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LITERATURE SURVEY OF THE AQUEOUS CHEMISTRY OF TECHNETIUM 

A 

RELATED TO PHOTOLYSIS 

H, A. Friedman 

ABSTRACT 

i t e r a t u r e  su rvey  was made t o  accumulate  i n f o r m a t - m  about  t h e  
chemis t ry  of t echne t ium as i t  relates t o  p h o t o l y s i s .  The e l ec t rochemi -  
c a l  p o t e n t i a l s  and t h e  r e a c t i o n s  o f  t h e  v a r i o u s  t echne t ium compounds and 
complexes are d i s c u s s e d ,  a l o n g  w i t h  t h e  v a r i o u s  a b s o r p t i o n  s p e c t r a  of 
t h e  d i f f e r e n t  s p e c i e s .  

The TcCl6’- i o n  has  been shown t o  be photochemica l ly  a c t i v e  i n  H C l  
s o l u t i o n s .  Hexachlorotechnetate(1V) i s  o x i d i z e d  when exposed t o  
s u n l i g h t  i n  c o n c e n t r a t e d  HC1. A l i g a n d  change o c c u r s  when it  is  exposed 
t o  e i t h e r  254- o r  340-nm r a d i a t i o n  i n  more d i l u t e  HC1. No o t h e r  photo- 
l y s i s  r e a c t i o n s  were found i n  t h e  l i t e r a t u r e .  

It i s  p o s s i b l e  t h a t ,  under  a p p r o p r i a t e  c o n d i t i o n s ,  o t h e r  va l ence  
s ta tes  of t echne t ium would be photochemica l ly  a c t i v e ,  r e s u l t i n g  i n  
e i t h e r  redox o r  l i g a n d  exchange r e a c t i o n s .  P r o p o s a l s  f o r  i n v e s t i g a t i n g  
t h e  photochemical  r e d u c t i o n  o f  t h e  p e r t e c h n e t a t e  i n  HNQ3 and o t h e r  media 
are d i s c u s s e d .  

1 .  INTRODUCTION 

Numerous p e r i o d i c a l s ,  as w e l l  as a number of review 

a r t i c l e s 3 ’ l l  ~ 1 2 ~ 1 8 * 7 4 ~ 9 7 ~ 1 1 1 - 1 1 3  and s e v e r a l  b o o k s , ~ 6 ~ 5 7 ~ 1 1 4  have been 

w r i t t e n  about  t h e  chemis t ry  of technet ium. The purpose of t h i s  r e p o r t  

is  t o  p r e s e n t  a survey  of the chemis t ry  of technet ium as it relates t o  

t h e  s tudy  of t h e  p h o t o l y s i s  of technet ium,  i n c l u d i n g  (1) i t s  p r o p e r t i e s  

and t h e  procedures  f o r  p r e p a r i n g  and p u r i f y i n g  the v a r i o u s  s t a r t i n g  com- 

pounds t h a t  are t o  be photo lyzed;  ( 2 )  c o n d i t i o n s  t h a t  a l t e r  va l ence  

s t a t e s ,  i n c l u d i n g  e l e c t r o c h e m i c a l ;  ( 3 )  t h e  s t a b i l i t y  ( e a s e  of o x i d a t i o n  

o r  r e d u c t i o n  of one va lence  state t o  a n o t h e r )  and complex fo rma t ion  of 

t h e  v a r i o u s  technet ium s p e c i e s  i n  s o l u t i o n ;  and ( 4 )  use of chemical  and 

s p e c t r o p h o t o m e t r i c  means t o  i d e n t i f y  t h e  v a r i o u s  o x i d a t i o n  s t a t e s  and 

species. 
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The s tudy  of t h e  photochemical  r e a c t i o n s  of technet ium is  of 

i n t e r e s t  both as a b a s i c  s c i e n t i f i c  i n v e s t i g a t i o n  and as a p o s s i b l e  

means of a l t e r i n g  t h e  valency of t h e  t echne t ium i o n  t o  o f f e r  a b e t t e r  

method f o r  s e p a r a t i n g  technet ium from o t h e r  components. One species of 

technet tum, TcC1s2-, has  a l r e a d y  been shown t o  be photochemical ly  a c t i v e  

i n  H C 1  s o l u t i o n s . 2 9 ’ 1 0 6 y 1 0 7  

f e r e n t  media may a l s o  be l i g h t - s e n s i t i v e .  

Other  o x i d a t i o n  s ta tes  or  species i n  d i f -  

P h o t o l y s i s  could be used as a means f o r  a l t e r i n g  t h e  va l ence  s t a t e  

of a technet ium s p e c i e s .  One p o t e n t i a l  a p p l i c a t i o n  of p h o t o l y s i s  might 

be i n  t h e  s e p a r a t i o n  of technet ium from uranium. P e r t e c h n e t a t e  i o n s  are 

c o e x t r a c t e d  by u r a n y l  ioiis  from aqueous n i t r i c  a c i d  i n t o  TUP.115 

TcO4 were reduced by p h o t o l y s i s ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of t h e  

reduced s p e c i e s  would probably be s i g n i f i c a n t l y  d i f f e r e n t :  from t h a t  of 

TcOb and t h u s  might f a c i l i t a t e  t h e  s e p a r a t i o n  of uranium from tech-  

netium. Moreover, t h e  reduced specimen would i n t e r a c t  d i f f e r e n t l y ,  and 

probably less s t r o n g l y  than  p e r  t e c h n e t a  te . 

I f  
I 

- 

2. DISCUSSION 

2.1  Technetium Chemistry 

Technetium i s  found as t h e  metal ,  as o x i d e s ,  h a l i d e s ,  o x y h a l i d e s ,  

complexes, and hydrox ides ,  and probably i n  o t h e r  forms as w e l l .  All 

o x i d a t i o n  s ta tes  from -1 through +7 may be e ~ p e c t e d . ~  The +7 i s  t h e  

most impor t an t  of t h e s e ,  a l t h o u g h  +4, +5,  and +6 are of c o n s i d e r a b l e  

i n t e r e ~ t . ~  

v a r i o u s  va l ence  s t a t e sa2  D i s p r o p o r t i o n a t i o n ,  complex f o r m a t i o n ,  and 

h y d r o l y s i s  must a l s o  be cons ide red . ?  

I t  i s  q u i t e  p o s s i b l e  f o r  a s i n g l e  s o l u t i o n  t o  c o n t a i n  

Technet i.um(VI1) ex is t s  as t h e  hep taox ide ,  Tc207 , t h e  p e r t e c h n e t a t e ,  
- 

TcOL, , and as p e r t e c h n y l  c h l o r i d e ,  Tc03C1. The p e r t e c h n e t a t e  i s  t h e  

most common form. 

_- Oxide and a c i d .  Technetium hep taox ide  i s  a pale-yel low 

c r y s t a l l i n e ,  very hygroscop ic  s o l i d 1 6  t h a t  d i s s o l v e s  i n  water t o  form 
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p e r t e c h n i c  a c i d ,  HTcO4. P ink ,  t h e n  r e d ,  and f i n a l l y  very dark  r ed  

n e e d l e s  c r y s t a l l i z e  out  when a c o n c e n t r a t e d  s o l u t i o n  of HTcO4 i s  eva- 

po ra t ed  t o  dryness .  

formula  Tc207*M20 o r  anhydrous HTcO,. 

The weight  of t he  c r y s t a l s  i s  c o n s i s t e n t l o  w i t h  t h e  

Roth t h e  a c i d  (HTcO4) and t h e  hep taox ide  have r a t h e r  h igh  vapor 

p r e s s u r e s  even a t  low tempera ture .  Technetium(VI1) may be d i s t i l l e d  

from c o n c e n t r a t e d  H2S09, p o s s i b l y  as T c ~ O 7 . l ~  I n  t h e  d i s t i l l a t i o n  of 

s u l f u r i c  a c i h a t e r  mix tu res ,  a s u b s t a n t i a l  amount of t h e  technet ium,  

p o s s i b l y  as HTcOb,  i s  found i n  t h e  low-boi l ing aqueous f r a ~ t i o n . ~  Once 

t h e  water has  been removed, t h e  d i s t i l l a t i o n  appea r s  t o  f o l l o w  a f i r s t -  

o r d e r  rate l a w ,  w i t h  t h e  r a t e  c o n s t a n t  be ing  dependent  on t h e  a p p a r a t u s  

and r e f l u x  r a t i o e 3  

t a m i n a t i o n  by s p r a y ,  and t h e  f l a s k  should  be h e a t e d  e l e c t r i c a l l y  by means 

of a h e a t i n g  mant le  w i t h  q u a r t z  f a b r i c  i n s u l a t i o n  €o r  optimum 

r e p r o d u c i b i l i t y .  

A K j e l d a h l  head should  be used t o  avo id  con- 

S a l t s .  Potass ium p e r t e c h n e t a t e ,  KTcO4,  is  a w h i t e  c r y s t a l l i n e  s o l i d  

which i s  very s t a b l e  t h e r m a l l y . l 6  

change on h e a t i n g , ”  becoming b r i g h t  ye l low a t  5 O O 0 C ,  a l t h o u g h  some 

c o l o r  i s  e v i d e n t  at 200°C. Heat ing  t o  500°C i s  s u f f i c i e n t  t o  ensu re  a 

wa te r - f r ee  sampleZ0 t h a t  melts a t  540°C and subl imes  a t  about  1000°C.19 

I t  undergoes a r e v e r s i b l e  c o l o r  

Ammonium p e r t e c h n e t a t e ,  NHqTc04 i s  a s t a b l e ,  nonhygroscopic ,1°  

wh i t e  c r y s t a l l i n e  s o l i d 6  a t  ambient  t empera tu re  but  decomposes w i t h  

hea t .  The wh i t e  c r y s t a l s  of ammonium p e r t e c h n e t a t e  appear21 as a n  

aqueous p e r t e c h n i c  a c i d  s o l u t i o n  i s  n e u t r a l i z e d  wi th  ammonia and evap- 

o r a t e d  t o  dryness .  

n e t a t e  decomposes f a i r l y  r a p i d l y  even a t  90 t o  100°C. However, o t h e r  

i n v e s t i g a t o r s 1 8  claim t h a t  i t  shows no s i g n  of decomposi t ion a f t e r  be ing  

h e a t e d  f o r  s e v e r a l  hours  a t  100°C. It can  be p u r i f i e d  by s u b l i m a t i o n  i n  

vacuum5 but  decomposes t o  TcOz on h e a t i n g  i n  vacuumll t o  55OOC. 

ammonium p e r t e c h n e t a t e  i s  a l so  decomposed t o  Tc207  when an  18 

H2S04 s o l u t i o n  i s  t aken  a lmost  t o  d r y n e s ~ . ~ 3  

Some r e s e a r c h e r s  r e p o r t z 2  t h a t  ammonium pe r t ech -  

The 

Oxychlor ide.  Technet ium t r i o x i d e  c h l o r i d e  ( p e r t e c h n y l  c h l o r i d e ,  

Tc03Cl.) i s  r e p o r t e d  t o  when a cold s o l u t i o n  of potass ium per-  

t e c h n e t a t e  i n  18 M H2SO4 i s  t r e a t e d  w i t h  s m a l l  amounts of 1 2  M HC1. The - - 
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f a c t  t h a t  t-he compound can be e x t r a c t e d  i n t o  chloroform,  carbon tetrach- 

l o r i d e ,  o r  hexane c l e a r l y  i n d i c a t e s  t h a t  it i s  t h e  monochloride 

s p e c i e s . ”  I t  i s  a c o l o r l e s s  l i q u i d  which decomposes on g e n t l e  h e a t i n g  

t o  a red s o l i d ,  thought  t o  be Tc03, a l t h o u g h  t h e  bulk of the l i q u i d  can 

be d i s t i l l e d  unchanged.” 

Ox ida t ion - reduc t ion  r e a c t i o n s .  Technetium(VI1) i s  reduced t o  lower 

o x i d a t i o n  s ta tes  by v a r i o u s  commonly used r e d u c t a n t s .  The p e r t e c h n e t a t e  

i o n  is r a p i d l y  reduced by a c t i v e  metals i n  s u f f i c i e n t l y  a c i d  s o l u t i o n  

t o  y i e l d  t echne t ium d iox ide . z4  

t h i o c y a n a t e  i n  a c i d  s o l u t i o n  t o  g i v e  cornplexesl6 of Tc(1V) and T c ( V ) .  

I n  3 t o  5 

Tc(V) t h i o c y a n a t e  complex and, t o  some e x t e n t ,  a yel low Tc(1V) 

t h i o c y a n a t e  complex.25 

T h i s  product  is reduced by ammonium 

H2SO4 o r  i n  H C 1  medium, t h i o c y a n a t e  r educes  Tc(VI1) t o  a r e d  

Hydrazine,  hydroxylamine, a s c o r b i c  a s i d ,  o r  s t annous  ch1ori.de pro- 

duces a s t a t e  i n  a d i l u t e  s u l f u r i c  a c i d  medium that  r e a d i l y  y i e l d s  the 

hydra t ed  d iox ide .26  

from E112 = -0.75 V t o  more p o s i t i v e  v a l u e s  i n  p e r t e c h n e t a t e  s o l u t i o n s  

of p(0H) = I. c o n t a i n i n g  hydraz ine  confirmed t h e  r e d u c t i o n  of Tc(VI1) t o  

a lower s t a t e  by hydraz ine .27  

t i a l s  and c o l o r  changes of t h e  s o l u t i o n  du r ing  the r e d u c t i o n  of 

TcOL, w i t h  changes i n  hydraz ine  c o n c e n t r a t i o n s  are given i n  Table  1. I n  

t h e  absence of HC1, TcOb- is reduced by a s c o r b i c  a c i d  on ly  t o  Tc(V); i n  

the p resence  of 20% H C l ,  however, it is reducedz8 t o  Tc(1V). 

