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INTRODUCTION

Technetium belongs to the t ransi t ion metals in the second series

of the d-grcup. I t is a member of the VII B group together with

manganese and rehnium.1»2'3'4.5 According to the common behaviour of

the elements in the periodic system, Tc would have an electron

structure of the outer shell l i ke Mn and Re, given as 4d55s2 1 ,

but Tc is one of the exceptions and, unlike Mn and Re, have the

structure 4d653! (= supereiectron configuration of the krypton

atom).2 This electron structure makes i t possible for Tc to have

VIII oxidation states,from +VII to - I . The most stable oxidation

states are +VII , +IV and 01.

Technetiums chemical properties is closer to rhenium than to

manganese2-3'4-5. I t is characterized by a weak tendency towards

reduction, formation of slow-spin complexes and cluster compounds

with low degree of oxidation2. Differences in redox properties

and v o l a t i l i t y allow chemical separation of Tc and Re4. As for most

of the multi-valent elements Tc's behaviour in aqueous solutions is

dependent of three types of chemical equ i l ib r ia , that i s , oxidation-

reduction, hydrolysis and complex formation, as well as by non-

equilibrium processes l ike col lo id formation and polymerization.1

Technetium is formed mainly by f ission of uranium, thorium or

plutonium. 16 Tc isotopes and 6 isomeres are known, with masses

ranging from 92 to 107. Al l the technetium isotopes are radio-

active. Weak lines of ionized technetium have been detected in

the sun's spectrum and in that of some of the younger stars. The

presence of technetium in some stars in amounts comparable with

that of i t ' s analogues suggests that technetium is being formed in

stars at the present time.3

" T c has received more attention than other uranium fission products

due to i t s long h a l f - l i f e , unique properties of superconductivity,

and corrosion and high-temperature resistance.2 I t can be used as

corrosion inh ib i tor , superconductor and as a source for pure 3-radi-

at ion6 . The isotope purity of " T c is controlled by adsorption of

the 8-radiation in aluminum. I t has not been found in signif icant

amounts in nature.2



The methods used for determining technetium may be arranged in

the following order of sensitivity2:

lo Gravimetric
2. Spectrophotometric
3. Emission spectroscopic
4. Radiometric
5o Polarografic
6. Mass spectrometric
7. Neutron activation

10"6 g
10"6 - 10"7 g

10"7 g
10'7 g

10"8 - 10"9 g
10'9 g

IQ"10 - ID"11 g

THE TECHNETIUM METAL

Fission of 2 3 3U, 2 3 2Th and 2 3 9Pu gives the highest production of
" T c 7 . Ion exchange methods using a highly basic resin have been
patented for concentrating technetium. The eluent is nitric acid,
and the product is purified by extraction with ethyl methyl ketone.
An important advantage of ion exchange over all other methods of
separating technetium is its ability to separate technetium from
ruthenium.3

The isotope 9 9 mTc can be isolated from 99Mo through the decay serie:

, - 6.Oh „ _ . . 2.n"lrt5-

There are mainly two methods to separate 93mTc from 99Mo, namely,
column chromatography and liquid-liquid extraction. With the column
method, the column is composed of aluminum oxide, A^O,, which hold
molybdic oxide efficiently, A salt solution is used to elute techne-
tium as pertechnetate. In solvent extraction the technetium is puri-
fied by extraction with ethyl methyl ketone.5

Metallic technetium is a dark grey powder which acquires a silvery
sheen when heated to 1000°C. The technetium metal can be formed into
rods, tape, foil, and wire by cold working^ In the electromotive
force series technetium lies to the right of hydrogen and copper,
and is not attacked by HC1. Technetium with its superconductive,
anti-corrosive and catalytic properties has a high melting point
(??00°C) and a high boiling point (4700°C).^8



Metallic technetium is bleached by moist air, the reason is

supposed to be that the surface is coated with a layer of oxide
or hydroxide. Although the metal thermodynamically ought to be
stable, it is difficult to keep it unoxidized in a water solution,
even in a highly reducing nedia. The surface seems to be slowly
coated with a TcOH-layer, and this is supposed to be due to self-
oxidation in the interface between technetium and water due to
the " T c 6-radiation.1

TECHNETIUMS REDOX PROPERTIES AMD COMPLEXES

The chemistry of technetium is mainly the chemistry of its complexes.
But unlike the typical complex forming elements in the platinum group
the technetium complexes are rather unstable. The complexes can exist
both in solution and as solid phases.3 The complex formation can
stabilize otherwise unstable oxidation states. The stability of the
complexes, considering the oxidation states of technetium, can theo-
retically be ordered in the following series: +5>>+2> +3 >+4 >+l.
There are very few inorganic complexes reported in the literature,
and in none of the cases conplex constants are given.1

Technetium in the lower oxidation states has a strong tendency to-

wards complex formation. The technetium complexes are supposed to

have low spin with the relative stability of the spin-pared complexes

theoretically estimated to be d!,d2 >> d5> dk > d3 > d6. This corresponds

to the following oxidation states of technetium: +VI,+V>> II > III*

IV > l.k

Technetium with oxidation states below +VII exists in solution as

covalent bonded chelates or complexes, cluster ions, etc. rather

than as simple positive ions9.

