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HISTORY OF DISCOVERY

In 1871 Mendeleev predicted the existence of the element
with atomic number 43, which he called “ekamanganese”,
and determined its position in the Periodic System!. How-
ever, the element remained unknown for a long time.
Numerous attempts to find it in nature, based on its pre-
sumed analogy to manganese and certain platinum metals,
were unsuccessful2713, A typical example is the work of
Ogawa® who claimed to have isolated a new element from
molybdenite, thorianite, and certain other minerals. This
“npew element” had many of the properties predicted for
element 43. Ogawa called it “nipponium” and described
the properties of several of its compounds.

In 1925 Noddack and Tacke!? announced the discovery,
from X-ray spectroscopic data, of element 43 for which
they proposed the name “masurium”. The data given

- below show that the X-ray lines which they ascribed to

element 43 approximately correspond to calculations from
Moseley's relation with allowance for the screening con-
stant.

Kcu Ky Kz,
Observed wavelength, A 0.672 0.675 0.601
Calculated wavelength, A 0.6734 0.6779 0.6000

The relative intensity of the masurium and rhenium
lines suggested identical content of both elements in the
specimens studied*. From its position in the Periodic
System, Noddack described some of the physical and
chemical properties of masurium. He suggested that it
should have an atomic weight between 98 and 99, density of
11.5, and melting point of 2300°. Its lower oxides (MaO,
Ma,Q,, MaQ,) should be yellow in colour and probably in-
soluble in acids. The higher oxides (MaO; and Ma,0,)
should be lightly coloured and on reaction with water should
yield acids analogous to manganic and permanganic.

About a year later Prandtl!® proved Noddack's resultsto
have been erroneous. Thus for a long time there has been
no reliable experimental proof of the existence of stable
isotopes of element 43, although evidence from nuclear
physics suggests that such stable isotopes should exist 4.

Various nuclear reactions appear to be the only source
of technetium. The element was first prepared in 1937 by
Segré and Perrier ! by the bombardment of molybdenum
nuclei with deuterons. Since this was the first prepara-
tion of an artificial element, Segré and Perrier called
it “technetium”**. Later many other nuclear reactions
leading to the formation of various isotopes of this element
studied.

At present nuclear fission of uranium is the principal
source of technetium in relatively large quantities!’. One
of the most long-lived isotopes of technetium, *Tc, is
formed in the nuclear reactor, among other products. The

* Later Noddack showed that the lines of masurium are much

weaker than those of rhenium.
** From TexymTdg "artificial” (Ed. of Translation),
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TABLE 1. Technetium isotopes 1161.

M Energy of radiation, MeV
nu;;:r Type of decay* Half-life s l T - Mode of formation
92 EC, B 4,5 min 4.1 1.3 Mo(d, 2n)®Tc
93m EC, IT 45 min 0.39 2Mo(d, n)**™Tc
93 EC, B* 27h 0.8 1.3 2Mo(d, n¥Tc
94 Bt (715%) 53 min 2.4 0,87 (98%), 3,27 (2%) Mo (P n)™Tc; ¥Mo(d, 2mMTc
EC (25%) “Rus» hagt O
95m EC(96 60 da: 0.4 0,039 2 8™, 95 95™ 10
B'(O.;’olo.ﬂ"/a) ” 95&33' ;’)l)ss""r ,lc.; !];AR?l((p, n))“m'l;‘t‘::.
IT(3%) A : mp
95 EC 20 h 0,93 (5%), 1.07 (5%), BMo(p, n)®Tc; Ma(d, 2n)*Tc;
0,76 (90%) 2Mo(a, p)®Tc; *Mo(d, n®Tc;
+
*Ru E~ ®7c
96m IT 52 min 0,034 ®po(p, nf®*" Tc
96 EC 4,2 days 0.238, 0,312, 0.415 Ba, nOTes
0,560, 0,771, 0.806 o o
'Mo(d, n) ‘Tc;
0.842, 1.078, 1,119 Bt g, 2T
1187 oud, 2)"Te
97m IT 90 days 0.096 ™Mo(d, 2n) ™' Te; =
MMo(p, "™ Tc; MRu " M Ty
%Mo(d, 0" Te
97 EC > 10% years ’1Mo(rd. 2n)"Tc;
91moy T e
- 5
98 8", EC > 10° years 2.1 0.2, 0.86 ®Mo(p, 1)*Tc g7 L ¥ Te
99m IT 6h 0.0020 # 0,0001 Byo B T
0,1403 & 0,0005 67 min 13%  9s.. B
LR, 99, .
0,1423 # 0.0005 - o= MRu;
Ru (», p®"Tc
99 8 2,12 x 10° years| 0,293 No y #re 9
U(fission)®Tc
100 8" 15,8 — 17,5 sec 2.4 0.6 10po(p, n)'®TC
101 8- 14.3 = 16,5 min 1.2 0.3 WOMo(d, 2% Tc;
Ry, T
18ph(y, 20" Tc
102 8- 25 sec
104 B 3.8 + 0,2 sec
105 B- short U(fission) ..
107 8” 1.5 sec

* EC—orbital electron capture; IT —isomeric transition; g*—positron emission;

yield of the isotope in the fission of uranium-235 induced by
thermal neutrons is approximately 6.2%. Hahn's rough
calculations show that the production of 10* g of plutonium
in a uranium reactor is accompanied by the accumulation of
approximately 150 g of ?°Tc together with other fission pro-
ducts!®. According to other data a 10° KW reactor pro-
duces approximately 2.5 g of technetium in 24 hf.  The
power of this reactor corresponds to a production of
approximately 100 g of plutonium in 24 h. Hence the pre-
paration of 10 kg of plutonium leads to the formation of
approximately 250 g of technetium. The total quantity of
technetium obtained in various plutonium-producing plants
apparently amounts to tens or even hundreds of kilograms:
the chemistry of technetium can therefore be investigated
as thoroughly as that of many other elements.