The s h i f t  of t h e  half-wave p o t e n t i a l  i n  polarograms 

The v a r i a t i o n s  of t h e  half-wave poten- 

- 

The r e d u c t i o n  of Tc(VI1) by SnC12 i n  a c i d  media proceeds on ly  by 

prolonged b o i l i n g ,  and a mix tu re  of reduced s p e c i e s  c o n s i s t i n g  mainly of 

Tc(V) i s  g e n e r a l l y  obtained.z8 Reduct ion i n  1 t o  2 - M H C 1  by s t annous  

c h l o r i d e  gave a Tc(1V) species2’  w i t h  a uv-absorbance band a t  322 nm. 

I n  0.5 t o  0.75 M - H C 1 ,  a second oxygenated s p e c i e s  w i t h  a n  a b s o r p t i o n  

band a t  350 nm was a l s o  o h t a i n e ~ l . ~ ’  

In alkaline media, r e d u c t i o n  of 99Tc(VI I )  proceeds w i t h  hydraz ine ,  

hydroxylamine, a s c o r b i c  a c i d  , o r  s t annous  c h l o r i d e  on ly  w i t h  prolonged 

b o i l i n g . 2 6  

ptI 11 was very r a ~ i d . ~ ~ ’ ~ ~  

On t h e  o t h e r  hand, r e d u c t i o n  of 99mTc(VII)  w i t h  hydraz ine  a t  

Below or  above t h i s  pH v a l u e ,  the r e d u c t i o n  



Table 1. Va r i a t i ons  of half-wave p o t e n t i a l s  d u r i n g  t h e  reduc t ion  of 99Tc04- by h y d r a z i n e  

[TcOk-] = 0.58 x - M i n  0.1 5 NaOHa 

Concentration of hydrazine (E) 

0 0.25 x 10- 2.5 x 10- 5.0 x l o  7.5 x 10” 1.0 10-3 1.25 10-3 1.5 10-3 

Half-wave p o t e n t i a l  of :he -0.75 -0.74 -3.65 -0.56 -0.54 -0.48 -0.45 Disappear s  

f i r s t  s t e p  r e d u c t i o n ,  V 

Half -wave p o t e n t i a l  of t h e  -1.00 -1.00 -0.95 -0.88 -0.85 -0.78 -0.78 D i s a p p e a r s  

second s t e p  reduction, V 

Change of color  Colorless S l i g h t l y  P ink  S l i g h t l y  Brown Dark Dark Dark brown 

pink brown brown brown p r e c i p i t a t e  
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w a s  much s lower o r  d i d  no t  t a k e  p l ace .  T h i s  I s  based on t h e  fact t h a t  

hydraz ine  is comple t e ly  d i s ~ o c i a t e d ~ ~  '30 a t  pH 11 but  only p a r t i a l l y  

d i s s o c i a t e d  a t  o t h e r  pH l e v e l s .  Reduct ion of 'l'cO4 t o  a c a t i o n i c  form 

of Tc(IV) by u s i n g  hydraz ine  a t  pH 8 o r  9 or  h y d r i o d i c  a c i d  has been 

r e p o r t e d .  3 l  

- 

A c o n c e n t r a t e d  s o l u t i o n  of HTcO!, i s  a s u f f i c i e n t l y  s t r o n g  ox idan t  

t o  be s e n s i t i v e  t o  t h e  p re sence  of contaminants  such as d u s t  and o r g a n i c  

vapors .  Black par t ic les  of Tc02 appea r  i n  1 - M s o l u t i o n s  of HTcO, when 

they  are exposed t o  t h e  d u s t  and atmosphere.  

Technetium(1V) i s  r e a d i l y  o x i d i z e d  t o  Tc(VI1) by n i t r i c  a c i d ,  

hydrogen pe rox ide ,  o r  a tmosphe r i c  oxygen. 26 

2.1.2 Technetium(V1) and (VI 

P e n t a v a l e n t  and hexava len t  t echne t ium are somewhat more d i f f i c u l t  

t o  p r e p a r e  than  t h e  Tc(IV) o r  Tc(VT1) s ta tes  and,  t h e r e f o r e ,  have no t  

been too w e l l  c h a r a c t e r i z e d .  They are of i n t e r e s t  i n  t h i s  s t u d y  because 

they  may appea r  as i n t e r m e d i a t e  i o n s  o r  complexes, e i t h e r  v i a  d i r e c t  

p h o t o l y s i s  or  d u r i n g  sample p r e p a r a t i o n .  

The p e n t a v a l e n t  and hexava len t  s ta tes  are not  no ted  f o r  t h e i r  sta- 

b i l i t y  i n  aqueous s o l u t i o n s .  It  i s  g e n e r a l l y  accep ted  as characterist ic 

f o r  t h e s e  s p e c i e s  t o  undergo d i s p r o p o r t i o n a t i o n  as fol lows:28 

3 T ~ 0 , ~ -  + H20 f ~ T c O , + -  + T c O ~ ~ -  + 20H- , (1 1 

The Tc0b2-  i o n s  were gene ra t ed  by p o t e n t i a l - c o n t r o l l e d  c a t h o d i c  

r ed i i c t ion  o f  ((CH, ),N)TcO, i n  ((CH3 ),+N)C104 - a c e t o n i t r i l e  s o l u t i o n ,  w i t h  

the fo rma t ion  of o l i v e  ((CH3),N)2'l'cO4 c r y s t a l s  a t  a p l a t inum s h e e t  

e l e c t r o d e  and by the  r e d u c t i o n  of ICTcO, i n  (CW3),S0, s o l u t i o n  w i t h  for- 

mation of v i o l e t - b l u e  K2Tc04 a t  a mercury cathode.39 

- 
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The T c O ~ ~ -  species has been prepared by the reduction of TcOk- with 

hydrazine l3.1 x 10'' 21 at 9O0C.' 
formation of TC(IV).~ 

Continued heating resulted in the 

Technetium(V1) was also obtained by the reduction of cold, alkaline 

pertechnetate solutions with hydrazine.26 

carried out with 99mTc, which has a half-life of 6 h, the compound had 

to be characterized by radiochemical techniques. It is not extracted by 
ketones or  pyridine, or  precipitated by ferric hyroxide, but is carried 

quantitatively by molydenum 8-hydroxyquinolate as well as by silver and 

lead molybdate. In the presence of dioximes, it can be extracted into 

inert solvents such as chloroform, At an OH' concentration of 0.02 to 

0.05 E, the compound slowly disproportionates to Tc(VI1) and Tc(IV) in 

the ratio of -2:l. The above facts are consistent with its iden- 

tification as TCO+~-. 

Since these experiments were 

The reduction of TcOb- with hydrazine L1.82 mM TcOk', 0.015 M N z H 4 ,  - - 
and 0.7 M - OH-] was followed spectrophotometrically as a reddish-brown 

compound (absorbing at 500 nm) reported to be T c O ~ ~ -  was formed.40 

T c O ~ ~ -  then disproportionated to TcO,' and TcOz, according to 

reaction (2 ). Other  investigator^^^ claim that the reddish-brown 
compound40 is more likely to be a ( V )  rather than a (VI) state since 

there are a number of absorption bands near 490-520 nm which may well 

characterize Tc(V) or (V)-oxo structures. Technetium(V1-oxo 

structures42 

-3000) band near 520 nm. 

The 

show a strong ligand band at 400 nm and a weaker (E*  = 

Evidence was obtained25 for the formation of Tc(VI), Tc(V), and 

Tc(1V) in the potentiometric titration of TcO+' by Ti(1II) in 12 M 

H2SOb. In this medium, Tc(VI) disproportionates to TcW) and Tc(VI1) 

within 3 to 4 min, whereas Tc(V) disproportionates to Tc(VI1) and Tc(IV) 

within 1 h. In 2 5 H2S04 or 2 - M HC1 saturated with (NH+)zS04 and NH4Cl, 

respectively, a red color (absorption maximum about 500 run) was observed 

at the stoichiometric end point of Tc(V). No such color was observed in 

10 t o  12 E acid.25 

- 

*Unit for molar extinction coefficient (E) is L ma1e-l cm-1. 
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An i n t e r m e d i a t e  o x i d a t i o n  s ta te  of technet ium has  been observed3 i n  

t h e  r e d u c t i o n  of TcOq- t o  T c C I ~ ~ -  by 6 t o  8 - M HC1.  

t i o n  is complete i n  about  1 2  h. The i n t e r m e d i a t e  o x i d a t i o n  s ta te ,  which 

forms du r ing  t h e  f i r s t  2 h ,  e x t r a c t s  i n t o  hexone w i t h  a p a r t i t i o n  coef-  

f i c i e n t  of >30 (compared wi th  approximate ly  11 f o r  Tc04-),  abso rbs  l i g h t  

s t r o n g l y  a i  235 iun (molar e x t i n c t i o n  c o e f f i c i e n t * ,  -3 x l o 4 ) ,  and forms 

a r ed  complex wi th  t h i ~ c y a n a t e . ~  

(E = 52,000 a t  513 nm) was due t o  T c ( V ) . ~ ~  

s t a t e  could  p o s s i b l y  be t h e  hydrolyzed oxo-complex TcO(0H )C142'  

[ a b s o r p t i o n  band a t  238 nm] .  

A t  10O"C, t h e  reac-  

It  was la ter  shown t h a t  t h i s  complex 

The i n t e r m e d i a t e  o x i d a t i o n  

Some of t h e  ear l ie r   observation^^^ 's3 were confirmed by a n o t h e r  

o b s e r v e r , 2 9  

Potass ium p e r t e c h n e t a t e  was reduced d i r e c t l y  t o  Tc(V) wi thou t  t h e  f o r -  

mation of d e t e c t a b l e  i n t e r m e d i a t e  components i n  12 $ HC1, 12 % H3P04, o r  

8 M - HC1. It w a s  sugges ted  t h a t  t h e  tetrachlorooxotechnetate(V) i o n ,  as 

TcOC14 , was formedz9 even though no d e r i v a t i v e s  were i s o l a t e d .  

a b s o r p t i o n  spectrum of t h e  complex, showing peaks a t  292.5 and 230 nm 

(E = 4700 and 10,400,  r e ~ p e c t i v e l y ) , ~ ~  are  very c l o s e  t o  t h e  absorbance  

peaks [294 and 228 mi1 of t h e  oxo-complex, TcOC1s2- ,  r e p o r t e d  below. 

F u r t h e r  r e d u c t i o n  t o  hexachlorotechnetate(1V) occur red  only s lowly.  The 

technet ium(V) complex, w h i l e  s t a b l e  i n  3 I M H C 1 ,  d i s p r o p o r t i o n a t e d  t o  

p e r t e c h n e t a t e  and t h e  h y d r o l y s i s  product  of h e x a c h l o r o t e c h n e t a t e  i n  1 - M 

acid.29 

who r e p o r t e d  chlorocomplexes of Tc(V) i n  s o l u t i o n .  

I 

The  

The oxo-complex, K2TcOC15,  was prepared52 by t r e a t i n g  KTcO, w i t h  

The p r e c i p i t a t e d  green  c r y s t a l s  of po tass ium h igh-pur i ty  11.5 M - HC1.  

oxoc .h loro techneta te  were s e p a r a t e d  from t h e  s o l u t i o n ,  washed w i t h  a l co -  

h o l  and e t h e r ,  and d r i e d  under  vacuum a t  room tempera ture .  The 

r e s u l t i n g  product  was hydrolyzed i n  3 M_ H C 1  a t  room t empera tu re  and by 

h e a t i n g  on a water ba th ,  a c c e l e r a t i n g  the  r e a c t i o n  t o  produce 

K2TcO(OH)Clh. Well-formed c r y s t a l s  of t h e  hydro lyzed  s a l t  w i t h  a Tc:Cl 

r a t i o  of 1:4 were ob ta ined  by d i s s o l v i n g  the  KZTcOC15 i n  minimum amounts 

*Unit f o r  molar e x t i n c t i o n  c o e f f i c i e n t  ( E )  i s  L mole-1 cm-1. 
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of 3 El I NC1,  h e a t i n g  on a water ba th ,  and c o n c e n t r a t i n g  t h e  s o l u t i o n  

under  vacuum u n t i l  c r y s t a l s  s epa ra t ed .  52 

The s t a b i l i t y  of t h e  Tc(V s p e c i e s  i s  t empera tu re  dependent .  54 

According t o  Shukla ,  t h e  p e r t e c h n e t a t e  i o n  is immediately and comple te ly  

reduced t o  a pure s o l u t i o n  of Tc(V) by c o n c e n t r a t e d  H C 1  a t  Ooc,54 

Radiochromatograms r e v e a l e d  t h e  p re sence  of s p e c i e s  o t h e r  t han  Tc(V) a t  

8 and 23OC. Even a f t e r  96 days,  t h e  0 ° C  s o l u t i o n  h e l d  a t  t h i s  t e m -  

p e r a t u r e  con ta ined  only  22% Tc(V1I) and 1.1% Tc(1V). The same amount 

of Tc(VT.1) and Tc(IV) was found a f t e r  8 h a t  8OC as a f t e r  2 h a t  23°C.  