Technetium hydrides, which are not impossible in alkalic media, are
not likely to be of importance in aqueous solution chemistry9.



The potential diagram for technetium may be written as:

+0.76

I
+0,25

r
TcO, (TCO3) -> Tc

+0.48

But the usefulness of the potential diagram is somewhat limited

because there exists no (V) and (III) species and no soluble ions

of technetium in the (VI)- and (IV)-states.9 The potential-pH

diagram for technetium at two different concentrations is given in

Figure I10,

-0.5 -0.5

10 14

pH pH

Figure 1. Potential-pH diagrams for technetium at 25 °C. (A) [ T c ] t o t •• =

10"4 M, (B) [ T c ] t o t a l - 10"7 M. Solubi l i ty of Tc0(0H)2 =

5-10"5 M, potentials given vs. NHE.10

In solvent extract ion, aromatically substituted and cyclic al iphatic

compounds extracts technetium better than n-aliphatic compounds1*.

Oxidation state +VII

In aqueous solutions, the most stable forms of technetium are the

pertechnetate ion 1 1 , TcO^", and the insoluble TcO2.
5'12 Pertechnetate

has a structure similar to permanganate and perrhenate. S t i l l i t is

more stable than pernanganate, but a much weaker oxidizing agent.1»5



TcO." does not form complexes with chelate reagents and is not co-
precipitated with particles, to do that technetium must be reduced
to less stable positively charged forms of Tc11. Pertechnetate
solutions are normally colorless. Colored compounds are formed with
Tc in lower oxidation states than +72.

One reason that technetium chemically is more like rhenium than
manganese is that the ionic radius of Tc(VII) and Re(VII) is 0.56 A,
but 0.46 A for Mn(VII)\

There is no evidence that TcO." would exist as dimer or more in

aqueous solutions ranging from IN acid to 1 N base13.

^ is stable in a pH-range from 0 - 14 in oxidizing aqueous solution
and its salts are very soluble. Tc(VII) can form technetium hept-
oxide, Tc20y, which is highly soluble in water forming technetic
acid, HTcO^. Volatile forms of technetium(VII) includes HTcO*, Tc^Oy
and the largely insoluble TcgSy.1-4

Pertechnetate can be found in a colloidal form together with sulfur.
H2S is bubbled through an acidic solution of TcO^", the H2S is
oxidized by oxygen from the air giving the following reaction:

2 H2S + 0 2 t 2 S + 2 H20

The sulfur is supposed to be generated as atoms, these atoms aggre-
gates and forms a particle size within the colloidal state. The
technetium is found in the colloidal particles. Gelatin is added to
the mixture of H2S and TcO." to avoid growth and precipitation of the
colloid. Sulfur colloids containing technetium can also be formed
through the reaction:

S2°3
2- SO,

with the colloid stabilized with gelatin in the same way as described
above.5



Tc(VII) can be reduced by hydrochloric acid. In cone. HCl a dark-
green Tc(V) compound, TcOClr ~, is formed momentarily, which is

slowly converted into TcCl, ,2-3

o

The reduction of TcO." can be achieved with several reducing agents.
2+ ?+

The most commonly used are Sn , FeClg and ascorbic acid, and Fe ,
NaBH4 and cone. HCl Pertechnetate can also be reduced electro-
chemically, but when using Zr and Sn electrodes the metals themselves are
reducing agents» In the reduced state, Tc(III), Tc(IV) and Tc(V) are
dominating, and forms a number of labeled chelates, colloids and

particles.9-11.11^6,i7,i8,i9.2o,2;22,23 in Table 1 some information about

the behaviour of Tc(VII) with different reductants are given9.

Table 1. Behaviour of Technetium(VII) with Reductants9

Reductant Medium

Oxidation State

of Technetium

in Product

Remarks

Aq column

Ascorbic

ac id

FeS04

NH4SCN

NaNO2

Na2SO3

SnCl2

Zn, column

(10 mesh)

Zn (30 mesh

Or powder)

Zn-Hg column

1 M HCl
3 M HCl

1-4 H HCl

5-50% H3PO4

4 M HCl

2 "t H 2S0 4 ,

3 M HCl , or

3 H H3P04 +

1 M H2S04

2 M HCl +

0 . 8 M H2S04

0.4 M HCl +

1.3 M H2SO4

3 M H2S04

1 M H2S04 +

3 M HCl

4 M H3P04

3 M HCl

1 M H2S04

4 .5 M HCl

( IV )
( IV , I I I )

(V.IV)

(ivwni)

(V)

(VI I )

(IV)

(V)

TcO2,

' ( I ' l )
Tc°

(IV)

(IV, I I I )

Aq.TcClg deposits in
the column

Red color, very slow

reduction

Slow equilibrium

DeeD red, very slow

No evidence of reduction

in 30 min, or after

heating

SO- is boiled out after

standinq. Product is a red

(IV) complex, reaction -s

extremely slow but quantitative

Usable with potentiometry

Much material retained in

column, widely variable

results

Ouantitative, but TcCl, is

only sluggishly reoxidizabie

Green, part ial ly reoxidized

in a i r , TcO2 in column



Technetium can exist in solution in both the +5 and +5 state, normal-

ly in complex structures, but they w i l l usually disproportionate to

give the +7 and +4 states1-9.

