a n t ,  th e  a n a ly te ,  

o r  a r e a c t io n  p ro d u c t, a p lo t  o f  absorbance  v e rsu s  volume o f  t i t r a n t  

added w i l l  c o n s is t  o f  two s t r a ig h t  l in e s  i n te r s e c t in g  a t  th e  eq u iv a len ce  

p o in t .  In  p r a c t i c e ,  how ever, c o n s id e ra b le  c u rv a tu re  in  th e  v i c i n i t y  o f 

th e  e q u iv a len c e  p o in t  i s  observed  due t o  th e  e x is t in g  s t a t e s  o f  chem ical 

e q u i l i b r i a .  T h is c u rv a tu re  i s  o f  l i t t l e  concern  i n  ph o to m etric  t i t r a ­

t io n s  s in c e  th e  eq u iv a len c e  p o in t  volume i s  r e a d i ly  a s c e r ta in e d  by 

g r a p h ic a l ly  e x tr a p o la t in g  th e  i n i t i a l  and f i n a l  l i n e a r  segments o f  th e  

t i t r a t i o n  p l o t  to  t h e i r  p o in t  o f  in te r s e c t io n .  T h e o re t ic a l  t i t r a t i o n  

cu rves  may be c a lc u la te d  from Beer^s Law and th e  r e a c t io n  s to ic h io m e try  

i f  th e  a p p ro p r ia te  e q u il ib r iu m  c o n s ta n ts  a re  known. The shapes o f  

p h o to m e tr ic  t i t r a t i o n  cu rves  a re  dependent upon th e  c o n c en tra tio n s  and 

th e  combined s p e c t r a l  c h a r a c te r i s t i c s  o f  th e  t i t r a n t ,  a n a ly te ,  and 

p ro d u c ts  o f  th e  r e a c t io n  a t  th e  w avelength  used . F ig u re  1 i l l u s t r a t e s  

a number o f  t y p i c a l  p lo t s  one m ight en co u n te r ( l8 ,  1 9 ).

Advantages and A p p lic a tio n s

P h o to m etric  t i t r a t i o n s  have a number o f d i s t i n c t  advan tages over 

c o n v e n tio n a l t i t r a t i o n s .  F i r s t ,  th ey  se rv e  a s  an unb iased  means o f
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4

d e te c t in g  c o lo r  i n t e n s i t y  changes and perhaps e q u a lly  im p o rta n t, th e y  

a re  cap ab le  o f  o b se rv in g  a r e l a t i v e ly  narrow band w id th  of l i g h t  th u s  

m in im izing  d i f f i c u l t i e s  from c o lo r  masking by o th e r  ab so rb ing  s p e c ie s . 

C onsequen tly  a g r e a te r  degree o f p r e c is io n  may be o b ta in ed  th a n  i s  

o f te n  p o s s ib le  by v i s u a l  te c h n iq u e s . T h ird ly  th e  ph o to m etric  t i t r a t o r  

has a much low er th re s h o ld  o f d e te c t io n  over a g r e a te r  w avelength  range 

th a n  has th e  eye. The p h o to m etric  t i t r a t o r  a ls o  p e rm its  v i s u a l  o b se rv a ­

t i o n  as  w e ll  as g ra p h ic a l  re c o rd in g  o f  th e  e n t i r e  co u rse  o f  a t i t r a t i o n .  

S u b seq u en tly , a g r a p h ic a l  d e te rm in a tio n  o f  th e  eq u iv a len ce  p o in t  may be 

made r a th e r  th a n  an o b se rv a tio n  o f  an end p o in t .

A reas o f  p a r t i c u l a r  a p p l i c a b i l i t y  f o r  th e  p h o to m etric  t i t r a t i o n  

method a re  o f te n  found w ith  r e a c tio n s  w hich a re  incom plete  a t  th e  

e q u iv a le n c e  p o in t .  Examples o f  incom plete  r e a c t io n s  a r e :  p r e c i p i t a t i o n

o f  m o d era te ly  s o lu b le  su b s ta n c e s , n e u t r a l i z a t i o n  o f  v e ry  weak a c id s  and 

b a s e s ,  o x id a t io n - r e d u c t io n  re a c t io n s  in v o lv in g  coup les  w ith  p o t e n t i a l s  

n o t g r e a t ly  d i f f e r i n g  in  m agnitude, and r e a c t io n s  w hich a re  slow  t o  come 

to  e q u il ib r iu m  in  th e  v i c i n i t y  o f th e  e q u iv a len ce  p o in t .  S ince  th e  

e q u iv a len c e  p o in t  i n  a p h o to m etric  t i t r a t i o n  i s  de term ined  o n ly  from  

th e  i n i t i a l  and 'f i n a l  segm ents o f th e  t i t r a t i o n  p l o t ,  l i t t l e  o r  no 

c o n s id e r a t io n  i s  g iv en  t o  th e  b eh av io r o f  th e  system  in  th e  v i c i n i t y  

o f  th e  eq u iv a len c e  p o in t .

P ho tom etric  t i t r a t i o n  of p r e c i p i t a t i o n  r e a c t io n s  to  maximum 

t u r b i d i t y  o f f e r s  c e r t a in  s ig n i f ic a n t  advan tages over a b so lu te  t u r b i d i ­

m e tr ic  m easurem ents (20 , 21 ). The m u ltitu d e  o f  e x p e rim en ta l f a c to r s  

w hich c o n tr ib u te  to  th e  la c k  o f  r e p r o d u c ib i l i ty  in  th e  l i g h t  s c a t t e r in g  

c h a r a c t e r i s t i c s  o f  su sp en sio n s a re  r e l a t i v e l y  un im portan t i n  th e  t i t r a -
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t i o n  m ethod . I f  a r e l a t i v e l y  s t a b l e  c o l l o i d  w i th  a c o n s ta n t  d e g re e  

o f  d i s p e r s i o n  i s  o b ta in e d  th e  r e l a t i v e  c h a n g es  i n  t r a n s m i t t a n c e  d u r in g  

th e  c o u r s e  o f  an  i n d i v i d u a l  t i t r a t i o n  i s  t h e  o n ly  f a c t o r  o f  c o n c e rn . 

A b s o lu te  t u r b i d i m e t r i c  m e a su re m e n ts , h o w ev er, r e q u i r e  h i g h ly  r e p r o d ­

u c ib l e  e x p e r im e n ta l  p a ra m e te r s  fro m  sam ple  t o  sam ple and  u n d e r  a 

v a r i e t y  o f  c o n d i t io n s .

R e l a t i v e  t o  o t h e r  i n s t r u m e n ta l  t e c h n iq u e s  o f  e q u iv a le n c e  p o i n t  • 

d e t e c t i o n ,  p h o to m e tr ic  t i t r a t i o n s  may o f t e n  b e  p e rfo rm e d  a t  low  c o n ­

c e n t r a t i o n s  w here  p o t e n t io m e t r i c  i n f l e c t i o n  p o i n t s  a r e  b a r e l y  p e r ­

c e p t i b l e .  I n  s o l u t i o n s  o f  h ig h  i o n i c  s t r e n g t h ,  w here c o n d u c to m e tr ic  

m eth o d s o f  e q u iv a le n c e  p o i n t  d e t e c t i o n  a r e  o f t e n  i n a d e q u a te ,  t h e  

p h o to m e tr ic  t i t r a t i o n  e x p e r ie n c e s  l i t t l e  o r  no  d i f f i c u l t y .  I t  i s  

a l s o  a d v a n ta g e o u s  t o  u se  t h e  p h o to m e tr ic  d e t e c t i o n  s y s te m  i n  c o n ­

j u n c t i o n  w i th  t i t r a t i o n  sy s te m s  u t i l i z i n g  c o u lo m e t r i c a l ly  g e n e r a te d  

t i t r a n t .  The p h o to m e tr ic  sy s te m  i s  f r e e  fro m  th e  e l e c t r i c a l  i n t e r ­

a c t i o n s  f r e q u e n t l y  e n c o u n te re d  when e q u iv a le n c e  p o in t  d e t e c t i o n  m ethods 

su c h  a s  p o t e n t io m e t r y ,  a m p ero m etry , an d  c o n d u c t i v i t y  a r e  u s e d . Due 

t o  t h e  v a s t  num ber o f  c h e m ic a l  sy s te m s  w h ich  a r e  a d a p ta b le  t o  c o l o r  

c h a n g e s  a t  t h e  e q u iv a le n c e  p o i n t ,  p h o to m e tr ic  t i t r a t i o n s  h av e  a w id e  

ra n g e  o f  a p p l i c a b i l i t y .

P h o to m e tr ic  T i t r a t o r s

G e n e ra l  d e s ig n

The in s t r u m e n ta t i o n  r e q u i r e d  f o r  p h o to m e tr ic  t i t r a t i o n s  i s  o f t e n  

s im p le r  t h a n  f o r  c o l o r i m e t r i c  d e te r m in a t io n s  s in c e  we a r e  i n t e r e s t e d  

o n ly  i n  a ch an g e  i n  r e l a t i v e  a b s o rb a n c e . C o n s e q u e n tly  p h o to m e tr ic  

t i t r a t o r s  do  n o t  r e q u i r e  f e a t u r e s  su c h  a s :  l i n e a r  a m p l i f i e r s ,  h ig h
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r e s o lu t io n  m onochrom ators, re p ro d u c ib le  s l i t  w id th s , and m atched c e l l s ,  

to  name a few.

P ho tom etric  t i t r a t o r s  c o n s is t  o f  s ix  b a s ic  e lem en ts : a l i g h t

so u rc e , a means o f  w aveleng th  s e le c t io n ,  a c e l l  c o n ta in in g  th e  s o lu t io n  

to  be t i t r a t e d ,  a m ixing  a p p a ra tu s , a d e te c to r ,  and some ty p e  o f  re a d ­

ou t d e v ic e . Some o f  th e  e a r ly  p h o to m etric  t i t r a t o r s  employed tu n g s te n  

o r m ercury vapor lam ps, f i l t e r s ,  b e a k e rs , m otor d r iv e n  s t i r r e r s ,  b a r r i e r  

l a y e r  c e l l s ,  and galvanom eter read o u t c i r c u i t s  (22, 23 ). In  a d d it io n  

to  th e  s ix  b a s ic  d e s ig n  f e a tu r e s ,  most modern p h o to m e tric  t i t r a t o r s  

have b u i l t  i n to  them  some method o f  te rm in a tin g  th e  t i t r a t i o n  a t  o r  near 

th e  e q u iv a len ce  p o in t  or some p r e s e t  p o in t ,  i f  d e s ire d . The method of 

d e l iv e r in g  t i t r a n t  d u r in g  th e  t i t r a t i o n  may be accom plished by  any one 

o f  th e  fo llo w in g :  a c o n s ta n t head b u re t  w ith  a so le n o id  v a lv e , a con­

s ta n t  d r iv e  b u r e t ,  o r  th e  c o n s ta n t c u r r e n t  co u lo m etric  g e n e ra tio n  o f 

th e  t i t r a n t .  C u r re n t ly  th e  l a t t e r  two methods appear to  be th e  most 

p o p u la r . D e te c to rs  w hich have been used c o n s is t  o f p h o to v o lta ic  c e l l s ,  

p h o to co n d u c tiv e  c e l l s ,  p h o to n u n ctio n  d io d e s , pho tod iodes (vacuum and 

g a s - f i l l e d ) ,  and p h o to m u lt ip l ie r s .  The f i r s t  two d e te c to r s  have th e  

advan tage o f  r e q u i r in g  sim ple  c i r c u i t r y ,  b u t o c c a s io n a lly  la c k  th e  

d e s ire d  s e n s i t i v i t y  and a ls o  e x h ib i t  f a t ig u e  and h y s te r e s i s  e f f e c t s  

{ 2k,  25 ). P ho tod iodes and p h o to m u ltip lie r s  have become v e ry  p o p u la r  

in  sp e c tro p h o to m e te rs  and co n seq u en tly  have been w ide ly  adop ted  a s  

d e te c to r s  in  p h o to m e tr ic  t i t r a t o r s  r e q u i r in g  h ig h  s e n s i t i v i t y .  To 

d a te ,  most re a d o u t system s in  p h o to m etric  t i t r a t o r s  produce d a ta  p ro ­

p o r t io n a l  t o  th e  t ra n s m it ta n c e  o f th e  s o lu t io n  r a th e r  th an  absorbance . 

W hile t h i s  i s  a d eq u a te  f o r  most p u rp o se s , o c c a s io n a lly  i t  i s  d e s i r a b le
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t o  have a l i n e a r  c o n c e n tra tio n  r e l a t i o n s h ip  such as  t h a t  g iv en  by- 

absorbance  re a d o u t system s.

Limitations

From t h e i r  in c e p tio n  p h o to m e tric  t i t r a t o r s  have been l im ite d  i n  

th e  ty p e  o f  t i t r a t i o n s  th a t  co u ld  be perform ed as  a r e s u l t  o f  t h e i r  

b a s ic  d e s ig n . The range o f  te m p e ra tu re s  a t  which t i t r a t i o n s  cou ld  be 

perform ed has o f te n  been l im ite d  by  th e  type  o f  c e l l  and l i g h t  p a th .

Low tem p e ra tu re  t i t r a t i o n s  f r e q u e n t ly  fog  th e  c e l l s  or o p t ic s  due to  

co n d en sa tio n  u n le s s  th e  l i g h t  p a th  i s  purged  w ith  a d ry  gas (26 ). High 

tem p e ra tu re  t i t r a t i o n s  g e n e ra lly  have n o t been a ttem p ted  because  o f  th e  

problem  o f  m od ify ing  th e  in s tru m e n t f o r  h e a tin g  th e  s o lu t io n  w ith o u t 

a f f e c t in g  th e  d e te c to r  o r o p t ic s .  In  some in s ta n c e s ,  th e  k in em a tic  

c o n s id e ra t io n s  o f  c e l l  lo c a t io n  from  t i t r a t i o n  to  t i t r a t i o n  can g iv e  

r i s e  t o  s e r io u s  problem s a f f e c t in g  s e n s i t i v i t y  and r e p r o d u c ib i l i ty  (27 ). 

A ll p h o to m e tr ic  t i t r a t o r s  desig n ed  th u s  f a r ,  w ith  th e  e x c e p tio n  o f  th e  

in s tru m e n t o f  N icho ls  and Kindt ( ^ ) ,  have been s in g le  beam in s tru m e n ts  

and th e r e fo r e  have no means o f  com pensating fo r  source v a r i a t io n s  d u r in g  

th e  cou rse  o f  th e  t i t r a t i o n .

F ib e r  o p t ic s  p h o to m e tric  t i t r a t o r s

C u rre n tly  o n ly  one f i b e r  o p t ic s  ph o to m etric  t i t r a t o r  i s  known (2 8 ). 

U n fo r tu n a te ly , t h i s  t i t r a t o r  has produced  no new in n o v a tio n s  i n  p h o to ­

m e tr ic  t i t r i m e t r y  o th e r  th an  th e  use o f  f ib e r  o p t ic s .  A lso th e  l im i t a ­

t io n  to  s in g le  beam a p p lic a t io n s  has been n e c e s s i ta te d  because  o f  i t s  

d es ig n . T his t i t r a t o r  does, how ever, have th e  advan tage o f  b e in g  a b le  

t o  accommodate h ig h  and low te m p e ra tu re  r e a c tio n s  w ith o u t d i f f i c u l t y .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MULTIBEAM FIBER OPTICS PHOTOMETRIC TITRATOR

G enera l D esign and Layout 

O p tic a l  and e l e c t r i c a l  d e s ig n

A m ultibeam  f ib e r  o p t ic s  p ho tom etric  t i t r a t o r  d i f f e r s  o p t i c a l l y  

from  p re v io u s  p h o to m e tr ic  t i t r a t o r s  in  t h a t  more th an  one " o p t i c a l  

channel"  may be used  to  fo llo w  phenomena r i s i n g  from  one o r more o r ig in s .  

As a consequence o f  i t s  c a p a b i l i t i e s  a m ultibeam  in s tru m e n t can be 

ex trem ely  v e r s a t i l e  i n  i t s  a p p lic a t io n  to  a w ide v a r i e ty  o f  t i t r a t i o n s  

and m easurem ents w hich u n t i l  now have n o t been c o n s id e re d  w ith in  th e  

realm  o f  p h o to m e tric  t i t r a t o r s .  The p ro to ty p e  o f  t h i s  in s tru m e n t m ust, 

o f  n e c e s s i ty ,  be l im i te d  in  e l e c t r o - o p t i c a l  c o n f ig u ra t io n s  s in c e  t o t a l  

v e r s a t i l i t y  i s  n o t l i k e l y  to  be r e a l iz e d  i n  any s in g le  in s tru m e n t because  

o f  th e  seem ingly i n f i n i t e  number o f p o s s ib le  com bina tions. The g e n e ra l  

p r in c ip le s  in v o lv e d  in  th e  double beam d e s ig n  can be ex tended  to  a 

l a r g e r  number o f  beam s, s u b je c t  to  c e r ta in  s p a t i a l  and economic l i m i t a ­

t io n s .  However, on ly  th e  more fundam ental c o n f ig u ra t io n s  o f  d u a l  and 

s in g le  beam o p e ra tio n  w i l l  be co n sid e red  in  th e  fo rthcom ing  p a ra g ra p h s .

A m ultibeam  p h o to m e tr ic  t i t r a t o r  may have numerous o p t i c a l  com­

p o n e n ts . F ig u re  2 i s  j u s t  one o f  many p o s s ib le  a rrangem en ts . The 

p a r t i c u l a r  o p t i c a l  c o n f ig u ra t io n  employed in  any g iv en  measurement 

w i l l  be determ ined  by th e  n a tu re  o f  th e  phenomenon b e in g  m easured.

V arious o p t ic a l  c o n f ig u ra t io n s  may be o b ta in e d  th ro u g h  th e  use o f  a 

s e r i e s  o f  s h u t t e r s ,  n o t shown in  F ig u re  2 , w hich a re  c lo se d  f o r  e lem ents

9
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n o t b e in g  u t i l i z e d  and opened f o r  th o s e  e lem ents which produce th e  

d e s ire d  l i g h t  pathw ays w ith in  th e  in s tru m e n t.

An even g r e a te r  deg ree  o f  v e r s a t i l i t y  may be ach ieved  i f  th e  m u lt i ­

beam photom eter has  v a rio u s  o p tio n s  o f  s ig n a l  com bination  and com putation  

f o r  d is p la y  on th e  read o u t d e v ic e . These o p tio n s  may be o b ta in e d  by 

v a rio u s  e l e c t r i c a l - e l e c t r o n i c  c o n f ig u ra t io n s  some o f  w hich a re  shown 

in  F ig u re  3« In  a l l  c o n f ig u r a t io n s ,  s o l i d  s t a t e  o p e ra t io n a l  a m p lif ie r s  

may be used , ta k in g  advantage o f  t h e i r  s t a b i l i t y ,  low n o ise  o u tp u t, and 

impedence in p u t c h a r a c t e r i s t i c s  when and where th e se  c h a r a c t e r i s t i c s  

a re  r e q u ire d . In  a d d it io n ,  th e  sm a ll s iz e  o f  th e  power supp ly  a s so c ­

i a t e d  w ith  s o l id  s t a t e  c i r c u i t r y  i s  i d e a l  f o r  t h i s  a p p l ic a t io n .  The 

fo llo w in g  d is c u s s io n  w i l l  be a b r i e f  d e s c r ip t io n  o f  each elem ent shown 

in  F ig u re  3- I t  shou ld  be n o ted  t h a t  c o n s ta n t ,  k , found in  s e v e r a l  o f  

th e  e q u a tio n s , may be s e le c te d  by th e  ad ju s tm en t o f  v a r io u s  c i r c u i t  

p a ra m e te rs .

F ig u re  3 a i l l u s t r a t e s  an i n v e r t in g  a m p l if ie r  c i r c u i t .  S ince th e  

summing p o in t ,  S, i s  a " v i r t u a l  g ro u n d " , th e  e f f e c t iv e  in p u t  r e s i s ta n c e  

o f  t h i s  c i r c u i t  i s  ap p ro x im ate ly  R^. As t h i s  c i r c u i t  canno t fu n c t io n  

p ro p e r ly  w ith  la r g e  v a lu es  o f  R^, i t s  a p p l ic a t io n  must be l im ite d  to  

m oderate and low impedence c i r c u i t r y .

F ig u re  3b i l l u s t r a t e s  a s im p l i f ie d  d iv id e r  o r r a t i o  c i r c u i t .  This 

c i r c u i t  i s  in v e r t in g ,  and k i s  a w e igh ing  f a c to r  which i s  dependent upon 

a m p lif ie r  c h a r a c t e r i s t i c s .  I t  sh o u ld  be n o te d , however, t h a t  th e  

o p e ra t io n a l  a m p l i f ie r  shown a c tu a l l y  r e p r e s e n ts  s e v e ra l  a m p l i f ie r s  and 

a s s o c ia te d  components which a re  r e q u i r e d  to  perfo rm  t h i s  fu n c tio n .

F ig u re  3c i l l u s t r a t e s  a lo g a r i th m ic  a m p lif ie r .  A t r a n s i s t o r  i s  

employed in  th e  feed b ack  netw ork  i n  o rd e r  t o  g e n e ra te  th e  fu n c t io n .
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D r i f t  i s  a s e r io u s  problem  in  lo g a r ith m ic  c i r c u i t r y  s in ce  th e  t r a n ­

s i s t o r s  which g e n e ra te  th e  fu n c tio n  a re  s e v e re ly  tem pera tu re  s e n s i t iv e .  

Tem perature c o r r e c t io n  c i r c u i t s  in  c o n ju n c tio n  w ith  th ese  t r a n s i s t o r s  

a re  th e r e fo r e  n e c essa ry  in  o rd e r  to  u t i l i z e  t h i s  c i r c u i t  e f f e c t iv e ly .