L e s s  decomposi t ion  of Tc(V)  occu r red  i n  10 months a t  0 ° C  t h a n  i n  17  days 

a t  room temperature .5"  

A s o l u t i o n  of Tc(V) i n  c o n c e n t r a t e d  H C 1  h e l d  a t  room t empera tu re  

f o r  15 months54 s t i l l  con ta ined  11% Tc(V). 

months55 con ta ined  5.5% Tc(V) and 94.5% Tc(1V). 

s o l u t i o n  of technet ium h e l d  a t  0 ° C  i n  c o n c e n t r a t e d  H C 1  con ta ined  88.4% 

Tc(V), 9.9% Tc(VI I ) ,  and 1.7% Tc(1V). I n  t h e  i n i t i a l  s t a g e s  t h e  amount 

of Tc(VI1) i n c r e a s e d ,  bu t  t h e  Tc(VI1) g r a d u a l l y  d i sappea red  as more 

Tc(1V)  was produced.55 

A s o l u t i o n  aged f o r  18 

A f t e r  1 yea r ,55  a 

2.1.3 Technetium(1V) 

Terhnetium(1V) i s  a s t a b l e  form, t h e  p a r t i c u l a r  s p e c i e s  be ing  

dependent  on t h e  medium and i t s  pH. 

3 and  precipitate^^^ i n  c h l o r i d e  medium above pH 2, 

of 0.01 M y  Tc02 e x i s t s  i n  t h e  c o l l o i d a l  s tateg2 above pH 5. 

p o s s i b l e  t h a t  o t h e r  s p e c i e s  such as Tc02+, TcO(OH)+, and Tc4+ occur45 i n  

h i g h l y  a c i d  media [pH (1.511, A pink s p e c i e s  of Tc(1V) has been 

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

the p resence  of phosphate  but  no th ing  is known about  i t s  proper-  

ties. 

Technetium(1V) exis ts  as TcOz a t  pH 

A t  a c o n c e n t r a t i o n  

It i s  - 

Technet ium d iox ide .  Technetium d i o x i d e  can be prepared  free of 

o t h e r  c a t i o n s  f o r  use i n  s o l u t i o n s  t o  be photolyzed.  The anhydrous 

Tc02 has  been p r e p a r e d 4 y 2 1  by t h e  thermal  decomposi t ion of NH,Tc04 and 

by dehydra t ing21 t h e  d i h y d r a t e  i n  a vacuum a t  300°C. 

been produced by r educ ing  p e r t e c h n e t a t e  s o l u t i o n  w i t h  z i n c  and 

H C l Y 2 l  f o l l o w e d  by t h e  a d d i t i o n  of a l a r g e  excess  of ammonium 

The d i h y d r a t e  has 
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hydroxide. l 6  

electrolytic reduction of alkaline pertechnetate solutions.34 

deposit, formed by electrolysis, was assumed to be the dioxide and not 

the metal because it was solubilized in an ammonia-hydrogen peroxide 

mixture whi.ch does not di-ssolve technetium metal. It is possible that 

the product was either a lower oxide of technetium or very finely 

divided reactive metal.16 

Technetium dioxide has also probably been prepared by the 

The black 

Anhydrous Tc02 is a very stable compound which can be sublimed at 

about 1000°C in vacuum.21 

500°C or oxidized to the heptaoxide by heating in oxygen. It reacts 

with chlorine to give a mixture of technetium oxide and technetium 

chloride, and with bromine to give an oxide-bromide mixture.16 In 

aqueous suspension the hydrated dioxide is converted to pertechnetate by 

H202 plus a l k a l i ,  by n e u t r a l  Ce(IV), or by bromine water.35 

It can be reduced to the metal by hydrogen at 

Hexachlorotechnetate(1V). Potassium hexachlorotechnetate(IV), 

K2TcC1.6 , has been prepared by the reduction of potassium pertechne- 

 tat^.^ ,26 * 2 9  9 5 6  9 5 7  C~ncentrated~~ 9 5 7  or strong3 ,26 H C 1  alone serves as 

an effec.tive agent for this reduction, although the reaction i s  slow at 

room temperat~re~~ and proceeds through several intermediate oxidation 

 step^.^,^^ 
point.58 

stable complexz9 is one of Tc(V), perhaps TcOC14 

slowly reduces to TcC1G2-. 

to Tc(V) , 56  which disproportionates to Tc(1V) [ T c C ~ ~ ~ - ]  and Tc(V1I) 

[TcO4-1. 

HCP, the products are the same. 

The reaction is 100 times more rapid at the boiling 

This has been shown to be a complicated reduction. The first 
- 

[or  T c O C ~ ~ ~ - ] ,  which 

In 12 - N KC1, 99mTc04- is reduced immediately 

Although the reduction is slower56 in 8 - N H C 1  than in 12 - N 
With 99mTc04-, Tc(V) is not 

- however, TcO,+ , TcCls2-, and Tc02 are the end products. A 

later chromaLographic investigations9 confirmed the formation of Tc(V) 

when 99mTc04- was reduced with concentrated HC1, but in lesser amounts 

than with "TcO4-. 

stoichiometric quantity is added to a concentrated solution of ammonium 

pertechnetate followed by concentrated HC1 and the solution is boiled 

When ammonium chlor-i.de i n  slight excess of the 
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down t o  a small volume, golden-yellow ammonium hexachlorotechnetate(1V) 

c r y s t a l l i z e s  .“ 
When 6 - N H C 1  is d i s t i l l e d  i n t o  a per technetate--80% H2SO4 s o l u t i o n  a t  

180 t o  2OO0C, most of t h e  technet ium is  reduced t o  t h e  n o n v o l a t i l e  +4 

s t a t e .  61 

Some KI is  normal ly  added t o  f a c i l i t a t e  t h e  r e d u ~ t i o n ~ ’ ~ ~ ’ ~ ~  of t h e  

p e r t e c h n e t a t e  i n  HC1. Red crystals  of an i n t e r m e d i a t e  ox ide  h a l i d e ,  

thought  t o  be pentachlorohydroxytechnetate(Lv) ,  K2TcC15 (OH),16 u s u a l l y  

s e p a r a t e  out  i n  t h i s  method. When t h e s e  c r y s t a l s  are d i g e s t e d  w i t h  

l a r g e  q u a n t i t i e s  of HC1, t hey  d i s s o l v e  t o  g ive  a r e d d i s h  s o l u t i o n  which 

s lowly  becomes l i g h t  ye l low and d e p o s i t s  golden-yellow o c t a h e d r a l  

c r y s t a l s  of h e x a c h l o r o t e c h n e t a t e  (IV on coo l ing .  l6 

The hexachlorotechnetate(1V) i o n  is n o t  s t a b l e  and hydro lyzes  i n  

d i l u t e  H C l ,  n e u t r a l ,  and b a s i c  s o l u t i o n s .  (Hydro lys i s  occurss6  i n  0.3 N 

and 1 N H C 1  and i n  9:l CH3OH:H2O.) It undergoes h y d r o l y s i s  even i n  3 M 

HCL, judging  from changes in i t s  a b s o r p t i o n  spec t rum. l l  I n  1 M HC1,  i t  

decomposes t o  an  u n i d e n t i f i e d  oxygenated s p e c i e s  w i t h  t h e  u l t i m a t e  f o r -  

mat ion of p e r t e c h n e t a t e  ion.29 

s l o w l y l l  t o  Tc02; i n  b a s i c  s o l u t i o n ,  i t  hydro lyzes  p r ~ m p t l y ~ ~ ’ ~ ~  t o  the 

d iox ide .  The s o l u b i l i t i e s  of t h e  h e x a c h l o r o t e c h n e t a t e s  ( see  Table  2 )  

appea r  t o  be independent  of the a c i d    on cent ration.^^ 

- 
- - 

- 

I n  aqueous s o l u t i o n ,  it hydro lyzes  

The TcC1b2- i on  i s  o x i d i ~ e d ~ ’ ~ ~  t o  Tc(VI1) by I INOj ,  H202, C 1 2 ,  

C e ( I V ) ,  o r  MnOt+-, bu t  appea r s  t o  be more res is tant  t o  a i r  o x i d a t i o n  

than  t h e  oxygenated s p e c i e s  of Tc(1V) .  

2.1.4 Techne t ium( l I1 )  and lower v a l e n c e  s ta tes  of t echne t ium 

The (111) and lower va l ence  s t a t e s  of technet ium are e a s i l y  ox id i zed  

and, t h e r e f o r e ,  very d i f f i c u l t  t o  ma in ta in  i n  s o l u t i o n .  However, they  

are d i s c u s s e d  h e r e  s i n c e  they could  be formed d u r i n g  p h o t o l y s i s .  

Three  hybr id  ox ides  of technet ium have been r e p o r t e d .  Technetium 

forms two hydrous ox ides ,  Tc3O4 and  Tc407,  as s u r f a c e  f i lms .  These com- 

pounds were i d e n t i f i e d  i n  both anod ic  po lymer i za t ion  of t h e  metal and 

c a t h o d i c  r e d u c t i o n  of Tc(OH)4 d e p o s i t e d  e l e c t r o l y t i c a l l y  on t h e  



1 2  

Table 2. S a l u b i l i t y  of M2TcCl6 compounds a t  25°C" 

S o l u b i l i t y  (E) 
Compound 10 M - H C 1  5.0 M - H C 1  3.0 - M H C 1  

a R e f .  63. 



13 

The t h i r d  hydrous ox ide ,  Tc2O3, has been p repa red  by e l e c t r o -  

l y t i c  r e d ~ c t i o n ~ ~ ’ ~ ~  of TcO4 

Both he~achlorotechnetate(1V)~~ and p e r t e ~ h n e t a t e ~ ~  were quan- 

t i t a t i v e l y  reduced t o  a t r i v a l e n t  compound by c a r e f u l l y  c o n t r o l l i n g  t h e  

ca thode  p o t e n t i a l .  A green  s o l u t i o n  c o n t a i n i n g  T d I I I )  w a s  p repared43 

by c o n t r o l l e d  ca thode  p o t e n t i a l  e l e c t r o l y s i s  of TcOq- i n  a phosphate  

b u f € e r  a t  a pH of 7. 
e r t i e s  and are e a s i l y  a i r  oxidizedl t5  t o  Tc(1V). 

These Tc(1II) s o l u t i o n s  have s t r o n g  reducing  prop- 

Reduct ion  of technet ium i n  t h e  q u a d r i v a l e n t  s ta te  w i t h  hydroxylamine 

i o n  produces t h e  c h l o r i d e  complex c a t i o n  c o n t a i n i n g  hydroxylamine and 

ammonia i n  l igands .60  A s o l i d  s e p a r a t i n g  from t h e  s o l u t i o n  a f t e r  t h e  

r e a c t i o n  of ammonium h e x a e h l o r o t e c h n e t a t e  w i t h  hydroxylamine hydro- 

c h l o r i d e  con ta ined  a pink c a t i o n  complex of b i v a l e n t  technet ium w i t h  an 

e m p i r i c a l  formula [Tc(NH20H)z (NH3 13 ] * C l z ,  which could  no t  be 

d i s t i n g u i s h e d  from [ T c ( N H ~ O H ) ~ ( N H ~ > ~ H ~ O ] ~ C l ~  because of t h e  accuracy  of 

t h e  r e s u l t s .  A t  least two o t h e r  compounds, one of which was mobile ( a s  

a c a t i o n )  i n  paper  e l e c t r o p h o r e s i s  and one of which w a s  an  uncharged 

s p e c i e s , “  were a150 observed.  - 
The r e a c t i o n  of TcOb w i t h  a mixture  of c o n c e n t r a t e d  H C 1  i n  con- 

c e n t r a t e d  H2SO4 r e s u l t e d  i n  an  i n s t a n t a n e o u s  fo rma t ion  of a dark  b lue  

so lu t ion . ’  

s ta te  no h i g h e r  t h a n  (111) w a s  confirmed by the change of t h e  b lue  c o l o r  

t o  l i g h t  green  over  a p e r i o d  of hour s  under t h e  i n f l u e n c e  of a tmosphe r i c  

oxygen. The spec t rum of t h e  l i g h t  green  s o l u t i o n  was i d e n t i c a l  t o  t h a t  

of hexachlorotechnetate(1V). 

The fo rma t ion  of compounds w i t h  t echne t ium i n  an o x i d a t i o n  

An o x i d a t i o n  s t a t e  lower than  (IV) i s  ob ta inedz6  v i a  t h e  r e d u c t i o n  
- 

of TcO4 by z i n c  i n  c o n c e n t r a t e d  H C l .  

R e a c t i o n  of ammonium h e x a c h l o r o t e c h n e t a t e  w i t h  z i n c  and H C 1  gave a 

mixture  from which salts  of t h e  a c i d  H3TczC18 were i s o l a t e d . 6 0 ’ 6 5  The 

ammonium salt was (NH4 13 [TCzClg 1 *2HzO ( t echne t ium va lence  = 2.5). The 

s a l t s  were i s o l a t e d  by c r y s t a l l i z a t i o n  from f a i r l y  c o n c e n t r a t e d  HC1,  a 

medium i n  which they  a r e  s o l u b l e  and o x i d i z e  on ly  s l o w l y .  Later x-ray 

ev idence  confirmed the  formula €or  t h e  Tc2C18- group. 6 4  Oxida t ion  and 
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h y d r o l y s i s  of t h e  Tc2Clg3- s p e c i e s  occur  r a p i d l y  t o  form hexachloro-  

t echne ta t e6 '  i n  d i l u t e  W C l  and t o  form Tc02 i n  water. 

I f  t h e  r e d u c t i o n  of hexachlorotechnetate(1V) w i t h  z i n c  i n  con- 

c e n t r a t e d  HC1 is c a r r i e d  out  a t  75°C i n s t e a d  of 100°C, t h e  fo rma t ion  of 

a b lack  u n i d e n t i f i e d  p r e c i p i t a t e  which occur s  a t  100°C can be almost  

e n t i r e l y  e l i m i n a t e d .  6 6  

ob ta ined  from ammonium and magnesium hexachlorotechnetate(1V) were b lack  

and choco la t e  brown powder, r e s p e c t i v e l y .  6 6  The b lack  powder c o n t a i n i n g  

ammonium i o n s ,  (NIL, 13 I T c 2 C l g  12H20, d i s s o l v e d  i n  nondeoxygenated, con- 

c e n t r a t e d  H C 1  w i t h  a b lue  c o l o r ,  w i t h  no ev idence  of r ed  from i n t e r -  

media tes  o r  con tamina t ion  w i t h  yel low hexachlorotechnetate(1V) salts. 