Pertechnetate in solution can be reduced to the s ix th , f i f t h and fourth

state with the addition of small amounts of reducing agents. In a l l

cases colored compounds are formed5.

A situation often not considered in technetium chemistry is that tech-

netium in organic technetium complexes is almost as frequently in the

f i f t h as in the fourth state9 .

There are a number of methods given in the l i t te ra ture of how to receive

technetium in the fourth state, in common for a l l of them is that per

technetate is used as the start ing media. In the following section a-

some of the most frequently used methods described.

In aqueous solution the pertechnetate ion can be reduced to TcCL-2hL0

by Zn and HC1, hydrazine, hydroxy amine, ascorbic acid, SnCl~ and

diluted H^SO-. Concentrated solutions of TcO. can be reduced by dust

and organic vaporus.1*

Ferrous iron can reduce Tc(VII) to Tc(IV) and even Tc( I I I ) in cone,

ohosphoric acid9 .

Coulorimetric reduction of TcO»~ normally leads to a reduction by 3

or 4 electrons deDending on 1) pH, 2) properties of the used electro-

l y te , and 3) the used voltage. A 4-electrons reduction results in either

a green solution supposed to contain a Tc(III)-complex, or a brown to

black precipi tate, possibly Tĉ O But considering the ins tab i l i ty of

non-complexed Tc(111)-solutions i t is also possible that the black

precipitate is TcOp formed from d ispropor t ionate or from oxidation

of Tc( I I I ) by a i r or the solut ion.1 3



Polarografic reduction of TcO." in neutral solutions of 1 '1 KC1, KM.,,

NH.C1, Na2S04 and NaClO. and a potential of <t> - -0.8 V * gives a 3-

electron reduction. The l im i t i ng d i f fus ion current in these solutions

deoends on the electrode react ion:

TcO, 3e" 2Ho0 TcO, 40H"

The current is directly proportional to the technetium concentration, at

least in the in terva l 5-10 - 8-10" M.5 The same reaction is found

in alkal ine solut ions1 0 .

To get chromatographically pure Tc-99(IV) from the reduction of per-

technetate-99 with cone. HC1 an a l te ra t ion of 2 years is needed. But

to get the same pur i ty of Tc-99m(IV) only 48 h a l terat ion at -5°C is

needed. The difference between these two isotopes can be due to the

rad io ly t i c products (H?, H, OH, HCL, e tc . ) present in the pertechnetate-

99m-solution.6

The order of degree of hydrolysis between the d i f ferent oxidation

states of technetium is supposed to be IV > I I >V, VI > V I I 4 . Tc(IV)

formes the highly insoluble hydrated Tc0,-2H,0. The s o l u b i l i t y has
-5been estimated to be -5-10 M but is probably lower. In a strong

6-radiation f i e l d TcO2 is quickly oxidized to TcO.".1 Tc(IV) is also

oxidized by H202, bromine water, Ce(IV)-ions, HNO.,, MnO.~, CU and

According to Prassi et al{1979) i t is known that at pH 3 Tc(IV) exists

as TcOp. Tc(IV) precipitates from a chlor ide-solut ion at oH above 2,

but i t is possible that in very highly ac id ic solutions (pH < 1.5) o fher

species, l i ke TcO , TcO(OH)T and Tc , can ex is t . w i t h data from

Pourbaix and experimental data potential-pH-diagrdms have been con-

structed using the fol lowing expressions ( c . f . above Fig. I ) : 1 0

2H+ + e" = TcO+ + H20

£ = 0.319 - 0.1132DH - 0.05911og[TcO+]

TcO2 +

The potential ($,

electrode (SCE).

is given re la t i v l y to the saturated calomel



TcO+
 + 2H+ • e" = Tc2+

 + H20

E = -0.031 - 0.1182pH + 0.05911og[TcO+]/[Tc2+]

TcO+ + 2H+ + 3e~ = Tc •>• H20

E = 0.256 - 0.0394pH + 0.0l971oq[Tc0+]

Cartledge(1971), and Liebscher and Munze(1975) have measured the stand-

ard potential for the formation of hydrous oxides of technetium.

Cartledge gives figures on the free energies of formation for a number

of technetium hydroxides, as well as the standard electrode potentials

for reactions involving formation of these technetium hydroxides (C.f.

Table 2 and 3, and Figures ? and 3)2!*. Liebscher and Munze have measured

the standard potential for the reaction:

TcO, 4H 3e"

The formula used in the calculat ion of the standard potential is the

Nernst equation:

EQ - E -

with the ac t iv i ty coefficients calculated according to the Debye-Huo

theory. The measured standard potential vs. pH is given in Table 4 : : .

Table 2. Estimated and Experimental Free Energies of Formation* 2>*

AF°f(est) AF°f(exp)

TcOH
Tc(0H)2

Tc3°4
Tc(OH)3

Tc4°7
Tc(0H)4

-57.35
-110.7

—

-157.35

—

(-199.5)

-56.0
-110.1

-206.1

-157.3

-316.6?

-199.7

kcai/mole, AF° f(est) estimated from Fig.3, AF°f(exp) adjusted

for maximum consistency of observed potentials.
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Table 3. Standard Electrode Potentials V°H« volts vs. SHE, 24

Tc • H.