Up to the present 19 isotopes and nuclear isomers of

+ The quantity of technetium obtainable by irradiating Mo with
deuterons is approximately 1071%.

108

*—negatron (negative g~ particle) emission.

technetium have been synthesised. The methods used and
some of the characteristics of the nuclei are given in
Table 1.

Interesting work has been done on the effect of electron
density *°~2!| pressure 22, and temperature 23, on the fission
constant () of ®°Tc.

IDENTIFICATION OF THE ISOTOPES OF ELEMENT 43

The activity arising on irradiation of molybdenum with
deuterons and neutrons has been assigned to element 43 by
means of chemical?¢~2% and other methods?®.  Chemical
identification consists in observing the behaviour of radio-
active isotopes during the separation of carrier elements
introduced into the irradiated solution. If the activity
follows a particular carrier element, it must be associated
with a radioactive isotope of this element or its close
analogue.
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The following method has been used for the chemical
identification of element 43 prepared by the Mo (d, n) Tc
reaction. The surface of the irradiated molybdenum tar-
get was dissolved in a mixture of nitric and hydrochloric
acids, and the solution was evaporated to dryness.  The
residue was dissolved in water containing a few drops of
concentrated ammonia and the resulting solution wasdivided
intoseveralportions. The (d, ») reaction might have formed
radioactive isotopes of zirconium, niobium, tantalum, and
ruthenium either in the main reaction with the target ele-
ment or in side reactions with the target element and im-
purities. Hence the number of carriers required was
limited to those elements and rhenium, which was used as
the closest analogue of element 43 available.

Zirconium sulphate was added to the first part of the
solution and the zirconium was precipitated as ZrO, with
ammonia. The precipitate was found to be completely in-
active. The second part of the solution was treated with
an alkaline solution of tantalate and Ta,O, was precipitated
with dilute sulphuric acid. Again the precipitate proved
inactive. Potassium perrhenate was added to the third
part of the solution and the molybdenum present was pre-
cipitated as the 8-hydroxyquinoline complex. The pre-
cipitate contained only a small part of the activity which
was completely lost on reprecipitation. Hence, appre-
ciable quantities of radioactive molybdenum isotopes were
also absent from the irradiated target. These results
suggest that the activity in the target might have been due
either to technetium or ruthenium isotopes. To distinguish
between those two possibilities, rhenium sulphide was pre-
cipitated from the filtrate remaining after the removal of
the molybdenum. The precipitate was dissolved in 5%
sodium hydroxide and the hot solution was treated with an
excess of hydrogen peroxide. A ruthenium salt was then
added, the solution was acidified with dilute sulphuric acid,
and the perrhenate was precipitated with nitron.  The
activity passed quantitatively into the precipitate. This
constitutes a proof that irradiation of molybdenum does, in
fact, lead to the formation of isotopes of element 43.

Later some technetium isotopes were identified by means
of specific filters, the method being based on characteristic
X-ray absorptions observed during isomeric transitions in
specially selected substances 2°.

Recently Spitsyn and Kuzina?® isolated technetium from
molybdenum trioxide irradiated with thermal neutrons in a
nuclear reactor and identified ®*Tc by chemical, radio-
metric, and spectroscopic methods. The spectroscopic
determination was made in a glass three-prism spectro-
graph in a camera (f = 1300 cm) with automatic collimation.
The spectrum obtained on combustion of the specimen con-
tained characteristic technetium lines.

POSSIBLE NATURAL OCCURRENCE OF RADIOACTIVE
TECHNETIUM ISOTOPES

Detailed investigation of the properties of the artificially
produced technetium, and in particular the thorough study
of its emission spectrum carried out in 1950 by Meggers
and Scribner3!, allowed a further search for this element
in nature to be undertaken. In 1951 Moore suggested that
certain weak lines in the solar spectrum might be due to
ionised technetium3?. A year later Merrill®®, using the
100 inch telescope, obtained spectra of young stars con-
taining technetium lines. These results suggest that
technetium is synthesised in S-type stars.