The brown powder c o n t a i n i n g  magnesium ions  d i s s o l v e d  w i t h  a brown 

c o l o r ,  66 as p r e v i o u s l y  repor ted .60  Prolonged oxygenat ion  leads t o  t h e  

re-f  orinat i on  of hexachlorotechnetate(1V). 66 

The reduced technet ium compounds the reby  

C r y s t a l s 6 7  c a l c u l a t e d  from a n a l y s e s  t o  be (NH4 )a ( T c 2 C l ~  13 ' 2 H 2 0  and 

K8(Tc2Clg)3-41120 were s a l t e d  out  from t h e  mother l i q u o r  of ammonium per- 

t e c h n e t a t e  i n  11.5 M - H C 1  t h a t  had been hea ted  a t  1 7 0 ° C  i n  an a u t o c l a v e  

a t  an  i n i t i a l  H2 p r e s s u r e  of 30 a t m .  

A valency  of +l has been r e p o r t e d  f o r  technet ium i n  a cyanide  

complex. Potass ium p e r t e c h n e t a t e  was reduced w i t h  potass ium amalgam 

i n  t h e  presence  of excess KCN t o  green  Tc(CNgl5-. 

c h l o r o t e c h n e t a t e ,  K2TcC16, made from KTc04, KT, and HC1,  forms 

K3 [ T c ( O H ) j  (CN)t, 1 on t r ea tmen t  w i th  KOH and KCN. 

K3 [Tc(OH)3 (CN), 1 a l s o  form K5 tTc(CNl6 1 by r e d u c t i o n  w i t h  potass ium 

amalgam i n  60 t o  80% y i e l d , 5 0  based on NH4Tc04. 

Potass ium hexa- 

Aqueous s o l u t i o n s  of 

2.1.5 Technetium m e t a l  

Technetium metal i s  a v a i l a b l e  and,  t h e r e f o r e ,  can be cons ide red  as a 

source  o r  a s t a r t i - n g  m a t e r i a l  f o r  conve r s ion  t o  a h i g h e r  o x i d a t i o n  

s t a t e .  The metal. o x i d i z e s  i n  HNO3, aqua r e g i a ,  and h o t  c o n c e n t r a t e d  

H2S0, ( r e f .  3 )  but i s  i n s o l u b l e 6 ' *  in H C 1  and n e u t r a l  o r  a l k a l i n e  11202. 

Technetium has heen r e p o r t e d  t o  d i s s o l v e 5 7  i n  a c i d  - 5% H202.  It tar- 

n i s h e s  slowly i n  moist  air .3 



O x i d a t i o n  of t h e  metal is  a very  complex procedure.  When it i s  

exposed t o  d ry  oxygen i n  a high-vacuum l i n e ,  Tc2O7 i s  t h e  major 

p roduc t ;  

lower oxides  of technet ium are always produced i n  small q ~ a n t i t i e s , ~  and 

p u r i f i c a t i o n  by s imple  r e ~ u b l i m a t i o n l ~  i s  not  p o s s i b l e .  

of small q u a n t i t i e s  of a second v o l a t i l e  compound [ p o s s i b l y  TcOg o r  

HTc04 1 has  been observed  by some i n v e s t i g a t o r s . 1 4  

c o n t r a r y  t o  some r e p o r t s  i n  t h e  l i t e r a t u r e ,  O-I3 however, 

The formation 

2.2 E l e c t r o l y s i s  

2.2.1 C h a r a c t e r i z a t i o n  and p o t e n t i a l s  -- 

Inf  ormat ion  about  t h e  e l e c t r o c h e m i c a l  r e a c t i o n s  and the  p o t e n t i a l s  

of a subs t ance  are u s e f u l  i n  p r e d i c t i n g  i t s  photochemical  behavior  i n  

s o l u t i o n s  and i n  f u r n i s h i n g  a method t o  a d j u s t ,  by e i t h e r  o x i d a t i o n  o r  

r e d u c t i o n ,  i t s  va lence  s t a t e  b e f o r e  p h o t o l y s i s .  The p r e c i p i t a t e  t h a t  

forms i n  s o l u t i o n s  du r ing  e l e c t r o l y s i s  w i l l  p robably  a l s o  form i f  reduc- 

t i o n  i s  e f f e c t e d  by p h o t o l y s i s .  A l l  t h i n g s  be ing  e q u a l ,  t h e  l a r g e r  t h e  

p o t e n t l a 1  d i f f e r e n c e  between a ' * s t a b l e "  form and a n o t h e r  o x i d a t i o n  

s t a t e ,  t h e  less l i k e l i h o o d  of a c-hange i n  t h e  o x i d a t i o n  s t a t e  of t he  

' ' s t a b l e "  form and, t h e r e f o r e ,  t h e  less l i k e l i h o o d  of a redox r e a c t i o n  by 

p h o t o l y s i s .  

Both t h e  e l e c t r o d e  p o t e n t i a l s  and t h e  number of e l e c t r o n s  involved  

i n  the  r e a c t i o n  ( i r e . ,  t h e  "n" v a l u e )  may be ob ta ined  from t h e  

polarograms. If a m u l t i s t e p  r e d u c t i o n  i s  shown i n  t h e  polarogram, 

n > 1, and t h e  same c o n d i t i o n s  i n d i c a t e d  for t h e  polarogram are used, 

t h e  i n t e r m e d i a t e  va l ence  s ta tes  w i l l  be u n s t a b l e  r e g a r d l e s s  of how they  

w e r e  produced. 

Coulometr ic  r e d u c t i o n  of a p e r t e c h n e t a t e  s o l u t i o n  g e n e r a l l y  r e s u l t s  

i n  e i t h e r  a t h r e e - e l e c t r o n  o r  a f o u r - e l e c t r o n  change, depending on: (1) 

pH, (2 )  n a t u r e  of t h e  support . ing e l e c t r o l y t e ,  and ( 3 )  a p p l i e d  

p o t e n t i a l .  3 7  9 3 8  y 4 a  The f o u r - e l e c t r o n  r e d u c t i o n  y i e l d s  e i t h e r  a green  
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s o l ~ t i o n ~ ~ ' ~ ~  y70 '71 o r  a brown t o  b l ack  p r e c i p i t a t e .  

i s  b e l i e v e d  t o  be a T c ( I 1 1 )  complex s p e c i e s ,  w h i l e  t h e  dark p r e c i p i t a t e  

cou ld  be t h e  s e s q u i o x i d e  Tc2O3,  o r  the d i o x i d e  (Tc02) r e s u l t i n g  from a 

subsequent  d i s p r o p o r t i o n a t i o n  or  from a i r  o r  s o l v e n t  o x i d a t i o n  of t h e  

The g reen  s o l u t i o n  

Tc(II1). 

The r e d u c t i o n  of Tc(V1L) i o n  t a k e s  place on t h e  p l a t inum e l e c t r o d e  

v i a  absorbed hydrogen atoms.81 

Tc(V1I) t o  T c ( 1 V )  should be: 

3H' + 3e- -F 3Hads , 
Tc0+ 

The o v e r a l l  scheme f o r  t h e  r e d u c t i o n  of 

- 
4- 3Hads + H' + Tc02 -k 2H20 . 



1.7 

have been o b t a i n e d  i n  c h l o r i d e , 3 5 , 3 7 9 3 8 * 4 5  s u l f a t e , 3 7 ’ 3 8 ’ 4 0 ’ 7 5  and 

p e r ~ h l o r a t e . ~ ’  y76-78 

are c o n t r a d i c t o r y  w i t h  r e g a r d  t o  t h e  n a t u r e  of t h e  o x i d a t i o n  s ta tes  

invo lved  d u r i n g  t h e  r e d u c t i o n  of TcO4“ i n  a c i d i c  and a l k a l i n e  media. 

However, i n t e r p r e t a t i o n s  o f  p o l a r o g r a p h i c  waves 

2.2.2 Acid media 

Most p o l a r o g r a p h i c  and cou lomet r i c  d a t a  from s t u d i e s  made i n  a c i d  

media have been i n t e r p r e t e d  as f o u r - e l e c t r o n  r e d u c t i o n  a t  t h e  f i r s t  

step.37 ,38 ,45 ,72 ,77 979-83 Some e x c e p t i o n s  have been noted.28 935’74-76984 

S e v e r a l  i n v e s t i g a t o r s  have proposed two-step p o l a r o g r a p h i c  

r educ t ion37  y 3 8  y 4 5 ’ 7 2  of Tc04- i n  a c i d i c  media i n v o l v i n g  a f o u r - e l e c t r o n  

~ h a n g e ~ ~ ’ ~ *  y45’72 [ T c ( V I I > / T C ( I I I > ~  f o r  t h e  f i r s t  wave and a th ree -  

e l e c t r o n  change f o r  t he  second wave37 y38 ’45 [ T c ( I I I ) / T c ( O ) ] .  Grassi 

has  r e p o r t e d  a t h i r d  r e d u c t i o n  wave t h a t  is r e l a t e d  t o  t h e  c a t a l y t i c  

r e d u c t i o n  of hydrogen.45 

was confirmed by c o n t r o l l e d - p o t e n t i a l  coulometry measurements 

[E = -0.5 V I  t h a t  gave n = 3.98 + 0.14 i n  both  c h l o r i d e  and s u l f a t e  

medialt5 a t  a pH of 2. 

p a r t  of t h e  Tc(11I) was t ransformed by an  unknown r e a c t i o n  t o  v a r i o u s  

e l e c t r o c h e m i c a l l y  i n a c t i v e  s p e c i e s  which could  no t  be i d e n t i f i e d . 4 5  

Exchange of f o u r  e l e c t r o n s  € o r  t h e  f i r s t  wave 

- 
During t h e  cour se  of t h e  coulometry,  however, 

The p o l a r o g r a p h i c  p r o p e r t i e s  of p e r t e c h n e t a t e  i n  p e r c h l o r a t e  media 

a r e  t h e  same as those  observed i n  s u l f a t e  and c h l o r i d e .  Although 

T c ( I I 1 )  i s  formed a t  pH 1 to 3.5 d u r i n g  t h e  f i r s t  r e d u c t i o n  s t e p ,  t h e  

reduced technet ium is reoxid ized4’  by t h e  ClO,-. The p o t e n t i a l  f o r  t h e  

f i r s t  c a t h o d i c  wave [Tc(VLL)/Tc(IIZ)I i n  a c i d  s o l u t i o n  is pH dependent 

bu t  occu r s  a t  -0.8 V i n  a l k a l i n e  o r  b u f f e r e d  media.72 D i f f u s i o n  c u r r e n t  

measurement for t h e  second wave i n  a c i d  which occur red  a t  

-0.9 V, i n d i c a t e d  t h a t  n - < 7; t h e  c a t a l y t i c  component prevented  d e t e r -  

mina t ion  of t h e  e x a c t  va lue .  The fo rma t ion  of technet ium meta l  du r ing  

t h e  second s t e p ,  demonst ra ted  by r a d i o p o l a r o g r a p h i c  measurements ,83 

conf i rmed the va lue  of 7. 

i r r e v e r s i b l e  under a l l  c o n d i t i o n s  i n ~ e s t i g a t e d . ~ ~  

The r e d u c t i o n  of p e r t e c h n e t a t e  proved t o  be 
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The previous  scheme was c o n t e s t e d  by o t h e r   investigator^,^^ y76 
who sugges ted  t h a t  t h e  f i r s t  s t e p  involved  t h e  r e d u c t i o n  of Tc(VI1) t o  

Tc(1V) and subsequent  fo rma t ion  of Tc02. 

p o l a r o g r a p h i c  wave observed a t  E112  = -0.8 V cor responds  t o  a th ree -  

e l e c t r o n  r e d u c t i o n  wi th  t h e  fo rma t ion  of Tc02. Add i t ion  of HClO,, t o  

t h i s  system produced a new wave a t  E112 -0.6 V ,  which i n c r e a s e d  i n  

h e i g h t  and moved t o  less n e g a t i v e  p o t e n t i a l s  as t h e  a c i d i t y  was 

i n c r e a s e d .  