Tc • it

3Tc » i

TcOH •

3TcOH •

Tc • 3r

3Tc(OH)2

TcOH .

Tc • 4̂

4TcOH •

TcOH •

Tc(OH)2

Tc(OH)2

TciOH)3

T C ] n 4 •

T<334 *

Cc.

,o ;
i2o :

w2o :

H2O :

H2O

i2o :

2H20

<zo .-

3H20

3H20

• HjO

• 2H2C

• H2°
8H20

5H?0

Die

TcOH • H* • e"

Tc(OH)2 * 2H* »

' Tc3O4 * 8H* *

: Tc(OH)2 • H* •

T Tc304 • 5H* •

Tc(OH)3 • 3H* •

C3O4 - 2H20 • 2H*

* Tc(0H)3 • 2H*

Tc(0H)4 » 4H* »

r Tc4OT • 10H*

; Tc(0H)4 • 3H*

t Tc(OH)3 * H*

1 I Tc(0H)4 • 2H

: TC(0H)4 • H*

t 3Tc(0H)4 • 4H*

; 3Tc(OH)3 * H*

2e"

8e"

e"

5e"

3e'

• 2e"

• 2e"

4e-

* lOe"

• 3e'

* e"

* • 2e"

• e"

• 4e"

* e*

V° H (es t i

-0.029

*0.059

-

0.147

-

0.185

-

0.290

0.296

-

0.397

0.436

0.522

0.608

-

-

V°H(0b5)

0.034 tO.005(7)*

0.073 -0.002(7)

-

0.114(2)

0.167(2)

0.190 tO.006(11)

0.234 IO.004(4)

0.264 -0.005(7)

0.296 tO.006(19)

0.338 to .003(7)

0.382 10.002(7)

0.411(2)

0.516 to.007(10)

0.619 to .005(8)

0.661 sO.004(5)

0.765(1)

V° H

(normalized)

0.031

0.072

0.112

0.113

0.161

0.185

0.234

0.262

0.294

0.338

0.382

0.412

0.518

0.620

0.657

0.768

pH (for

measurements)

0.35, 2.05

0.35, 3.65

-

3.65

0.35

0.35

0.35

0.35, 3.10

4.03, 5.00, 5.40

0.35, 2.05

0.35, 3.65

0.35

••

0.35, 3.65

0.35, 3.65

3.65

• Numbers in pare^tHeses denote the nunbef of observat 'ons.

• • See F11.2.

V̂  ' e s t ! , potent ia ls derived from i n i t i a l l y aDDron"iated aF '5 -liven in Table 2.

V H i0bs , observed steady po ten t i a l s , corrected to SHE scale and OH = 0.

v i normal i zed), potent ia ls derived from adjusted iF 's l i ven in Table 2.

pH, pM values at «nicn measurernents were Tiade.

300-

Z 200
u
in

o

-100

u -200-
3
u

-300-

-400.

S w - - 4 POINTS

^ S . Couple

^ ^ 8 POINTS

Couple • Tc • 4 M2O
Tc(0H)4«

H°* 0-296

1 1 1

1 1 1

Tc(OH)g»2HjO - »
TC(0M) 4* 2 H * * 2e"

KM° »0.51610007»

-59.(6 m»/pM

4M*»4e" >s.
t 0.006» ^ V "

1 | |

2 3 4 5 6
pH

Figure 2. Electrode potentials (ref. to SHE) as a function of pH.

The lines are drawn with the theoretical slope.24
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Figure 3. Negative f ree energy o f formation of oxides, per equ iva lent ,

as a funct ion o f the valence o f the ca t ion . I nse r t : Negative

f ree energy per gram-atom of Tc, vs. valence o f cat ion.2 1*

3Tc(0H) Tc303 0 4 +

The standard potent ia ls in Table 3 show that an electrode containing

Tc(0H)2 together w i th e i the r Tc(OH)3 or Tc(0H)4 is only metastable.

Thus, i f the f ree energies are expressed as volt-Faradays:

20 + 2H+ + 2e" , AF° = 0.468 VF

6Tc(0H)3 + 2H+ + 2e~ , AF° = 1.536 VF

Tc(0H)2 + 2Tc(0H)3 •* Tc3O4 + 4H20 , AF° = -0.356 VF = -8 .2 kcal

I f Tc(0H)3 were i n excess, the potent ia l could r i se from tha t o f the

Tc(0H)2-Tc(0H)3 couple (V°H = 0.412 V) to that o f the Tc304-Tc(0H)3

couple (V°H = 0.768 V).21*

10H20

Table 4. Tc02 /Tc04 ' -e lectrode Po ten t ia l s 2 5

pH aH+ Tc0 Tc0 E / S C E e0 (V)

4.5

3.85

2.90

1.85

1.05

3.16-10

1.41-10

1.26-10

1.41-10

8.92-10

-5

-4

-3

-2

-2

1.43-10

1.45-10

1.40-10

1.25-10

1.14-10

-2

-2

- 2

- 2

- 2

1.225-10"2 0.095

,-2
1.242-10

1.192-10

1.0 -10

0.728-10

-2

-2

-2

0.163

0.262

0,340

0.403

0.728

0.745

0.769

0.766

0.769
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Reduction o f pertechnetate w i th stannous ion (Sn ) at pH-2 "ives

the charge +2, the ox idat ion state is +IV and the species formed are

e i ther Tc(0H)2 or T C 0 ? + . These species are hydrolysed to Tc02«2H20

at higher pH. At pH 2 the hydrolysis of Tc(0H)2
2 + i s supposed to be : 2 6

Tc(OH).