From a thorough investigation of the solar spectrum
(lines at 3195-3125 A and 3298 —3286 A) Hibenet ef al.%
found that the technetium content inthe sunamountsto 2.1 X
X 10711-2.6 X 1071 [the units are not given in the Russian
text (Ed. of Translation)). Herr® described an attempt to
find naturally occurring long-lived technetium isotopes.
Rhenium-containing molybdenum minerals were processed
to yield approximately 370 g of molybdenite with 0.3% of
rhenium. A technetium-containing rhenium fraction was
obtained by distilling the material with HC10,.  To avoid
losses of technetium, all operations were carried out in
the presence of a short-lived radioactive technetium isotope
as a tracer: As(CgH;),Re0,.As(C4H,),TcO, was precipitated
from the rhenium fraction. As much rhenium as possible
was then removed by repeated distillation from HCIO, and
precipitation from 9 N hydrochloric acid with hydrogen sul-
phide. From the solution, which was markedly enriched
with technetium (the technetium was still present, however,
invirtually tracer quantity), approximately 1.5 mg of copper
sulphide was precipitated. = The sulphide with the copre-
cipitated technetium was subjected to neutron irradiation
in a reactor (neutron flux 1.2 X 10'? neutron cm™2sec™).
Particular interest attaches in this connection to the ®"Tc
nuclear isomer of technetium (half-life 6.6 h). Observa-
tion in the irradiated solution of an activity corresponding
to this half-life would constitute evidence that **"Tc was
present and was formed as a result of neutron capture by
the nucleus of #Tc. However, it was riecessary to bear in
mind that ®*™Tc might have arisen also through neutron
capture by %Mo and subsequent fission of #*Mo:

8
%8Mo(n, y)**Mo — %mTc,

Control experiments with much greater amounts of
molybdenum showed that, in analogous conditions, the
(n, v) reaction can lead only to a very small 9*"T¢ activity.
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Although thorough chemical purification of the irradiated
specimen excluded the possibility of the presence of molyb-
denum, the activity corresponding to ®"Tc was neverthe-
less found. Curve I in the Figure shows the change with
time of the activity obtained after 9 h irradiation in a re-
actor and measured using a 70 mg cm~2? aluminium filter.
The curve is non-linear throughout its length and reveals
the presence of a long-lived component with half-life cor-
responding to *®Re. The purification used had not therefore
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completely removed all the rhenium. Curves II and III
show the change in the activity measured with lead filters,
and the observed half-life is very close to that of ®"Tc.
This activity may be ascribed to tracer quantities of ®™Tc
formed as a result of neutron capture by ®Tc present in
very small quantities in the irradiated specimen.

In 1956 Boyd and coworkers3® carried out a search for
technetium in various minerals using spectrochemical,
radioactivation, and mass-spectrometric methods. The
results (Table 2) show that technetium is present in some
minerals in vanishingly small quantities. = The authors
suggest the technetium is formed in the earth's crust,
on the one hand, by the radioactivation of molybdenum,
niobium, and ruthenium with hard cosmic rays, and on the
other, by spontaneous uranium fission.

TABLE 2. Technetium content in some materials.
Technetium
Specimen Method of determination |content,gkg™
MoS, (Climax, Colorado) | spectroscopic <4x10™
Pure KReO, . <8x%x10°*
Pure KReO4 - <8x10™
MoS, (Nevada) . <1,5x%x10°
MoS, (Miami, Arizona) spectrophotometric | < 1.8 x 107
MoS, (Miami, Arizona) activation <107
MoS, (Miami, Arizona) spectroscopic <1,7x107°
MoS, (Miami, Arizona) activation ~8,3 %1071
MoS, (Nevada) " 1.3 x 1071
Osmium -iridium spectroscopic <1,6 x10®
concentrate
Volatile Mo combustion . <L3x107
products
Yttrotantalite (West mass-spectrometric (<6 X 1071
Africa)
Iron-nickel meteorite spectroscopic <4.5x 1074

* [Value not given in Russian text.
(Ed. of Translation)].

ELECTRONIC CONFIGURATION AND VALENCE STATES
OF TECHNETIUM

The spectrum of the neutral technetium atom has not so
far been interpreted. It is probable that the electronic
configuration of technetium atoms in the ground state is
4524p®4485s (8D,,,) or 4524p%4d55s52(8S,,,).

Since the properties of technetium are similar to those
of rhenium, the chemistry of which is known in some de-
tail, technetium may be expected to exhibit valence states
+7, +6, +5, +4, +2, and -1. At the present time the
oxidation states established experimentally are -1 (doubt-
ful), 0, +2, +4, +5, +6, and +7. %" The most charac-
teristic and stable valence state is +7.

ELEMENTAL TECHNETIUM
Flagg and Bleidner® appear to have been the first to

prepare invisible films of metallic technetium. A molyb-
denum plate was irradiated with deuterons, dissolved in

110

aqua regia, and the solution was evaporated to dryness with
an excess of ammonia. The evaporation with ammonia was
repeated until the MoO; precipitate became perfectly white.
It was dissolved in 15 N ammonia solution, which was then
acidified with hydrochloricacid and treated withammonium
acetate. The solution was heated to boiling and molyb-
denum was precipitated with a tenfold excess of 1 N silver
nitrate. The precipitate of Ag,MoO, was filtered off and
washed with 0.5% silver nitrate. = The excess of silver
nitrate was then removed from the filtrate by precipitation
with NH,I, aqua regia was added to the filtrate, and the mix-
ture heated with simultaneous addition of nitric acid.
Finally, concentrated sulphuric acid was added, the solu-
tion was heated until the appearance of heavy fumes, diluted
with distilled water, and electrolysed. An invisible radio-
active film was obtained on the electrode surface.