It  w a s  e ~ t a b l i s h e d ~ ~  t h a t  t h e  

76 

Although t h e  po la rograph ic  r e d u c t i o n  of p e r t e c h n e t a t e  i o n  i n  unbuf- 

f e r e d  a c i d i c  s o l u t i o n s  of pH < 4 g i v e s  an  i n i t i a l  wave due t o  a four-  

e l e c t r o n  p r 0 c e s s , 3 ~  

TcO,+- 4- 81i+ f 4e- + Tc3+  + 41120 , 
some tendency e x i s t s  f o r  a s t e p w i s e  s e p a r a t i o n  of t h e  (VI I ) / ( IV)  from 

t h e  (IV)/(ITI.) s t a g e  which t ends  t o  be more prominent a t  h i g h e r  a c i d i -  

t i e s ,  e s p e c i a l l y  w i t h  82SOk as  compared w i t h  H C 1   solution^.^^'^^ 
va lue  of 3 can be obta-ined j u s t  a t  t h e  half-wave p o t e n t i a l 3 7  i n  t h e  

a p p r o p r i a t e  media [ e . g . ,  112S04 ( r e f .  38)1, r e s u l t i n g  i n  a b l ack  suspen- 

s i o n  of TcO2.  Continued e l e c t r o l y s i s  a t  a more n e g a t i v e  p o t e n t i a l  does 

n o t  e f fec t  f u r t h e r  r e d ~ c t i o n . ~ ~ ' ~ ~  However, i n i t i a l  e l e c t r o l y s i s  of 

Tc(VI1) a t  a more n e g a t i v e  p o t e n t i a l  does g ive  an 11 va lue  of 4 ,  w i t h  an  

accompanying b lack  s u ~ p e n s i o n ~ ~ ' ~ ~  t h a t  i s  a p p a r e n t l y  TczO3.  

p o s s i b l e  t o  o b t a i n  n = 3 i n  H C 1 ,  r e s u l t i n g  i n  a brown Tc02  suspens ion ;  

however, one only need t o  have the i n i t i a l  p o t e n t i a l  j u s t  on t h e  p l a t e a u  

of t h e  wave t o  o b t a i n  n = 4 and a green s o l u t i o n  which s t i l l  e x h i b i t s  

p o l a r o g r a p h i c  wave II.37'38 

coulometry i n  N C 1  i s  made a t  -0.30 V vs S.C.E. [on t h e  p l a t e a u  of t h e  

wave] and t h e  pH i s  main ta ined  c o n s t a n t  w i t h i n  0.01 u n i t  by adding  

a c i d . 3 8  

An "n" 

It is  a l s o  

An n va lue  of 4 - t- 2% can be ob ta ined  i f  

The s e p a r a t i o n  between ( V I I ) / ( I V )  and (IV)/(lII) becomes more promi- 

nen t  near  pIl 1.75; a va lue  of 3 f o r  n can be ob ta ined  by e l e c t r o l y z i n g  

on t h e  p l a t e a u  of t h e  f i r s t  wave, wh i l e  n = 4 can be ob ta ined  by i n i t i a l l y  

e l e c t r o l y z i n g  a t  a more n e g a t i v e  p o t e n t i a l . 3 8  

h inde red ,  a t  a pH > 4 ,  probably due t o  t h e  a b s o r p t i o n  of some i n t e r -  

mediate  (e .g. ,  TcO3 o r  T c 0 2 )  on t h e  mercury s u r f a c e . 3 8  

The r e a c t i o n  pathway i s  
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’While c a r e h l l y  r e g u l a t e d  cou lomet r i c  runs  can g i v e  e i t h e r  a t h r e e -  

e l e c t r o n  o r  a f o u r - e l e c t r o n  r e d u c t i o n ,  t h e  product  of macroscopic  

e l e ~ t r o l y s i s ~ ~  i s ,  r e s p e c t i v e l y ,  t h e  i n s o l u b l e  d i o x i d e  (Tc02) o r  t h e  

s e s q u i o x i d e  (Tc203). I n  e i t h e r  case, t h e  suspens ion  shows no f u r t h e r  

e l e c t r o c h e m i c a l  a c t i v i t y .  37 

The r e d u c t i o n  of Tc(VI1) a t  mercury e l e c t r o d e s  i n  a c i d i c  c h l o r i d e  

media,  y i e l d i n g  T c ( I I 1 )  as t h e  product  of t h e  f i r s t  t o t a l l y  i r r e v e r s i b l e  

s t e p , 7 9  was f i r s t  o r d e r  w i t h  respect t o  TcO4 

r e s p e c t  t o  hydrogen i o n  i n  t h e  r a t e -de te rmin ing  s tep .79  

which i s  t h e  product  of t h e  e l e c t r o d e  r e a c t i o n ,  probably  e x i s t s  i n  t h e  

hydro lyzed  form [TcO(ON), Tc(OH)3, TczO-jI o r  as a c h l o r i d e  complex but 

cannot  be i d e n t i f i e d 7 9  on t h e  b a s i s  of t h e  s p e c t r o p h o t o m e t r i c  measure- 

ments due t o  a l a c k  of d a t a  f o r  t h e  a b s o r p t i o n  spectrum of Tc3’. 

r e d u c t i o n  of p e r t e c h n e t a t e  i n  a c i d  media i s  g iven  by t h e  o v e r a l l  

react ion79 

- 
and second o r d e r  w i t h  

Technet iurn( I I I ) ,  

The 

T c 0 4 -  + 5H+ 4- 4e -t TcO(0H)  + 2H20 . 
This  r e a c t i o n  is i r r e v e r s i b l e  and invo lves  a s i n g l e  slow r a t e -  

de t e rmin ing  s t e p  which can be w r i t t e n  as 

Tc04-  + 21-I+ + e- + TcO3 H20 . 
I n  some media, t h e  T c ( I I 1 )  could  be r e o x i d i z e d  t o  Tc(1V) o r  

Tc(V) a t  t h e  e l e c t r o d e . 7 2  N e i t h e r  o x i d a t i o n  nor  r e d u c t i o n  c u r r e n t  was 

observed a f t e r  cou lomet r i c  o x i d a t i o n  of Tc(IX1) [E = -0.05 V ]  a t  pH 2. 

T h i s  shows t h a t  t h e  o x i d a t i o n  product  of T c ( l I 1 )  was u n s t a b l e ,  p o s s i b l y  

due t o  t h e  fo rma t ion  of a chemica l ly  i n a c t i v e  complex.45 

Reduct ion  of p e r t e c h n e t a t e  i n  s t r o n g  a c i d s  does no t  produce any 

we l l -de f ined  waves.16’35y76’89 I n  2: - M H z S O ~ , ~ ’  1 0  - M H2S04,89 and 4 

HC104  ,I6 ’I 35 ’ 76 ’89  t h e  c u r r e n t  i n c r e a s e d  g r a d u a l l y  t o  t h e  v o l t a g e  of t h e  

r e d u c t i o n  of t h e  s u p p o r t i n g  e l e c t r o l y t e 1 6  ’35 o r  hydrogen d i scha rgea9  and 

s t a r t e d  in  t h e  p o t e n t i a l  r e g i o n  co r re spond ing  t o  t h e  anode d i s s o l u t i o n  

of mercury,  s u g g e s t i n g  t h a t  t h e  chemical  r e d u c t i o n  of TcO4 by mercury 

w a s  poss ib l e .76  

p o t e n t i a l  range was observed a t  low pN v a l u e s  i n  t h e  p re sence  of 

- 
S i m i l a r l y ,  an  i l l - d e f i n e d  wave t h a t  sp read  over  a wide 

H C l ,  H C 1 0 4 , 3 5  ’84 and H2SO4. 3 5 9 84 
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I n  tests made by u s i n g  a p p l i e d  p o t e n t i a l s  of -0.25 t o  -0.45 V vs 

S.C.E., a mercury pool  cathode,  and a 1 M - H2SO4 s o l u t i o n  which was pro- 

t e c t e d  from 02 by a N2 f l u s h  and b l a n k e t ,  t h e  ave rage  c o u l o m e t r i c  n 

v a l u e  f o r  t h e  [ ( V I I ) / ( I I T ) ]  r e d u c t i o n  w a s  found t o  be 3.65 from Ce(1V) 

t i t r a t i o n s  of t h e  p r o d u c t - s o l u t i o n  a l i q ~ a n t s . ~ ~  

o f  Tc(VI1) by t h e  mercury appears t o  accoun t  f o r  most of t h e  cou lomet r i c  

vs t j t r  i m e  t r i c d i s c r e p a n c y  . 
The chemical  r e d u c t i o n  

C o n f l i c t i n g  r e s u l t s  are r e p o r t e d  i n  4 I M HCL. Two i l l -deE ined  irre- 

v e r s i h l e  waves were observed35 w i t h  half-wave p o t e n t i a l s  vs S.C.E. of 

-0.52 and -0.68 V ,  co r r e spond ing  t o  a one -e l ec t ron  and a two-electron 

r e d u c t i o n ,  r e s p e c t i v e l y .  O the r sa4  o b t a i n e d  waves a t  E 1 / 2  = -0.15 and 

-0.35 V ,  w i t h  a t h i r d  wave commencing a t  -0.7 V. 

In very s t r o n g  a c i d i c  media, e s p e c i a l l y  H C 1 ,  t h e  a p p a r e n t  E 1 / 2  of 

t h e  f i r s t  wave may simply be t h e  p o i n t  a t  which t h e  anod ic  d i s s o l u t i o n  

of mercury p e r m i t s  t h e  wave t o  be observed.57 

of such a wave i s  not  de f ined .  The p o t e n t i a l  of t h e  f i r s t  wave was 

For some r e a s o n ,  t h e  top  

f r o m  s l i g h t l y  p o s i t i v e  p o t e n t i a l s  i n  t h e  more s t r o n g l y  a c i d i c  

s o l i l t i o n  t o  about -0.4 V a t  pll 4 .  

Some r e d u c t i o n  of Tc(VI1) does occur  w i t h  Only t h e  

second wave was observed i n  a 2.4 - M H C 1  s o l u t i o n  p r e v i o u s l y  shaken w i t h  

mercury,  which i n d i c a t e s  t h a t  Tc(VI1) was reduced almost  q u a n t i t a t i v e l y  

t o  Tc(1V) o r  T c ( I I I ) . ~ ~  

s t a t e s  s i n c e  a 20 t o  47% d e c r e a s e  in t h e  h e i g h t  of t h e  second wave was 

found. Both T c ( V I 1 )  waves appea r  i n  0.1 E H C 1  o r  2 H2S04 s o l u t i o n s  

p r e v i o u s l y  shaken w i t h  mercury, but the f i r s t  wave was reduced by 87 and 

59%, r e s p e c t i v e l y . 3 8  

There  w a s  a l s o  some r e d u c t i o n  t o  s t i l l  lower 

2.2.3 R e v e r s i b l e  r e a c t i o n s  i n  complexing media 

The fo rma t ion  of a g reen  T c ( I I 1 )  phosphate  complex by t h e  coulo- 

m e t r i c  r e d u c t i o n  of Tc(l1C) i n  phosphate-buffered s o l u t i o n s  of pH 5 t o  7 

has  been noted i n  s e v e r a l  a r t ic les .  3 7 ' 4 0  ' 43  ' 7 0  '71 T h i s  c o u l o m e t r i c  pro- 

cess i n  a (111)-complexing medium, such as phosphate  a t  pR 4 . 7 ,  i s  

r e p r ~ d u c i b l e ~ ~  w i t h i n  n = 4 + - 0.04. It a p p e a r s  t h a t  a f o u r - e l e c t r o n  
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r e d u c t i o n  also t a k e s  p l a c e  i n  s o l u t i o n s  of h i g h e r  pH when an a p p r o p r i a t e  

complexing agen t  IS p r e s e n t  .71 

When KTc04 d i s s o l v e d  i n  a po tass ium phosphate-buffered  s o l u t i o n  of 

pH 7 i s  e l e c t r o l y z e d  a t  -0.80 V vs a Ag-AgC1 r e f e r e n c e  e l e c t r o d e ,  t h e  

s o l u t i o n  f i r s t  becomes pink ( a f t e r  a f e w  minutes )  bu t  t h e n  t u r n s  green  

a t  t h e  comple t ion  of t h e  process .43  

absence  of a i r  are necessa ry  t o  o b t a i n  t h e  g reen  product40 s i n c e  t h e  

T c ( I I 1 )  w i l l  be o x i d i z e d  t o  t h e  p ink  T c ( I V )  phosphate  complex as i t  con- 

tacts  a i r .40 '43 

complex t o  t h e  g reen  complex i n v o l v e s  a one -e l ec t ron  ~ h a n g e . ~  

A long e l e c t r o l y s i s  t i m e  and the 

The e l e c t r o l y t i c  r e d u c t i o n  of t h e  p ink  phosphate  

A green-colored  T c ( I 1 I )  i s  a l so  formed40 when a d i l u t e  H2S04 

s o l u t i o n  of f e r r o u s  ammonium s u l f a t e  c o n t a i n i n g  H3PO4 i s  c o n t a c t e d  w i t h  

Tc(VI1).  I n  t h e  absence  of H3P04, t h e  s o l u t i o n  darkens  and TcO2 f i n a l l y  

p r e c i p i t a t e s .  The green-colored product  t r ans fo rms  t o  a yellow-orange 

Tc(IV) s p e c i e s  on s t a n d i n g  i n  a i r ;  however, t h e  conve r s ion  is delayed40 

by t h e  i n c r e a s e  of H3PO4. 

When Tc(VI1)  i s  c o u l o m e t r i c a l l y  reduced a t  a c o n t r o l l e d  p o t e n t i a l  of 

-0.70 V vs S.C.E. i n  an a c e t a t e - b u f f e r e d  sodium t r i p o l y p h o s p h a t e  

(Na5P3010)  medium of pH 4.7,  T c ( I I I )  i s  q u a n t i t a t i v e l y  formed.71 

more n e g a t i v e  p o t e n t i a l  t h a n  t h a t  a t  E112 must be a p p l i e d  f o r  complete 

r e d u c t i o n . )  The E 1 / 2  (V v s  S.C.E.) f o r  t h e  r e d u c t i o n  a t  o t h e r  pH l e v e l s  

( A  

are : 

PH 

4.0 
5.5 
6.4 
7.2 
9.0 

9.0-9.5 

-0.44 
-0.66 
-0.67 
-0.68 
-0.79 
-0.81 

The f i r s t  s t e p  co r re sponds  t o  a f o u r - e l e c t r o n  reduct ion .71  The 

second s t e p ,  which is a s s o c i a t e d  w i t h  the r e d u c t i o n  of T c ( T T I ) ,  i s  n o t  

completed because Tc(I1) reacts wi th  t h e  medium.71 



22 

A s  t h e  medium becomes more b a s i c ,  t h e  r e d u c t i o n  of Tc(V1I) t o  

Tc(l1T) o c c u r s  a t  a more n e g a t i v e  a p p l i e d  p o t e n t i a l  and t h e  break be- 

tween Tc(V1I) + T c ( I I 1 )  and T c ( 1 I I )  + T c ( I 1 )  r e d u c t i o n  becomes less 

pronounced. 71 

The c o l o r  changes i n  t h e  r e d u c t i o n  of Tc(VI1) t o  T c ( I I 1 )  i n  the 

v a r i o u s  media i n d i c a t e  t h a t  t h e  r e d u c t i o n  may be ~ e q u e n t i a l . ~ ~  

C o l o r l e s s  Tc(VI1) i n  a n  a c e t a t e - b u f f e r e d  sodium t r i p o l y p h o s p h a t e  medium 

a t  pH 4.7 i s  reduced t o  Tc(IV),  which i s  p ink ;  and Tc(IV) i s  reduced t o  

T c ( I I I ) ,  which is  i n i t i a l l y  orange but  f i n a l l y  becomes yellow. I n  

phosphate-buffered sodium t r i p o l y p h o s p h a t e  medium (pH = 7.01, t h e  c o l o r s  

are  s l i g h t l y  d i f  f e r e n t :  c o l o r l e s s  T c ( V I I ) ,  p ink  Tc ( IV) ,  gray Tc(IV) and 

T c ( 1 l T  and f i n a l l y  g reen  T c ( I I I ) ,  co r re spond ing  t o  t h e  r e s u l t s  

o b t a i n e d  p r e v i o u s l y  by T h o m a ~ o n . ~ ~  

The Tc(1V) + T c ( I 1 I )  coup le  i s  r e v e r s i b l e  s i n c e  Tc(T.11) can he oxi-  

d i z e d  t o  Tc(LV) a t  -1 0 V vs  S.C.E. 