Tc(OH).

2+
2H20 Tc(nH)3

+

Tc(0H)4

H3°
H 3 0 +

Gorski and Koch(1969) have estimated the hydrolysis constant fo r tech-

netiurri by measuring the mob i l i t y of Tc( IV) . The n o b i l i t y measurements

shows that technetium(IV) is hydrolysed even at low DH (OH c a . l ) , and

above pH 2 neutral technetium oxyhydrates s ta r t s to form. The hydro-

l ys i s constant is given as Ky = K /K ., where K = the ion ic product

of water and K . = the d issoc ia t ion constant fo r the hydrolysed metal

ion . Using the fo l lowing expressions fo r the mob i l i t y and the s t a b i l i t y

constant:

U

where U is the mob i l i t y of the metal in so l u t i on , I L is the mobi l i t y

of the metal without l igand present in so l u t i on , IL, is the mob i l i t y

of the complex when no other complexes or f ree metal is present, [ M J IS

the equ i l ib r ium cone, of the metal , and [ML.] is the equ i l i b r ium cone,

of the complex, and:

K = [ML]/[M] • [L]

where K is the s tab i l i t y constant and [ l j is the hydroxide cone, (in

the case of hydrolysis), the hydrolysis constant can be written as:

KH = y ( U e - U M ) / ( U H L - U e ) . l / [ L ]

The reactions fo r the f i r s t and second hydrolysis can be expressed as:

,2+
H20TcO'

TcO(OH)" + H2O

TcO(OH)+ + H+

Tc0(0H)2 + H+

H2

The hydrolysis constants have been calculated to be Ku1 = (4.3 ± 0.4)•10""'

and Ky, = (3.7 ± 0 .4) -10 '
H2

= 34.9

(pH < 2.43) using the fo l lowing m o b i l i t i e s ,

2
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These results have been cr i t is ized by Munze et a l 2 8 , who claims that

Tc(IV) is hydrolysed already at pH 0.5, and forms col loidal susoensions

with an average molecular weight of 500 - 1000 at pH 0.5 and 10 000 -

30 000 at pH 1.5.

However, at pH above 2, Tc(IV) is precipitated as Tc02'2H,,0, and in

very acid solutions Tc(IV) is probably present as TcO + and not Tc + . 1

At high pH, polymerisation of Tc(IV) can take place at concentrations
-4 -9 -7

above 5.0-10 M. At low concentrations (10 - 10 ) i t is not l i ke ly

that technetium would polymerize.26 At concentrations of Tc(IV) above

7*10" M, dimers and polymers are formed. The formation follows the

reaction:

Tc0(0H)2 + Tc0(0H)2 t [TcO(0H)2]2 ,

with the equilibrium constant:

Kd = [Tc0(0H)2]2/[Tc0(0H)2]
2

Furthermore, the cationic forms of the Tc(IV)-hydrates are expected to

react as:

TcO(OH)+- + H20 t Tc0(0H)2 + H+

with the equilibrium constant:

Kh = [TcO(0H)2]' [H+]/[TcO(0H)+]

The constants were estimated to be K, = (3.14 + 0.28)•10 M and

K " 3
h = (9.3 ± 2 .0 ) -10" J M.12

There is a number of technetium(IV) compounds and comolexes known from

the l i t e ra tu re , especially organic compounds used in medicine. As a

general rule no s tab i l i t y constants are given in the l i te ra ture .

As mentioned above TcO2 is rather stable and can exist both in hydrated

and unhydrated forms. Technetium(IV) forms halogeno complexes with the

formula Tc(Ha1)6
2".3



Both Tc( I I I ) and Tc(IV) forms strong complexes with phosphate at neutral

pH, and with carbonate in neutral and basic solutions. The carbonate

complexes are strong enough to suppress hydrolysis, and Tc( I I I ) is

stabi l ized i f the CCL2~/Tc-ratio is larger than 30. l

Technetium(III) and (IV) sulphate complexes, although not uncommon,

seems to be rather weak and are easily hydrolysed at pH above 4!