The first “visible” specimens of technetium compounds
were obtained by Parker and coworkers3?, who isolated it
in milligram quantities from uranium fission products by
means of remote-manipulation methods. A rod of irra-
diated uranium was dissolved in 30% hydrochloric acid.
The UCL, formed was oxidised with 30% hydrogen peroxide
to UO,CL,, the excess of H,0, being removed by treatment
with liquid bromine. The uranyl chloride solution was
treated with PtCl, and technetium sulphide was copreci-
pitated with PtS by hydrogen sulphide. The sulphide pre-
cipitate was dissolved in a mixture of 30% hydrogen perox-
ide and 19% ammonia, and then evaporated to dryness. The
pink precipitate obtained contained ammonium pertechnate.
Further separation was effected by distilling Tc,0, from
18 N sulphuric acid. Later studies on the preparation of
macroquantities of technetium itself and its compounds'are
based on this work.

Metallic technetium, approximately 100 ug, was ob-
tained in 1948 by Fried¢®, and then in fractions of a gram
by many other investigators# ™%, Fried used very pure
ammonium pertechnate, NH,TcO,, as the starting material.
A hot solution of ammonium pertechnate in 4 N hydro-
chloric acid (technetium concentration 1 mg ml™) was
placed in a conical micro(test-tube) and hydrogen sulphide
was passed in. The slowly formed dark-brown precipitate
of technetium sulphide (Tc,S,) was separated by centrifuga-
tion, thoroughly washed, and dried in a vacuum at room
temperature. The sulphide was then placed in a quartz
capillary; this was joined to an apparatus which provided
an atmosphere of hydrogen over the heated specimen and
also permitted the removal of volatile and gaseous reduc-
tion products. Successive treatment of Tc,S, with hydro-
gen at 1100° followed by the removal of the volatile pro-
ducts gave the first macrospecimen of metallic technetium.
Mooney confirmed, from X-ray diffraction data, that the
product was in factthe element?¢. When large quantities of
technetium from fission products became available, another
group of investigators*® obtained 0.6 g specimens of spec-
troscopically pure technetium. The starting material was
an isomorphous mixture As(CgH;),C10,.As(C¢H;),TcO,. The
precipitate, which is extremely stable to the action of the
usual reagents, was decomposed with a mixture of con-
centrated sulphuric and perchloric acid. About 0.2 g of
technetium [initially present in 3 -4 g of As(C4H;),CIO,],
dissolved in 1000 ml of concentrated sulphuric acid, was
electrolysed for 24 h in a cell with a large platinum cathode
(current density 10 mA ¢m~2 at 2—3 V). The black pre-
cipitate formed as a result of electrolysis was transferred
to a glass distillation apparatus and dissolved in a mixture
of 5 ml each of concentrated nitric, perchloric, and sul-
phuric acids. After the initially very rapid dissolution
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ceased, the technetium was distilled from perchloric acid
as Tc,0, into dilute ammonia solution. The distillate was
acidified with hydrochloric acid, treated with bromine
water, and then technetium sulphide was precipitated; its
coagulation was accelerated by heating on a water-bath.
The freshly precipitated technetium sulphide readily dis-
solved in a mixture of NH,OH and H,0,. The mixture of
(NH,),SO, + NH,TcO, formed on evaporation of the solution
was reduced with hydrogen in a platinum boat. The first
stage was carried out at low temperature to avoid loss of
technetium through sublimation of the lower oxides. In the
final stage at 500°-600°, (NH,),SO, sublimed off and very
pure specimens of metallic technetium were obtained.

PROPERTIES OF METALLIC TECHNETIUM

Metallic technetium is a silver-brown* mass, tarnishing
in moistair. X-Raydiffraction studies -4 have established
that metallic technetium has a hexagonal close-packed
structure, fully analogous to the neighbouring elements —
rhenium, ruthenium, and osmium. The unit cell contains
two atoms and has the following parameters: a = 2.735
+ 0.001 A; ¢ =4.391 + 0.0001 A. The density calculated
from X-ray diffraction data (on the assumption that the
atomic weight is 99) is 11.487 g cm™. The atomic weight
determined from chemical analysis of milligram quantities
of Tc,0, was found to be 98.8 + 0.1,° in fair agreement
with the mass-spectrographic determination (98.813). The
melting point of technetium should be about 2300°. Among
other physical properties the comparatively recently estab-
lished superconductivity of technetium is noteworthy *°. The
critical temperature (the temperature at which supercon-
ductivity becomes apparent) for elemental technetium is
highest among those known for elements (T¢r = 11.2°K). The
superconductivity was studied with ®Tc specimens of high
purity (99.9%). The paramagnetic susceptibility is 2.5 X
X 1078 gt at 102°K, 2.7 X 107¢ g1 at 298°K, and 2.9 X
X 10-¢ g™ at 780°K, i.e. it is much greater than for
rhenium . One of the most interesting nuclear proper-
ties of #®Tc is its very low capture cross-section for
thermal neutrons.

According to Fried's data?®, subsequently confirmed by
Cobble et al.*®, metallic technetium does not dissolve in
cold or hot concentrated or dilute hydrochloric acid. Unlike
metallic rhenium it does not appreciably dissolve in a mix-
ture of hydrogen peroxide and aqueous ammonia. The metal
readily dissolves in aqua regia and in nitric acid. On com-
bustion in oxygen, technetium yields a pink oxide, Tc,0,,
whichis volatileat 300°. Elemental technetium reacts with
much greater difficulty with chlorine than does rhenium.