F ig u re  3d i l l u s t r a t e s  a sim ple d i f f e r e n t i a t o r .  This c i r c u i t  i s  

in h e r e n t ly  no isy  and u n s ta b le  and c o n seq u e n tly  low er q u a l i ty  o p e ra t io n a l  

a m p l if ie r s  may be used i n  t h i s  c i r c u i t  since- n o ise  and d r i f t  a re  no t 

as c r i t i c a l  as in  o th e r  a p p l ic a t io n s .

F ig u re  3s i l l u s t r a t e s  an adding  m odule. In  p r in c ip a l ,  t h i s  i s  

th e  same c i r c u i t  as shown in  F ig u re  3a aT1d i s  s u b je c t  to  th e  same 

l im i t a t i o n s .

F ig u re  3 f  i l l u s t r a t e s  a n o n - in v e r t in g  a m p l if ie r  which i s  used as 

a b u f f e r  between h ig h  and low impedence components. The most u s e fu l  

p ro p e r ty  o f  t h i s  c o n f ig u ra t io n  i s  th e  h ig h  in p u t  impedence which 

approaches th e  common mode r e s i s ta n c e  o f  th e  o p e ra t io n a l  a m p l i f ie r ,  u s u a l ly  

from 10 to  500 megohms. A nother advan tage  o f t h i s  c o n f ig u ra t io n  i s  th e  

reduced  e f f e c t  o f  n o ise  and d r i f t  compared w ith  many in v e r t in g  a m p l if ie r s .

Many v a r ia t io n s  on th e  c i r c u i t s  i l l u s t r a t e d  above a re  a v a i la b le  

in  handbooks on o p e ra t io n a l  a m p l if ie r  c i r c u i t r y  (2 9 , 30 , 5 1 , 3 2 ).

A sso c ia te d  s o l id  s t a t e  c i r c u i t r y  a t  th e  a m p l i f ie r  o u tp u ts  f o r  c o n t r o l l in g  

t i t r a n t  d e l iv e ry ,  p r in t - o u t  d e v ic e s , c lo c k s , e t c . ,  has not been m entioned 

b u t may be e a s i ly  in c o rp o ra te d  in to  th e  system . D ire c t c o n c e n tra t io n  

re a d o u t c i r c u i t r y  may be assem bled from s o l id  s t a t e  d ev ices  s im i la r  t o  

th o se  d e sc r ib e d  above, how ever, t h i s  p a r t i c u l a r  a sp e c t was n o t c o n s id e red  

to  be w ith in  th e  rea lm  o f  t h i s  i n v e s t ig a t io n .  T his would undoubted ly  

be d e s i r a b le  fo r  s i t u a t io n s  r e q u i r in g  a l a r g e  number o f r e p e t i t i v e  

t i t r a t i o n s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

• Rh

Ampe i Div

(a. )
'O R.  1 1

(b. ) e = -k  —  o e2

L o g -*e,

(c. ) e = -k i  lo g  e . + k2 ' o -

Rf

D i f f• l

(d - > eo = - V  I F

Rf

Add

<e-> % = -Rf [ t  * %  +i | ]

B u f f

FIGURE 3 

F u n c tio n a l E le c tro n ic  Modules

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ik

F u n c tio n a l assem b lage :

C o lo r im e tr ic  d e te rm in a tio n s  can be perfo rm ed  u t i l i z i n g  th e  many 

com binations o f  o p t i c a l  and e l e c t r i c a l  modes i l l u s t r a t e d  in  F ig u re s  

2 , J>, and 4 . S in g le  beam o p e ra tio n  may be o b ta in e d  o p t i c a l l y ,  as 

shown i n  F ig u re  2 , by u s in g  e i t h e r  i n t e r n a l  channel Fi 2 , E l3 > C i,

E1 4 , and Di o r  e x te r n a l  channel S, F n ,  E n ,  V, E12 , and D i. In  o rd e r  

to  d is p la y  th e  r e s u l t i n g  s ig n a l  as t ra n s m it ta n c e ,  th e  s ig n a l  p a th  would 

u t i l i z e  th e  fo llo w in g  components shown in  F ig u re  b :  B u ffe r , Er e f '  and

D iv id e r . I f  th e  tra n s m itta n c e - t im e  d e r iv a t iv e ,  d T /d t, i s  d e s ir e d  

components B u ffe r , D iv id e r , D i f f e r e n t i a t o r ,  and R ecorder a re

u t i l i z e d .  However, i f  absorbance  i s  d e s i r e d ,  B u ffe r , E D iv id e r , 

and Log a re  employed. I f  th e  o p e ra to r  d e s i r e s  an ab so rb an ce-tim e  

d e r iv a t iv e ,  d A /d t, o u tp u t,  B u ffe r , E^e ^ , D iv id e r , Log, D i f f e r e n t i a t o r ,  

and R ecorder a re  used . Both e x te rn a l  and i n t e r n a l  channels  can be 

u t i l i z e d  in  a s t a t i c  mode, e.g. w ith o u t t i t r a n t  d e l iv e ry ,  as m ight be 

d e s ir e d  in  k in e t i c  d e te rm in a tio n s . The e x te r n a l  ch an n e l, how ever, w i l l  

u s u a lly  be u t i l i z e d  in  a t i t r a t i o n  mode. Double beam c o lo r im e tr ic  

o p e ra t io n  may be perfo rm ed  t o t a l l y  e x te r n a l ly  by means o f  o p t i c a l  

e lem en ts S, F u ,  E n ,  V, E l2 , and Dj.; and S , Fa , E ^ ,  V, E22 , and D2 . 

H a lf  i n t e r n a l - h a l f  e x te r n a l  o p e ra tio n  may be o b ta in e d  by u t i l i z i n g  

S, F u ,  E h , V, Ei 2 , and Di,* and S, F22 , E2 3 , C2 , E24, and D2 . T o ta l ly  

i n t e r n a l  o p e ra t io n  may be accom plished  w ith  e lem ents S, Fgg, E ^ ,  C2 ,

E24, and D2 ;  and S, Fi 2 , Ei 3 , C i, E i4 , and D i. E l e c t r i c a l l y  th e s e  

s ig n a ls  may be combined in  a number o f  ways a s  p re v io u s ly  in d ic a te d ,  

e x cep t u s in g  D2 i n  l i e u  o f  E
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By s e le c t in g  two d i f f e r e n t ,  bu t a p p ro p r ia te ,  f i l t e r s  fo r  th e  two 

beams, a p ro ced u re  r e f e r r e d  to  as d i f f e r e n t i a l  c o lo r im e try , no t to  be 

confused  w ith  " r e l a t i v e  absorbance  sp e c tro p h o to m e try " , (33) may  be 

perfo rm ed . D i f f e r e n t i a l  c o lo r im e try  may be d e f in e d  as  th e  sim u ltaneous 

d e te rm in a tio n  o f  th e  r e a c ta n t  a t  one w aveleng th  and th e  fo rm ation  o f  a 

p ro d u c t a t  a d i f f e r e n t  w aveleng th  d u r in g  th e  c o u rse  o f  a r e a c t io n . When 

a p p lie d  to  t i t r a t i o n s  h av in g  poor in f l e c t io n s  a t  th e  eq u iv a len ce  p o in t ,  

t h i s  p ro ced u re  g r e a t ly  im proves th e  l e v e l  o f  d e t e c t i b i l i t y  and p r e c i s io n  

o f  th e  t i t r a t i o n  (3*0* In  p r a c t i c e ,  t h i s  te c h n iq u e  cou ld  be accom plished  

by ta k in g  th e  f i r s t  d e r iv a t iv e  o f  each s ig n a l ,  u s in g  an in v e r t in g  am p li­

f i e r  on one, add ing  th e  two s ig n a ls ,  and d is p la y in g  th e  sum.

L ig h t s c a t t e r in g  m ethods u t i l i z e  e l e c t r i c a l  c i r c u i t r y  s im i la r  to  

th a t  d is c u s s e d  f o r  c o lo r im e tr ic  m easurem ents. The fu n c tio n  d l / d t ,  where 

I  i s  th e  l i g h t  i n t e n s i t y ,  analogous to  d T /d t and - d ( lo g  l ) / d t  analogous

to  dA /dt may be perfo rm ed  in  th e  same manner a s  t h e i r  ana logs. The

m easurem ents may be ta k e n  d u r in g  th e  cou rse  o f  th e  t i t r a t i o n  in  V as

shown in  F ig u re  2 o r  a s  a s t a t i c  measurement i n  e i t h e r  V or C. T u rb id ­

im e tr ic  m easurem ents, s in g le  o r double beam, u t i l i z e  th e  same o p t ic a l  

pathw ays as  c o lo r im e tr ic  m easurem ents. N ephelom etric  m easurem ents, 

how ever, u t i l i z e  a d e te c to r  l i g h t  p a th  a t  r i g h t  a n g le s  to  t h a t  o f  th e  

so u rc e , e .g .  S , F u , E n , V, E22, and D2 . An i n t e r n a l  re fe re n c e  beam 

may a ls o  be u t i l i z e d  in  t h i s  measurement to  o b ta in  a d d i t io n a l  s t a b i l i t y  

i f  d e s i r e d ,  e .g .  S, F12 , E1 3 , C i, Ei 4 , and D i.

The e l e c t r i c a l  system s f o r  f lu o re sc e n c e  m easurem ents, s in g le  o r  

double beam, a re  i d e n t i c a l  to  th e  co rre sp o n d in g  n ep h e lo m etric  system s.

The o p t i c a l  system  f o r  f lu o re sc e n c e  m easurem ents i s  com prised o f  e lem en ts
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Fi 2 ) Six* V, E22., F23 , and d2 f ° r  s in g le  beam o p e ra t io n  and S, F u ,

E l3 i C i, E i4 , and Di i f  an i n t e r n a l  re fe re n c e  channel i s  d e s ire d . 

F lu o rescen ce  m easurem ents u t i l i z i n g  a p o la r iz e d  so u rce  a n d /o r  p o la r iz e d  

d e te c to r  channel have been u t i l i z e d  by some -workers f o r  th e  d e te rm in a tio n  

o f  o p t ic a l l y  a c t iv e  f lu o r e s c e n t  sp e c ie s  (3 5 > 3 6 )- The a d d i t io n  o f 

p o la r i z e r s  P n  a n d /o r  P22 t o  th e  above o p t ic a l  system  i s  th e  only 

m o d if ic a tio n  n e c e ssa ry  s in c e  th e  e l e c t r i c a l  system  rem ains unchanged.

The d e te rm in a tio n  o f  phosphorescence r e q u i r e s  th e  same o p t ic a l  and 

e l e c t r i c a l  c o n f ig u ra t io n  as  f lu o re sc e n c e . I f ,  how ever, phosphorescence 

decay tim es a re  to  be m easured , th e  source m ust be m odulated  e i th e r  

e l e c t r i c a l l y  o r  m ec h a n ic a lly . A gain, a l l  s ig n a ls  may be d isp la y e d  as 

I  o r lo g  I ,  d l / d t ,  o r - d ( lo g  l ) / d t .  T i t r a t i o n  o r  s t a t i c  modes o f  

o p e ra t io n  a re  a p p lic a b le .

A chem ilum inescent o p t i c a l  system  m ight u t i l i z e  a p a r t i a l  o p t ic a l  

c h a n n e l, e .g . V, E i2 , F1 3 , and Dx ;  o r  C1}  E1 4 , F13 , and Dx . The e l e c t r i ­

c a l  system  f o r  chem ilum inescence would be i d e n t i c a l  to  th e  s in g le  beam 

c o lo r im e tr ic  system , excep t th a t  I  r a th e r  th a n  T i s  b e in g  determ ined .

P o la r im e tr ic  m ethods a re  s im ila r  in  o p t i c a l  c o n f ig u ra t io n  to  th e  

s in g le  beam c o lo r im e tr ic  system  excep t f o r  th e  a d d i t io n  o f  p o la r iz e r s  

to  th e  e n tra n c e  and e x i t  l i g h t  g u id es . The p o la r i z e r s  may be r o ta te d  

t o  produce minimum o r  maximum l i g h t  i n t e n s i t y  a t  th e  i n i t i a t i o n  o f  th e  

t i t r a t i o n .  D uring  th e  t i t r a t i o n ,  a change i n  o p t i c a l  a c t i v i t y  o f th e  

t i t r a t e d  s p e c ie s  i s  obse rved  by a co rresp o n d in g  in c re a s e  o r d ec re a se  

in  l i g h t  i n t e n s i t y  as  obse rved  by th e  d e te c to r  (37> 3 8 ) . A. m o d if ic a tio n  

o f  th e  above p ro ced u re  would be to  have a s e rv o -d r iv e n  p o la r i z e r  on one 

o f  th e  l i g h t  g u id es  and a f ix e d  p o la r i z e r  on th e  o th e r  l i g h t  gu ide.
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Through a n u l l-b a la n c e  system , th e  se rv o  would d r iv e  th e  p o la r iz e r  to  

m a in ta in  maximum o r minimum l i g h t  i n te n s i t y  th ro u g h  th e  system . In  t h i s  

p ro ced u re  th e  p o s i t io n  o f  th e  p o l a r i z e r ,  de term ined  by a p o te n tio m e te r  

s la v e d  t o  th e  se rv o , could  he fo llo w ed  as a fu n c t io n  o f  the  volume o f  

t i t r a n t  added.

A p o la r im e tr ic  d e te rm in a tio n , analogous to  th e  d i f f e r e n t i a l  c o l o r i ­

m e tr ic  method p re v io u s ly  d isc u s s e d , p e rm its  th e  sim u ltaneous o b se rv a tio n  

o f  th e  change in  o p t ic a l  a c t i v i t y  o f  a t i t r a t e d  s p e c ie s  a t  two d i f f e r e n t  

w aveleng th s. O p tic a l and e l e c t r i c a l  c o n f ig u ra t io n s  a re  s im i la r  to  th e  

d i f f e r e n t i a l  p ro ced u re  w ith  th e  e x c e p tio n  o f  th e  a d d it io n  o f  p o la r i z e r s  

on a l l  l i g h t  gu ides in  th e  t i t r a t i o n  v e s s e l ,  V.

S ince  most o p t ic a l l y  a c t iv e  m o ie tie s  a re  found i n ,  o r a re  them­

se lv e s  l i g h t  a b so rb in g  media s u b je c t  to  change d u rin g  a t i t r a t i o n ,  i t  

i s  o f te n  d e s i r a b le  to  s u b tr a c t  th e  p o r t io n  o f  th e  s ig n a l  a t t r ib u t e d  to  

th e  a b so rb in g  s p e c ie s  from  th e  t o t a l  s ig n a l .  Thus th e  n e t s ig n a l  change 

d u r in g  th e  t i t r a t i o n  would r e p re s e n t  o n ly  th e  change in  o p t ic a l  a c t i v i t y  

o f  th e  s p e c ie s  under s tudy . U t i l i z in g  a r e fe re n c e  channel w ith  no 

p o l a r i z e r s ,  a t  th e  s t a r t  o f  th e  t i t r a t i o n ,  th e  i n t e n s i t y  o f  l i g h t  

s t r i k in g  th e  re fe re n c e  d e te c to r  may be re p re s e n te d  by e q u a tio n  2 ,

where Iq  i s  th e  i n te n s i t y  o f l i g h t  e n te r in g  th e  s o lu t io n  and 1^ i s  th e  

i n t e n s i t y  o f  l i g h t  absorbed  by th e  media d u rin g  th e  t i t r a t i o n .  I f  a t  

th e  b e g in n in g  o f  th e  t i t r a t i o n  th e  p o la r i z e r s  a re  c ro sse d , then  th e  

l i g h t  i n t e n s i t y  a t  th e  sample d e te c to r  may be re p re s e n te d  by

I  = Io -  I A (2 )

(3)
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where !„  i s  th e  in c re a s e d  l i g h t  i n t e n s i t y  produced  by th e  change inh.

o p t i c a l  a c t i v i t y  o f th e  t i t r a t e d  sp e c ie s  and I 4T3 i s  th e  i n t e n s i t y  lo s s  

due to  a b s o rp tio n  by th e  p o la r iz e r s .  I^ p  i s  a c o n s ta n t f o r  a g iven  

w avelength  and a g iven  s e t  o f p o la r iz e r s  and may be e x p e rim e n ta lly  

de te rm ined  p r i o r  to  any p o la r iz a t io n  m easurem ents. By s u b tr a c t in g  

eq u a tio n  2 from e q u a tio n  3 e v a lu a tin g  ! . „ ,  o n ly  th e  s ig n a l  due toAJt

th e  change i n  o p t i c a l  a c t i v i t y  i s  o b ta in e d . T h is m ath em atica l o p e ra t io n  

can be o b ta in e d  by u s in g  th e  c i r c u i t s  shown in  F ig u re s  3a and 3e.

To o b se rv e  th e s e  changes would r e q u i r e  a system  f o r  d e te c t in g  

o p t i c a l  a c t i v i t y ,  e .g . S, Fax, E21 , P21 , V, ?2 2 ,  E2 2 , D2 and a system  

f o r  o b se rv in g  changes i n  tra n s m itta n c e  a t  th e  w aveleng th  in  q u e s tio n , 

such as S, Fu , E n ,  V, E12 , and D i. Both s ig n a ls  p a ss  from  th e  d e te c to r s  

and th rough  t h e i r  r e s p e c t iv e  b u f fe r s .  Then th e  s ig n a l  a r i s in g  from  th e  

n o n -p o la r iz e d  channel i s  passed  th rough  an in v e r t in g  a m p lif ie r  and 

combined w ith  th e  s ig n a l  from th e  p o la r iz e d  ch an n el a t  th e  in p u t o f  

an " a d d it io n "  module. A v o lta g e  e q u iv a le n t to  I^ p  i s  th e n  "bucked o f f"  

th e  o u tp u t o f  th e  " a d d it io n "  module. The s ig n a l  i s  f i n a l l y  d isp la y e d  

as I _ ,  d lp/ d t ,  o r -d ( lo g  I  ) /d t  v s. volume o f  t i t r a n t .R K n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CONSTRUCTION

Com ponents

S o u rce

The m ost commonly u se d  s o u rc e  in  th e  v i s i b l e  r e g io n  o f  th e  e l e c t r o ­

m a g n e tic  s p e c tru m  i s  th e  t u n g s te n  f i l a m e n t  lam p w i th  a g l a s s  e n v e lo p e  

w h ich  p ro d u c e s  a r e l a t i v e l y  h ig h  o u tp u t  f ro m  th e  n e a r  u l t r a v i o l e t  t o  

th e  n e a r  i n f r a r e d  r e g io n .  The g l a s s  e n v e lo p e  l i m i t s  th e  s p e c t r a l  

o u tp u t  be low  350  nm t o  a l e v e l  w h ich  i s  to o  s m a l l  t o  be u s e f u l  i n  

p h o to m e tr ic  w ork . A tu n g s te n  f i l a m e n t  lam p c l o s e l y  a p p ro x im a te s  b la c k  

body b e h a v io r  an d  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  i t s  o u t p u t ,  f o r  a l l  

p r a c t i c a l  p u r p o s e s ,  i s  g o v e rn e d  b y  P l a n c k 's  Law. The p h o to c u r r e n t  

g e n e r a te d  by  su c h  a lam p i s  e x p o n e n t i a l l y  p r o p o r t i o n a l  t o  th e  v o l ta g e  

a p p l i e d  t o  th e  lam p ,

I  = KV* 0 0

w here K i s  a p r o p o r t i o n a l i t y  c o n s ta n t  and  t h e  e x p o n e n t,  x ,  h a s  a v a lu e  

be tw een  3 and  h f o r  tu n g s t e n  lam ps (3 9 3 -

I n  s i n g l e  beam  o p e r a t io n ,  p h o to m e tr ic  in s t r u m e n ts  g e n e r a l l y  have 

some m eans o f  m in im iz in g  s o u rc e  f l u c t u a t i o n s  s u c h  a s  a v o l t a g e  r e g u l a ­

t i o n  t r a n s f o r m e r  o r  a r e g u l a t e d  pow er s u p p ly . When u s in g  tu n g s te n  

lam ps r e q u i r in g  h ig h  c u r r e n t s ,  s u c h  a s  a No. 1133 b u lb ,  a c o m b in a tio n  

o f  an  i s o l a t i o n  t r a n s f o r m e r  and  a s t e p  down t r a n s f o r m e r  was u t i l i z e d .

F o r  lam ps r e q u i r i n g  c u r r e n t s  u n d e r  tw o a m p e re s , a v o l t a g e  r e g u l a te d  

D.C. pow er s u p p ly  w as em ployed.

20
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F ig u re  5 shows th e  schem atic  d iagram  o f  th e  v o lta g e  re g u la te d  

D. C. power supp ly  c o n s tru c te d  f o r  use w ith  th e  p h o to m e tric  t i t r a t o r .  

B a s ic a l ly ,  t h i s  power su p p ly  i s  a low voltage-m edium  amperage f u l l  

wave r e c t i f i e r  form ed by d io d es  D5 and D6 and " b ru te  f i l t e r e d "  by 

c a p a c i to r  C4 . The o u tp u t o f  t h i s  r e c t i f i e r  a t  th e  base  o f  t r a n s i s t o r  

Q2 i s  compared w ith  th e  v o l ta g e  a t  th e  base  o f  t r a n s i s t o r  Qj. from  th e  

w iper o f  th e  p o te n tio m e te r . When th e  v o lta g e  a t  th e  base  o f  Q2 i s  l e s s  

th a n  th e  v o lta g e  a t  th e  base  o f  Q l, th e  c u rre n t  th ro u g h  Q2 i s  in c re a s e d  

w hich i s  r e f l e c t e d  in  a s im u ltan eo u s  in c re a s e  i n  th e  c u r re n t  th ro u g h  Q3 . 