Tetravalent technetium forms halogeno complexes of the type TcXg"~ in

strong acid solutions. At higher pH (H+< 5 M) they are quickly hydro-

lysed. 1

Technetium in the lower oxidation states is easily oxidized to tetra-

and heptavalent2. A solution of Tc( I I I ) in 0.5 M NaHS04-Na2S04 at pH

1.5 is pale yellow. At the addition of a solution of sodium hydroxide

th? color changed. At DH 2.25, the solution was pale grey, and above

pH 4.5 a black precipitate was v is ib le . 1 0

Oxidation of Tc( I I I ) involves 1 electron and 2 H+ ions. The oxidation

can follow one of three dif ferent reactions:10

Tc3+ H20

TcOH2+ +

TcO+

H20

H20

TcO2+ -

TcO(OH)'

TcOo +

2H1

2H + e

2H+

THE ACCUMULATION OF Tc IN THE FOOD CHAIN

Technetium seems to be accumulated in certain plants. The l im i t for

how much Tc the plants can contain before they die, seems to depend

not on the radioactivi ty but rather on the chemical poisonousness of

technetium.1

In the body technetium behaves very similar to iodide ( I " ) , in the

respect that Tc is accumulated in the stomach, salivary glands and

thyroid, probably due to similar ionic size and configuration. l k

Technetiums biological ha l f - l i f e in man is between 1 and 2 days. The

largest dose equivalent in man is the thyroid receivinq.1
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THE CHEMISTRY OF Tc IN CONNECTION WITH THE FINAL STORAGE OF SPENT

NUCLEAR FUEL1

According to thermodynamic data technetium w i l l be present as metal

in the i rradiated uranium fue l . I t has been found in the U0?-matrix

in metall ic al loy inclusions, containing Ru, Pd, Rh and Mo.

In LWR, technetium is supposed to be uniformly d is t r ibuted through

the f u e l , except close to the cladding, where i t s concentration seems

to be somewhat higher.

I f the dissolution of the UO^-matrix takes part under oxidizing con-

d i t i ons , technetium w i l l probably form TcO.~.

In a f ina l repository the redox-conditions outside the repository w i l l

govern the oxidation state of leached Tc.

In glass and ceramic material Tc w i l l probably be present as TcO.~.

Experiments have shown that TcO." can, under special condit ions, react,

with lead oxide and form a sparingly soluble lead compound of the

general composition Pb 0(0H) (TcO,) «Ho0. Experiments have also shown
x y *7 +4 +3

that TcO. can corrode copper, with Tc reduced to Tc or Tc and

the copper oxidized to Cu+.

SORPTION OF Tc IN ROCK
During the early sorption studies (around 1976-1978) done in connection

with the f ina l storage of radioactive waste, technetium was considered

to exist solely as TcO." and the measurements were done under oxidiz ing

conditions. The sorption of technetium was explained as ion exchange

and supposed to be almost zero in rock.29 '30 '31 Certain minerals, e.g.

containing copper, lead and/or sul fur l i ke massicot, cerrusi te, galena

and bournotite, were found to sorb TcO^'.supposingly due to chemi-

sorption (C.f.Table 5)1-30
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Table 5. Sorption of Tc and I 47

Somite w i t h MolvMtn: te

Er.argite
T er . r , a r t i t e

Ga I ena

Lead S j l f i d e Reagent)

"na lcopy r i te , Canada

Ci-aTcopj-rite, Ge-^any

O a l c e p y - i t e , Poiand

C h a ' c ' - y r - t e , Verezeula

- z u n t e (»eaaent)

Cuprodesdoizite

Apat i te

A r g i l l i t e

Shale

S i l t s tone

5asalt
Granite

CalciuT. Phosphate i^eaqent

Ferric Oxide '^eagentj

A l j r -n .n r.^de **e^V

Fraction

95^T c

0.03

0.33

0.43

>0.99

0.61

•X)

0.16

0.19

0.31

0.43

0.02

0.02

0.19

0.05

--0

0.06

0.15

--0

) -o
0.08

0.01

on Rock

131,

>0.99

>0.99

0.97

0.85

0.98

0.99

0.98

0.96

0.99

0.89

0.61

0.17

0.2C

0.19

0.08

0.34

0.23

0.19

0.24

G.61

0.26

Kd (ml/g)

95mTc

0.32

1.7

2.5

3757

6.2

--0

0.52

0.53

0.90

3.0

0.05

0.05

0.68

0.22

-.0

0.21

0.52

•Si

•a

0.50

0.04

131,

930

4668

105

11.7

237

213

135

50

326

34

5.3

0.61

1.2

0.89

0.35

1.6

0.86

0.70

1.1

9.7

1.2

But during 1978 - 1979 scientists were beginning to consider the possi-

b i l i t y that Tc could be reduced and form neutral less soluble species.

30,3w5 A 1 ] a r d e t a l ( 1 9 7 8 ) showed that TcO4" under oxidizing conditions

did not sorb on granite, but with the presence of ca. 20 ppm Fe(II) in

a deaerated system, technetium sorbed siqni f icant ly (K. ca. 0.05 m /kg).

Deaerated systems containing the minerals b io t i t e , ch lor i te , hornblende,

pyrite and magnetite also sorbed Tc.35 Also Erdal et al(1979) found a

signif icant sorption of technetium (K. = 0.026 ± 0.050 m /kg) on granite

under reducing conditions, and Ranson and Rochon(1979) measured the

sorption on sideri te (FeCO,) and galena (PbS) to be 0.06 resp. 0.04 -
3 34,36 J

2.00 m /kg. The sorption on siderite was supposed to be due tc
adsorption on iron hydroxide and on galena due to reduction of TcO,"