The  t i m e  r e q u i r e d  t o  reduce Tc(V1I) i n  unbuf fe red  medium is con- 

A s  t h e  pH s i d e r a b l y  l o n g e r  than  t h a t  r e q u i r e d  i n  buEfered medium.71 

d e c r e a s e s ,  t h e  p o t e n t  a 1  r e q u i r e d  f o r  t h e  Tc(VI.1) + T c ( I I 1 )  r e d u c t i o n  

becomes less nega t ive .  71 

A s  i n  t h e  case of t h e  technet ium phosphate  complexes, the c a t h o d i c  

p r o c e s s  f o r  TcC1G2- i s  p r a c t i c a l l y  r e v e r s i b l e 9 3  and t h e  f i r s t  s tep in -  

v o l v e s  a s i n g l e - e l e c t r o n  change: TcC1b2-  + 1120 + e + TcC150H3' + C l -  + 
11'. The TcC1S01Z3- is o x i d i z e d ,  a n o d i c a l l y  o r  by a i r ,  i n  1 - N H C 1  so lu -  

t i o n  a g a i n  t o  ~ c ~ 1 6 ~ - . 9 3 ' ~ ~  

vs  S.C.E., t h e  mercury e l e c t r o d e  begins  t o  drop i r r e g u l a r l y .  The go ld  

e l e c t r o d e  becomc.s c o a t e d  w i t h  a brown d e p o s i t . 9 3  

In t h e  r e g i o n  of t h e  second s t e p  a t  -0.45 V 

I t  m y  be n e c e s s a r y  t o  reduce t h e  p e r t e c h n e t a t e  i n  a complexing 

medium t o  p reven t  t h e  fo rma t ion  of technet ium oxide,  Tab le  3 l is ts  t h e  

a p p l i e d  p o t e n t i a l s  necessa ry  t o  reduce t h e  p e r t e c h n e t a t e ,  a l o n g  w-lth 

some r e s u l t s  of the s o l u t i o n  changes and t h e  media i n  which p r e c i p i t a -  

t i o n  does and does n o t  occur .  
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Table 3. Coulometric determinat ion of the Fa rada ic  n value f o r  Tc(VI1) involved 
i n  t h e  reduct ion of pe r t echne ta t e  

P o t e n t i a l  
( app l i ed  V Value So lu t ion  

PHa S o l u t i o n  v s  S.C.E.) of n change Reference 

-0.3 1 HzS04 +o. 12 3.05 Brown ppt. 37 , 38 
-0.3 1 f.l H2S04 -0.05 4.09 Black ppt.  37,38 

37,38 
37,38 

Brown ppt. 

Green s o h .  
0.8 0.5 M ( H C l  + K C l )  -0.03 3.05 

l.l(l.3) 0.5 (HCl + K C 1 )  -0.30 3.81 

2.0(7) 
1.0b 
1. l b  

L 7 5 b  

1. 75b 

4.7 

6.80 

7 
7 
7.40 

7.40 

9.80 

13.10 
13.10 
17.00 
13.00 

0.5 M - ( H C 1  + K C 1 )  -a. 16 

H C 1  + K C 1  -0.3 

H C 1  + KC1 -0.3 

H C 1  + K C 1  -0.3 

H C 1  + K C 1  -0.5 

Tripolyphosphate -0.70 
K C 1 ,  Na2HP04 7H20, -0.66 
H3 C6Hg07  .H20 ( i o n i c  

s t r e n g t h ,  0.427 E) 

Phosphate-pyrophosphate -0.68 

0.1 f.l Ki+J-'207 + -0.71 

Phosphate -0.84 

0.1 E KzHP04 

0.1 E K4P207 + -0. a5c 

0.1 M KzHPOq 
0.5 - M-KCl, 0.2 Na2C03,-Oa75 
0.1 M NaHC03 
0.5 ( K C l  + KOH) -0.85 

0.5 ( K C 1  + KOH) -1.12 
0.25-g (K2SO4 + KOH) 4 - 8 5  

0.25 $j (KzS04 + KOH) -1.15 - 

3.08 
3.92 

3.94 

3.05 

3.74 
4 
3.03 

4 

4 
3.02 

1.00 

3.03 

2.95 
4.07 
2.92 
4.02 

Brown ppt.  37,38 
Green s o h .  38 

Green soln.  38 

Brown ppt. 38 

Green soh. 38 
71 
37 

43 
70 
37 

37 

37 

37 
37 
37 
37 

aNumbers i n  parentheses  i n d i c a t e  the pH a t  the end of e l e c t r o l y s i s .  

bAcCd was added during these runs t o  keep the pH constant .  
CThe a p p l i e d  vo l t age  was stepped up t o  -0.85 V a f t e r  the run made a t  -0.7 V. 
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2.2.4 N e u t r a l  and b a s i c  media 

Reduct ion i n  n e u t r a l  and b a s i c  media i n v o l v e s  two o r  t h r e e  e l e c t r o n s  

in t h e  first step.27 9 2 8  935 937 $38 970 375 976  978 979 $ 8 4  990 991 995 996 A three- 

e l e c t r o n  s t e p  [Tc (VI I ) /Tc ( IV) ]  fol lowed by a one -e l ec t ron  s t e p  

[Tc(IV)/Tc(IIL ) I  has  been proposed from r e s u l t s  of cou lomet r i c  measure- 

ments 3 7 ’ 3 8  and from v a r i o u s  p o l a r o g r a p h i c  s t u d i e s  i n  b u f f e r e d  and 

unbuf fe red  n ~ e d i a . ~ ~ ’ ~ ~  

f i r s t  wave a p p e a r s  a t  -0.8 V and t h e  second a t  -1.0 V [-1.27 V i n  b o r a t e  

s o l u t i o n ] .  

In bo th  b u f f e r e d  and unbuf fe red  media,72 t h e  

Other  a u t h o r s 3 5  ’ 7 0  ’ 7 5  ’ 7 6  ’ 7 8  ’84 ”’ have sugges t ed  an a l t e r n a t i v e  

scheme w i t h  Tc(V) as the i n t e r m e d i a t e  and Tc(IV) as t h e  f i n a l  o x i d a t i o n  

s t r p .  

a t  -1.15 V. There i s  no marked v a r i a t i o n  of t h e  n va lue  w i t h  con- 

c e n t r a t i o n .  Both waves are i r r e ~ e r s i b l e . ~ ~  

In  0.1 - M K 0 H , 3 5  t h e  f i r s t  wave occur s  a t  -0.85 V and t h e  second 

Other  i n v e s t i g a t o r s 2 ’  found only a s i n g l e - s t e p  r e d u c t i o n ,  c o r r e s -  

ponding t o  a two- o r  t h r e e - e l e c t r o n  t r a n s f e r ,  depending on t h e  medium. 

I n  aqueous s o l u t i o n s  of 0.1 I M KOH, 0.1 - M NaOH,  0.1 M - K C 1 ,  and 0.1 

N a C 1 0 4 ,  t h e  s i n g l e - s t e p  r e d u c t i o n  co r re sponds  t o  a two-electron t r a n s f e r  

a t  -0.8 V.28  

d e f i n e d  i r r e v e r s i b l e  wave w i t h  a half-wave p o t e n t i a l  of 0.81 V ,  

co r r e spond ing  t o  a t h r e e - e l e c t r o n  r e d u c t i o n  t o  T c ( I V ) . ~ ~  

c o n t a i n i n g  0 .1  - M MCN and 1 - P l  sodium c i t r a t e ,  on ly  a s i n g l e  th ree -  

e l e c t r o n  t r a n s f e r  w a s  observed a t  a half-wave p o t e n t i a l 2 8  of -0.88 V. 

I n  0.1 M - potassium cyan ide ,  KTcO, gave a s i n g l e  w e l l -  

I n  a s o l u t i o n  

I n  b a s i c  s o l u t i o n s ,  t h e  e l e c t r o l y t i c  r e d u c t i o n  of t h e  p e r t e c h n e t a t e  

i n  uncomplexing media u s u a l l y  r e s u l t s  i n  a p rec ip i t a t e .  A black-brown 

p r e c i p i t a t e ,  p o s s i b l y  Tc02, formed4* when t h e  p e r t e c h n e t a t e  i n  a 0.25 - M 

NaOH s o l u t i o n  was e l e c t r o l y z e d  a t  -1.15 V vs S.C.E. w i t h  an n va lue  of 

3.46. 

When the  p e r t e c h n e t a t e  i n  2 NaOH was e l e c t r o l y z e d  a t  -1.1 V vs 

S .C .E . ,  no re  than  95% of the  t echne t ium was p r e c i p i t a t e d ,  probably as 

t h e  ox ide  s i n c e  t h e  product  w a s  l a te r  d i s s o l v e d  i n  a mixture  of ammonium 

hydroxide and hydrogen peroxide.  34  
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2.3 Absorp t ion  S p e c t r a  

Absorp t ion  s p e c t r a  are u s e f u l  €or  i d e n t i E y i n g  i o n s  o r  complexes i n  

s o l u t i o n ,  € o r  measuring t h e  c o n c e n t r a t i o n s  of t h e  v a r i o u s  species, and 

f o r  de t e rmin ing  when a r e a c t i o n  hc~s occurred .  

R e p r e s e n t a t i v e  a b s o r p t i o n  spectra f o r  some of t h e  v a r i o u s  va l ence  

s ta tes  of technet ium,  i n c l u d i n g  Tc(V1I) th rough t h e  lower va l ence  s ta tes ,  

are g iven  i n  Figs .  1-3 ( s e e  a l s o  Table  4 ) .  I n s u f f i c i e n t  a b s o r p t i o n  d a t a  

have been found t o  de te rmine  t h e  c o n c e n t r a t i o n s  of t h e  v a r i o u s  s p e c i e s  

i n  any one s o l u t i o n  i f  p h o t o l y s i s  occurs .  

I n  d i l u t e  s o l u t i o n s ,  t h e  Tc01+' i o n  abso rbs  c h i e f l y  i n  t h e  u l t r a -  

v i o l e t  r e g i o n  and not  i n  t h e  v i s i b l e .  TWO p a r t i a l l y  r e s o l v e d  envelopes  

of bands,  w i t h  peaks e v i d e n t  a t  244 and 248 nm on one band and a peak a t  

288 nm on t h e  o t h e r  band (see Fig.  1 and Tab le  4 1 ,  have been r e p o r t e d  by 

several i n v e s t i g a t o r s . 1 0  9 1 1  9 1 8  919 922-24 $ 3 2  $40  957 997-101 

The spec t rum of t h e  p e r t e c h n e t a t e  Ion i s  i n f l u e n c e d  by t h e  type  and 

c o n c e n t r a t i o n  of a c i d  i n  t h e  s o l u t i o n  but  i s  independent  of moderate 

t empera tu re  changes.  The molar e x t i n c t i o n  c o e f f i c i e n t s  f o r  t h e  bands i n  

t h e  u l t r a v i o l e t  are not  a f f e c t e d  s i g n i f i c a n t l y  by moderate t empera tu re  

changes;  they  remain4' w i t h i n  2% from 10 t o  6 O O C .  

c o e f f i c i e n t  increases w i t h  t h e  type  of a c i d  i n  t h e  f o l l o w i n g  o rde r :  

BC104 < HN03 < HzSO, < HClelOO 
i s  n e g l i g i b l e . 4 0  

i n  HC104 and M2S04 s o l u t i o n s  <7 - M but  g r a d u a l l y  d i s a p p e a r s  w i t h  i n c r e a s i n g  

a c i d i t y . 4 0  A new band of lower wavelength than  244 nm, which grows i n  

and i n c r e a s e s  i n  absorbance  w i t h  a c i d i t y ,  s t r o n g l y  i n f l u e n c e s  t h e  peaks 

a t  244 and 248 nm.40 

The molar e x t i n c t i o n  

The e f f e c t  of a c i d  o r  base  (up t o  1 - N) 

The band a t  288 nun i s  p r e s e n t  i n  n e u t r a l  s o l u t i o n s  and 

Two bands,  one i n  the 230- t o  240-m r e g i o n  and t h e  o t h e r  a t  293 nm, 
I 

have been r e p o r t e d  f o r  T c O ~  i n  H C l  a t  h i g h  a c i d  c o n c e n t r a t i o n s ;  a 

s i n g l e  band has  been observed  for l o w  a c i d  concen t r a t ions .100  

tion of t h e  f i r s t  hand is  a c i d  dependent ,  w h i l e  t h a t  of t h e  second band 

i s  not .  