T r a n s i s to r  Q3 a c t s  as a c u r r e n t  am p lify in g  s ta g e  fe e d in g  a second c u r r e n t  

a m p l i f ic a t io n  s ta g e , t r a n s i s t o r  Q4.. By v a ry in g  th e  impedence o r  th e

a m p l i f ic a t io n  f a c to r  o f  th e  power t r a n s i s t o r s  Q3 and Q4 from th e  m agni­

tu d e  o f  th e  c u r re n t  d ra in  a t  Q2 ,  th e  v o lta g e  o u tp u t a t  Q4. w i l l  be made 

t o  e q u a l th e  v o lta g e  a t  th e  base  o f  Qi. The maximum v o lta g e  o u tp u t a t

04 i s  l im i te d  to  th e  o u tp u t v o l ta g e  o f  th e  f u l l  wave r e c t i f i e r  m inus

th e  IR drop  th ro u g h  th e  power t r a n s i s t o r s .  The RC netw ork made up o f  

R5C6 to g e th e r  w ith  c a p a c i to r  C7 a re  used  to  p re v e n t sp u rio u s  o s c i l l a ­

t io n s  p roduced  by v o lta g e  t r a n s i e n t s .  The RC netw ork made up o f  R2C5 

i s  u sed  t o  p re v e n t th e  demand f o r  v o l ta g e  a t  th e  o u tp u t from r i s i n g  

in s ta n ta n e o u s ly  when th e  o n -o f f  sw itc h  i s  c lo se d . The power su p p ly  was 

d e s ig n e d  and t e s t e d  t o  d e l iv e r  0 t o  9 v o l t s  D.C. a t  2 amperes maximum 

w ith  l e s s  th a n  1$ r ip p le .  R e g u la tio n  o f  th e  o u tp u t v o lta g e  was found 

to  be + 0 . 10$ f o r  l in e  v o l ta g e  f lu c tu a t io n s  o f  + 30$ and ± 0 . 01$ f o r  

l i n e  v o l ta g e  f lu c tu a t io n s  o f  + 5$ a t  maximum r a te d  v o l ta g e -c u r r e n t  

o u tp u t.

When u l t r a v i o l e t - t r a n s m i t t i n g  f i b e r  o p t ic s  become a v a i la b le  f o r  

p h o to m e tr ic  t i t r a t o r s ,  so u rc e s  o th e r  th a n  tu n g s te n  f ila m e n t lamps
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FIGURE 5 

V o l ta g e  R e g u la te d  Pow er S u p p ly
Cl* C2 , C3 , Gr - 500 m fd , 50 V e l e c t r o l y t i c
C4  -  8000  m fd , 15 V e l e c t r o l y t i c
C5  -  100 m fd , 25 V e l e c t r o l y t i c
Cft -  . OOlf m fd , 200  V s i l v e r e d  m ica
Da., D2 , D3 , D4  -  S i l i c o n  r e c t i f i e r s ,  500 m a, 600  PIV
D!5, De -  S i l i c o n  r e c t i f i e r s  -  15 A, 100 PIV
F -  5 -  A F u se  a n d  h o ld e r
J i ,  J 2 -  Banana j a c k s
L -  Neon lam p , NE -  51
P - 20  K L in e a r  t a p e r  p o t e n t io m e te r
Ql ,  Qs -  T r a n s i s t o r s ,  2Nlf06l
Q3  -  T r a n s i s t o r ,  2N21+56 A

Q4 -  T r a n s i s t o r ,  2N1100
R e s i s t o r s :  1 /2  w a t t ,  10$ u n l e s s  o th e r w is e  i n d i c a t e d  
R i -  1 2 0 ,0 0 0  ohms 
R2  -  I f ,500  ohms 
R3  -  6 ,8 0 0  ohms 
R4  -  2 ,2 0 0  ohms 
R5 -  *f>700 ohms 
Re  -  1 0 ,0 0 0  ohms 
S -  S o u rc e
Sw -  S w itc h , SEDT, 5A, 125 VAC
T -  T r a n s f o r m e r ,  p r im a ry -1 2 5 ,5 A  VAC, S e c o n d a r y - l8 VAC 

C T ., 6A
ro roZ -  Z e n e r  d i o d e ,  10  V
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w i l l  have to  be co n sid e red . S ources such as m ercury a r c ,  h ig h  p re s s u re  

xenon, hydrogen , and deu te riu m  lamps produce s p e c tra  s u i t a b le  f o r  work 

in  th e  u l t r a v i o l e t  reg io n . The c r i t i c a l  f a c to r s  which must be con­

s id e re d  in  th e  im p lem en ta tion  o f  th e s e  so u rces  have been rev iew ed  by 

Lewin (h o ). U n fo r tu n a te ly , th e  use o f  th e  sou rces d e s c r ib e d  above 

g r e a t ly  in c r e a s e s  th e  com plex ity  o f  th e  a s s o c ia te d  power su p p ly  c i r c u i t r y .  

In  a d d i t io n  to  th e  h igh  amperage and h ig h  v o lta g e  r e g u la t io n  c i r c u i t r y ,  

f i r i n g  c i r c u i t s  fo r  th e  lamps m ust a ls o  be in c o rp o ra te d . A ll o p t ic a l  

components must be made o f  u l t r a v i o l e t  t ra n s p a re n t  m a te r ia ls  which a re  

o f te n  e x p en siv e  and d i f f i c u l t  t o  work w ith . As a r e s u l t  o f  th e  la rg e  

q u a n t i t i e s  o f  h e a t  evolved  d u r in g  t h e i r  o p e ra t io n , h ig h  p re s s u re  lamps 

f r e q u e n t ly  r e q u i r e  a u x i l ia r y  c o o lin g  and a s s o c ia te d  s a f e ty  in te r lo c k in g  

c i r c u i t r y .

F ib e r  o p t ic s

I t  has  lo n g  been known t h a t  a smooth t r a n s p a re n t  c y l in d e r ,  such 

as  a g la s s  ro d , i s  capab le  o f  t r a n s m i t t in g  l i g h t  be means o f  m u lt ip le  

i n t e r n a l  r e f l e c t i o n s  a long  i t s  w a l ls .  T h is  phenomenon a ls o  occurs 

when th e  rod  i s  reduced  to  a sm a ll d ia m e te r , as in  a f ib e r .  L ig h t, 

how ever, i s  n o t e f f i c i e n t l y  conducted  u n le s s  t o t a l  i n t e r n a l  r e f l e c t i o n  

w ith in  th e  f i b e r s  occu rs. In  p r i n c i p l e ,  th e  c o n d it io n s  f o r  i n t e r n a l  

r e f l e c t i o n  e x i s t  a t  any smooth i n te r f a c e  betw een two t r a n s p a re n t  media 

where th e  r e f r a c t iv e  index  o f  th e  o u te r  medium i s  l e s s  th a n  t h a t  o f 

th e  in n e r  medium, fo r  exam ple, betw een g la s s  and a i r .  Thus, a smooth 

g la s s  f i b e r  in  a i r  shou ld  conduct l i g h t  r e l a t i v e l y  e f f i c i e n t l y .  In  

p r a c t i c e ,  how ever, one f in d s  t h a t  th e  p re se n c e  o f  m inute d e fe c ts  and
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co n tam in a tio n  a t  the  in te r f a c e  in te r fe re s  w ith  th e  r e f l e c t i o n  phenomenon 

by ab so rb in g  a n d /o r  s c a t t e r in g  a  f r a c t i o n  o f  th e  in c id e n t  l i g h t .  T his 

i s  n o t g e n e ra lly  s ig n i f i c a n t  i n  m ost o p t i c a l  components s in c e  o n ly  a 

l im i te d  number o f  i n t e r n a l  r e f l e c t i o n s  o ccu r. However, th e s e  lo s s e s  

become s e r io u s  in  f ib e r  o p t ic s  s in c e  each  ra y  may undergo hundreds o r 

tho u san d s o f  r e f l e c t i o n s  in  i t s  p assag e  th ro u g h  th e  f i b e r .  Thus, one 

u s u a l ly  f in d s  f r e s h ly  drawn g la s s  f i b e r s  r a p id ly  lo s e  t h e i r  i n i t i a l  

t ra n s m is s io n  e f f ic ie n c y  because  o f  s u rfa c e  co n tam in a tio n  0+ l).

When many f ib e r s  a re  form ed i n to  a bund le  an o th e r  problem  e x i s t s  

c a l le d  " o p t i c a l  c ro s s  t a l k " .  T his i s  th e  leakage  o f l i g h t  from  one f ib e r  

to  th e  n ex t w hich i s  due to  th e  p e n e tr a t io n  o f  th e  e le c tro m a g n e tic  f i e l d  

i n to  a r a r e r  medium d u rin g  t o t a l  i n t e r n a l  r e f l e c t io n .  The e x te n t  o f  

t h i s  p e n e tr a t io n  i s  o n ly  o f  th e  o rd e r  o f th e  w aveleng th  o f  th e  l i g h t  

b e in g  tr a n s m it te d .  However, when a n o th e r  f i b e r  i s  b ro u g h t to- w i th in  

t h i s  d i s ta n c e ,  some o f  th e  l i g h t  from  th e  o r ig in a l  f i b e r  le a k s  a c ro s s  

th e  in te r f a c e  and th e  t o t a l  r e f l e c t i o n  i s  s a id  to  be " f r u s t r a t e d " .

A ttem pts to  p re v e n t t h i s  lea k a g e  by c o a tin g  th e  f i b e r s  w ith  a
a---

h ig h ly  r e f l e c t i n g  m a te r ia l  such as s i l v e r  have been made (h2 ) h u t  a 

sm a ll amount o f  a b s o rp tio n  o f  l i g h t  by th e  m e ta l w ith  ev e ry  r e f l e c t i o n  

d e s tro y e d  th e  tra n s m is s io n  e f f i c i e n c y  o f  th e  f ib e r s .  Only th ro u g h  th e  

use o f  a t r a n s p a re n t  d i e l e c t r i c  c o a tin g  has i t  been p o s s ib le  t o  m inim ize 

lea k ag e  and a ls o  m a in ta in  a h ig h  tra n s m is s io n  e f f ic ie n c y .  T h is  may be 

accom plished  by a p p ly in g  a t r a n s p a r e n t  c la d d in g  o f  low r e f r a c t i v e  index  

over a f ib e r  core  hav ing  a h ig h e r  r e f r a c t iv e  index . T h is p e rm its  h ig h ly  

e f f i c i e n t  tra n s m is s io n  o f  l i g h t  th rough  t i g h t l y  packed  b u n d les  o f  c la d  

f i b e r s  w ith  each f ib e r  co n d u c tin g  l i g h t  in d ep en d en tly .
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A lthough o p t ic a l  f ib e r s  a re  b a s ic a l l y  wave gu id es  f o r  e l e c t r o ­

m agnetic  r a d i a t i o n  a t  o p t ic a l  f r e q u e n c ie s ,  many o f t h e i r  p r o p e r t ie s  

can be e x p ressed  in  term s o f  g eo m etric  o p t ic s . As in  th e  case  o f sim ple 

le n s  o p t ic s  th e  "num erica l a p e r tu re "  i s  a measure o f  th e  l i g h t  g a th e r ­

in g  power and i s  one o f  th e  p r in c i p a l  p r o p e r t ie s  o f  a f i b e r  o r bundle o f 

f i b e r s .  F ig u re  6 shows two ty p e s  o f  c y l in d r ic a l  f i b e r s  (a )  uncoated 

and (b ) c o a te d . The c r i t i c a l  a n g le  I r e p re s e n ts  th e  l a r g e s t  ang le  

a t  which th e  ra y  can be t o t a l l y  r e f l e c t e d  from th e  in te r f a c e  and th u s  

d e te rm in es  th e  maximum an g le  O' a t  w hich a m eridonal ra y  can be accep ted  

f o r  t ra n s m is s io n  a long  th e  f i b e r .  R o ta tio n  o f th e  a n g le  cc about th e  

a x ia l  ra y  w i l l  sweep out th e  a c c e p ta n c e  cone. The same c o n s id e ra t io n s  

ap p ly  to  th e  l i g h t  emerging from  th e  o th e r  end o f  th e  f i b e r  thus d e f in in g  

th e  e x i t  cone.

The "n u m erica l a p e r tu re " ,  N. A. , o f  a f ib e r  o p t ic s  elem ent i s  based  

on S n e l l 's  Law and may be c a lc u la te d  from  th e  fo llo w in g  r e l a t i o n s h ip :

N.A. = s in  a  = - n |  (5 )

where n2 = 1 .000  f o r  th e  u n coa ted  f i b e r  surrounded by a i r  o r  a vacuum,

N.A. = n3 s in  a  = ^ |n f  -  n |  (6 )

o r  f o r  a c o a te d  f ib e r  when th e  a c ce p tan c e  or e x i t  cone i s  in  a medium 

o f  r e f r a c t iv e  in d e x , n3 ( k j ,  b b ) .  From the  n u m erica l a p e r tu re  one may 

c a lc u la te  th e  "f/Num ber” o f  a f i b e r  o p t ic s  elem ent u s in g  th e  fo llo w in g  

r e l a t i o n s h i p :

f/Number = l / ( 2  N .A .) (?)
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S t r i c t l y  s p e a k in g , " n u m e r ic a l  a p e r t u r e "  a p p l i e s  o n ly  t o  e n t e r in g  

r a y s  a n d  t h e r e f o r e  i t  i s  m ore a p p r o p r i a t e  t o  c a l l  t h i s  t h e  " n o m in a l 

n u m e r ic a l  a p e r t u r e . " Skew r a y s  i n c i d e n t  a t  a n g le s  g r e a t e r  th a n  cc a r e  

r a p i d l y  a t t e n u a t e d  b y  t h e  f i b e r s .  I n  p r a c t i c e ,  h o w e v e r, t h e  l i m i t i n g  

a n g le ,  OL, i s  n o t  a s  s h a r p l y  d e f i n e d  a s  i t  m ig h t seem . D i f f r a c t i o n  and 

s u r f a c e  i r r e g u l a r i t i e s  on th e  f i b e r  w a l l s  te n d  t o  d i f f u s e  t h e  " a c c e p ta n c e  

a n g l e . " The " a c c e p ta n c e  a n g le "  i s  a l s o  d e p e n d e n t on t h e  w a v e le n g th  o f  

t h e  i n c i d e n t  r a d i a t i o n  s in c e  r e f r a c t i v e  in d e x  i s  w a v e le n g th  d e p e n d e n t .

The ra n g e  o f  " n o m in a l n u m e r ic a l  a p e r t u r e s "  a v a i l a b l e  i n  f i b e r  

o p t i c s  i s  l i m i t e d  o n ly  by  th e  m a t e r i a l s  from  w hich  th e  f i b e r s  c a n  be 

m ade. F o r  g l a s s  c o a t e d - g l a s s  c o re  f i b e r s ,  one h a s  a f a i r l y  w id e  ra n g e  

o f  r e f r a c t i v e  i n d i c e s  from  w h ic h  t o  c h o o se . U n f o r tu n a t e ly ,  n o t  a l l  

p a i r s  o f  g l a s s e s  can  be  a r b i t r a r i l y  s e l e c t e d ,  s in c e  o t h e r  f a c t o r s  m ust 

b e  c o n s id e r e d  su c h  a s ;  c h e m ic a l  a n d  th e r m a l  c o m p a t a b i l i t y ,  s t a b i l i t y ,  

l i g h t  a t t e n u a t i o n  an d  c o s t .  I n  s e l e c t i n g  th e  ty p e  o f  g l a s s  t o  b e  u se d  

a  com prom ise o f t e n  m ust b e  made b e tw e e n  n u m e r ic a l  a p e r t u r e  an d  t r a n s ­

m i t t a n c e .  I n  g e n e r a l ,  t h e  h i g h e r  t h e  r e f r a c t i v e  in d e x  o f  t h e  c o re  

g l a s s ,  th e  h ig h e r  t h e  " n u m e r ic a l  a p e r t u r e "  b u t  th e  lo w e r  t h e  t r a n s ­

m i t t a n c e  i n  th e  b lu e  end  o f  t h e  s p e c tru m . F ig u re  7 i l l u s t r a t e s  n o m in a l 

t r a n s m i s s io n  c h a r a c t e r i s t i c s  f o r  a  c o re  g l a s s  commonly u s e d  i n  f i b e r  

o p t i c s .

F o r  w a v e le n g th s  b ey o n d  2 .5  m ic ro n s ,  w here  m ost o p t i c a l  g l a s s e s  

a t t e n u a t e  s t r o n g l y ,  i t  i s  n e c e s s a r y  t o  c o n s id e r  o t h e r  p o s s i b l e  f i b e r  

m a t e r i a l s .  Some w ork  h a s  b e e n  d o n e  on g e rm a n a te  m a t e r i a l s  an d  c a lc iu m  

a lu m in a te  g l a s s e s  t o  e x te n d  t h e  i n f r a r e d  t r a n s m is s io n  o u t  t o  a b o u t  5 

m ic r o n s ,  a t  l e a s t  i n  s h o r t  f i b e r  l e n g t h s .  T ra n s m is s io n  s t i l l  f u r t h e r
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T ran sm ittan ce  Carves f o r  G lass F ib e rs  (^3)
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w a v e l e n g t h  (m icrons)

FIGURE 8

R e la tiv e  T ra n sm ittan c e  Curves f o r  Coated 
A rsen ic  T r i s u l f id e  F ib e rs  (L3 )

4
Length o f  th e  F ib e r  Optic Bundle
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i n to  th e  in f r a r e d  has been ach ieved  by u s in g  a rs e n ic  t r i s u l f i d e  g la s s .  

F ib e r s  hav in g  AS2S3 g la s s  co re  (n= 2 .h7 ) and a m odified  a rs e n ic  s u l f id e  

c o a tin g  (n=2.1t-l6) tra n s m it  out to  7 m icrons as  shown in  F ig u re  8 .

F o r w aveleng ths belcw  550 nm, w here g la s s  aga in  a t te n u a te s  s e v e re ly , 

u l t r a v io l e t - t r a n s p a r e n t  m a te r ia ls  such a s  l i th iu m  f lu o r id e ,  ca lc iu m  

f lu o r id e ,  cesium  c h lo r id e ,  q u a r tz , e tc .  a re  n e c essa ry  as a c o re  a n d /o r  

c la d d in g  m a te r ia ls .  Due to  chem ica l and p h y s ic a l  d i f f i c u l t i e s  a s s o c ia te d  

w ith  m ost o f  th e s e  m a te r ia ls ,  q u a r tz  a p p ears  to  be th e  most f e a s i b le  

c o re  m a te r ia l  a t  t h i s  tim e. A lthough q u a r tz  f ib e r  o p t ic s  have been  made, 

th e y  a re  n o t y e t  com m ercially  a v a i l a b le .  H y p o th e tic a lly , q u a r tz  f i b e r  

o p t ic s  co u ld  be made by d ip p in g  a q u a r tz  f i b e r  o r rod  in to  a m o lten  

ca lc ium  f lu o r id e  b a th . This would p roduce  a t h in  la y e r  o f  ca lc ium  

f lu o r id e  on th e  s u rfa c e  o f  th e  f i b e r .  The ca lc ium  f lu o r id e  i n  t u r n  

would have to  be p ro te c te d  from ch em ica l a t t a c k  by a p l a s t i c  o r  re s in o u s  

f i lm . At 500 nm, th e  "num erica l a p e r tu r e " ,  th e  ang le  o f  th e  l im i t in g  

r a y  and th e  " f/n u m b er,"  a s  c a lc u la te d  from  l i t e r a t u r e  d a ta  (^5 )> would 

be 0 . 5 2 , 18° ,  and 1 .5  r e s p e c t iv e ly .

F i l t e r s

F i l t e r s  do n o t produce m onochrom atic l i g h t  bu t may p roduce  bands 

s u f f i c i e n t l y  narrow  to  be used in  low r e s o lu t io n  a p p lic a t io n s .  D e v ia tio n  

from  B ee r’ s Law i s  observed  a t  low er c o n c e n tra t io n s  th an  i s  found  w ith  

m ost d is p e r s iv e  m onochrom eters, how ever, t h i s  need n o t be a s e r io u s  

p roblem  i f  rec o g n ize d  and accommodated (^6 ). Thus, f i l t e r s  a r e  a c c e p t­

a b le  f o r  p h o to m e tric  use  when w orking a t  low c o n c e n tra tio n  ra n g e s . Even 

though B eer’ s Law i s  n o t obeyed, n o n l in e a r i ty  w ith  a g iv en  f i l t e r  system  

i s  r e p ro d u c ib le .
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Two ty p e s  o f  f i l t e r s  w ere  u t i l i z e d  d u r in g  t h e  t e s t i n g  p h a se  o f  t h e  

p h o to m e tr ic  t i t r a t o r :  ( l )  c o m m e rc ia lly  a v a i l a b l e  i n t e r f e r e n c e  f i l t e r s ,  

s h a rp  c u t  o f f  a n d  n a rro w  b and  p a s s  f i l t e r s ,  a s  w e l l  a s  (2 ) b ro a d  b a n d  

p a s s  and s h a r p  c u t  o f f  f i l t e r s  c o n s t r u c te d  fro m  p l a s t i c  s h e e t .  I n  t h e  

seco n d  c a s e ,  s e v e r a l  s e l e c t e d  s h e e t s  w i th  a p p r o p r i a t e  s p e c t r a l  c h a r a c t e r ­

i s t i c s  w ere  s u p e r im p o se d  t o  fo rm  a f i l t e r  w i th  t h e  d e s i r e d  s p e c t r a l  

c h a r a c t e r i s t i c s .  B ecause  o f  t h e  i n s t a b i l i t y  o f  t h e  f i l t e r  m a t e r i a l s ,  

h e a t  from  t h e  s o u rc e  m u st be  m in im iz ed  b y  e i t h e r  p h y s i c a l l y  l o c a t i n g  

th e  f i l t e r  away from  t h e  s o u rc e  o r  u s in g  an  i n f r a r e d  f i l t e r .