2- 34

to insoluble TcO2 with S .
The general opinion seems to be that it is the chemical form of tech-
netium (+VII or +IV) in the groundwater/rock environment, governed by
local redox and pH conditions, that determines the sorption.
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The redox potential of the groundwater is determined by the presence

of redox couples, like FE(III)/FE(II), Mn(IV)/Mn(II) and S0 4
2"/S 2",

and by the concentration of dissolved oxygen and organic matter. The

most probable redox couple in deep groundwaters is Fe(III)/Fe(II),

as a lot of minerals contains iron, e.g. biotite, chlorite and horn-

blende.1"37 The reaction between nagnetite and hematite can be written:

3Fe2O3 + 2H + e"

with the potential: E = 0.214 - 0.059pH (at 25°C). This is thermodyna-

mically the same as a partial pressure of oxygen of about 10 kPa.1

Theoretical Eh-pH-diagrams gives that TC04" is unstable, and is reduced
to TcO2 in deep granitic groundwater (c.f. Figure 4).1»38 This has experi-
mentally been shown to be valid. Among others Bondietti and Francis (1979
have confirmed this, but at the same time their results show that the
rock itself has no ability to remove TcO-~. Oxidizing environment re-
generates TcO4" in favour for the earlier sorbed TcOp. Reduction with
iron(II) to a lower oxidation state was the reason for sorption of be • h
Tc and Np. Two methods were used to prove the change in technetiums oxi-
dation state: 1) TcO ~ disappeared from the solution and did not desorb
through anion exchange, and 2) TcO." came back into solution under oxi-
dizing conditions. The sorption of Tc and Np expressed as percent in

3 3,3 9
solution vs. time is given in Figure 5.

Figure 4a.
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99Tc

— C. shale

•" • - -A . shale
— W granite
— SG. basalt

237,Np

' Oxidized S.G. basalt

2 4 6 0

Time (days)

Figure 5. Measured rock-water Eh values and resu l tan t behaviour of Tc

and Np. (a) Eh values of 1. surface (weathered) Conasauga(C.)

shale, 2. subsurface Conasauga shale, 3. arq i l laceous(A.)

shale, 4. pH-adjusted Westerly(W.) g ran i t e , 5. Sentinel Gap

(S.G.) basa l t , 6. Climax Stock(C.S.) g ran i te , 7. Westerly

g ran i te , and 8. pH-adjusted Sentinel Gap basal t . The e q u i l i -

brium l ines fo r both Np and Tc were calculated on the basis

of the ICRP recommendations for maximum permissiDle concen-

t ra t ions in dr ink ing water, (b) Behaviour of " T c ( i n i t i a l l y

TcO/ ) in rock-water systems, (c) Behaviour of 237Np ( i n i t i -

a l l y NpO?
+) in rock-water systems.'3
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But for hydrolysable species, amongst them the reduced forms of Tc, Np

and Pu, the so lub i l i t y of the SDecies gives a more true picture of the

maximum concentration in solut ion, compared to the K. - value. Comparison

with the geochemical behaviour of other tetravalent elements, naturally

present in the rock environment, indicates that the concentration of

Tc(IV) would be extremely small in the qroundwater.3139

I f technetium excists as Tc(VII) i t w i l l be as anionic TcCL~. According

to Rancon and Rochon(1979) there are mainly three di f ferent mechanisms

to sorb anions: electroposit iv sites that can sorb anions (e.g. Fe-

and Al-hydroxides), oxygen reduction reactions (e.g. with Fe( I I ) ) , and

through formation of sparingly soluble compounds (e.g. I" compounds

with Cu, Pb, Hg and

Technetium in the tetravalent state can be f i t into minerals due to

ion exchange and mineralization. For instance, pyroxene minerals con-
+4tains the exchangeable tetravalent ion Ti , which can be substituted

by Tc+ due to their wery similar ionic radi i (T i+ = 0.605 Å and Tc+ -
+4

0.6 A). Furthermore, Tc can form stable sol id oxides, which behaves
+4very much as Ti oxides, also due to their similar ionic r ad i i . A

number of titanium analogs have been synthesized, e.g. spinels, pyro-

chlores, perovskites and a stable sol id solution of T i ^ and TcO~. Thus,

titanium containing minerals, l ike the pyroxenes, are probably the best

host-minerals for technetium i f i t is reducing conditions in the reposi-

tory, '•o

Releya et alf1977) measured the sorption of technetium on four rocks

(granite, basalt, sandstone and argillaceous shale) and on some tecto-

si l icates (a lb i te , anorthite and microcline). The sorpt'ion on the tecto-

si l icates was low, independent of contact time and groundwater solut ion,

but the picture was somewhat d i f ferent for the sorption on the rocks.