Although the specific activity of pure technetium is small
(17 mc mg!), it can on occasion present a serious radia-
tion hazard. Its dry preparations give a radiation dose at
the surface of 10 r h™ per 100 mg. Fortunately the radia-
tion from technetium (B-particles with maximum energy of
300 keV) is almost completely absorbed by the walls of the
usual chemical ware. Data on the specific radiological
toxicity of technetium are not at present available.

COMPOUNDS OF TECHNETIUM(VII)

The +7 oxidation state is the most stable and charac-
teristic one of technetium. This state arises as a result

* Boyd [J.Chem. Educ., 36, 3 (1959)] states that technetium is
a silver-grey mass (Ed. of Translation).

of direct high-temperature oxidation of technetium with
oxygen and also when its solutions are treated with reagents
such as nitric acid, aqua regia, etc.®® The existence of
the heptavalent state, and in particular of the pertechnate
ion, was established in the early stages of the study of the
chemistry of technetium from purely radiochemical investi-
gations. The presence of heptavalent technetium in solu-
tions is also indicated by its coprecipitation with per-
rhenates and perchlorates. Segre€ et al.?, studying the
possibility of the separation of technetium from its closest
analogue, rhenium, determined the crystallisation coeffi-
cient* for the KReO,—~KTcO,—H,0 system. The experi-
ments were carried out as follows. To a solution of KReO,
a definite quantity of a technetium solution was added. The
mixture was partly evaporated at a constant temperature,
until crystals appeared, and then the activity of the crystals
and the mother liquor was determined. The mean value of
the crystallisation coefficient was found to be 2.6; however
the values obtained from separate experiments varied be-
tween 2.2 and 3.7. The considerable scatter was appa-
rently due to insufficiently defined experimental conditions
and to the imperfect technique of the measurements. Similar
experiments made with caesium perrhenate as the macro-
component yielded a crystallisation coefficient of 0.75.
Other possible carriers for heptavalent technetium (the
pertechnate ion) are thallium, nitron, and tetraphenyl-
arsonium perrhenate *°.

s

It is probable that, like rhenium, technetium distils as
Tc,0,, formed by dehydration of HTcO,. The high volatility
of technetium(VII) has been observed in various experi-
ments: (a) after deuteron bombardment of a target made
from compressed molybdenum trioxide with added rhenium,
technetium sublimes together with Re,0; when the mixture
is heated to 550° in a stream of oxygen, the MoQO; remain-
ing in the target!5; (b) when a mixture of technetium and
rhenium is distilled from concentrated perchloric acid,
technetium appears in the first fraction, whereas rhenium
distils only in the last fractions; (c)in the distillation
from hot concentrated sulphuric acid solutions technetium
volatilises showly, whereas rhenium distils over quickly
and quantitatively. When such solutions are treated with
a strong oxidising agent (for example potassium dichromate),
technetium volatilises more rapidly and more fully than
rhenium 52,53,

Chromatography of very dilute solutions of technetium 38
has shown that it is present inanionic formin H,SO,+ HNO,
solutions. When such solutions are passedthrougha column
of “acid” alumina (known to absorb anions) technetium is
fully absorbed; but it is not absorbed on “basic” alumina
which is known to absorb cations. When solutions of
technetium are treated with certain reducing agents (HCI,
SnCl,, etc.), definite changes in its chromatographic be-
haviour take place. These changes (decrease in the ab-
sorption on “acid” alumina and increase in the absorption
on the “basic” form) may be related to the reducing action
of these reagents, ¢.e. to a transition from the anionic to
cationic form of technetium.

Hall and Johns®* studied the ion exchange of technet-
ium(VI) in very dilute solutions on IRA-400 anion-exchange
resin. In alkaline solution, technetium, like molybdenum,
is retained on the resin; when molybdenum is eluted with
10% sodium carbonate or 1 N K,C,0,, technetium remains
on the resin, but can be subsequently eluted with 0.5 M
solution of sodium thiocyanate. These data show that in

* This was termed the 'partition coefficient between solution
and solid salt' by the original authors (Ed. of Translation).
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very dilute acid solutions technetium is present as the
anion TcOy.

The redox potential for the process Tc¢c — TcQ; has been
calculated from the results of experiments on cathodic re-
duction in very dilute oxidised solutions of technetium and
from a comparison with the standard redox potentials for
the processes Mn — MnO; and Re — ReO;. The resulting
potential, -0.41V, lies between -0.78 (standard redox poten-
tial for the reaction Mn + 4H,0 = MnO; + 8H* + 7¢) and
-0.15 (standard redox potential for the reaction Re + 4H,0 =
= ReQy + 8H* + Te). 38,55,

The studies of Boyd and coworkers on macroquantities
of technetium have produced quite convincing evidence of the -
existence of the higher oxide Tc,0, and the corresponding
acid, HTcO,. Fried?*°, who first studied the combustion
of metallic technetium, suggested that the oxide formed has
the formula TcO;. However, later studies showed that the
formula is Tc,0,. In these experiments, Boyd* burnt a
quantity of metallic technetium in dry oxygen at 400°—600°.
The light, yellow hygroscopic oxide formed (m.p. 113° +
+ 0.1°) was purified by sublimation in a quartz tube. A
definite quantity was dissolved in water and titrated poten-
tiometrically with 0.05 M ammonia solution. The curves
obtained were characteristic of strong monobasic acids.
The neutralised solution was evaporated to dryness in a
platinum dish at 95° and the residue weighed. Results of
two such experiments are summarised in Table 3. 1t is
interesting that, as shown by X-ray diffraction studies, the
oxide is not isomorphous with the analogous rhenium com-
pound.