occiirs a t  230 nm i n  10 M HCZ, and s h i f t s  t o  240  n t d o 0  in 11 M HC1. The 

molar absorbance  i n c r e a s e s  w i t h  i n c r e a s i n g  a c i d i t y  above 7 t o  7.5 E 
acic1.40 

The loca-  

For  example, t h e  230- t o  240-nm band i s  n o n e x i s t e n t  i n  1 14 - H C 1 ,  

- - 
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Fig. 3. Absorp t ion  spectrum (200 t o  400 rim) of 5.09 x M - 
KzTcC16 i n  1 M - H C 1  (1-cm ce l l ) .  [Adapted from ref. 111 



T a b l e  4. Absorbance bands f o r  t echne t ium s p e c i e s  

Spec ie s  
Wavelength E x t i n c t i o n  

(nm) c o e f f i c i e n t  Remarks Refe rence  

Technetium(V1I) 

TcO;, 244.3 + 0.3 6148 + 67 A t  pH 0.35 t o  12.2, e f f e c t  of a c i d  OT 40 
248.1 0.3 6165 61 base up t o  I n e g l i g i b l e  
287.5 - 0.3 2316 - T 33 E x t i n c t i o n  c o e f f i c i e n t  between 

10 and 60°C w i t h i n  - +2%; 

Tc04- 2 3 0 )  a t  10 pI H C 1  
293 

TcO;,’ 2 4 0 )  a t  11 H C l  
293 

TcO4’ 
o r  240 
293 J 

S p e c t r a l  change and molar 
a b s o r p t i o n  not  a f f e c t e d  up t o  
7.0-7.5 g. A t  h i g h e r  a c i d i t i e s ,  
s p e c t r a  change and molar  
a b s o r p t i o n  i n c r e a s e s .  Absorbance 
of TcO4- i n c r e a s e s  i n  f o l l o w i n  
o r d e r :  HC104 < HNO3 < HzSO, < Bcl* 

100 

Technetium(V1) 

TcOL+Z- 231 A l k a l i n e  medium 2 

TC(VI 1 500 200 ( e s t . )  Reddish-brown co lor  [may be Tc(V) la  40 

Technetium(V ) 

Tc(V) 513 
235 

TcW) 292.5 
230.0 

K2TcOC15 600 
480 
2 94 
2 2 8  

52,200 I n  H C 1  s o l u t i o n  
30,000 

4700 
10,400 

Made by d i s s o l v i n g  KTcO, in 12 M H C l  - 

97 

29 

Made by t r e a t i n g  KTcO, w i t h  11.5 - M H C 1  52 



Tab le  4 ( c o n t i n u e d )  

Wavelength E x t i n c t  i o n  
Spec ie s  (nm) c o e f f i c i e n t  Remarks Reference  

K2Tc0 (OH )C1, 62 5 
357 
238 

Tc:Cl r a t i o  32 5 

of 1:45 238 

Tc  (V) 32 6 

1121b 
1095 
1046 

(1031 ) 
709 
704 

(385) 
338 
240 

7500 

1163 (s)‘ 
1124(w) 
1096 
1049 
1029 

705 
616 

3 88 1380b 
338 340d 10,600 

241 18,000 

T c ( l V )  phosphate  540 
complex 385 

T c ( 1 V )  phosphate  Broad a b s o r p t i o n  
complex from 500-540. nn 

Hydrolyzed K2TcOC15 i n  3 E H C 1  52 
and hea ted  

Hydrolyzed s p e c i e s  t h a t  o c c u r r e d  wi th  52 

TcOC1S2-  i n  3 t o  3.7 - M H C ~  

Unknown Tc(V) s p e c i e s  formed by o x i d a t i o n  29 
of T c c . 1 ~ ~ -  by s u n l i g h t  

Measured in s t r o n g  H C 1  s o l u t i o n s  
104 
57 
107 

Made by e l e c c r o l y s i s  of Tc04-; 105 
d i s a p p e a r s  i n  a c i d i t y  of less t h a n  pH 4 

540 Yellow-orange a n i o n i c  phosphate  40 
1700 complex r e s u l t i n g  from t h e  

r e d u c t i o n  of Tc04- w i t h  f e r r o u s  i o n  

P ink  phosphate  s o l u t i o n ;  made by 
e l e c t r o l y t i c  r e d u c t i o n  of TcO4- 

43 

w 
0 



Table 4 (continued) 
Wavelength Ext Inc t i on  

Reference Species (nm> coefficient Remarks 

TC(III) 595 250 
500 140 

Tc(IT1) 760-350 

Technetium (hybrid) 

[TcZClS  13- 1695 
7 3 5 ( w )  
637 

500 

318 
269 
2 30 

[Tc2C1813*-  1670 
1595 
1520 
650 
506 
320 

-260 

630 
35 
172 

10 

3900 
5600 
14,000 

540 
565 
510 
190 
20 
2550 

>>2550 

Green, uncharged phosphate resulting 40 
from reduction with ferrous i o n  

Phosphate-buffered solution from 43 
electrolysis; broad absorption band; 
no fine structure; green in color 

110 

Unsymmetrical band decomposed to show 
second weak band at 735 nm 
Could be obscured under lower edge 
of uv absorption 

Shoulder 
Maximum 

67 

a Ref. 41. 
bData in this column taken from ref. 104. 
Data in this column taken from ref .  5 7 .  
dData in this column taken from ref. 107. 

C 
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The major band f o r  Tc01+~- ,  acco rd ing  t o  R u l f s  e t  al.,'+O i s  a t  500 

nm. However, Majurndar e t  claim t h a t  t h i s  product  is  Tc(V) i n s t e a d  

of 'Tc(V1). A s  Tc04- i s  reduced t o  Tc(V1) o r  Tc(V) by hydraz ine ,  t h e  

absorbance  from 650 t o  386 nm i n c r e a s e s  as t h e  amount of reduced product  

i n c r e a s e s .  4 0  

reduced.l"' 

Below 385 nm, t h e  absorbance  d e c r e a s e s  as Tc(VI1) i s  

The major band i n  t h e  u l t r a v i o l e t  f o r  T c O h 2 - ,  a l s o  made by t h e  
- 

r e d u c t i o n  of TcO4 

F ig .  2 ) .  

w i th  hydraz ine ,2  i s  found a t  231 nm ( s e e  Table  4 and 

The peaks f o r  t h e  major bands of TcC1b2-  i n  t he  tiv r e g i o n  are a t  240 

and 338 nm ( s e e  Fig.  3 and Table  I t ) .  

The e 1 e c t r o l y t i . c  r e d u c t i o n  of Tc04-  y i e l d s  d i f f e r e n t  complex species 

(Table  4 1 ,  depending on t h e  media, 

s o l u t i o n s  r e s u l t s  i n  an i o n  b e l i e v e d  t o  be Tc(OH12 ( S o t ,  )z2-, which d isap-  

p e a r ~ ' ~ '  i n  media w i t h  a c i d i t i e s  g r e a t e r  t h a n  pH 4. 

bands a r e  a t  500 and 320 nm.105 

i n  a phosphate  s o l u t i o n  produces R pink  Tc4+  s o l u t i o n  which shows broad 

absorbance  from 500 t o  540 n r i ~ . ~ ~  

b u f f e r e d  s o l u t i o n  forms a green  Tc3+  s o l u t i o n  t h a t  shows absorbance  be t -  

ween 760 and 350 nm and has no f i n e  s t r u c t u r e . 4 3  

The r e d u c t i o n  of Tc04-  i n  s u l f a t e  

Its a b s o r p t i o n  

The e l e c t r o l y t i c  r e d u c t i o n  of Tc04 
- 

F u r t h e r  r e d u c t i o n  i n  t h e  phosphate-  

A yellow-orange a n i o n i c  phosphate-Tc4' complex t h a t  has  bands at 
- 

650 and 385 nm r e s u l - t s  from t h e  red t ic t ion  of TcO4 w i t h  f e r r o u s  i o n  i n  

Phosphate so1ution040 

Tc3+  complex w i t h  bands a t  595 and 500 nm (Table  4).40 

F u r t h e r  r e d u c t i o n  i n  t h i s  s o l u t i o n  forms a green  

A s  shown i n  Table  4 ,  lower-valent  technet lum species67 are  

[ T c 2 C 1 8 I 3 -  and [ T ~ 2 C l g ] 3 ~ - .  

Most of t h e  spec t ra l  d a t a  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  w i t h  t h e  

except-i.on of t h e  p e r t e c h n e t a t e ,  were f o r  t echne t ium c h l o r i d e s ;  however, 

s e v e r a l  r e f e r e n c e s  were concerned w i t h  phosphate  complexes and a 

s u l f a t e .  No d a t a  were found f o r  n i t r a t e s  o r  p e r c h l o r a t e s ,  p o s s i b l y  

because of a l a c k  of i n t e r e s t  of t echnet ium i n  t h e s e  media o r  because 

technet ium s p e c i e s  ( excep t  f o r  t:he p e r t e c h n e t a t e )  are u n s t a b l e  i n  t h e s e  

media. Rega rd le s s  of which s o l u t i o n s  of technet ium are photo lyzed ,  more 

s p e c t r a l  d a t a  need t o  be ob ta ined .  
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2.4 P h o t o l y s i s  

The TcC1b2- i o n  has been shown t o  be pho tochemica l ly  a c t i v e  i n  H C 1  

f o l l o w i n g  exposure t o  uv i r r a d i a t i ~ n l " ~  ' I o 7  o r  t o  s u n l i g h t  .29 

p h o t o s e n s i t i v e  r e a c t i o n s  have been r e p o r t e d .  

No o t h e r  

When (NH4)2TcC16 t h a t  had been d i s s o l v e d  i n  H C l  was i r r a d i a t e d  w i t h  

l i g h t  a t  340 o r  254 nm, t h e  a b s o r p t i o n  spectrum changed; on t h e  o t h e r  

hand, t h e  spec t rum of a comparable sample k e p t  i n  t h e  da rk  remained the 

s a ~ n e . ~ ~ ~ ' ~ " ~  

c e n t r a t i o n  and t h e  l i g h t  i n t e n s i t y  was reached on prolonged p h o t o l y s i s  

a t  c o n s t a n t  temperature.lo6 Ligand changes (mainly t h e  l o s s  of C l - ) ,  

but  no redox r e a c t i o n s ,  o c c u r r e d  when t h e  s o l u t i o n s  were 
exposed, 1 0 6 * 1 0 7  

An e q u i l i b r i u m  which depended on bo th  t h e  a c i d  con- 

Two new s p e c i e s  were d e t e c t e d  i n  3 M H C 1  s o l u t i o n  t h a t  had been - 
i r r a d i a t e d  €or  2 weeks: a n e u t r a l  s p e c i e s  which had been t e n t a t i v e l y  

a s s i g n e d  the formula T c C l 4  and may c o n s i s t  oE more than one component, 

and [ T c C l ~ ( H , o > l - . ~ * ~  

c o l o r e d  TcCl.5 (II2O)l-  w i l l  decotnpose i n t o  a brownish s p e c i e s  as fo l lows :  

[TcC15(II20)1- .+ [TcClS + 11'. 

I f  t h e  pH of t h e  s o l u t i o n  becomes <1, t h e  yellow- 

The species LTcCl.5 (&0)1- is  s t i l l  photochemical ly  a c t i v e  i n  solu-  

t i o n s  of g r e a t e r  a c i d i t y  than 1 EHCl t o  y i e l d  a green-colored s p e c i e s  

which has  t e n t a t i v e l y  been a s s i g n e d  t h e  formula TcC& ( H 2 0 ) ~  e T h i s  g reen  

complex i s  e a s i l y  hydrolyzed t o  g i v e  a brown-colored species which even- 

t u a l l y  p r e c i p i t a t e s l o b  as Tc02. Borh [TcCl~j(H20)]'  and TcC14(H20)2 w e r e  

found to  be s u s c e p t i b l e  t o  o x i d a t i o n l o 6  t o  Tc04 e 
- 

Quantum e f f i c i e n c i e s  f o r  TcC1b2- i n  c h l o r i d e - f r e e  1.1 M HClO4  a f t e r  - 
exposure  t o  254-  and 340-nm r a d i a t i o n  were 0.249 and 0.0635, 

r e s p e c t i v e l y , '  O 6  co r r e spond ing  t o  t h e  r e a c t i o n  

T c C l b 2 -  + H 2 0 e  [T~C15(H20)]-  t CL- . 
The quantum y i e l d s  are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c h l o r i d e  i o n  

c o n c e n t r a t i o n .  1'6 

An unknown Tc(V) s p e c i e s ,  presumably a c h l o r i n a t e d  type  such as 

TcCls- ,  t h a t  has  a s t r o n g  a b s o r p t i o n  band at 326 nm (E = 7800) was 

formed when a 1 2  - M H C 1  s o l u t i o n  of T c C ~ ~ ~ '  w a s  exposed t o  s u n l i g h t . 2 q  
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Another i n v e s t i g a t o r  r e p o r t e d  no r e a c t i o n  under similar c o n d i t i o n s .  l o 8  

The o x i d a t i o n  s t a t e  was e s t a b l i s h e d  by a s p e c t r o p h o t o m e t r i c  t i t r a t i o n  

w i t h  SnC12. The a b s o r p t i o n  band f o r  t h e  pho to lyzed  species i s  similar 

t o  t h e  band r epor t ed52  f o r  t h e  sugges t ed  hydrolyzed s p e c i e s  [Tc:Cl r a t i o  

of 1 : 4 . 5 ;  a b s o r p t i o n  maxima a t  2 3 8  and 3 2 5  nm] of oxochlorotechne-  

t a t e ( V ) ,  TcOC1s2- ,  i n  3 t o  3.7 - M HC1. 

reduced back" t o  T c C 1 b 2 -  i n  t he  12 M - HC1. 