As an  a l t e r n a t i v e  t o  c o n v e n t io n a l  f i l t e r s ,  o p t i c a l  w edges o r  c i r ­

c u l a r l y  w edged o p t i c a l  c o a t in g s  may be  u s e d  t o  g iv e  a sy s tem  o f  much 

b e t t e r  w a v e le n g th  r e s o l u t i o n .  A lth o u g h  s im p le  w i t h  r e g a r d  t o  t h e  

m e c h a n ic a l  p la c e m e n t  i n  t h e  o p t i c a l  s y s te m , t h i s  m ethod  o f  w a v e le n g th  

s e l e c t i o n  i s  q u i t e  e x p e n s iv e  i n  r e l a t i o n  t o  t h e  a d v a n ta g e s  g a in e d  o v e r  

th e  in e x p e n s iv e  c o n v e n t io n a l  f i l t e r  sy s te m . The u se  o f  o p t i c a l  w e d g e s , 

h o w ev er, w o u ld  p e r m i t  w a v e le n g th  s c a n n in g  i f  d e s i r e d .  B ecause o f  t h e  

a d d i t i o n a l  e x p e n s e , t h e s e  o p t i c a l  w edges w ere  n o t  c o n s id e r e d  j u s t i f i a b l e  

a t  t h i s  t im e .

D e te c to r

The s e l e c t i o n  o f  t h e  d e t e c t o r  f o r  t h e  p h o to m e tr ic  t i t r a t o r  r e q u i r e d  

c a r e f u l  c o n s i d e r a t i o n .  D e s i r a b l e  f e a t u r e s  i n c l u d e :  a w ide s p e c t r a l  

r a n g e ,  s e n s i t i v i t y  t o  s m a l l  ch a n g es  i n  l i g h t  i n t e n s i t y  o v e r  a w id e  ra n g e  

o f  i n t e n s i t i e s ,  s im p le  a s s o c i a t e d  e l e c t r o n i c  c i r c u i t r y ,  low  c o s t ,  low  

n o is e  l e v e l ,  l i n e a r  r e s p o n s e ,  and  a s m a l l  c o e f f i c i e n t  o f  te m p e ra tu re  

v a r i a n c e .  W ith  t h e s e  r e q u i r e m e n ts  i n  m in d , s e v e r a l  d e t e c t o r s  w e re  t e s t e d ,
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and the  ad v an tag es  and d isa d v a n ta g e s  o f  each  were w eighed in  l i g h t  o f  

ou r p a r t i c u l a r  a p p l ic a t io n .

I t  was found d u r in g  th e  course  o f  s e le c t i n g  a d e te c to r  t h a t  th e  

te rm  " s e n s i t i v i t y ” used to  d e sc r ib e  m ost d e te c to r s  i s  m is lea d in g  as  

a c r i t e r i o n  f o r  s e le c t io n .  " S e n s i t iv i ty "  i s  u s u a l ly  de te rm ined  by 

th e  c u rre n t  g e n e ra te d  a s  a fu n c tio n  o f  a g iven  l i g h t  i n t e n s i t y  and i s  

p re s e n te d  in  th e  form  o f  m icroam peres o r  amperes p e r  lumen. However, 

th e s e  d a ta  do n o t r e f l e c t  th e  change in  c u r r e n t  w ith  th e  change in  l i g h t  

i n t e n s i t y  a t  d i f f e r e n t  i n t e n s i t y  l e v e l s .  F ig u re s  9a and 9h i l l u s t r a t e  

th e  c u r r e n t- v o l ta g e  cu rv es  f o r  a vacuum p h o to tu b e  and a p h o to v o lta ic  

c e l l  a t  v a r io u s  l i g h t  i n t e n s i t i e s .  As can  be seen from th e  f ig u r e s ,  

a lth o u g h  th e  c u r r e n t  o u tp u t o f  th e  p h o to v o lta ic  c e l l  i s  la r g e  r e l a t i v e  

to  t h a t  o f  th e  vacuum p h o to tu b e , th e  r e l a t i v e  change in  c u r r e n t  w ith  

re s p e c t  to  changes in  l i g h t  i n t e n s i t i e s  i s  much g r e a te r  w ith  th e  p h o to ­

tu b e . The p h o to tu b e  hav in g  c h a r a c t e r i s t i c s  a s  shown i s  th e r e fo r e  th e  

b e t t e r  d i s c r im in a to r  betw een d i f f e r in g  l e v e l s  o f  l i g h t .  From t h i s ,  i t  

can be seen  t h a t  c h a r a c t e r i s t i c  cu rv es  and n o t " s e n s i t i v i t i e s "  o r o u t ­

p u ts  a re  b e t t e r  g u id e l in e s  fo r  th e  e v a lu a t io n  o f  d e te c to r s .  In  a d d i t io n ,  

s in c e  th e  sm a ll c u r r e n ts  g e n e ra ted  by h ig h  impedence d e te c to r s  such a s  

p h o to tu b es  a re  m easured a c ro s s  v e ry  h ig h  r e s i s t a n c e s ,  r e l a t i v e l y  la r g e  

v o lta g e s  a re  a c tu a l ly  m easured. Low im pedence d e te c to r s  such a s  p h o to ­

v o l ta ic  c e l l s  a r e  c u r r e n t  g e n e ra to rs  and th u s  r e q u i r e  th a t  sm a ll c u r r e n ts  

and not v o l ta g e s  be m easured. Table 1 l i s t s  th e  o u tp u ts  o f  some t y p i c a l  

d e te c to r s .

S i l ic o n  p h o to v o l ta ic  c e l l s  w ere t e s t e d  f i r s t  because o f  t h e i r  low- 

c o s t  and th e  s im p l ic i ty  o f  t h e i r  a s s o c ia te d  c i r c u i t r y .  S ince p h o to -
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Table 1

C h a r a c te r i s t i c s  o f  Some Com m ercially A v a ila b le  D e te c to rs  (47)

Type
M anufacturer* s 

number

Peak
w aveleng th

(nm) O utput

Vacuum p h o to tu b e RCA 926 420+10(S-3 ) 6 .5  p a /lum en

Vacuum p h o to tu b e RCA 929 400+50(S -4) 45 pa/lum en

Vacuum p h o to tu b e RCA 934 400+50(S -4) 30 ^ia/lumen

Vacuum p h o to tu b e RCA 935 340+50(S-5) 35 pa/lum en

Vacuum p h o to tu b e RCA 1P42 480+50(s-9) 30 p a /lum en

CdS p h o to co n d u c tiv e RCA 7163 580+50(s-15) 0 .082  amp/lumen

CdS p h o to co n d u c tiv e RCA 6957 580+50(s-15) O.85  amp/lumen

Germanium p h o to d io d e N ucleonic TP-50 1500 30  pa/lum en

Se p h o to v o lta ic Weston P h o tro n ic 555 450 pa /lum en

CU2O p h o to v o lta ic W estinghouse 565 150 p a /lum en

S i p h o to v o lta ic Hoffmann 750-850 Low

P h o to m u ltip li  e r DuMont 6292 440+5 0 ( S - l l ) 2 , 000 , 000*

Photom ult i p l i  e r RCA 93I-A 400+50(S -4) 1 , 000 , 000*

P h o to m u ltip l ie r RCA 7200 330+50(S-19) 1 , 000 , 000*

Phot om ult i p l i  e r RCA 7746 440+50( S - l l ) 17 , 000 , 000*

P h o to m u ltip l ie r RCA 7046 420+50( S - l l ) 20 , 000 , 000*

A c u r re n t  a m p lif ic a t io n  

(S- ) d en o te s  E le c tro n ic  In d u s t r ie s  A sso c ia tio n  s p e c t r a l  code.
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v o l ta ic  c e l l s  g e n e ra te  an e le c tro m o tiv e  fo rc e  when l i g h t  i s  in c id e n t  on 

them, th e y  need no e x te r n a l  v o l ta g e  so u rc e . As a r e s u l t  o f  hav ing  a 

r e l a t i v e l y  low o u tp u t im pedence, th e s e  c e l l s  can he connected  to  n e a r ly  

any re a d o u t d e v ic e  w ith  an in p u t o f  one thousand  ohms o r l e s s .  U nfo rtuna­

t e l y  th e  o u tp u t o f  p h o to v o lta ic  c e l l s  i s  s e r io u s ly  a f f e c te d  by tem p e ra tu re . 

In  a d d i t io n ,  p h o to v o lta ic  c e l l s  te n d  to  have r e l a t i v e l y  poor s e n s i t i v i t y  

a t  low l i g h t  l e v e l s .  As a r e s u l t  o f  t h i s  la c k  o f  s e n s i t i v i t y  and th e  

m agnitude o f  t h e i r  tem p e ra tu re  c o e f f i c i e n t s ,  th e  use o f  p h o to v o lta ic  

c e l l s  was c o n s id e re d  im p ra c t ic a l  f o r  our p u rp o ses .

P h o to co n d u ctiv e  c e l l s  were c o n s id e re d  n e x t. These d e te c to r s ,  f a b r i ­

c a te d  from  s e v e r a l  d i f f e r e n t  m a te r ia ls ,  a re  b a s ic a l l y  l i g h t  s e n s i t iv e  

r e s i s t o r s .  In  t o t a l  d a rk n e ss , th e  c e l l  r e s i s ta n c e  may be a s  la rg e  as 

s e v e ra l  megohms, and d e c re a se  i n  a n o n - l in e a r  manner t o  a s  low as  10-50  

ohms when i r r a d i a t e d  w ith  l i g h t .  P ho toconductive  c e l l s  g e n e ra lly  e x h ib i t  

h ig h  s e n s i t i v i t i e s  a s  can be seen  in  Table 1. 'These c e l l s  a re  even more 

a d v e rse ly  a f f e c te d  by  tengperature  changes th a n  a re  p h o to v o lta ic  c e l l s .

The p h o to co n d u c tiv e  c e l l ,  in  g e n e ra l ,  r e q u i r e s  a r e l a t i v e l y  w e ll-  

r e g u la te d  e x te r n a l  power supply  t o  produce a flow  o f  c u r r e n t  th rough  

an a p p ro p r ia te  lo a d  r e s i s t o r .  Changing th e  a p p lie d  v o lta g e  changes th e  

resp o n se  tim e o f  th e  c e l l  a s  w e l l  a s  in c r e a s in g  i t s  "d a rk  c u r r e n t . "

In  a d d i t io n ,  a g in g  and h y s te r e s i s  a re  f a c to r s  known to  a f f e c t  th e  

response  c h a r a c t e r i s t i c s  o f  t h i s  d e te c to r .  In  view  o f  th e s e  problem s 

p h o to co n d u c tiv e  c e l l s  were no t t e s t e d  i n  th e  p h o t o t i t r a to r .

P h o to m u ltip l ie r s  w ere c o n s id e red  as  p o s s ib le  d e te c to r s  because  o f  

t h e i r  v e ry  h ig h  s e n s i t i v i t y ,  w ide s p e c t r a l  ran g e , and long  term  s t a b i l i t y .  

U n fo r tu n a te ly , th e  added expense o f  th e  p h o to m u l t ip l ie r s  and a s s o c ia te d
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e le c t r o n ic  components was no t f e l t  t o  be  w a rra n te d  fo r  our p a r t i c u l a r  

a p p l ic a t io n .  However, s p e c i f ic  a p p l ic a t io n s  o f  th e  p h o t o t i t r a to r  c o u ld  

in d eed  j u s t i f y  th e  a d d i t io n a l  expense o f  p h o to m u ltip lie r  d e te c to r  system s.

J u n c tio n  p h o to d e te c to rs  such a s  p h o to t r a n s i s to r s  and p h o to d io d es  

were b r i e f l y  c o n s id e red  because o f th e  s im p l ic i ty  o f  t h e i r  a s s o c ia te d  

e le c t r o n ic  c i r c u i t r y .  A number o f  u n s u c c e s s fu l  a tte m p ts  were made t o  

a c q u ire  c e r t a in  ty p e s  o f  th e se  d e te c to r s  from  b o th  s u p p lie rs  and manu­

f a c tu r e r s .  P ro d u c tio n  o f  th e s e  p a r t i c u l a r  m odels had u n fo r tu n a te ly  

been d isc o n tin u e d .

A vacuum pho tod iode  was f i n a l l y  chosen because  o f  i t s  r e l a t i v e l y  

h ig h  s e n s i t i v i t y ,  w ide s p e c t r a l  re s p o n s e , s t a b i l i t y  and r e l a t i v e l y  

sim ple  a s s o c ia te d  c i r c u i t r y .  The vacuum p h o to tu b e  c o n s is ts  o f  a sem i- 

c y l i n d r i c a l  sh e e t m e ta l ca thode c o a ted  w ith  a l i g h t  s e n s i t iv e  m a te r i a l  

and a c e n te re d  w ire  com prising  th e  anode, b o th  encased  w ith in  a t r a n s ­

p a re n t  enve lope . The com position  o f  th e  l i g h t  s e n s i t iv e  m a te r ia l  

d e te rm in e s  th e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  th e  pho to tube . L is t in g s  o f  

c a th o d e  c o a tin g s  and t h e i r  r e s p e c t iv e  s p e c t r a l  range a re  r e a d i ly  a v a i l ­

a b le  in  th e  l i t e r a t u r e  (2k ,  L8 ). The anode i s  m ain ta in ed  a t  a p o s i t i v e  

p o t e n t i a l  by a r e g u la te d  h ig h  v o lta g e  power supp ly . E le c tro n s  a re  

e m itte d  from  th e  ca thode s u rfa c e  as l i g h t  i s  in c id e n t  on i t  and a re  

a c c e le r a te d  by th e  p o t e n t i a l  d i f f e r e n c e  t o  th e  anode where th e y  a re  

c o l l e c te d  and r e tu rn e d  v ia  an e x te r n a l  c i r c u i t .  The number o f  e le c t r o n s  

f lo w in g  in  t h i s  c i r c u i t  a t  any i n s t a n t  i s  p r o p o r t io n a l  to  th e  i n t e n s i t y  

o f  th e  i l lu m in a t io n . Only a f r a c t i o n  o f  th e  e m itte d  e le c tro n s  a re  

c o l l e c te d  by th e  anode when th e  a p p lie d  p o t e n t i a l  i s  sm all f o r  a  g iven  

l i g h t  i n te n s i t y .  As th e  a p p lie d  p o t e n t i a l  i s  in c re a s e d , a s t a t e  e x is ts -
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w here  e s s e n t i a l l y  a l l  e m i t t e d  e l e c t r o n s  a r e  c o l l e c t e d  b y  th e  an o d e .

I f  th e  a p p l i e d  p o t e n t i a l  i s  f u r t h e r  i n c r e a s e d ,  c o m p le te  s a t u r a t i o n  

o c c u rs  w h ere  no  s i g n i f i c a n t  c u r r e n t  i n c r e a s e  f o r  any  l i g h t  i n t e n s i t y  

c a n  be o b s e rv e d .

Vacuum p h o to d io d e s  a r e  h ig h  im pedence  c u r r e n t  s o u r c e s  w i th  r e s i s t ­

a n c e s  a s  h ig h  a s  250  megohms i n  t h e  d a r k  an d  2 megohms a t  h ig h  l i g h t  

l e v e l s .  C o n s e q u e n tly  th e  a s s o c i a t e d  e l e c t r i c a l  r e a d o u t  c i r c u i t r y  m ust 

a l s o  have  h ig h  im p ed en ce  i n p u t s .  F ig u r e  10 i l l u s t r a t e s  th e  a s s o c i a t e d  

e l e c t r i c a l  c i r c u i t r y  u se d  w i th  t h e  vacuum  p h o to d io d e .
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FIGURE 10

S c h e m a tic  D iag ram  o f  a P h o to m e te r  C i r c u i t  

I n  t h e  i n i t i a l  c o n s t r u c t i o n  o f  t h e  p h o to m e tr ic  t i t r a t o r  an  RCA 955 

vacuum  p h o to d io d e  w as c h o se n  f o r  t h e  p r e v i o u s ly  d i s c u s s e d  a d v a n ta g e s ,  

and a l s o  b e c a u s e  o f  i t s  a v a i l a b i l i t y  an d  i t s  p r o j e c t e d  u s e  i n  t h e  

d e t e c t i o n  o f  u l t r a v i o l e t  r a d i a t i o n .  H ow ever, i f  j u s t  t h e  v i s i b l e  

s p e c t r a l  r e g i o n  w e re  t o  b e  u t i l i z e d  a n  RCA 95^- vacuum  p h o to d io d e  w ou ld  

have  b e e n  a b e t t e r  c h o ic e  b e c a u s e  o f  i t s  r e d u c e d  s i z e  a n d  h ig h  s e n s i t i ­

v i t y  i n  th e  v i s i b l e  r e g io n  o f  t h e  s p e c tru m .
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A c tu a l In s tru m e n ta l  C o n fig u ra tio n

The components u t i l i z e d  in  th e  a c tu a l  c o n s tru c t io n  o f  th e  p h o to ­

m e tr ic  t i t r a t o r  a re  d e s c r ib e d  i n  th e  fo llo w in g  p a ra g ra p h s  and i l l u s ­

t r a t e d  as  modules in  F ig u re  11. As m entioned b e f o r e ,  th e  components 

u t i l i z e d  in  th e  p h o to m e tr ic  t i t r a t o r  w ere chosen from r e a d i ly  a v a i l ­

a b le  equ ipm ent, so th e  assem blage r e p re s e n ts  a compromise r a th e r  th an  

th e  optimum c o n d it io n  f o r  each o f  th e  v a rio u s  system s.

The t i t r a t i o n  v e s s e l ,  c o n s is t in g  o f  a t ru n c a te d  600 ml. b eak er, 

was r a i s e d  and low ered  by means o f  a la b o ra to ry  ja c k .  T ran sp aren t 

and opaque t i t r a t i o n  v e s s e ls  were bo th  used  s u c c e s s f u l ly  in  s p e c tro -  

p h o to m e tr ic  and tu r b id im e tr ic  t i t r a t i o n s .  N ephelom etric  and f lu o r o -  

m e tr ic  t i t r a t i o n s ,  how ever, r e q u ire d  opaque t i t r a t i o n  v e s s e ls  to  m inim ize 

"room l ig h t "  e f f e c t s .

REACTION
VESSEL

and
COMPONENTS

Light
Pipes

READOUT

DEVICE

HIGH
VOLTAGE

POWER
SUPPLY

BURET
and

RESERVOIR

ELECTRONICS

FUNCTIONALPHOTOMETER

MODULE

FIGURE 11

Block Diagram o f  th e  P ho tom etric  
T i t r a t o r  and A sso c ia te d  Components
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S t i r r i n g  was accom plished  by th e  use o f  a v a r ia b le  speed m agnetic  

s t i r r e r - h o t  p la t e  com bination . S t i r r i n g  b a rs  o f  5 /h  and 1 in ch  in  

le n g th  were used a t  speeds j u s t  below t h a t  n e c essa ry  to  p u l l  a v o r te x  

down in to  th e  o p t i c a l  p a th . This s t i r r i n g  system , a lth o u g h  reco g n ized  

to  have l im i ta t io n s  in  th e  a b i l i t y  to  e f f i c i e n t l y  mix th e  r e a c t in g  s p e c ie s , 

was r e a d i ly  a v a i la b le  and e a s i l y  a d a p ta b le  to  th e  t i t r a t i o n  assem bly. 

S t i r r i n g  b a rs  o f  a d a rk  c o lo r  were s e le c te d  fo r  use w ith  n ep h e lo m etric  

and f lu o ro m e tr ic  system s in  a ttem p t to  m inim ize s tr a y  l i g h t  r e f l e c t i n g  

o f f  th e  b a rs .

A S argen t C o n stan t D rive B u re t, S-11120-50, Model C, was used  to  

d e l iv e r  t i t r a n t s  a t  a r a t e  o f  5-00 ml p e r  m inute. The d e l iv e ry  r a t e  o f 

t h i s  type  o f  b u re t  cou ld  n o t be v a r ie d  as  th e  eq u iv a len ce  p o in t  was 

approached. This p rob lem  to g e th e r  w ith  th e  p re v io u s ly  m entioned 

s t i r r i n g  problem , compounded th e  p o s s ib le  so u rces  o f  e r r o r s  in  some 

system s. The d e l iv e r y  t i p  from th e  b u re t  ex ten d in g  in to  th e  t i t r a t i o n  

v e s s e l  was drawn from  a p ie c e  o f  1  mm. c a p i l l a r y  tu b in g  and b e n t in  th e  

d i r e c t io n  o f  th e  r o t a t i o n  o f  th e  m agnetic  s t i r r e r .  This m inim ized 

" b le e d -o u t"  o f  th e  t i t r a n t  p r io r  to  th e  i n i t i a t i o n  o f th e  t i t r a t i o n  

and produced r a p id  m ix ing  o f  th e  t i t r a n t  and r e a c t in g  s p e c ie s .

The h ig h  v o lta g e  power supp ly  used was a H ea th k it U n iv e rsa l Power 

Supply , Model EUW-15* The re g u la te d  v o lta g e  mode was employed w ith  250 

v o l t s  DC. im pressed  a c ro s s  th e  p h o to tu b e . The power su p p ly  was s p e c if ie d  

to  have an o u tp u t v a r i a t i o n  o f  l e s s  th a n  1$ from no lo ad  to  f u l l  lo a d  

a t  500 v o l t s .  O utput v a r i a t io n  was l e s s  th a n  + 1 v o l t  f o r  a ± 10 

v o l t  v a r i a t io n  in  th e  AC l in e  in p u t. The B+ r ip p le  was l e s s  th an  10 

m i l l i v o l t s  rms w ith  an  o u tp u t impedance o f  l e s s  th an  10 ohms.
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I t  was found th ro u g h  th e  use o f th e  v o lta g e  re g u la te d  c i r c u i t  th a t  th e  

v a r i a t io n  o f  th e  c u r re n t  o u tp u t o f  th e  pho to tube  was c o n s id e ra b ly  reduced  

in  com parison w ith  th e  power supply in  th e  v o lta g e  d iv id e r  mode.

The pho tom eter module i s  shown in  F ig u re  12. The p h o to tu b e s , RCA 

935> were mounted in  th e  same p la n e  a t  r ig h t  ang les  to  one a n o th e r  in  

o rd e r  to  f a c i l i t a t e  th e  p h y s ic a l  arrangem ent o f th e  l i g h t  g u id es . L igh t 

gu ides were com prised o f  American O p tic a l Image C ondu it, 1C-100-12.