In further experiments Boyd and coworkers % isolated a
hydrate of Tc,O, and established its composition. A 1M
aqueous solution of Tc,0, was slowly evaporated at room
temperature over concentrated sulphuric acid. The solu-
tion became first yellow, then dark yellow, dark red, and
finally dark-red hygroscopic crystals separated. These,
on being left in air, avidly absorbed water. It was sug-
gested that the crystals were of the hydrate Tc,0,.H,0. A
solution containing an exact quantity of the hydrate was
neutralised with ammonia, evaporated, dried, and the
weight of the residue (NH,TcQ,) determined. The results of
the analysis of the yellow-red substance obtained on evapo-
ration of an aqueous solution of Tc,0, at constant tempera-
ture are given in Table 4, which shows that-the composition
of the dark-red crystals corresponds to the formula Tc,0,.
.H,0 or, in other words, to “anhydrous HTcO,”. Thus,
unlike the colourless perrhenic acid, the corresponding
acid of technetium is intensely coloured. The form of the
potentiometric titration curves shows that pertechnic acid
is a fairly strong monobasic acid..

TABLE 3.
No. of No. of Milliequiv.
Wt. of |milliequiv.| milliequiv. | of OH re-
ppt., mg | expected | expected | quired for
for or neutralisas
Te, 0 TcO, tion
157.7 1.017 2.146 1.019
70.11 } 0.4524 0.9538 0.4561
milliequiv. of NH,TcO, obtained 1.020
0.4564
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TABLE 4.
Wt. of Wr. of Mol. |T. :
Tady | NHTCO, |wtoot |0
hydrate, formed, fhyd
mg mg a
98.1 108.5 327.4(0.97
98.5 108.5 328.6| 1.02

Some salts of pertechnic acid have been obtained in weigh-
able quantities. For example, ammonium pertechnate
(NH,TcO,) may be obtained by direct neutralisation with
ammonia and evaporation of an aqueous solution of Tc,0,,
or by evaporation of a solution obtained by dissolving
Te,S, in a mixture of NH,OH and H,0,. Pure NH,TcO, is
a crystalline non-hygroscopic pink substance which shows
no signs of decomposition on heating at 100° for several
hours. The salts NH,TcO,, KTcO,, and AgTcO, have the
structure of the CaWQ, type*’. Aqueous solutions of per-
technate absorb intensely in the ultra-violet, which fact
may be used for the quantitative determination of tech-
netium. At wavelengths of 2470 A and 2890 A, Beer's law
holds up to 10~® M concentrations of pertechnate ions. It
is possible to determine in this way as little as 10-8 g of
technetium 4,

The reduction of pertechnate ions in very dilute solu-
tions with various reagents has been studied?”. Zinc,
tin, nickel, lead, mercury, and copper in sulphuric acid
solutions, and a 1:1 mixture of concentrated hydrochloric
acid and 20% stannous chloride solution lead to quantitative
precipitation of technetium. This shows that the TcO;
ion is reduced either to free technetium or to an insoluble
oxide.

The preparation of weighable quantities of pure Tc,0,
and HTcO, allowed their thermodynamic properties to be
investigated; they are of considerable interest for the
more profound understanding of the chemistry of the ele-
ments in the second subgroup of Group VII in the Periodic
System. The vapour pressures of HTcO, and its solutions
have been determined.  The vapour pressures over solid
and liquid Tc,O, at 20° are 0.65 and 1.0 mm Hg respectively.
The variation of the vapour pressure of the solid and liquid
technetium oxide canbe expressed by the following equations:

_7.969
T

logP (mm) = - 8.97 log T + 41.11,

logP (mm) = -———6;.64

- 12.59 log T + 48.36.

When hydrogen sulphide is passed through acid solutions of
pertechnates, technetium(VII) sulphide is formed. Parker
and coworkers®® found that technetium sulphide may be co-
precipitated with carriers (rhenium and copper) from 100 ml
of solution acidified with aqueous hydrochloric acid (0.4
5 N HCl). This was studied in detail in an examination of
the dependence of the precipitation of microquantities of
technetium on time and on the concentration of hydrochloric
acid?%. There are also indications that technetium sul-
phide may be precipitated from ammonia solutions. Tech-
netium sulphide is often the end-product in general schemes
for the purification and concentration of the element.
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The sulphide readily dissolves in a cold mixture of am-
monia and hydrogen peroxide, yielding a light-green solu-
tion. It is also soluble in cold ammonia itself, like Re,S,.
Somewhat unexpectedly, Tc,S, is insoluble in ammonium
polysulphide solution despite the fact that the latter contains
an excess of NHOH. Further studies with weighable quan-
tities of the material should explain these results.

When a solution of KTcO, in 18 M H,SO, is treated with
12 M HCl, TcO4Cl is formed; this can be extracted with
carbon tetrachloride, chloroform, or hexane®¢, Another
oxyhalide of technetium, TcO;F, is formed when HTcO, or
Tc,0, reacts with UF,.5" Technetium(VII) can be readily
reduced to lower oxidation states with hydrochloric acid,
thiocyanate 8, and anion-exchange resins 5.