There was no sorption after short contact time but after long contact

time (30 days) i t was high (0.05 - 0.09 m3 /kg)>i

Str ickert et al(1980), measured the retention of TcO^" in columns f i l l e d

with rocks, minerals or chemical reagents. Their results can be summe-

rized in the following statements:30^2
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less than 2 % of the pertechnetate tracer was sorbed on the
walls of the vial

on rocks, like silicates, aluminosilicates, feldspars etc.,
very little tracer activity was sorbed

when rocks and minerals containing copper, iron and lead
sulfides where used, significant sorption occured

technetium appears to sorb more efficiently on sulfides where the
metal ion is in a lower oxidation state (chemical reagents)

the sorption is probably due to reduction of TcO." to a less
soluble form (TctL), which could be incorported into the
lattice structure of the mineral

the low sorption of TcO." on CuCl and FeCU is probably due

to the solubility of these compounds in water

the sorption is not due to the preequilibrated water, but to

the mineral itself

the sorption equilibration is slow, as has also been noted

for the sorption of other radionuclides by geologic materials

no significant difference was noted between the two different

particle sizes used

the sorption was not due to an ion exchange process

powdered iron and lead were effective in the sorption of TcO-"

there is evidence that oxidation reduction is involved in the
sorption of TcO-"

in a concentrated salt solution the sorption is only slightly
less than in rock-equilibrated groundwater

SORPTION OF Tc IN CLAY AND SOIL

The "Tc concentration in soil (25 em's depth) has been estimated to
be 0.01 pg/g soil. This concentration is calculated from the known
relative fission yield and measured levels of 90Sr and 137Cs in soil,
considering that the fission products from nuclear bomb tests has the
same retention and disposition in the soil.1*
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Routson et al(1977), measured K. , in soi ls and fourd no sorption of

technetiun at al l1*3 .

Neutral waters in soi l contains col lo ids, but pretechnetate is not

supposed to form pseudocclloids to any larger extent, due to the fact

that these natural colloids normally are anionic4.

Releya et al(1978), have done analysis of water compositions, and they

observed by measuring the K.-values for Sr and Cs that the minerals

don't have the same physical-chemical form in normal atmosphere compared

to an atmosphere with a decreased oxygen level . The sorption of tech-

netium increases when oxygen is removed from the system, but K , was

not always correlated to measured Eh, even i f a correlation might exist

in solutions with a high Fe-concentration. A pretreatment of the stud-

ied clays to remove carbonate and organic matter seemed to affect the

sorption. In most cases i t enhanced the sorption of technetium, exceot

for montmorillonite, vermiculite and caol in i te . The decrease observed

for these clays was probably due to their large surfaces and the HpCL

treatment for removal of organic matter, which gave these materials a

large oxidizing capacity, and thus buffering the redox-potential to

oxidizing conditions even i f the system were kept in a reducing environ-

ment.1*1*

In a study by Wildung et al(1979), the sorption of TcO." in 22 soils

under aerobic conditions was measured. The K.-values after 24 hours
3 d

contact time ranged from 0.007 to 2.8 m /kg. The sorotion was direct ly

correlated with increased organic carbon content and inversely corre-

lated to decreased pH. Thus, the sorption seemed to be closely related

to the positive charge of the organic fract ion (and perhaps to amorphous

Fe- and Al-oxide). I t is probable that the organic fraction in the soi l

contributes to the f ixat ion of technetium, either through ion exchanne,

reduction to a less soluble form or through complex formation.*•

Organic complexes with low molecule weight can increase the s tab i l i t y

of Tc in solut ion, while complexes with insoluble organic soi l fractions

can contribute to the f ixat ion of Tc1*.
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Microorganisms in the soil can contribute to the sorption, either

through direct uptake in the organism, or with reduction of Tc(VII)

to Tc(IV), or indirect reduction of technetium by consuming available

oxygen1*.

About 98 % of added " T c was sorbed within 2 - 5 weeks in 8 of 11 soils

in a study by Landa et al(1977). The sorption mechanism was not anion

exchange. The lack of sorption on soi ls with low organic content, the

decrease in sorption when the soi ls were pretreated with H^O ,̂ and the

la.-ge recovery of sorbed " T c by NaOH-extraction indicates that biologic

and/or not l iv ing organic matter have influence on the sorption. Ster i -

l izat ion of ear l ier sorbing soi ls eliminated the sorption a b i l i t y ,

which Indicates that microorganisms have importance for the sorotion.

The retention of TcO." with microorganisms can be due to precicitat ion

of TCpS, as a result of H-S-production by anaerobic sulphate reducing

bacteria. The experiments showedthat anaerobic conditions is not necess-

ary for sorption of " T c in so i ls . Furthermore i t was found that free

iron oxide sorbs TcO." in non-soi ls.4 5

SORPTION OF Tc IN SEA BOTTOM SEDIMENTS

One of the most important processes, affecting the migration of radio-

active f ission products in seawater, is sorption on suspended matter

and in bottom sediments, which have a fresh and highly developed sur-

face1*6.

But technetium is very poorly sorbed in these bottom sediments, due to

the high s tab i l i t y of pertechnetate in seawater. K.-values are not the

best c r i t e r ia , more correct is the use of a surface-based sorption con-

stant, Kr. From this point of view, carbonate sediments and red clay

are the best sorbents of Tc.1*6

SORPTION AND MIGRATION OF Tc IN OKLO

The di lut ion of technetium in the natural f ission reactor in Oklo is

about 40 "'., while an enhancement of Tc just above the reactor by a

factor of 3 have been found. This migration can have taken part durirvi

the tine the reactor was running (which was 5-10 years).k7
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Considering the ionic radii of technetium, it would not fit into the
crystal lattice of the uraninite, and thus in a geologic time perspec-
tive technetium would migrate out from the uraninite. However, Tc could
form stable oxides and suicides and thus be retarded. Only a small frac-
tion of "Tc have disanpeared from the uraninite in Oklo.1*8
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