These g u id es  were i n  th e  form  o f l / 8 " d iam eter r i g i d  r o d s ,  each  com prised 

o f  70,000 in d iv id u a l ly  c la d  f i b e r s .  The tra n sm is s io n  o f  th e s e  f ib e r s  

i s  s e v e re ly  a t te n u a te d  below  ^00 nm b u t ex tends beyond 800 nm. The 

gu ides te rm in a tin g  in  th e  t i t r a t i o n  v e s s e l  were b e n t 90° to  th e  v e r t i c a l  

such t h a t  a c e l l  w ith  a p a th  le n g th  o f  1 cm was formed by th e  e n te r in g  

and e x i t in g  l i g h t  g u id es .

The r e l a t i o n  o f  th e  two e x te r n a l  o p t ic a l  channels  was n o t sym m etri­

c a l  as shown in  F ig u re s  2 and 12. I n s te a d ,  one channel was s h i f t e d  o f f  

c e n te r  b r in g in g  a d e te c t io n  g u id e , Ea2 ,  c lo se  t o  th e  i l lu m in a t io n  g u id e , 

E21 , i n  o rd e r  to  more e a s i l y  f a c i l i t a t e  f lu o ro m e tr ic  and n ephe lom etric  

t i t r a t i o n s .  I n t e r n a l  o p t i c a l  ch an n els  shown in  F ig u re s  2 and 12, 

and re p re s e n te d  by e lem en ts  E23 , C2 , and E24;  and Ex3 , C i, and Ei 4  were 

no t assem bled as an i n t e g r a l  p a r t  o f  t i t r a t o r .  I n s te a d ,  t h i s  c o n fig u ra ­

t io n  was s u c e s s f u l ly  t e s t e d  as  a s e p a ra te  u n i t .

F i l t e r s  were p la c e d  in  th e  o p t i c a l  p a th s  as shown in  F ig u re  2. 

O p tic a l p a th s  r e p r e s e n t in g  e x te r n a l  double  beam o p e ra t io n  were con­

s t r u c te d  and t e s t e d  b r i e f l y  b u t d id  n o t show any s ig n i f i c a n t  im prove­

ment over s in g le  beam o p e ra t io n . T h e re fo re , in  a l l  f u tu r e  d is c u s s io n , 

s in g le  beam o p e ra t io n  w i l l  be im p lie d .
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The s o u r c e s  u se d  w ere  num bers 1 1 3 3 > 9 3 > and  82  lam ps o p e r a te d  a t

1 3 , 1 7 , and  9 v o l t s  r e s p e c t i v e l y .  The num ber 82 b u lb ,  a s  a r e s u l t  o f

i t s  s m a l l  c u r r e n t  demand was p o w ered  b y  th e  v o l ta g e  r e g u l a t e d  pow er s u p p ly  

p r e v i o u s ly  d i s c u s s e d .  B ulb num bers 93 an d H 3 3  w ere  pow ered  b y  a 

c o m b in a tio n  o f  a v o l t a g e  s t a b i l i z a t i o n  t r a n s f o r m e r ,  a V a r ia c ,  and  a 

120  t o  17 v o l t  s tepdow n  t r a n s f o r m e r .

'The b u f f e r  s t a g e s  c o n s i s t e d  o f  an  A nalog  D e v ic e s  I n c .  M odel 119K 

o p e r a t i o n a l  a m p l i f i e r  and  a B u rr  Brown M odel 3 1 2 9 /1 5  FET I n p u t  o p e r a ­

t i o n a l  a m p l i f i e r .  The A nalog  D e v ic e s  a m p l i f i e r  had  a r a t e d  o u tp u t  o f  

+ 10 v o l t s  a t  20 m a .,  a common mode im pedance  o f  109 ohm s, and  an 

in p u t  v o l t a g e  o f f s e t  o f  + 5 y w / ° C. The C u rr Crown a m p l i f i e r  h ad  a 

r a t e d  o u tp u t  o f  + 10  v o l t s  a t  20  m a .,  a common mode im pedance  o f  1011 

ohm s, and  an  in p u t  v o l t a g e  o f f s e t  o f  + 3 p -v /° 0 .  B o th  o p e r a t i o n a l  

a m p l i f i e r s  w e re  w ir e d  in  t h e  n o n - i n v e r t i n g  mode su c h  t h a t  Ri = 50  K

and R2  = 10K a s  shown i n  F ig u r e  3-

N ot a l l  f u n c t i o n a l  modes d i s p l a y e d  i n  F ig u re  k w ere  t e s t e d  b e c a u s e  

o f  a n  u n e x p e c te d  f a i l u r e  o f  one o f  t h e  b u f f e r  s t a g e s .  A B u rr  Brown 

L o g a r ith m ic  A m p l i f ie r  M odule , M odel 1665 / 1 6 , c a p a b le  o f  g e n e r a t i n g  th e  

f u n c t i o n

Eo = -10 logio(Ei/E2)

w as p u r c h a s e d  and  w as b e in g  i n s t a l l e d  a t  th e  tim e  t h a t  t h e  b u f f e r  

m a l f u n c t io n e d .  D i f f e r e n t i a t i o n  c i r c u i t s  w ere  a sse m b le d  an d  p ro v e n  

t o  w ork  i n  s e v e r a l  t i t r a t i o n  s y s te m s  b u t  w ere  n o t u t i l i z e d  t o  c o l l e c t  

d a t a .  O th e r  f u n c t i o n a l  e l e c t r o n i c  sy s te m s  shown w ere n o t  t e s t e d  b u t  

a r e  c o m m e rc ia l ly  a v a i l a b l e  i n  com ponent fo rm  o r  a s  c o m p le te  m o d u les .
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The r e a d o u t  d e v ic e s  c o n s i s t e d  o f  a Beckman E le c t r o s c a n  30  and  a 

H oneyw ell E l e c t r o n i k  19^ r e c o r d e r .  B oth  r e c o r d e r s  -were o p e r a te d  a t  a 

c h a r t  sp e ed  o f  t h r e e  in c h e s  p e r  m in u te  and  a t  v o l t a g e  ra n g e s  from  f i v e  

m i l l i v o l t s  t o  t h r e e  v o l t s  f u l l  s c a l e .  At a l l  t im e s  a vacuum tu b e  v o l t  

m e te r  w i th  a n  i n p u t  im pedance  o f  1011 ohms w as c o n n e c te d  in  p a r a l l e l  

t o  th e  r e c o r d e r  t o  m ore e a s i l y  s e l e c t  th e  a p p r o p r i a t e  v o l ta g e  s c a l e  a t  

w h ich  t o  o p e r a te  t h e  r e c o r d e r .
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APPLICATION

D isc u ss io n  o f  E xperim en ta l R e s u lts

Having c o n s tru c te d  th e  p h o to m e tr ic  t i t r a t o r ,  th e  p r e c i s io n ,  accu racy , 

and g e n e ra l  u t i l i t y  o f t h i s  in s tru m e n t -were t e s t e d  u sin g  e s ta b l is h e d  

a n a ly t i c a l  p ro ced u res . In  t h i s  s e c t io n ,  a b r i e f  d e s c r ip t io n  o f  th e  

in d iv id u a l  t i t r a t i o n  system s used in  th e s e  t e s t s  w i l l  be p re s e n te d

a lo n g  w ith  a l l  d a ta  o b ta in e d . W hile some o f  th e  system s used d id  n o t

behave as  w e ll  as one m ight expect from re a d in g  th e  l i t e r a t u r e ,  th ey  

d id ,  n e v e r th e le s s ,  show re p ro d u c ib le  b e h a v io r  d u rin g  r e p e t i t i v e  t i t r a ­

t io n s .  I t  was n o t w ith in  th e  scope o f  t h i s  w ork, however, t o  e x p la in  

th e  ap p a re n t anom alies o f  th e  system s.

Each system  s tu d ie d  was t i t r a t e d  a number o f  tim es to  o b ta in  a 

s t a t i s t i c a l  e v a lu a tio n  o f  th e  p r e c i s io n  o f th e  system . The p r e c i s io n  

was e v a lu a te d  by th e  m agnitude o f  th e  v a r ia n c e ,  a~ , s ta n d a rd  d e v ia t io n ,  

r  , and th e  c o e f f ic i e n t  o f  v a r i a t i o n ,  C .V ., based  on th e  mean v a lu e  

o f  th e  d a ta . O u tly ing  r e s u l t s  were e v a lu a te d  on th e  b a s is  o f  th e  "Q, 

T e s t"  (t-9) a t  a 90$ c o n fid e n ce  l e v e l .

L is te d  i n  th e  t a b le s  g iv en  f o r  each  t i t r a t i o n  system  a re  th e

c o r r e c te d  volume o f  t i t r a n t  a c tu a l ly  d e l iv e re d  and th e  c a lc u la te d  

volume o f t i t r a n t ,  a s  de te rm in ed  from  s ta n d a rd iz e d  d a ta . The volume 

o f  t i t r a n t  d e l iv e re d  was computed by m easu ring  th e  d is ta n c e  on th e  

c h a r t  to  th e  eq u iv a len c e  p o in t  and accounting f o r  th e  volume o f  t i t r a n t  

d e l iv e re d  f o r  each  d i v i s io n  th e  c h a r t  moves. The c o rre c te d  mean volume, 

m entioned  l a t e r  in  th e  d i s c u s s io n ,  i s  th e  mean volume o f  t i t r a n t
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d e liv e re d  d u r in g  a s e t  o f  r e p e t i t i v e  t i t r a t i o n s  which has had th e  

b lan k  c o r r e c t io n  s u b tra c te d  from  i t .

Two o b s e rv a tio n s  shou ld  be n o ted  w ith  r e s p e c t  to  th e  volume o f  

t i t r a n t  d e l iv e re d  and th e  c a lc u la te d  volume. F i r s t ,  th e  volume o f  

th e  t i t r a n t  d e l iv e re d  does no t r e f l e c t  b lan k  c o r r e c t io n s .  A s e r i e s  

o f  b lan k s  were ru n , where a p p lic a b le ,  f o r  each system  so t h a t  an average  

v a lu e  cou ld  be o b ta in e d  and su b seq u e n tly  s u b tr a c te d  from th e  volume o f  

d e liv e re d  t i t r a n t .  Secondly , com parison o f  th e  mean volume o f  t i t r a n t  

d e liv e re d  and c a lc u la te d  volume o f  t i t r a n t  do n o t always compare fa v o r ­

a b ly . In  th e  c a se s  where good agreem ent was o b ta in e d , i t  was n o ted  

t h a t  th e s e  t i t r a t i o n s  had been c a r r ie d  o u t u s in g  s o lu t io n s  e i t h e r  made 

up d i r e c t l y  from  p rim ary  s ta n d a rd s  o r  s ta n d a rd iz e d  a g a in s t  s ta n d a rd  

s o lu t io n s .  S tan d ard  s o lu t io n s  w hich had been d i lu te d  e x h ib i te d  th e  

p o o re s t  agreem ent betw een c a lc u la te d  and a c tu a l  t i t r a t i o n  volumes which 

would te n d  to  su g g e s t t h a t  th e  c a lc u la te d  volumes r e f l e c t  d i l u t i o n  

e r r o r s .

This d i l u t i o n  p ro ced u re  and th e  p h y s ic a l  m an ip u la tio n  o f  th e  

s o lu t io n s  may v e ry  w e l l  be th e  g r e a t e s t  c o n tr ib u t in g  source o f  e r r o r  

g iv in g  r i s e  to  th e  d is c re p a n c ie s  betw een a c tu a l  and c a lc u la te d  volumes 

fo r  th e  more d i l u t e  s o lu t io n s .  The u n c e r ta in ty  i n  th e  v o lu m e tr ic  

g lassw are  undoub ted ly  tended  to  produce s ig n i f i c a n t  e r r o r s  a t  c o n c e n tra ­

t io n s  o f  0 .0 1  N. These d i lu t io n s ,  how ever, w ere n e c essa ry  s in c e  many 

o f  th e  s o lu t io n s  when p re p a re d  a t  c o n c e n tra t io n s  o f  0 .01  N cou ld  no t 

be s ta n d a rd iz e d  w ith  adequate  p r e c i s io n  due t o  poor v is u a l  end p o in ts .  

V olum etric  g lassw are  was c a l i b r a t e d ,  how ever, th e s e  c o r r e c t io n s  were 

n o t in c lu d e d  in  c a lc u la t io n s  s in c e  t h e i r  s ig n i f ic a n c e  d id  n o t appear
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to  be th e  l im i t in g  source  o f  e r r o r  in  any o f  th e  system s s tu d ie d .

A lso c o n tr ib u t in g  to  th e  d isc re p a n c y  betw een mean and c a lc u la te d  

volumes i s  th e  d i s p a r i t y  betw een th e  end p o in t ,  a s  de te rm ined  by 

v i s u a l  o b s e rv a t io n , and th e  e q u iv a len c e  p o in t ,  o b ta in e d  by th e  i n s t r u ­

m en ta l m ethod. The h ig h  r a t e  o f  d e l iv e ry  o f  th e  c o n s ta n t d r iv e  b u re t  

coupled  w ith  i n e f f i c i e n t  s t i r r i n g  m entioned e a r l i e r  le d  to  th e  p ro ­

d u c tio n  o f  la rg e  b lan k s  r e l a t i v e  to  th o se  o b ta in e d  in  m anual t i t r a t i o n s  

u t i l i z i n g  th e  same system . These combined problem s produced  a la g  tim e 

le a d in g  to  a t i t r a t i o n  b la n k  o f  s e v e r a l  te n th s  o f  a m i l l i l i t e r .  In  

system s where a b lan k  c o r r e c t io n  i s  p o s s ib le ,  t h i s  sou rce  o f  e r r o r  

can be m inim ized. However, when system s a re  t i t r a t e d  fo r  which b la n k  

c o r r e c t io n s  a re  no t p o s s ib le ,  l a r g e  p o s i t iv e  e r r o r s  ap p ear.

S y stem a tic  e r r o r s  encom passing such f a c to r s  a s  p ip e t in g ,  s t a r t i n g  

s y n c h ro n iz a tio n , volume d e l iv e r y ,  s t i r r i n g  e f f i c i e n c y ,  e r r o r s  a s s o c ia te d  

in  th e  g ra p h ic a l  lo c a t io n  o f  th e  eq u iv a len ce  p o in t ,  and dead band o f  

th e  r e c o rd e r  a re  p re s e n t  in  a l l  t i t r a t i o n s  perfo rm ed . Under id e a l  

c o n d it io n s ,  th e  combined e r r o r s  encoun tered  in  th e  t i t r a t i o n  o f a 

s p e c i f ic  system  approach a minimum l im i t  a s y m to tic a l ly .

Samples in te n d e d  f o r  r e p e t i t i v e  t i t r a t i o n  were p re p a re d  a l t e r n a t e l y  

as  a p re v io u s ly  p rep a re d  sample was b e in g  t i t r a t e d  a u to m a tic a lly .

Samples re q u ire d  an average  p r e p a r a t io n  tim e o f  f i v e  m in u tes . The 

average  tim e re q u ire d  f o r  t i t r a t i o n  o f  t h i s  sample was app rox im ate ly  

f iv e  m in u te s , which in c lu d e s  r in s in g  th e  l i g h t  g u id es  b e fo re  and a f t e r  

th e  t i t r a t i o n .

H y droch lo ric  a c id  vs. ammonia

The t i t r a t i o n  o f  ammonia w ith  h y d ro c h lo r ic  a c id  was perform ed t o
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i l l u s t r a t e  th e  u s e  o f  t h e  p h o to m e tr ic  t i t r a t o r  w i th  common t i t r i m e t r i c  

p r o c e d u r e s  su c h  a s  th e  K je ld a h l  d e te r m in a t io n .  An i n d i c a t o r  was 

s e l e c t e d  t o  f u r t h e r  d e m o n s t r a te  th e  a b i l i t y  o f  t h e  p h o to m e tr ic  t i t r a t o r  

t o  l o c a t e  an  e q u iv a le n c e  p o i n t  ev en  th o u g h  th e  c o lo r  change  o f  t h e  i n d i c a ­

t o r  i s  p o o r ly  d e f in e d  v i s u a l l y .  I n a d v e r t e n t l y ,  h o w ev er, p h e n o l  r e d ,  

pKg 7 .8  w as c h o se n  a s  an  i n d i c a t o r  i n s t e a d  o f  th e  m ore a p p r o p r i a t e  

m e th y l  r e d ,  pKQ 5*8. C o r r e c t io n s  f o r  t h i s  e r r o r  w ere  c a l c u l a t e d ,  th u s  

r e l a t i n g  th e  e q u iv a le n c e  p o i n t  o b ta in e d  t o  t h a t  o b t a in a b le  u t i l i z i n g  

t h e  v i s u a l  s t a n d a r d i z a t i o n  i n d i c a t o r .

The t i t r a t i o n  o f  a 1 0 .0 0  m l. sam p le  o f  0 .1 1 0 2  N am m onia, s t a n d a r d iz e d  

a g a i n s t  h y d r o c h lo r ic  a c id  u s in g  b ro m o c re s o l  p u r p le  a s  t h e  i n d i c a t o r  

w as made i n  a t o t a l  volum e o f  160  m l. u s in g  s i x  d ro p s  o f  p h e n o l  r e d  

i n d i c a t o r .  B ro m o cre so l p u r p l e ,  pKg 6 . 0 ,  w as c h o se n  a s  t h e  i n d i c a t o r  

f o r  t h e  v i s u a l  d e te r m in a t io n  o f  th e  end  p o i n t  b e c a u s e  o f  i t s  s h a rp  c o lo r  

ch an g e  f ro m  p u r p le  t o  y e l lo w  a n d  a l s o  i t s  pH t r a n s i t i o n  r a n g e .  P r e ­

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

t i t r a t i o n s  may b e  fo u n d  i n  A ppend ix  2 . A c o m p o s ite  n a rro w  b an d  p a s s  

f i l t e r ,  813 + 8 7 8 ,  l i s t e d  i n  A ppend ix  1 ,  h a v in g  a ^ max 5^0 nm 

w as s e l e c t e d  b y  c o m p a riso n  o f  t h e  s p e c t r a  o f  b o th  th e  a c id  an d  b a s e  

fo rm s o f  p h e n o l  r e d .  T a b le  2 l i s t s  d a ta  o b ta in e d  from  t e n  d e te r m in a ­

t i o n s  o f  0 . 097^9  N h y d r o c h lo r i c  a c id  t i t r a t e d  a g a i n s t  0 .1 1 0 2  N ammonia.

An a v e ra g e  volum e o f  1 1 .2 3  ra l. o f  a c id  w as d e l i v e r e d  com pared  t o  1 1 .3 0  m l. 

c a l c u l a t e d ,  p ro d u c in g  a d e te r m in a te  e r r o r  o f  -  0 .0 7  m l. The v a r i a n c e ,  

s t a n d a r d  d e v i a t i o n  an d  c o e f f i c i e n t  o f  v a r i a t i o n  p ro d u c e d  b y  th e s e  t i t r a t i o n s  

a r e  0 . 0028U, 0 . 0 5 3 3 * and  0 .V f$  r e s p e c t i v e l y .

T a b le  3 l i s t s  th e  d a ta  o b ta in e d  fro m  t e n  d e te r m in a t io n s  o f  0 .0097^-9 N 

h y d r o c h l o r i c  a c i d  v s . 0 .0 1 1 0 2  N ammonia. T hese s o l u t i o n s  w ere  d i l u t e d  i n
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T able 2

S p e c tro p h o to m e tr ic  T i t r a t io n  o f  0 .0 9 7 4 9  N HC1 v s .
1 0 .0 0  m l. o f  0 .1 1 0 2  N NH3 -  p h e n o l red  in d ic a t o r .^

Sam ple C o rr . V o l.
No. HC1 ( m l . ) D e v ia t io n  (m l).

1  1 1 .1 8  - 0 .1 2

2 1 1 .3 3  + 0-03

3 1 1 .2 5  - 0 .0 5

4 1 1 .2 5  -0*05

5 1 1 .1 6  - 0 .1 4

6 1 1 .2 1  - 0 .0 9

7 1 1 .3 0  0 .0 0

8 1 1 .2 3  -0 -0 7

9 1 1 .2 3  - 0 .0 7

10  1 1 .1 6  - 0 .1 4

Avg. 1 1 .2 3  -0 -0 7

C a l c 'd .  1 1 .3 0  ------

B la n k  0 .1 7  ------

C o rr .  Avg. ^    -0 .0 6

<r= 0 .0 0 2 8 4  <r = O.0 5 3 3  c - v * = 0 -47$

A U s in g  n a rro w  band p a s s  f i l t e r  c o m b in a tio n  813 a n d  8 7 8 , 
563 nm.''m a x

C o r r e c t io n  a p p l i e d  due  t o  d i s c r e p a n c y  b e tw een  p h e n o l  r e d  
a n d  b ro m o c re s o l  p u r p le  e q u iv a le n c e  p o i n t s .
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T a b le  5

Spectrophotometric Titration of 0.009749 N HC1 vs. .
10.00 ml. of 0.01102 K NH3 - phenol red indicator.

Sam ple
No.

C o rr . V ol. 
HC1 (m l. ) D e v ia t io n

1 1 0 .8 0 -0.14-8

2 1 0 .8 0 - 0 .4 8

5 1 0 .7 8 - 0 .5 0

U 1 0 .8 5 -0 .4 3

5 1 0 .7 2 -O .5 6

6 1 0 .7 5 - 0 .5 9

7 1 0 .7 2 - 0 .5 6

8 1 0 .7 8 - 0 .5 0

9 1 0 .7 8 - 0 .5 0

10 1 0 .9 0 - 0 .3 8

Avg. 1 0 .7 8 - 0 .5 0

C a lc 'd . 1 1 .2 8 ------

B lan k 0 .2 0 ------

C o rr . Avg. ------ - 0 .1 5

<r = 0 .0 0 2 8 2 <T = 0 .0 5 3 1 C.V. = I

^  U s in g  n a rro w  band  p a s s  f i l t e r  c o m b in a tio n  813  a n d  8 j 8 , 
563 nm.

max

Aft C o r r e c t io n  a p p l i e d  due t o  d i s c r e p a n c y  b e tw een  p h e n o l  
r e d  and  b ro m o c re s o l  p u r p le  e q u iv a le n c e  p o i n t s .
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a r a t i o  o f  te n  to  one from  th e  s tan d ard ized , s o lu t io n s  used in  Table 2.