COMPOUNDS OF TECHNETIUM(VI)

The existence of technetium(VI) has been revealed by
polarographic studies®. Polarography of alkaline (2 N
NaOH) solutions of heptavalent technetium has revealed
waves correspondiang to the reduction of technetium(VII) to
technetium(VI) and of technetium(VI) to technetium(II).
Furthermore, the hexavalent state arises in the reduction
of heptavalent technetium with “mild” reducing agents (for
example hydrazine hydrate) in alkali in the cold, and in the
irradiation of molybdenum blue with neutrons. Tech-
netium(VI) is not extracted with ketones and pyridine and
is not appreciably coprecipitated with ferric hydroxide.
However, it is quantitatively coprecipitated with the
8-hydroxyquinoline complex of molybdenum and with silver
and lead molybdates.

Comparison of the standard redox potentials of the
MnO2"/MnO; and ReO% /ReQ, systems in alkali solutions,
-0.567 and 0.7 V, suggests that under analogous conditions
the potential of the TcO2%™/TcO, system should be about
0.2 V. This indicates that in alkaline solutions tech-
netium(VI) should be relatively stable. However, accord-
ing to Boyd®?, technetium(VI) in aqueous solutions should
disproportionate to the (IV) and (VII) states. These pro-
cesses should be faster, the lower the alkalinity of the
solution, and in fact, when an alkaline solution of tech-
netium(VI) is diluted so that the alkali concentration falls
to 0.02-0.05 N, disproportionation does take place. At
equilibgium, the ratio of the +7 and +4 forms is 2:1,
whereas the +6 form has almost completely disappeared.
The disproportionation apparently takes place similarly to
that of manganese and rhenium:

3TcOz™ + 2H,0 = 2TcO  + TcO, + 40H".
COMPOUNDS OF TECHNETIUM(V)

The existence of technetium in the +5 state of oxidation
can only be inferred from polarographic studies of tech-
netium(VII) solutions. Polarographic reduction of tech-
netium(VII) in 1 M solution of hydrochloric acid yielded twe
waves, one of which was due to the reduction of technet-
ium(VII) to technetium(V).3® When TcO; is reduced in 6
8 M HCI at 100°, technetium in the +5 state is formed
during the first 2 h, and can be extracted with xylene (par-
tition coefficient > 30)°%2.

COMPOUNDS OF TECHNETIUM(IV)

The existence of technetium compounds in the +4 state
of oxidation has been established with certainty. The first

evidence of this was obtained in experiments with sub-
-microquantities of technetium, which showed that the
element is quantitatively precipitated with platinum(IV)
sulphide from acid solutions (0.25-11 M H,SO,). The be-
haviour of very small quantities of technetium in acid solu-
tions is very reminiscent of the behaviour of manganese
dioxide. Like rhenium®?, technetium(IV), in the presence
of the thiocyanate ion, is extracted with ethyl ether from

3 N hydrochloric acid; the species extracted appears to be
the complex ion Tc(SCN)Z~.

In 1953 Cobble and coworkers®¢, using microquantities
of technetium, developed a number of methods for the pre-
paration of the dioxide. TcO, is obtained when aqueous
solutions of NH,TcO, are reduced with zinc and hydro-
chloric acid or by pyrolysis of NH,TcO,. According to
Nelson and coworkers®?, the product obtained by the re-
duction of ammonium pertechnate with zinc and hydro-
chloric acid has the composition TcO,.1.6H,0. The com-
position and structure of the oxide obtained by pyrolysis
were established by chemical and X-ray analyses. Tech-
netium dioxide can also be obtained by the electrolytic re-
duction of technetium(VII) at a platinum electrode®® in
alkaline solution.

Compared with the analogous oxides of manganese and
rhenium, technetium dioxide is more stable to heat.
Whereas MnQ, loses oxygen at high temperatures to form
MnO, and ReO, disproportionates to Re and Re,0,, TcO,
volatilises without decomposition.  On heating to 300°,
TcO,.1.6H,0 is completely dehydrated, and at 900°-1100°
the anhydrous TcQO, distils. X-Ray analysis of the dis-
tillate has shown it to be identical with the TcO, obtained
by pyrolysis of HTcO,.

Technetium dioxide reacts with chlorine on heating to
300°, yielding readily hydrolysable products which can be
separated by distillation. In oxygen or in air the dioxide
is oxidised to Tc,0,.

Using macroquantities of technetium, Nelson®° obtained
another compound of technetium(IVv), K,TcCl,, by reducing
ammonium pertechnate with potassium iodide in hydro-
chloric acid solution. X-Ray analysis has shown that the
compound has a cubic lattice and is isomorphous with the
analogous rhenium compound. It hydrolyses in more acid
solutions than the rhenium analogue, yielding hydrated
technetium dioxide, TcO,.2H,0.

Technetium(IV) chloride was obtained by allowing car-
bon tetrachloride to react with Tc,0, at 400°, the yield
being 79%. TcCl, consists of fine, blood-red, easily
hydrolysable erystals®. It is interesting that under these
conditions rhenium yields ReCl; and ReCL. Thus in this
respect technetium resembles more closely manganese
than rhenium. Furthermore, TcCl, can be readily ob-
tained in the pure state, showing it to be more stable than
MnCl,.