The photolyzed s p e c i e s  was s lowly  

I n  summary, two t y p e s  of r e a c t i o n s  are r e p o r t e d  t o  have occur red  

when TcC1b2- w a s  i r r a d i a t e d  w i t h  s u n l i g h t  and uv l i g h t  a t  2 5 4  and 3 4 0  nm. 

The T C C ~ ~ ~ -  i n  12 - M H C 1  was r e p o r t e d  t o  have been o x i d i z e d  when exposed 

t o  s u n l i g h t . 2 9  

6 M I H C 1  was exposed t o  254-  o r  3L+0-nm r a d i a t i ~ n . ~ ~ ~ ' ~ ~ ~  The d i sc repan-  

cies i n  t h e  r e s u l t s  cou ld  be caused by the d i f f e r e n c e s  i n  t h e  a c i d  con- 

c e n t r a t i o n s  or l i g h t  s o u r c e s ,  o r  by t h e  e x p e r i m e n t a l  e r r o r s .  

Only a l i g a n d  change occur red  when TcC12'- i n  1, 3, or  

2.5 A v a i l a b i l i t y  and S a f e  Handl ing of Technetium 

Ammonium p e r t e c h n e t a t e ,  NHqg9Tc04, can be o b t a i n e d  e i t h e r  as the d ry  

s a l t  o r  i n  s o l u t i o n  from ORNL I s o t o p e  S a l e s  a t  a c o s t  of $ 5 5 / g  p l u s  a 

$65 h a n d l i n g  f e e .  The metal can be o b t a i n e d  f o r  an a d d i t i o n a l  $5O/g. 

These are t h e  only forms of t echne t ium a v a i l a b l e .  

Suhgram q u a n t i t i e s  of 9 9 T c  can be handled s a f e l y  i n  a p r o p e r l y  ven- 

t i l a t e d  hood s i n c e  9 9 T c  i s  a weak b e t a - e m i t t e r  [ b e t a  max. = 0.3 MeV]; 

however, secondary x-rays (b remss t r ah lung)  may become impor t an t  when 

l a r g e  amounts of t h e  element are involved.16 

9 9 T c  is  0.017 Ci/g.  

s a f e l y  u s i n g  recommended p r e c a u t i o n s  such as s t o r a g e  of  t h e  lead-  

s h i e l d e d  s o l u t i o n s  i n  a t r a y ,  etc. It i s  e s s e n t i a l  t h a t  a thin-window 

Geiger-Muller coun te r  survey meter be used t o  d e t e c t  "Tc. As much as 

100 inCi  of "Tc has  been approved f o r  u se  i n  v e n t i l a t e d  hoods a t  t h i s  

l a b o r a t o r y ,  and a c t i v i t i e s  f r o m  0 t o  100 l J C i  can be hand led  on the bench 

t o p  w i t h  approved h a n d l i n g  t echn iques .  The h a n d l i n g  of dry powders 

shoiuld be avoided,  where p o s s i b l e ,  because of t h e  danger of s p r e a d i n g  

con tamina t ion .  

The s p e c i f i c  a c t i v i t y  f o r  

S tock  s o l u t i o n s  of s e v e r a l  grams can be c o n t a i n e d  
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2.6 P r o p o s a l s  f o r  t h e  I n v e s t i g a t i o n  of Photochemical  Keac t ions  
o f Technetium 

L i g h t - s e n s i t i v e  r e a c t i o n s  of technet ium, namely the p h o t o l y s i s  of 

T c C l b 2 -  i n  IIC1, have been d e m o n ~ t r a t e d . ~ ~ ’ ~ ~ ~ ’ ~ ~ ~  

s i t i v e  r e a c t i o n s  f o r  t echne t ium were found i n  t h e  l i t e r a t u r e .  It would 

be of i n t e r e s t  t o  de t e rmine  whether  o t h e r  s p e c i e s  of t echne t ium i n  a 

d i f f e r e n t :  medium would a l s o  be s e n s i t i v e  t o  uv i r r a d i a t i o n  and, i f  so ,  

t o  i d e n t i f y  t h e  r e a c t i o n  p roduc t s  and t o  c a l c u l a t e  t h e  quantum e f f i c i e n -  

cies. The p h o t o l y s i s  of TcOh- i n  HNO3, f o r  example, would be of s p e c i a l  

v a l u e  i f  i t  could p rov ide  a means f o r  r educ ing  t h e  p e r t e c h n e t a t e ,  which 

may i n  t u r n  f a c i l i t a t e  t h e  s e p a r a t i o n  o f  t echne t ium from uranium by 

e x t r a c t i o n .  

No o t h e r  photosen- 

The aqueous p e r t e c h n e t a t e  has  an a p p r e c i a b l e  molar absorbance a t  254 

and 300 nm [ t h e  l i g h t  o u t p u t  of ou r  lamps] ,  w i t h  molar e x t i n c t i o n  coef- 

f - l c i e n t s  of approx ima te ly  4140 and 1720,  r e s p e c t i v e l y . l l  

e x t i n c t i o n  c o e f f i c i e n t  of approx ima te ly  164 a t  345 nm, an area where 

TcO4 can be monitored wi thou t  i n t e r f e r e n c e  from moderate NO3 

c o n c e n t r a t i o n s .  Thus, t h e  samples cou ld  be exposed t o  uv r a d i a t i o n  w i t h  

t h e  p r e s e n t  t ype  of l i g h t  s o u r c e s  and w i t h  equ ipmen t lo9  similar t o  t h a t  

w e  now have if the sample  c e l l  were s u i t a b l y  modi€ied. The p r o g r e s s  of 

the r e a c t i o n  cou ld  be followed by o b s e r v i n g  changes i n  the spectrum o f  

t h e  s o l u t i o n  w i t h  t h e  spec t ropho tomete r .  

It also has a n  

- - 

The r a d i o a c t i v i t y  of 9 9 T c  i s  s u f f i c i e n t l y  low t o  pe rmi t  t h e  samples 

f o r  our  o p e r a t i o n s  t o  be p repa red  i n  a p r o p e r l y  v e n t i l a t e d  hood and t o  

be handled i n  r e a s o n a b l e  q u a n t i t i e s  o u t s i d e  t h e  hood. A f t e r  t h e  pre- 

pared sample  w a s  loaded i n t o  a modif ied s p e c t r o p h o t o m e t r i c - p h o t o l y s i s  

ce l l ,109  the ce l l  could t h e n  be secu red  i n  a h o l d e r  that  had been pre- 

v i o u s l y  a l i g n e d  i n  t h e  l i g h t  p a t h  of a Gary 1 4 H  spec t ropho tomete r .  The 

o p e r a t i o n a l  procedure would be similar t o  t h a t  p r e v i o u s l y  d e s c r i b e d . l o 9  

Exposure of t h e  p e r t e c h n e t a t e  i n  aqueous s o l u t i o n  t o  uv r a d i a t i o n  

would proceed i n  t h r e e  s t a g e s :  (1) w i t h o u t  t h e  a d d i t i o n  of a r educ ing  

agen t  o r  a c i d ;  (2)  w i t h  a r educ ing  a g e n t  such as hydraz ine  added t o  t h e  



aqueous solution; and ( 3 )  with various concentrations of HN03 (or other 

acid), both with and without the reducing agent. Although €IN03 will 

normally oxidize26 the lower valence states of technetium to TcO, , uv 
radiation may lead to reduction of Lhe Tc0~+-, especially if hydrazine is 

present 

... 

A problem may exist in following the reactions, identifying the 

reaction products, and determining the concentrations of the various 

species spectrophotometrically in JWO3 s o l u t i o n s  if Tc(VI1) is reduced 

by photolysis. No spectral data could be found for technetium in 

HN03 solutions. A strong likelihood exists that the end products of the 

reduction would be TcOz or T c 2 0 3 ,  which would precipitate or form a 

colloidal suspension and thus complicate the absorbance values. 

Phosphates may be added t o  prevent precipitation since the phosphate 

ion complexes the lower oxidation states of technetium. This complexa- 

t i o n  nmy actiially aid in the photolysis of the pertechnetate. 

After the effects of irradiating TcOb- have been studied, the per- 

technetate would be reduced, either electrochemically or by a reducing 

agent. Then experiments would be conducted to determine whether the 

l ower  oxidation state could be oxidized or whether a ligand change would 

occur as a result of photolysis. 

3.  CONCLUSIONS 

Mechanisms involving the reactions of technetium are complex, and 

the resulting products are difficult t o  identify. Technetium is found 

as the metal, as well as in the form of chemical compounds and 

compl-exes. It i.s polyvalent, existing in all oxidation states from -1 

through +?; +? appears to be the most important of these, although +4, 

+5, and 4% are also of interest, Sometimes a single solution can con- 

tain several species of various valence states. Disproportionation, 

complex formation, and hydrolysis must be considered in its reactions. 
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Coulomet r i c  r e d u c t i o n  of the p e r t e c h n e t a t e  g e n e r a l l y  resu l t s  in  a 

t h r e e - e l e c t r o n  o r  f o u r - e l e c t r o n  r e d u c t i o n ,  depending on pR, n a t u r e  of 

t h e  s u p p o r t i n g  e l e c t r o l y t e ,  and a p p l i e d  p o t e n t i a l .  P o l a r o g r a p h i c  and 

c o u l o m e t r i c  d a t a  i n  a c i d  media are g e n e r a l l y  i n t e r p r e t e d  as a fou r -  

e l e c t r o n  r e d u c t i o n  a t  the f i r s t  s t e p  w i t h  some e x c e p t i o n s .  The same 

t y p e s  of d i s c r e p a n c i e s  a l s o  ex is t  i n  n e u t r a l  and a l k a l i n e  media. Some 

a u t h o r s  propose a t h r e e - e l e c t r o n  f i r s t  s t e p  fo l lowed  by a one -e l ec t ron  

s tep,  w h i l e  o t h e r s  propose a two-electron f i r s t  s t e p  fo l lowed  by a one- 

e l e c t r o n  s t e p .  R e g a r d l e s s  of whether the c o u l o m e t r i c  p rocess  r e s u l t s  i n  

e i t h e r  a t h r e e -  or € o u r - e l e c t r o n  r e d u c t i o n ,  t h e  end product  w i l l  prob- 

a b l y  be a technet ium ox ide  (which would p r e c i p i t a t e )  u n l e s s  a 

complexing ion ,  such as phosphate ,  is p r e s e n t .  

Con t rove r sy  su r rounds  t h e  r e s u l t s  of t h e  photochemical  r e a c t i o n s  

t h a t  occur  v i a  i r r a d i a t i o n  of TcC1s2‘. 

known t o  undergo a r e a c t i o n  when exposed t o  uv i r r a d i a t i o n  o r  s u n l i g h t .  

D i f f e r e n t  r e s u l t s  have been r e p o r t e d  f o r  t h e  p h o t o l y s i s  of TcC1b2-. 

The T C C ~ ~ ~ -  i o n  is 

Hexachlorotechnetate(IV),  ‘ C C C I ~ ~ - ,  i s  o x i d i z e d  by s u n l i g h t  i n  con- 

c e n t r a t e d  IIC1. 

i s  formed when this  i o n  i s  exposed i n  more d i l u t e  a c i d s  t o  uv o r  v i s i b l e  

i r r a d i a t i o n .  

A change i n  t h e  l i g a n d  toward a more hydrolyzed p roduc t  

It is  proposed t h a t  a n  e f f o r t  be made t o  pho to lyze  TcOb-, f i r s t  i n  

water,  t h e n  i n  s o l u t i o n s  w i t h  hydraz ine ,  and f i n a l l y  i n  s o l u t i o n s  w i t h  

v a r i o u s  c o n c e n t r a t i o n s  of HSO3 b o t h  i n  t h e  p r e s e n c e  and i n  the absence 

of hydraz ine .  An a t t e m p t  w i l l  be made t o  pho to lyze  a lower-valent i o n  or 

complex of t echne t ium a f t e r  t h e  p e r t e c h n e t a t e  p h o t o l y s i s  s tudy .  The 

p r o g r e s s  of p h o t o l y s i s  would be fol lowed s p e c t r o p h o t o m e t r i c a l l y .  - 
Absorpt ion spectra f o r  Tc09 and o t h e r  t echne t ium compounds, most ly  

c h l o r i d e ,  have been p u b l i s h e d  i n  the l i t e r a t u r e ;  however, no s p e c t r a  

have been r e p o r t e d  f o r  n i t r a t e s .  If p h o t o l y s i s  of t echne t ium i n  

HN03 s o l u t i o n s  does occur ,  and i f  t h e  r e a c t i o n  i s  t o  be fol lowed by 

changes i n  t h e  s p e c t r a  t o  de t e rmine  t h e  changes i n  c o n c e n t r a t i o n s  of t h e  

v a r i o u s  s p e c i e s ,  t h e n  t h e  molar e x t i n c t i o n  c o e f f i c i e n t s  f o r  the v a r i o u s  

n i t r a t e  s p e c i e s  i n  the a c i d  c o n c e n t r a t i o n  o€  t h e  photolyzed s o l u t i o n  
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will have t o  be calculated. The reaction products of any photolysis 

will probahly have to be identified and the extinction coefficients of 

those products determined in the media used €or t h e  photolysis. 

Although 9 9 T c  is slightly radioactive, subgram amounts can be 

handled safely, with proper precautions, in a ventilated hood. 

T h e  material, 99Tc, can be obtained from Isotope Sales at Oak Ridge 

National Laboratory. 
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