The i n i t i a l  c o n c e n tra tio n  o f  th e  ammonia in  th e  t i t r a t i o n  v e s s e l  was 

0 .0007 N. An average  volume o f  10 .78  m l. was d e liv e re d  compared to  

11.28 ml. c a lc u la te d ,  p roducing  an average  d e v ia t io n  o f  -0 .5 0  ml. This 

q u i te  r e a d i ly  r e f l e c t s  e r r o r s  p re v io u s ly  d isc u sse d . V alues fo r  v a r ia n c e , 

s ta n d a rd  d e v ia t io n ,  and c o e f f i c i e n t  o f  v a r i a t io n  o b ta in e d  were 0 . 00282 , 

0 .0531^ and 0.U8$> r e s p e c t iv e ly .  In  comparing th e  c o e f f ic i e n t s  o f  v a r i a ­

t io n  betw een t i t r a t i o n s  in  T ab les 2 and 3> i t  can be seen  t h a t  th e  

lo c a t io n  o f  th e  eq u iv a len ce  p o in t  by means o f  th e  p h o to m e tric  t i t r a t o r  

was accom plished  w ith  eq u a l p r e c i s io n  a t  b o th  c o n c e n tra tio n s . This 

would a ls o  te n d  t o  in d ic a te  t h a t  th e  d isc re p an c y  betw een a c tu a l  and 

c a lc u la te d  volumes observed  d u r in g  r e p e t i t i v e  t i t r a t i o n s  o f  th e  system  

a r i s e s  from  th e  h an d lin g  o f th e  s o lu t io n  o r  from w ith in  th e  system  

i t s e l f .

E th y le n e d ia m in e te tra a c e tic  a c id  v s . i r o n ( l l l )

S w eetser and B rick e r  (5 0 ) d em o n stra ted  th e  manual sp e c tro p h o to m e tr ic  

t i t r a t i o n  o f i r o n ( l l l )  w ith  e th y le n e d ia m in e te t ra a c e t ic  a c id ,  EDTA, u sin g  

s a l i c y l i c  a c id  as an in d ic a to r .  The a u th o rs  re p o r te d  t h a t  g rad u a l fa d in g  

o f  th e  F e ( l l l ) - s a l i c y l a t e  complex c o lo r  makes th e  e q u iv a len c e  p o in t  

d i f f i c u l t  to  lo c a te  even a t  c o n c e n tra t io n s  o f  0 .1  N. S p e c tro p h o to m e tr ic -  

a l l y ,  how ever, th e  eq u iv a len ce  p o in t  was e a s i l y  lo c a te d  by e x tr a p o la t io n  

o f  th e  i n i t i a l  and f in a l  s lo p e s  o f  th e  t i t r a t i o n  curve .

The t i t r a t i o n  o f  s ta n d a rd  F e ( l l l )  w ith  s ta n d a rd iz e d  EDTA was c a r r ie d  

o u t on th e  b a s is  o f Sw eetser and B rick e r* s  work. A 10 .00  ml. a l iq u o t  

o f  0 .01012 N F e ( l l l )  s o lu t io n  was p la c e d  in  th e  t i t r a t i o n  v e s s e l  w ith
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30 m l. o f  pH 2 b u f f e r ,  6 d ro p s  o f  i n d i c a t o r ,  an d  130 m l. o f  doubly- 

d i s t i l l e d  w a te r .  The d a ta  g e n e ra te d  from  t e n  s u c c e s s iv e  t i t r a t i o n s  

a r e  l i s t e d  i n  T a b le  k . The a v e ra g e  volum e o f  EDTA d e l i v e r e d  was 

IO .3 6  m l. a s  com pared  w i th  a c a l c u l a t e d  volum e o f  9*62 m l . ,  a d e v ia t io n  

o f  0 .7 ^  m l. T h is  d e v i a t i o n  a r i s e s  in  p a r t  b e c a u s e  a b la n k  c o u ld  n o t 

be  d e te rm in e d  f o r  th e  sy s te m . In  a d d i t i o n ,  t h i s  sy s te m  s u f f e r s  from  a 

k i n e t i c a l l y  s lo w  r e a c t i o n  n e a r  th e  e q u iv a le n c e  p o i n t  w h ic h  p ro d u c e s  

f u r t h e r  e r r o r .  A c o e f f i c i e n t  o f  v a r i a t i o n  o f  0 . k l $  w as o b ta in e d ,  

r e f l e c t i n g  good r e p r o d u c i b i l i t y  o f  th e  e q u iv a le n c e  p o i n t s .

F u r th e r  e x a m in a t io n  o f  t h e  l i t e r a t u r e  (5 1 )  made r e f e r e n c e  t o  a warm 

s o l u t i o n  b e in g  a r e q u i r e m e n t  f o r  th e  o b s e r v a t io n  o f  a c o r r e c t  e q u iv a l ­

en ce  p o i n t .  T a b le  5 l i s t s  t h e  d a ta  o b ta in e d  a t  50° 60  7 0 ° C w i th  s o lu ­

t i o n  vo lum es and  c o n c e n t r a t i o n s  i d e n t i c a l  t o  t h o s e  i n  T a b le  k .  An 

a v e ra g e  volum e o f  9 -9 0  m l. o b ta in e d  from  th e  t i t r a t i o n s  was fo u n d  to  

com pare w i th  a c a l c u l a t e d  volum e o f  9*62 m l . ,  g iv in g  a d e v ia t i o n  o f  

0 .2 8  m l. T h is  l a r g e  d e v i a t i o n  i s  p a r t i a l l y  due  t o  t h e  i n a b i l i t y  t o  

p e r fo rm  a b la n k  c o r r e c t i o n  on t h i s  sy s te m , a s  p r e v i o u s l y  d i s c u s s e d .  

H e a tin g  th e  s o l u t i o n  p ro d u c e d  b e t t e r  a g reem en t w i th  t h e  c a l c u l a t e d  

v a lu e ,  h o w e v e r, t h e  c o e f f i c i e n t  o f  v a r i a t i o n  d e c r e a s e d  s l i g h t l y  t o  

0 .3 9 $ . A tte m p ts  t o  f u r t h e r  im prove  th e  a g re e m e n t b e tw e en  e x p e r im e n ta l  

and  c a l c u l a t e d  v o lum es w ere  made b y  h e a t in g  th e  s o l u t i o n  i n  th e  t i t r a ­

t i o n  v e s s e l  abo v e  70°C b u t  w i th o u t  s u c c e s s .  The s ta n d a r d  s o lu t i o n s  u se d  

w ere  r e s t a n d a r d i z e d  a g a i n s t  o t h e r  s ta n d a r d  s o l u t i o n s  an d  fo u n d  t o  be 

c o r r e c t  w i t h in  t h e  l i m i t s  o f  e x p e r im e n ta l  a c c u ra c y .

P e r c h l o r i c  a c id  v s .  4 - a m in o p y r id in e

The n o n -a q u e o u s  t i t r a t i o n  o f  am ines w i th  p e r c h l o r i c  a c id  h a s  b een
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T a b le  1+

S p e c tro p h o to m e tr ic  T i t r a t io n  o f  0 .0 1 0 5 2  N EDTA v s . .
1 0 .0 0  m l. o f  0 .0 1 0 1 2  N F e ( l l l )  -  s a l i c y l i c  a c id  in d i c a t o r .

A m bien t Room T e m p e ra tu re

Sam ple
No.

C o rr . V o l. 
EDTA ( m l . ) D e v ia t io n  (m l. )

1 1 0 .3 5 0 .7 3

2 1 0 . 1(2 0 .8 0

5 10.1+5 O.8 3

k 1 0 .3 5 0 .7 3

5 1 0 .3 3 0 .7 1

6 1 0 .3 2 0 .7 0

7 1 0 .3 2 0 .7 0

8 1 0 .3 2 0 .7 0

9 1 0 .3 5 0 .7 3

10 1 0 .3 5 0 .7 3

Avg. 1 0 .3 6 0 .7 ^

C a lc 'd . 9 .6 2 -------------

<T = 0 .0 0 1 7 8

A .  _______

<r= 0 . 01+22 C.V. = 0.1+1$

U sin g  f i l t e r  c o m b in a tio n  80?  and  87 7 .
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T ab le  5

S p e c tro p h o to m etr ic  T i t r a t io n  o f  0 .0 1 0 5 2  N EDTA v s .
1 0 .0 0  m l. o f  0 .0 1 0 1 2  TT F e ( l l l )  -  s a l i c y l i c  a c id  in d ic a t o r .

T e m p e ra tu re  50 -  TO °C.

Sam ple C o rr .  V o l.
No. EDTA (m l. ) D e v ia t io n

1 9 -9 5  0 .3 5

2 9.85 0 . 2 1

5 9 .90 0.28

k 9.95 0.33

5 9 -9 7  0 .3 5

6 9.85 O.23

7 9 .8 5  0 .2 3

8 9.92 0.30

Avg. 9 .9 0  0 .2 8

C a lc 'd .  9 .6 2  -------

<r= 0.00152 <r= 0.0389 c .v . = 0.39$

^  U sin g  f i l t e r  c o m b in a tio n  807 and 877 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

d is c u s s e d  in  g re a t  d e t a i l  by  F r i t z  (52). A s ta n d a rd  s o lu t io n  o f  t -  

am inopy rid ine  and a s ta n d a rd iz e d  s o lu t io n  o f  p e rc h lo r ic  a c id  were 

p re p a re d  and t i t r a t e d  in  g l a c i a l  a c e t ic  a c id  u s in g  a 2$ s o lu t io n  o f 

m ethy l v i o l e t  as th e  in d ic a to r .

A 10.00 ml. a l iq u o t  o f  0 .09208 N k -am inopy rid ine  s o lu t io n  was t r a n s ­

f e r r e d  to  th e  t i t r a t i o n  v e s s e l  w ith  6 drops o f  i n d ic a to r  and 10 ml. o f 

a c e t ic  anhydride  and was d i lu t e d  w ith  150 ml. o f  g l a c i a l  a c e t ic  a c id .

T his s o lu t io n  was th en  t i t r a t e d  w ith  0.1172 N p e rc h lo r ic  a c id . Table 6 

l i s t s  th e  d a ta  o b ta in e d  from  r e p e t i t i v e  t i t r a t i o n s  o f  t h i s  system .

The mean c o rre c te d  volume o f  a c id  d e liv e re d  was 7 .8 2  ml. as compared 

w ith  a c a lc u la te d  volume o f  7 .85?  th u s  p roducing  a d e v ia t io n  o f  - 0.05  nil.

A c o e f f i c i e n t  o f v a r i a t io n  o f  0.*r2$ was observed .

Perm anganate vs. o x a la te

The t i t r a t i o n  o f  o x a la te  w ith  perm anganate was s e le c te d  to  t e s t  

th e  p h o to m e tr ic  t i t r a t o r  a t  e le v a te d  tem p e ra tu re s . The method o f 

McBride (55) was m od ified  by p o is in g  th e  system  w ith  manganous io n , 

p u rg in g  th e  system  w ith  n i t ro g e n  p r io r  to  h e a tin g  th e  s o lu t io n ,  and 

k eep in g  a b la n k e t o f  n i t ro g e n  above th e  s o lu t io n  d u r in g  th e  t i t r a t i o n .

I t  was f e l t  t h a t  th e s e  p ro c e d u re s  would m inim ize a i r  o x id a tio n  o f  o x a la te  

io n  d u r in g  th e  t i t r a t i o n  (5*0 a s  w e ll  as e lim in a te  th e  i n i t i a l  b u ild u p  

o f  u n re a c te d  perm anganate a t  th e  s t a r t  o f  th e  t i t r a t i o n .

A s ta n d a rd  s o lu t io n  o f  o x a la te  was p rep a re d  from  p rim ary  s ta n d a rd  

m a te r i a l  w h ile  th e  s ta n d a rd iz e d  s o lu t io n  o f  perm anganate was p rep a re d  

by th e  method o f  Fow ler and B rig h t (5*+). A 10.00 ml. a l iq u o t  o f  0.0998*1- N 

o x a la te  s o lu t io n  was t r a n s f e r r e d  to  th e  t i t r a t i o n  v e s s e l  w ith  5 nil. o f
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T able 6

S p e c tro p h o to m e tr ic  T i t r a t io n  o f  0 .1 1 7 2  I f  HC104 v s .  ^
1 0 .0 0  m l. o f  0 .0 9 2 0 8  N A m inopyrid ine -  m eth y l v i o l e t  in d ic a t o r

Sam ple
No.

C o rr. V o l. 
HC10* ( m l . ) D e v ia t io n  (m l. )

1 7 .8 3 - 0 .0 2

2 7 .8 8 0 .0 3

3 7 .8 0 - 0 .0 5

k 7 .8 5 0 .0 0

5 7 .7 8 -0 .0 7

6 7 .7 8 -0 .0 7

7 7 .8 3 - 0 .0 2

8 7 .8 6 0 .0 1

9 7 .8 0 - 0 .0 5

Avg. 7 .8 2 -0 .0 3

C a lc ’d . 7 .8 5 ------

B lan k 0 .2 2

<r= o .oon it <r= 0.0338 C.V. = 0.k2$> 

^  U sin g  f i l t e r  c o m b in a tio n  813 an d  878.
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0 .1  N manga nous io n , 30 nl* o f  6 W s u l f u r ic  a c id ,  and 1^0 ml. o f  doubly- 

d i s t i l l e d  w a te r. The s o lu t io n  was purged  w ith  n i tro g e n  and h e a te d  to  

60°C. The b u b b le r  was th en  w ithdraw n from th e  s o lu t io n  and a llow ed to  

m a in ta in  an atm osphere o f  n i t r o g e n  over the  s o lu t io n . The s o lu t io n  was 

th e n  t i t r a t e d  w ith  0.09221 N perm anganate s o lu t io n . T able 7 p re se n ts  th e  

d a ta  o b ta in e d  from su c c e ss iv e  t i t r a t i o n s  of t h i s  system . The mean 

c o r re c te d  volume d e liv e re d  was 10.78  ml. as compared to  a c a lc u la te d  

volume o f  10 .83  m l. ,  p ro d u cin g  a d e v ia t io n  o f  -0 .05  ml. T his d i s p a r i t y  

may w e ll  be due to  th e  d i f f e r e n c e  betw een th e  e q u iv a len c e  p o in t  and the  

end p o in t .  The c o e f f ic ie n t  o f  v a r i a t i o n  f o r  t h i s  system  was found to  be 

0 .67$ .

H y d ro ch lo ric  a c id  vs. ammonia

A cid -base  t i t r a t i o n s  r a r e l y  use  in d ic a to r s  w hich a re  based  upon 

f lu o re sc e n c e  changes to  d e te c t  end p o in ts .  The u s e  o f  a p h o to m e tric  

t i t r a t o r ,  how ever, makes i t  p o s s ib le  t o  observe changes in  th e  f lu o r e s ­

cence o f  an a p p ro p r ia te  i n d ic a to r .  S ince t h i s  p h o to m e tr ic  t i t r a t o r  

u t i l i z e d  f i b e r  o p t ic s  made o f  g l a s s ,  th e  f lu o re sc e n c e  changes observed  

m ust be e x c i te d  by v i s ib l e  r a d i a t i o n .  When q u a rtz  f i b e r  o p t ic s  become 

a v a i l a b le ,  th e  number o f f lu o re s c e n c e  in d ic a to r s  w hich may be used  w i l l  

be g r e a t ly  in c re a se d . D ic h lo ro f lu o re s c e in ,  hav ing  a pKa o f 5 , was 

s e le c te d  f o r  use w ith  th e  am m onia-hydrochloric  a c id  system .

S ta n d a rd ize d  s o lu t io n s  o f  h y d ro c h lo r ic  a c id  and ammonia were p r e ­

p a red  a s  d e s c r ib e d  in  Appendix I I .  A 10.00 ml. a l iq u o t  o f  O.O7696 N 

ammonia was t r a n s f e r r e d  to  th e  t i t r a t i o n  v e s s e l  w ith  1$0 ml. o f  doub ly  

d i s t i l l e d  w a te r  and b d rops o f  0 .2 $  d ic h lo ro f lu o re s c e in .  This s o lu t io n
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T ab le 7

S p e c tro p h o to m e tr ic  T i t r a t io n  o f  0 .0 9 2 2 1  N Mn04 v s .
1 0 .0 0  m l. o f  0 . 0998h- N C2 04 ~ ~ .X

Sam ple C o rr . V o l.
No. MnQ4 ~ ( m l . ) D e v ia t io n  ( m l . )

1 IO .8 5  0 .0 2

2 1 0 .6 7  - 0 .1 6

3 1 0 .9 0  0 .0 7

k 1 0 .8 2  - 0 .0 1

5 1 0 .7 5  - 0 .0 8

6 IO .8 5  0 .0 2

7 1 0 .7 0  - 0 .1 3

8 1 0 .7 5  - 0 .0 8

9 1 0 .7 0  - 0 .1 3

10 1 0 .8 2  - 0 .0 1

Avg. 1 0 .7 8  - 0 .0 5

C a l c 'a .  1 0 .8 3  -------

B lank  0 .1 5 ---------------------------------

<r = 0 .0 0 5 k l  <r = 0 .0 7 3 5  C.V. = 0 .6 7 $

^ J s in g  f i l t e r  c o m b in a tio n  806  a n d  8 7 7 .
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was th e n  t i t r a t e d  w ith  0 .09719 N h y d ro c h lo r ic  a c id . The d a ta  o b ta in e d  

by r e p e t i t i v e  t i t r a t i o n s  w ith  t h i s  system  a re  l i s t e d  in  Table 8 . The 

mean c o r r e c te d  volume o f  a c id  d e l iv e re d  was 7 .78  ml. a s  compared to  a 

c a lc u la te d  volume o f  7 .8 8  ml. The c o e f f ic i e n t  o f v a r i a t io n  o b ta in e d  

was found to  be 1 . 15$ , th u s  r e f l e c t i n g  s im i la r  problem s as  d e sc r ib e d  

i n  th e  fo llo w in g  f lu o ro m e tr ic  t i t r a t i o n  system .

E th y le n e d ia m in e te t r a a c e tic  a c id  vs. c a lc iu m ( ll )

The f lu o ro m e tr ic  t i t r a t i o n  o f  C a ( l l )  w ith  EDTA u s in g  c a lc e in  as  an 

i n d ic a to r  has been d e s c r ib e d  by D ie h l (55)* S ta n d a rd iz e d  C a ( l l )  and EDTA 

s o lu t io n s  were p re p a re d  a s  o u t l in e d  in  Appendix I I .  P rim ary and second­

a ry  f i l t e r s  w ere s e le c te d  based  on th e  d a ta  p re s e n te d  by D ieh l.

A 10 .00  ml. a l iq u o t  o f  0 .00992 N C a ( l l )  s o lu t io n  was t r a n s f e r r e d  

i n to  th e  t i t r a t i o n  v e s s e l  w ith  150 m l. o f  doub ly  d i s t i l l e d  w a te r , a few 

m illig ra m s  o f  a s c o rb ic  a c id ,  50 ml. o f  20$ t r ie th a n o la m in e , 2 ml. o f  

1$ p o ta ss iu m  c y a n id e , 5 ml. o f  5 M p o tass iu m  h y d ro x id e , and abou t 5 mg. 

o f  c a lc e in  in d ic a to r .  This s o lu t io n  was th e n  t i t r a t e d  w ith  0.0101-3 N 

EDTA. The d a ta  o b ta in e d  from  s u c c e s s iv e  t i t r a t i o n s  o f  th e s e  s o lu t io n s  

a re  p re s e n te d  in  Table 9- The mean c o r re c te d  volume o f  EDTA d e l iv e re d  

was found to  be 9*99 ml. as compared to  9-51  ml* c a lc u la te d  volume th u s  

p ro d u c in g  a d e v ia t io n  o f  0 .18  ml. A c o e ff ic ie n t_ .o f  v a r i a t io n  o f  2 .08$  

was obse rv ed . The la r g e  d e v ia t io n  was a n t ic ip a te d  s in c e  a b lan k  c o r r e c t io n  

cou ld  n o t be made c o r r e c t in g  f o r  in d ic a to r  and s t i r r i n g  lag .

The e x is te n c e  o f  t h i s  la r g e  c o e f f i c i e n t  o f  v a r i a t i o n  may be ex ­

p la in e d  by  rea so n  t h a t  th e  t i t r a t i o n  c i r c u i t r y  used  f o r  t h i s  p ro to ty p e  

w as, a t  b e s t ,  a compromise. The a m p l if ic a t io n  o f  th e  b u f f e r  s ta g e  was 

s e le c te d  so t h a t  la r g e  s ig n a ls  from  th e  p h o to tu b e s , a s  found i n  s p e c t r o -
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Table 8

F lu o r o m e tr ic  T i t r a t i o n  o f  0 .097^-9 N HC1 v s .
1 0 .0 0  m l. o f  O.O7696  N NH3 -  d i c h l o r o f l u o r e s c e i n  i n d i c a t o r .

Sam ple C o rr . V o l.
No. HC1 (m l. ) D e v ia t io n  (m l) .

1 7-68  - 0.20

2 7 .8 5  - 0 .0 3

3 7 .8 8  0 .0 0

k  7 .7 0  - 0 .1 8

5 7 .7 8  - 0 .1 0

6 7 .9 6  0 .0 8

7 7 .6 8  - 0 .2 0

8 7 .7 8  - 0 .1 0

9  7 .8 0  - 0 .0 8

10 7.68  - 0.20

Avg. 7- 78 - 0 .1 0

C a lc 'd .  7 .8 8  -------

B lan k  0 .0 2  -------

<r= 0 .0 0 8 ^ 1  <r= 0 .0 9 1 7  C.V . = 1 .1 5 #

A U s in g  f i l t e r s  No. VfB and  No.. 2A f o r  p r im a ry  and 
s e c o n d a ry  beam s r e s p e c t i v e l y .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

T a b le  9

F lu o r o m e t r ic  T i t r a t i o n  o f  0.0101*3 N EDTA v s .  .
1 0 .0 0  m l. o f  0 .0 0 9 9 2  N C a ( l l )  -  c a l c e i n  i n d i c a t o r .