COMPOUNDS OF TECHNETIUM IN +3, +2, +1, and -1
OXIDATION STATES

Compounds of technetium(Ill), predicted by Noddack 2,
are completely unknown although rhenium(flI) compounds
have been studied in some detail.

The evidence for the existence of technetium(Il) is un-
reliable. Indications of its existence come from polaro-
graphic studies and from studies on the coprecipitation of
technetium with divalent-metal sulphides (copper and
cadmium) .
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There appear to be no data at present on the existence
of technetium(I). The corresponding rhenium compounds
are obtained by reducing a dilute solution of perrhenic acid
with zinc and hydrochloric acid. The black precipitate
formed is soluble in nitric acid and bromine water, its
composition corresponding to Re,0.H,0.

The evidence for the existence of technetium in the -1
state of oxidation comes so far only from polarographic
studies®’. However, the corresponding rhenium com-
pounds have been studied and isolated in a fairly pure
state.

METHODS FOR THE ISOLATION OF RADIOACTIVE
TECHNETIUM ISOTOPES

The methods at present available for the isolation of
technetium isotopes from fission products or from cyclo-
tron targets can be divided into the following principal
classes.

1. Extraction35,39,68-73
2. Chromatographic 54,7470,
3. Distillation!5,52,58,8

4. Electrochemical %2,

The method described by Tribalat®® for the separation
of technetium from uranium-fission products is an example
of the extraction methods. Irradiated uranium oxide is
dissolved in dilute H,SO,, the solution is treated with am-
monium persulphate, and the elemental iodine formed is
extracted with toluene. The aqueous solution is boiled,
neutralised with (NH,),CO;, and again treated with ammon-
ium persulphate. Technetium(VII) is then extracted with
a chloroform solution of tetraphenylarsonium chloride.
Radiochemically -pure technetium preparations are ob-
tained in this way.

Chromatographic methods for the isolation of technet-
ium have found wide application recently. A method using
anion-exchange resins, IRA-400 and others has been
described®. Neutron-irradiated metallic molybdenum is
dissolved in 10% NaOH in the presence of 30% H,0,. Under
these conditions technetium is present as sodium per-
technate. The excess of H,0, is removed by boiling, and
the solution is passed through a chromatographic column
filled with Amberlite IRA-400 resin in perchlorate form.
Molybdenum can be eluted from the column with 10% NaOH,
technetium being firmly held by the resin under these con-
ditions. It can be subsequently eluted with ammonium
thiocyanate solution. Kuzina and Spitsyn® have described
a chromatographic purification of technetium concentrates
isolated from neutron-irradiated MoO;. Technetium is
purified by passing the concentrate in nitric acid solution
(pH 2) through KU-2 cation exchanger.

Methods based on the distillation of technetium oxide at
550°, or of technetium(VII) from H SO, in a weak current
of air, are very convenient in a number of cases. Lincober
and coworkers? and Glendenin®® isolated technetium by
distillation from perchlorate solution. To remove traces

of molybdenum, the distillation was repeated several times.

However, ruthenium, as RuQ,, also distils from per-
chlorate solution, but can be separated from the distillate
by reduction with alcohol which precipitates a mixture of
ruthenium(III) and ruthenium(IV) oxides which are sparingly
soluble and do not entrain technetium(VII).
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An electrochemical method for the isolation of tech-
netium has been described by Barrett 8.

Methods for the separation of technetium from its closest
analogue, rhenium, have considerable importance since the
latter is often used as a carrier for technetium. The fol-
lowing methods are at present available.

1. A mixture of Tc and Re metals or sulphides is distilled
in a stream of chlorine as the chlorides. Rhenium is
distilled from the product at 300° in a vacuum, and
technetium chloride decomposes, the metal remaining
in the residue ®.

2. Technetium and rhenium can be separated by virtue of
the fact that technetium sulphide is soluble in 9 N HCI,
whereas rhenium sulphide is not. Repeated precipita-
tion of Re,S, with hydrogen sulphide from 9 N HC! leads
to complete separation.

w

In a convenient chromatographic method 7, the sulphides
of rhenium and technetium are dissolved in ammonia and
the solution is passed through a Dowex-2 (sulphate form)
column. Both elements are retained on the resin, but
technetium can be eluted with 0.1 M*ammonium thio-
cyanate solution at pH 8.3 -8.5.

4. Technetium can be separated from rhenium, as TcO,,
by electrochemical reduction at a platinum cathode at
1.1 V. The concentration of technetium should not
exceed 10™* M and must be lower than that of rhenium8°,

5. For the separation of small quantities of radioactive
technetium and rhenium isotopes, a method based on the
different stabilities of the phthalocyanine complexes of
the two metals is used.

APPLICATIONS OF TECHNETIUM

As already mentioned, the most long-lived technetium
isotope (®*Tc) has an extremely low neutron-capture cross-
-section. This, together with its exceptional stability to
corrosion, makes metallic technetium suitable for use in
the construction of reactors® (at present this is being
done). In view of its corrosion inhibiting properties [for
iron and steel (Ed. of Translation)], it may find application
in the manufacture of precision instruments®. It is also
very probable that technetium may be employed as a semi-
conductor,
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