Sam ple
No.

V ol.
EDTA ( m l . ) D e v ia t io n

1 9 .8 2 0 .3 1

2 9 .9 2 0 . 1*1

3 9 .8 0 0 .2 9

k 1 0 .3 0 0 .7 9

5 1 0 .2 0 O.6 9

6 1 0 .2 8 0 .7 7

7 1 0 .1 7 0 .6 6

8 9 .6 8 0 .1 7

9 1 0 .2 5 0 . 71*

10 1 0 .0 8 0 .5 7

11 1 0 .0 8 0 .5 7

12 1 0 .0 0 0 . 1*9

13 9 .7 8 0 .2 7

l i t 1 0 .1 3 0 .6 2

15 9 .6 7 0 .1 6

16 9 .8 2 0 .3 1

17 9 .8 2 0 .3 1

Avg. 9 -9 9 0 . 1*8

C alc  * d . 9 -5 1 ------

<r = 0 . 01*30 <r= 0 .2 0 8 C.V. = 2.

* U s in g  f i l t e r s  No. 1*7B and  No. 2A f o r  p r im a ry  and  s e c o n d a ry  
beam s r e s p e c t i v e l y .
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p h o to m e tr ic  and. tu rb id im e tr ic  t i t r a t i o n s ,  d id  no t s a tu r a te  th e  a m p l i f ie r .  

U n fo r tu n a te ly , t h i s  l im i t s  th e  s e n s i t i v i t y  o f  th e  system  'for d e te c t in g  

ve ry  sm a ll s ig n a ls  a s  a re  found in  f lu o ro m e tr ic  and nephelom etric  

t i t r a t i o n s .  The i n a b i l i t y  to  d e te c t  sm all s ig n a l s ,  re c o rd e r  dead band , 

and c a p a c i t iv e  in d u c tan ce  each by them selves o r in  com bination  te n d  to  

produce poor r e p r o d u c ib i l i ty  about th e  e q u iv a le n c e  p o in t  w ith  system s 

e x h ib i t in g  p o o r ly  d e fin e d  in f l e c t i o n  p o in ts .  O ther f a c to r s  w hich 

undoub ted ly  p la y  some r o le  in  c o n tr ib u t in g  to  poor r e p r o d u c ib i l i ty  in  

th e s e  t i t r a t i o n s  a re  i n e f f i c i e n t  s t i r r i n g  and l i g h t  s c a t te r in g .

Cyanide v s . s i l v e r ( l )

The tu r b id im e tr ic  t i t r a t i o n  o f  cyanide w ith  s i l v e r  io n , commonly 

r e f e r r e d  to  as  th e  L ieb ig  t i t r a t i o n ,  i s  c a r r ie d  ou t w ith  some d i f f i c u l t y  

s in c e  l o c a l l y  p r e c ip i t a t e d  s i l v e r  cyanide i s  slow  to  re d is s o lv e  as  th e  

s o lu t io n  i s  s t i r r e d .  S ystem atic  e r r o r s  in h e r e n t  in  t h i s  system  l i m i t  

th e  minimum e r r o r  to  abou t 0 .02$  (5 6 ). D e n ig e 's  m o d if ic a tio n  o f  L ie b ig 's  

method e l im in a te s  many o f  th e  problem s p r e s e n t  in  th e  o r ig in a l  method 

(5 6 ). N e v e r th e le s s , th e  t i t r a t i o n  o f  s o lu t io n s  more d i lu te  th an  0 .0 1  M 

s t i l l  p r e s e n t  d i f f i c u l t y  in  o b se rv in g  th e  e q u iv a le n c e  p o in t by v i s u a l  

m ethods.

R e p e t i t iv e  t i t r a t i o n s  o f  cyan ide v s . s i l v e r ( i )  were c a r r ie d  out 

u t i l i z i n g  a m o d if ic a tio n  o f  th e  L ieb ig  m ethod. The s i l v e r  cyan ide  

p r e c i p i t a t e  p roduces a d e c re a se  in  l i g h t  i n t e n s i t y  observed a t  th e  

d e te c to r  d u r in g  th e  f i r s t  s ta g e s  o f  th e  t i t r a t i o n .  At th e  e q u iv a len c e  

p o in t  maximum t u r b i d i t y  should  be observed . In  f a c t ,  however, th e  s lo w ly  

d is s o lv in g  s i l v e r  cyan ide’ causes th e  e q u iv a le n c e  p o in t  to  be s h i f t e d  

s l i g h t l y  so t h a t  more cyan ide w i l l  be r e q u ir e d  th a n  i s  p re d ic te d
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s to ic h io m e tr ic a l ly .  As th e  eq u iva lence  p o in t  i s  p a ssed  and more 

cyanide i s  added , th e  t u r b i d i t y  o f th e  s o lu t io n  d e c re a se s  because  o f  

th e  fo rm ation  o f  th e  so lu b le  s i l v e r  cyan ide  complex and d i lu t i o n  o f  

th e  system . A second eq u iv a len ce  p o in t  o ccu rs  when th e  l a s t  rem anents 

o f  s i l v e r  cy an id e  p r e c i p i t a t e  d is s o lv e  p ro d u c in g  a p la te a u  on th e  

in te n s i t y  v s . volume p lo t .  U n fo r tu n a te ly , th e  second eq u iv a len c e  

p o in t  i s  not a s  r e p ro d u c ib le  as th e  f i r s t .  V alues r e p re s e n t in g  th e  

f i r s t  and second e q u iv a len c e  p o in ts  a re  l i s t e d  in  T ab les 10 and 11.

A 10 .00  m l. a l iq u o t  o f  0.009579 N s i l v e r ( i )  s o lu t io n  was t r a n s f e r r e d  

in to  th e  t i t r a t i o n  v e s s e l  w ith  150 ml. o f  doub ly  d i s t i l l e d  w a te r. T his 

s o lu t io n  was th e n  t i t r a t e d  w ith  s ta n d a rd iz e d  0 . 0 0 9 ^ 5  N cyan ide  s o lu ­

t io n .  Table 10 l i s t s  th e  f i r s t  e q u iv a len c e  p o in t  d a ta  o b ta in e d  from 

th e se  r e p e t i t i v e  t i t r a t i o n s .  The mean volume d e l iv e re d  w ith  1 0 .8 l  ml. 

compared w ith  9 .8 2  ml. c a lc u la te d .  T his d isc re p a n c y  may have a r i s e n  

from s e v e ra l  s o u rc e s :  th e  eq u iv a len ce  p o in t  s h i f t  a s  was d e sc r ib e d  

above, d i l u t i o n  e r r o r s ,  cyanate  o r c h lo r id e  im p u r i t ie s ,  and th e  

i n a b i l i t y  t o  a p p ly  a b la n k  c o r r e c tio n  to  th e  d a ta .  The c o e f f ic i e n t  o f  

v a r i a t io n  o f  1 . 03$ r e f l e c t s  in h o m o g en e itie s  in  th e  s o lu t io n  due to  

s t i r r i n g  as w e l l  a s  th e  problem s a s s o c ia te d  w ith  th e  p r e c i p i t a t i o n  

p ro cess  i t s e l f .

The mean volume d e l iv e re d ,  shown in  T able 11, was 20 .22  m l. a s  

compared w ith  19.6b- ml. c a lc u la te d .  Many o f  th e  same f a c to r s  as d e s ­

c rib e d  above c o n tr ib u te  t o  t h i s  d isc re p a n c y . This t im e , how ever, th e  

i n a b i l i t y  to  make a b la n k  c o r r e c t io n  on th e  d a ta  i s  p ro b ab ly  o f  g r e a te r  

s ig n if ic a n c e .  A c o e f f i c i e n t  o f  v a r i a t io n  o f  0 .7 0 $  was o b ta in e d  r e f l e c t ­

in g  th e  in c re a s e d  volume u t i l i z e d  to  o b ta in  th e  second e q u iv a len ce  p o in t .
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T able 10

T u r b id im e t r i c  T i t r a t i o n  o f  0.009758 N CN~ v s .
10.00 m l. o f  0.009579 N Ag . F i r s t  e q u iv a le n c e  p o i n t

Sam ple V o l. CN"
No. (m l. ) D e v ia t io n  (m l. )

1 11.00 1.18

2 10.78 0.96

3 10.72 0.90

k 10.88 1.06

5 10.73 0 .91

6 10.68 0.86

7 11.00 1.18

8 10.87 1.05

9 10.75 0.93

10 10.72 0.90

Avg. 10.81 0.99

C a lc ’ d . 9.82 ------

cr= 0.0125 o"= 0.112 c .v . = 1.03$

*  U sin g  f i l t e r  No. k-2.
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T ab le 11

T u r b id im e t r i c  T i t r a t io i j i  o f  0 .0 0 9 7 5 8  N ON v s .  ^
1 0 .0 0  m l. o f  0 .0 0 9 5 7 9  N Ag . Second  e q u iv a le n c e  p o i n t

Sam ple V o l. CN
No. (m l. ) D e v ia t io n  ( m l . )

1 2 0 .0 8  0 .4 4

2 2 0 .1 3  0 .4 8

3 2 0 .1 2  O.lf-7

4 20.33 ° - 69

5 2 0 .1 0  0 .4 5

6 2 0 .3 2  0 .6 8

7  2 0 .5 0  0 .8 6

8 2 0 .1 5  0 -5 0

Avg. 2 0 .2 2  O.5 8

C a lc ’ d . 1 9 .6 4  -------

< r=  0 .0 2 0  <r= 0 .1 4 0  C.V. = 0 .7 0  $

*  U sin g  f i l t e r  No. 42 .
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I t  m ight be no ted  t h a t  d u r in g  th e  p re lim in a ry  t e s t i n g  o f  the  pho to ­

m e tr ic  t i t r a t o r ,  u s in g  th e  L ie b ig  m ethod, l e v e ls  o f  c h lo r id e  o f  from 1 

t o  10 ppm were found and d e te rm ined  s im u lta n e o u sly  w ith  cyan ide . This 

was accom plished  w ith o u t any m o d if ic a tio n  to  th e  t i t r a t i o n .  One needs 

o n ly  observe  th e  second b re a k  a f t e r  th e  t i t r a t i o n  o f  th e  cyanide ion .

S i lv e r ( l )  v s. ch lorid e

The t i t r a t i o n  o f  s i l v e r  ion  a g a in s t  c h lo r id e  has been accom plished 

by s e v e r a l  a ccep ted  a n a ly t i c a l  p ro c e d u re s , each hav in g  i t s  own c h a r­

a c t e r i s t i c  problem s (5 7 ). S ince th e  mechanism o f th e  s i l v e r  c h lo r id e  

p r e c i p i t a t i o n  i s  more s t r a ig h t - fo r w a r d  th a n  th a t  o f  th e  cyan ide t i t r a ­

t i o n ,  i t  was f e l t  t h a t  t h i s  system  w a rra n te d  s tu d y  w ith  th e  p h o tom etric  

t i t r a t o r .

A 10.00  ml. a l iq u o t  o f  0.01CA-6 N c h lo r id e  s o lu t io n  was t r a n s f e r r e d  

i n to  th e  t i t r a t i o n  v e s s e l  w ith  150 m l. o f  doubly d i s t i l l e d  w a te r  and 

10 ml. o f  1$ g e la t in  s o lu t io n .  This s o lu t io n  was th e n  t i t r a t e d  w ith

0.009579 N s i l v e r ( l )  s o lu t io n .  The d a ta  o b ta in e d  from  r e p e t i t i v e  t i t r a ­

t io n s  o f  t h i s  system  a re  p re s e n te d  in  Table 12. The mean volume o f  

s i l v e r ( l )  d e liv e re d  was 11 .28  ml. as compared to  a c a lc u la te d  volume 

o f  10.92  ml. The p rim ary  cause  o f  t h i s  d e v ia t io n  i s  a g a in  co n sid e red  

to  be th e  i n a b i l i t y  t o  a p p ly  a b lan k  c o r r e c t io n  to  th e  d a ta  g en e ra ted .

The c o e f f ic i e n t  o f  v a r i a t i o n  f o r  th e s e  t i t r a t i o n s  was 0 .^ 3 $  in d ic a t in g  

good r e p r o d u c ib i l i ty .

Table 13 l i s t s  d a ta  o b ta in e d  from r e p e t i t i v e  n ep h e lo m etric  t i t r a t i o n s  

u t i l i z i n g  th e  same s o lu t io n s  and t i t r a t i o n  p rocedu re  a s  d e s c r ib e d  fo r  

th e  tu rb id im e tr ic  system . No f i l t e r s  were used f o r  th e  nephelom etric
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Table 12

T u r b id im e t r i c  T i t r a t i o n  o f  0 .0 0 9 5 7 9  N Ag+ v s .
1 0 .0 0  m l. o f  0 . 01046 N C l"  A

Sam ple V o l. Ag+
No. (m l. ) D e v ia t io n  (ml. )

1  1 1 .2 8  O.3 6

2 1 1 .1 8  0 .2 6

3 1 1 .5 3  0 .4 1

4 1 1 .3 2  0 .4 0

5 1 1 .3 2  0 .4 0

6 1 1 .2 5  0 .3 3

T 1 1 .2 2  0 .3 0

8 I I .3 2  0 .4 0

9 1 1 .2 8  0 .3 6

Avg. 1 1 .2 8  0 .3 6

C a lc M . 1 0 .9 2  ------

<r= 0 .0 0 2 4 2  <r= 0 .0 4 9 2  c .v .  = 0 . 43$

-A

U sin g  f i l t e r  No. 42.
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T ab le 13

■&
N ep h elom etr ic  T i t r a t io n  o f  0 .0 0 9 5 7 9  N Ag v s .

1 0 .0 0  m l. o f  O.OlOlt-6 N Cl".

Sam ple V o l. Ag+
No. (m l. ) D e v ia t io n  (m l. )

1 1 1 .5 5  0 .6 3

2 1 1 .8 5  O.9 3

3 1 1 .5 3  0 .6 1

k  1 1 .7 3  0 . 8 l

5 1 1 -3 3  O .lH

6 1 1 .7 7  0 .8 5

7 1 1 .5 5  O.6 3

8 11. in O.k-9

9 11 -35  0 .1 0

10 1 1 .7 8  0 .8 6

11  I I .5 0  0 .5 8

12 1 1 .6 8  0 .7 6

13 1 1 -2 5  0 .3 3

I k  1 1 .6 8  0 .7 6

15 1 1 .3 3  O A l

16 1 1 .1 2  0 .2 0

Avg. 1 1 .5 3  0 .6 0

c a lc  ■’a. 1 0 .9 2  -------

<r = o.oi03 <r= 0.206 c .v . = 1.7936
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t i t r a t i o n s .  A mean volum e o f  1 1 .5 3  nil* w as o b ta in e d  a s  com pared  t o  

1 0 .9 2  m l. c a l c u l a t e d .  A c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 .7 9 $  was 

o b ta in e d .

P o l a r i m e t r i c  t i t r a t i o n s

P o la r im e tr ic  t i t r a t i o n s  w ere perform ed by r e a c t in g  d - t a r t a r i c  a c id

w i th  sodium  h y d r o x id e .  S o lu t io n s  c o n ta i n in g  10 gram s o f  t a r t a r i c  a c id

p e r  100  m l. w ere  p r e p a r e d  t o g e t h e r  w i th  a 5 M sod ium  h y d ro x id e  s o l u t i o n .

A f i l t e r  c o m b in a t io n , 807 + 877» h a v in g  a  >  a t  518 nm was s e l e c t e d .max

The p o l a r i z e r s  w ere  c r o s s e d  a t  t h e  s t a r t  o f  th e  t i t r a t i o n  so  a s  t o  

g iv e  minimum i n i t i a l  l i g h t  i n t e n s i t y .  S i g n i f i c a n t  i n f l e c t i o n s  c o r r e s ­

p o n d in g  t o  t h e  t h e o r e t i c a l  e q u iv a le n c e  p o i n t  w ere  o b ta in e d .  D a ta  from  

t h e s e  t i t r a t i o n s  a r e  o f  q u e s t io n a b le  v a lu e  f o r  d e m o n s t r a t in g  p o l a r i ­

m e t r ic  t i t r a t i o n s  on t h e  t i t r a t o r  s in c e  i t  was n o t  known t o  w h a t e x te n t  

c h a n g es  i n  o p t i c a l  a c t i v i t y  c o n t r i b u t e d  t o  th e  o b s e rv e d  l i g h t  i n t e n s i t y  

c h a n g e s  s in c e  a c o l o r  change  a l s o  o c c u r r e d  d u r in g  th e  t i t r a t i o n .  Con­

s e q u e n t ly ,  t h e s e  d a t a  a r e  n o t p r e s e n t e d  a t  t h i s  t im e .  I t  i s  a n t i c i p a t e d  

t h a t  f u r t h e r  w ork  w i l l  be  c a r r i e d  o u t  on t h i s  sy s te m  i n  o r d e r  t o  demon­

s t r a t e  m ore c l e a r l y  t h i s  im p o r ta n t  a p p l i c a t i o n  o f  t h e  t i t r a t o r .

I r o n ( l l )  t r i s  1 ,1 0 - p h e n a n th r o l in e  com plex  io n .

The o p e r a t i o n  o f  th e  i n t e r n a l  c o lo r im e te r  c i r c u i t  p r e v i o u s ly  d e s ­

c r ib e d  was t e s t e d  m ak ing  u se  o f  m u l t i p l e  d i l u t i o n s  o f  an  a c c u r a t e l y  

p r e p a r e d  s to c k  s o l u t i o n  o f  th e  i r o n ( l l )  t r i s  1 , 1 0 - p h e n a n th r o l in e  com plex . 

A s ta n d a r d  1 .0 0  cm p y r e x  c e l l  w as em ployed  t o g e t h e r  w i th  a 518 f i l t e r  

c o m b in a t io n , 807 + 8 7 7 . A 10 megohm lo a d  r e s i s t o r  was u se d  i n  t h e  p h o to ­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

tu b e  c i r c u i t  i n  p l a c e  o f  th e  u s u a l  20 megohm r e s i s t o r  t o  m in im iz e  

n o i s e .  D a ta  o b ta in e d  i n  t h i s  m anner fro m  th e  c o lo r im e te r  c i r c u i t  a r e  

shown i n  T a b le  l k .  F ig u re  1J i l l u s t r a t e s  t h e  l i n e a r i t y  o f  t h i s  sy s te m  

f o r  a b o u t a h u n d r e d - f o ld  ra n g e  i n  c o n c e n t r a t io n .  F ig u r e  1̂ + p r e s e n t s  

an  e n la r g e d  v iew  o f  t h e  l i n e a r i t y  r e g io n  c o n f irm in g  l i n e a r i t y  o v e r  

n e a r l y  two d e c a d e s .
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T able lU

C o lo r im e t r i c  D e te rm in a t io n  o f  I r o n ( l l )  
t r i s  1 ,1 0 - F h e n a n th r o l in e  Complex Io n

[ T e ( o - p h e n k +g]  x  105 V o lta g e  Out-put ( v o l t s )

500  0 .0 0 7 5

250  0 . OkkO

100  0 .2 5 9 0

50 0 A 2 6 5

25 0 .6 0 3 0

10 0 .7 5 6 0

5 0 .7 8 7 0

2 .5  0 .8 2 2 0

B lan k  O .83 5 O

D ark  C u r re n t  0 .0 0 0 1
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CONCLUSIONS AND RECOMMENDATIONS

The f ib e r  o p t ic s  p h o to m e tric  t i t r a t o r  has been shown to  perfo rm  

s e v e r a l  ty p es  o f  t i t r a t i o n s  w ith  a c c e p ta b le  r e p r o d u c ib i l i ty ,  e a s e , and 

a c cu ra cy . A lthough many m o d if ic a tio n s  o f  th e  t i t r a t o r  were made d u r in g  

th e  c o n s tru c t io n  and t e s t i n g  p e r io d s  to  in c re a s e  th e  ac cu ra cy  and p r e ­

c i s i o n ,  f u r th e r  im provements on th e  m echan ica l and e l e c t r i c a l  system s 

can s t i l l  be made. I t  shou ld  be r e a l i z e d ,  however, t h a t  depend ing  on 

th e  system  t i t r a t e d ,  th e  l im i t in g  e r r o r  may be in  th e  ch em ica l system  

and n o t in  th e  p h o to m e tr ic  t i t r a t o r ,  as was found in  th e  i r o n ( l l l )  v s . 

EDTA t i t r a t i o n .  A lso , i t  must be k ep t in  mind t h a t  in  th e  d e s ig n  o f  

a n a ly t i c a l  in s t ru m e n ta t io n  one reach es  a p la te a u  where a r e l a t i v e l y  

sm a ll improvement i n  perform ance may n o t j u s t i f y  a la rg e  added expense.

The s t i r r i n g  o f  th e  s o lu t io n  cou ld  be improved by means o f  a 

v a r i a b le  speed  s h a f t  d r iv e n  im p e lle r  ty p e  s t i r r e r .  S t i r r e r  s iz e  and 

f lu k e  p i tc h  cou ld  th e n  be chosen to  p roduce  th e  s t i r r i n g  e f f i c i e n c y  

d e s i r e d .  The d e l iv e r y  t i p  o f th e  b u re t  sh o u ld  be d i r e c te d  a t  th e  

im p e l le r ,  th u s  p ro d u cin g  ra p id  m ixing o f  th e  t i t r a n t  w ith o u t th e  problem  

o f  an  u n d e s ira b le  v o r te x  in  th e  o p t i c a l  p a th . I n  n ep h e lo m etric  and 

f lu o ro m e tr ic  w ork, t h i s  ty p e  o f  s t i r r e r  shou ld  m inim ize problem s o f  

l i g h t  s c a t t e r  from  w andering  m agnetic  s t i r r i n g  b a rs .

The in c o rp o ra t io n  o f a v a r ia b le  d e l iv e r y  r a t e  b u re t  sh o u ld  be an 

improvement when used  w ith  system s t h a t  a re  k i n e t i c a l l y  slow  in  th e  

v i c i n i t y  o f  th e  e q u iv a len c e  p o in t .  When such system s a re  en c o u n te re d , 

th e  o p e ra to r  may choose a slow d e l iv e ry  r a t e  and an a p p ro p r ia te  c h a r t  

speed  o r  he may choose a f a s t e r  d e l iv e r y  r a t e  u n t i l  th e  e q u iv a le n c e
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p o in t  i s  approached  where he th en  would be a b le  to  slow b o th  th e  

d e l iv e ry  r a t e  and th e  c h a r t  speed to  de te rm ine  more a c c u r a te ly  th e  

eq u iv a len c e  p o in t .

A v a r ia b le  lo a d  r e s i s t o r  o r a v a r ia b le  a m p lif ie r  fo llo w in g  th e  

b u f fe r  s ta g e  co u ld  re s o lv e  a number o f  th e  problem s a s s o c ia te d  w ith  

n ep h e lo m etric  and f lu o ro m e tr ic  system s hav ing  sm all v o l ta g e  i n f l e c t io n s  

a t  th e  e q u iv a len c e  p o in ts .  However, a s s o c ia te d  w ith  h ig h e r  lo a d  r e s i s t ­

ances i s  th e  req u irem en t o f  b e t t e r  s h ie ld in g  fo r  a l l  th e  h ig h  impedence 

c i r c u i t r y .  In  f u tu r e  m odels, on ly  th o se  lo ad  r e s i s t o r s  hav in g  th e  

lo w est n o ise  c h a r a c t e r i s t i c s  shou ld  be s e le c te d .  C o rre c tio n  shou ld  be 

made f o r  s t r a y  c a p a c ita n c e  in  f u tu r e  m odels, th u s  th e  dead band o f  th e  

re c o rd e r  and o v e rsh o o t o f  th e  e q u iv a len c e  p o in t  a re  reduced  to  a minimum.

P o la r im e tr ic  t i t r a t i o n s  would be improved by u t i l i z i n g  a 10 cm. 

p a th le n g th  in s te a d  o f  a 1 .0  cm. c e l l  p a th . A lso , a h ig h e r  q u a l i ty  o f  

p o la r iz in g  m a te r i a l  sh o u ld  a llo w  th e  in s tru m e n t to  d is c e r n  s m a lle r  

changes in  o p t i c a l  a c t i v i t y ,  how ever, one must r e a l iz e  t h a t  t h i s  ty p e  

o f  system  i s  in h e r e n t ly  l im i te d  to  r e l a t i v e l y  la rg e  changes in  o p t ic a l  

a c t i v i t y ,  and c o rre sp o n d in g ly  h ig h  c o n c e n tra tio n s .

An improvement i n  th e  a b s o lu te  e r r o r  cou ld  be o b ta in e d  by red u c in g  

th e  volume o f  th e  t i t r a t i o n  v e s s e l  to  about 50 nil. T his would re q u ir e  

on ly  th e  reb en d in g  o f  th e  image c o n d u it.

A utom atic te rm in a t io n  o f  th e  eq u iv a len c e  p o in t  and su b seq u en t d i g i t a l  

read o u t would un d o u b ted ly  improve th e  r e p r o d u c ib i l i ty  o f  th e  t i t r a t i o n .  

A lso , i t  i s  p o s s ib le  t h a t  a more p r e c i s e  c o n s ta n t d r iv e  b u r e t  m ight 

j u s t i f y  th e  use o f  a d d i t io n a l  s i g n i f i c a n t  f ig u r e s ,  th u s  in c r e a s in g  th e  

accu racy  o f  th e  m easurem ent. W hile th e  accu racy  and p r e c i s io n  o f  th e
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sy s te m  may b e  im proved  by  m o d i f i c a t i o n  o f  a com ponent o r  s u b -s y s te m , 

some o th e r  p o r t i o n  o f  th e  s y s te m  w i l l  become th e  l i m i t i n g  so u rc e  o f  

e r r o r .  T h e r e f o r e ,  i t  i s  p o s t u l a t e d  t h a t  th e  minimum c o e f f i c i e n t  o f  

v a r i a t i o n  w i th  an i d e a l  c h e m ic a l  sy s te m  w ould be  a b o u t  0. 1$  i n  l i g h t  

o f  c u r r e n t  t e c h n o l o g i c a l  c a p a b i l i t i e s .  H ow ever, f o r  m ost r o u t i n e  

a n a l y t i c a l  w ork  a 0 . 5$ c o e f f i c i e n t  o f  v a r i a t i o n  i s  g e n e r a l l y  c o n s id e re d  

a d e q u a te  and  t h i s  h a s  b e e n  a c h ie v e d .
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APPENDIX I

F i l t e r  C h a r a c t e r i s t i c s

S p e c t r a l
F i l t e r  C h a r a c t e r i s t i c s  T

No.  (nm)__ max N otes

8 0 0 a 0 .8 9  T from  350 t o  800 nm

806 SCb (5 0 2 )  N. A .f

807 SC (5 1 0 )  N.A.

809  SC ( 5 2 5 ) N.A. S m a ll s lo p e  t o  b r e a k

813  SC (5 ^ 8 )  N.A. At -w aveleng ths b e lo w
Jj-00 nm T i s  > 0 .1 0

815  SC ( 3 6 k )  N.A.

817 SC (5 6 8 ) N.A.

818 NPC (3 7 0 )  0 .6 0

SC (5 9 8 )  N.A.

819  NP (3 7 5 )  0 A 5

SC (6 1 0 )  N.A.

821 SC (6 2 2 )  N.A.

823  SC ( 63U) N.A.

LCd (7 9 5 )  N. A.

83O LC (1+28) N.A.

SC ( 58k )  N.A.

a . 800  s e r i e s  i n d i c a t e s  p l a s t i c  s h e e t  f i l t e r s
b . SC i n d i c a t e s  s h o r t  w a v e le n g th  c u t  o f f
c . NP i n d i c a t e s  n a rro w  band  p a s s
d . LC i n d i c a t e s  lo n g  w a v e le n g th  c u t  o f f
e . BP i n d i c a t e s  b ro a d  band  p a s s
f .  T n o t a p p l i c a b l e  t o  c u t  o f f  f i l t e r s

max

75
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F i l t e r
No.

S p e c t r a l
C h a r a c t e r i s t ic s
 ( ™ )

T
max N otes

832 BP8 (3 9 0 ) 0 .7 4

LC 6 0 5 )

837 BP 3 9 5 ) 0 .8 1

LC 4 4 5 ) N.A.

SC 6 0 7 ) N. A.

838 BP 400  ) 0 .7 5

LC 4 4 5 ) N.A.

SC 6 2 5 ) N. A.

839 LC ^ 5 5 ) N.A.

SC 6 2 7 ) N. A.

841 SC 6 4 6 ) N.A.

8i+-3 SC 6 5 3 ) N. A.

846 SC 6 6 3 ) N. A.

850 SC 6 7 6 ) N.A.

856 LC 5 1 3 ) N.A.
t—LPs
OO SC 6 8 5 ) N.A.

858 BP 4 8 5 ) 0 .6 9

859 LC 5 1 1 ) N. A.

BP 7 5 0 ) 0 .8 1

861 SC 6 8 k ) N. A.

LC 7 8 9 ) N.A.

866 NP 4 2 5 ) 0 .5 8

NP 7 6 5 ) 0 .6 9

871 NP 5 2 0 ) 0 .6 0

874 NP 5 2 3 ) 0 .4 0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

F i l t e r
No.

S p e c t r a l
C h a r a c t e r i s t i c s

(nm)
T
max N o tes

877 NP ( 5 0 0 ) O.6 3 U n sy m m e tric a l-sk e w e d  
to w a rd  b lu e

878 BP (5 5 5 ) 0 .7 1

858+807 NP (5 1 5 ) 0 -33

856+806 NP (5 1 7 ) O.3 8

877+871 NP (5 1 0 ) 0 .3 9

877+806 NP (5 1 5 ) O .L l

NP (7 8 0 ) 0 .3 0

877+807 NP (5 1 8 ) O.5 5

NP (7 8 0 ) 0 .2 9

877+858 NP (L9 2 ) 0 .L 6

813+878 NP (5 6 3 ) 0 .5 1

866+817 BP (7 6 0 ) O.5 0

No. 2 S LC (3 8 2 ) N. A.

No. k LC (3 9 0 ) N.A.

BP (7 2 5 ) 0 .L 8 U n sy m m e tric a l-sk e w ed  
to w a rd  b lu e

No. 8 BP (LOO) 0 .7 3 V ery  b ro a d  p e a k

No. 20 SC (3 6 9 ) N.A.

No. 23 SC (5 9 6 ) N.A.

No. 27 BP (7L 5) 0 .6 6 U n sy m m e tric a l skewed 
lo n g  w a v e le n g th s

No. k 2 BP (MO) 0 .L 6

No. 52 BP ( 5 2 0 ) O .lL

No. 69 BP (7 3 5 ) 0 .8 3 U n sy m m e tric a l skewed 
lo n g  w a v e le n g th s

g. Numbered f i l t e r s a r e  C o rn in g  f i l t e r s .
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F i l t e r
S p e c t r a l

C h a r a c t e r i s t i c s T
No. (nm) . max

W ra tte n  No. 8 SC (k 9 3 ) N. A.

W ra tte n  No. 58 NP (5 2 5 ) O.5 6

BP (7 7 5 ) 0 .5 2

P r im a ry  B-2 BP (k 2 0 ) 0 .k 8

B - lh NP (6 9 0 ) 0 .55

B-3h NP (5 1 k ) 0 .7 0

NPk36-No. k73 NP (k 3 3 ) 0 .k 8

NP (7 8 0 ) O .k l

NPk60-No. k8 BP (k6o) 0 . 3k

NP (7 8 0 ) 0 .k 6

NPk-95 - 6 5A1 NP (k9 6 ) 0 .k 6

NP (7 7 0 ) 0 .7 0

NPk05-No. k05 NP (k 0 3 ) 0 .1 9

BP (7 5 3 ) 0 .5 7

SCk65-No. k SC (k 7 6 ) N. A.

SCk-55 -N o. 3 SC (k6 8 ) N. A.

SC595-No. 25 SC (5 9 9 ) N.A.

SC56O-N0 . 22 sc (5 6 7 ) N. A.

SC570-23A sc (5 8 2 ) N.A.

SC535-NO. 16 sc (5ko) N.A.

SC520-NO.2 -  15 sc (5 1 8 ) N. A.

SC510-NO. 2A -  12 sc ( 5 2 0 ) N. A.

SCk85-No. 8 BP (5 2 5 ) 0 .k 9

h. B aird  in te r f e r e n c e  f i l t e r s
i .  Turner flu o r o m e te r  f i l t e r s

N otes

U n sym m etrica l skewed 
t o  lo n g  w a v e len g th s

V ery narrow peak  

V ery narrow peak

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX I I

R eagents^

S ta n d a r d  ammonia s o l u t i o n  ( 0 .1  If). -  7 . 6  m l. o f  30$ ammonia s o l u t i o n ,

S p . Gr. 0 .9 0  was d i l u t e d  t o  a p p ro x im a te ly  1 l i t e r  w i th  w a te r .

T h is  s o l u t i o n  was s ta n d a r d iz e d  a g a i n s t  s ta n d a r d  h y d r o c h lo r ic  a c id  

u s in g  0 . 0h$ b ro m o c re s o l p u r p le  i n d i c a t o r .

S ta n d a r d  ammonia s o l u t i o n  (0 .0 1  T f).-  T h is  s o l u t i o n  was p r e p a r e d  b y  a 

10  f o l d  d i l u t i o n  o f  th e  s ta n d a r d iz e d  0 . 1  X ammonia s o lu t i o n  and  

c o r r e c t e d  f o r  g la s s w a re  c a l i b r a t i o n .

B ro m o c re so l p u r p le  i n d i c a t o r  (0 .0 lf$  W /V ).-  0 .1  g i n  1 8 .5  m l. o f  .0 1  N 

NaOH p lu s  2 3 1 .5  m l. w a te r .

B u f f e r ,  pH 2 -  1  N H y d ro c h lo r ic  a c id  s o l u t i o n  w as added  t o  250 m l. o f  

1  If sodium  a c e t a t e  s o l u t i o n  u n t i l  t h e  m ix tu r e  r e a d  a pH o f  2 .0  

on  a pH m e te r .

S ta n d a r d  c a lc iu m  s o l u t i o n  ( 0 .0 1  If). -  1 gram  o f  p r im a ry  s ta n d a r d  c a lc iu m  

c a r b o n a te  was d i s s o lv e d  i n  a minimum am ount o f  1 :1  h y d r o c h lo r ic  

a c i d  and d i l u t e d  t o  1  l i t e r  ( 5 5 )•

C a lc iu m  i n d i c a t o r  ( s o l i d ) . -  200 mg o f  i n d i c a t o r  was f i n e l y  g ro u n d  i n t o  

10  gram s o f  p o ta s s iu m  c h lo r i d e  w i th  a g l a s s  m o r ta r  and p e s t l e .

S ta n d a r d  c h lo r i d e  s o l u t i o n  (0 .0 1  I f ) . -  0 .7 5  g ram s o f  d r i e d  p r im a ry  

s ta n d a r d  p o ta s s iu m  c h lo r i d e  was d i s s o l v e d  i n  a s m a l l  q u a n t i t y  o f  

w a te r  and  d i l u t e d  t o  1 l i t e r .

*  A l l  c h e m ic a ls  e x c e p t  i n d i c a t o r s  an d  g e l a t i n  w ere  R eag en t G rade .
A l l  w a te r  u se d  was e i t h e r  d o u b ly  d i s t i l l e d  o r  p a s s  th ro u g h  a m ixed  b e d
io n  ex ch an g e  colum n.

79
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S ta n d a rd  c o p p e r  s o l u t i o n  ( 0 .1  N). -  6 . k  gram s o f  c l e a n ,  d r y  c o p p e r  m e ta l  

w i r e ,  9 9 . 9$ ,  was d i s s o l v e d  i n  a minimum am ount o f  c o n c e n t r a te d  

n i t r i c  a c id .  T h is  s o l u t i o n  was d i l u t e d  t o  a b o u t 500 m l. a d ju s te d  

w i th  sodium  h y d ro x id e  s o l u t i o n  t o  a pH o f  and  th e n  d i l u t e d  to  

1 l i t e r .

S ta n d a rd  c y a n id e  s o l u t i o n  (0 .0 1  N ) . -  0 .6 5  gram  o f  p o ta s s iu m  c y a n id e  

was d i s s o l v e d  i n  a s m a l l  am ount o f  w a te r  and  d i l u t e d  t o  1  l i t e r .

T h is  s o l u t i o n  was th e n  s t a n d a r d iz e d  a g a in s t  s ta n d a r d  s i l v e r  s o lu t io n  

u s in g  D en ig e s  m o d i f i c a t i o n  o f  th e  L ie b ig  m ethod ( 5 8 ).

D i c h l o r o f lu o r e s c e in  i n d i c a t o r  (2$ W /v).- 0.2  gram  o f  i n d i c a t o r  was 

d i s s o l v e d  i n  100  m l. o f  70$  e th a n o l .

S ta n d a rd  EDTA s o l u t i o n  ( 0 .1  N ) . -  3*8 gram s o f  th e  d is o d iu m  s a l t  o f  

e t h y l e n e d i a m i n e t e t r a a c e t i c  a c id  w as d i s s o lv e d  i n  a s m a l l  amount 

o f  w a te r  and  d i l u t e d  t o  1 l i t e r .  T h is  s o lu t i o n  was th e n  s ta n d a r d iz e d  

a g a i n s t  a s ta n d a r d  c o p p e r  s o l u t i o n  ( 5 9 )-

G e l a t i n  s o l u t i o n  ( l $  W /v).- 1 gram  o f  g e l a t i n  was d i s s o l v e d  i n  100 m l. 

o f  w a te r .

S ta n d a rd  h y d r o c h lo r i c  a c id  ( 0 .1  N ) . -  8 .5  m l. o f  Sp. G r. 1 .1 9 *  3 6 $ ,

h y d r o c h lo r ic  a c id  was d i l u t e d  t o  1 l i t e r  w a te r .  T h is  s o l u t i o n  was 

th e n  s t a n d a r d iz e d  a g a i n s t  p r im a ry  s ta n d a r d  (TRIS o r  THAM) t r i s -  

h y d ro x y m eth y lam in o m eth an e  (6 0 ).

S ta n d a rd  h y d r o c h lo r i c  a c i d  (0 .0 1  N ) . -  T h is  s o lu t i o n  w as p r e p a r e d  by 

m ak ing  a 10 f o l d  d i l u t i o n  o f  t h e  s ta n d a r d iz e d  0 .1  N h y d r o c h lo r ic  

a c id  s o l u t i o n .
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S ta n d a rd  i r o n ( l l l )  s o l u t i o n  (0 .0 1  I I ) . -  O.5 6  gram s o f  p r im a ry  s ta n d a r d  

i r o n  w i r e  was d i s s o l v e d  i n  a minimum am ount o f  1 :1  n i t r i c  a c id  and 

d i l u t e d  t o  1 l i t e r  w i t h  w a te r .  The pH was a d ju s t e d  t o  2 -3  w i th  

d i l u t e  n i t r i c  a c id  o r  sod ium  h y d ro x id e  a s  r e q u i r e d .

M eth y l v i o l e t  i n d i c a t o r  (0. 2$ W /v).- 0 .2  gram s o f  i n d i c a t o r  was 

d i s s o l v e d  in  100 m l. o f  c h lo ro b e n z e n e .

S ta n d a rd  o x a la te  s o l u t i o n  ( 0 .1  N ) . -  6 -7  gram s o f  d r i e d  p r im a ry  s ta n d a r d  

sodium  o x a la te  w as d i s s o l v e d  i n  w a te r  c o n ta in in g  a 5 m l. o f  c o n -
1

c e n t r a t e d  s u l f u r i c  a c i d  and d i l u t e d  t o  1 l i t e r  w i th  w a te r .

S ta n d a rd  p e r c h l o r i c  a c id  ( 0 .1  N ) . -  8 .5  m l. o f  70$  p e r c h l o r i c  a c id  was 

m ixed  w i th  200 m l. o f  g l a c i a l  a c e t i c  a c id  an d  20 m l. o f  a c e t i c  

a n h y d r id e .  T h is  s o l u t i o n  was th e n  a llo w e d  t o  s ta n d  o v e r n ig h t .

I t  was s u b s e q u e n t ly  s t a n d a r d iz e d  a g a i n s t  d r i e d  p r im a ry  s ta n d a r d  

p o ta s s iu m  a c id  p h t h a l a t e  (5 2 ).

S ta n d a rd  p e rm a n g a n a te  s o l u t i o n  ( 0 .1  N ) . -  3*2  gram s o f  p o ta s s iu m  p e r ­

m an g an a te  was d i s s o l v e d  i n  1 l i t e r  o f  w a te r .  T h is  s o l u t i o n  was 

h e a te d  t o  n e a r  b o i l i n g  f o r  s e v e r a l  h o u rs  and  a llo w e d  t o  s ta n d  

o v e r n ig h t .  S u b s e q u e n tly  th e  s o l u t i o n  f i l t e r e d  th ro u g h  a Gooch 

c r u c i b l e  w i th  a n  a s b e s t o s  m at t o  rem ove a n y  p r o d u c ts  o f  o x id a t io n .  

T h is  s o l u t i o n  was th e n  s t a n d a r d iz e d  a g a i n s t  p r im a ry  s ta n d a r d  sod ium  

o x a la t e  by  th e  m ethod  o f  F o w le r  and  B r ig h t  (6 l ) .

P h e n o l r e d  i n d i c a t o r  ( 0 . 0 2 $ ) . -  0 .0 5  gram s o f  i n d i c a t o r  was d i s s o l v e d  

i n  2 8 .2  m l. o f  0 .0 1  N sod ium  h y d ro x id e  and  th e n  d i l u t e d  t o  250  m l. 

w i th  w a te r .
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S ta n d a rd  I f - a m in o p y r id in e  s o l u t i o n  (0 . 1 N ) . -  9 -^  gram s o f  p r im a ry  

s ta n d a r d  k - a m in o p y r id in e  was d i s s o l v e d  i n  a s m a l l  am ount o f  

g l a c i a l  a c e t i c  a c id  and d i l u t e d  t o  1 l i t e r  w i th  th e  same.

S a l i c y l i c  a c id  i n d i c a t o r  (6$ W / v ) . -  6 gram s o f  s a l i c y l i c  a c id  was 

d i s s o lv e d  i n  100  m l. o f  p u re  a c e to n e .

S ta n d a rd  s i l v e r  s o l u t i o n  ( 0 .1  N ) . -  17 gram s o f  s i l v e r  n i t r a t e  w ere 

d i s s o lv e d  i n  w a t e r ,  d i l u t e d  t o  1  l i t e r  and  s to r e d  i n  an  am ber 

b o t t l e .  T h is  s o l u t i o n  was th e n  s t a n d a r d iz e d  a g a in s t  p r im a ry  

s ta n d a r d  p o ta s s iu m  c h lo r i d e  u s in g  F a ja n s  m ethod  (6 2 ) .

S ta n d a rd  s i l v e r  s o l u t i o n  ( 0 .0 1  If). -  T h is  s o l u t i o n  was p r e p a r e d  by  

m aking  a 10 f o l d  d i l u t i o n  o f  t h e  s t a n d a r d iz e d  0 .1  I  s i l v e r  

s o l u t i o n .

Sodium  h y d ro x id e  (5 M ).-  200 gram s sod ium  h y d ro x id e  was d i s s o l v e d  in  

1  l i t e r  o f  w a te r .

T r ie th a n o la m in e  (20$  V /V ) .-  20 m l. o f  t r i e th a n o la m in e  was d i l u t e d  t o  

100  m l. w i th  w a te r .
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