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Abstract

The behaviour of technetium in the geosphere is important in
nuclear fuel waste management studies because this man-
made element has a long halfife and, under ambient
conditions in the laboratory, is not readily sorbed on geological
materials. Fourier transform infrared spectroscopy studies
have shown conclusively that the reaction between TcOf

and Fe- O, atroom tomnerat rfo odiuctio
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of TcO; to TcO,, the latter being precipitated at the Fe3Oy
surface. These results confirm that technetium can be
contained effectively by magnetite in the geosphere, provid-
ed reducing conditions can be maintained.

Résumé

Le comportement du technetium dans la geosphere estd'une
importance particuliere dans les études de gestion des
dechets de combustible nucleaire du fait que cet element
artificiel a une longue periode radioactive et que, dans les
conditions ambiantes du laboratoire, il ne sorbe pas facile-
ment sur les materiaux geologiques. Les études de spectro-
scopie de l'infra-rouge a transformation de Fourier ont montre
d'une maniere concluante que la reaction entre TcO, et Fe 0,
se produit a la temperature ambiante par une reduction de
surface de TcOz a TcO,, ce dernier precipitant a la surface
de Fe30.. Ces resultats confirment que la magnetite de la
geosphere peut confiner efficacement le technetium a con-
dition de pouvoir maintenir les conditions de reduction.

Introduction
The fission of 2°U and **”Pu in a nuclear reactor

produces a large number of radioactive products. Most
of these decay to stable isotopes within a few years
after the fuel has been discharged from the reactor
and, therefore, pose no problem in the long-term
management of nuciear fuel wastes. There are, how-
ever, a number of long-lived radionuclides that must
be considered in assessing the environmental impact
of any nuclear fuel waste disposal vault in the geos-
phere. For example, the fission products technetium
and promethium are unique in that they do not have
any stable isotopes and are expected to occur in nature
only in minute amounts as a result of spontaneous
fission of uranium. While promethium has anumber of
chemical analogues in the other rare earth elements,
this is not the case for technetium, and therefore it is
difficult to predict its behaviour in the geosphere.

The technetium isotope of interest for nuclear fuel
waste disposal is *Tc. It is a pure B-emitter (E =
0.293 Moy with a flife of 2.13 % 10° a. Is
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293 MceV) with a half life of 2. a. Its high
fission yield of 6% accounts for the relatively high
concentration (approx. 0.02% by weight) [9] in fuel
discharged from a caNDU reactor (burnup = approx.
650g]/ kg U).

Technetium is a Group VII B element. Its chemical
behaviour is not well known, but it is expected to fall
between that of manganese and rhenium. Figure 1 [25]
summarizes the aqueous technetium species possible
at 298 K under a wide range of redox potential (E,,) and
pH values. Under oxidizing conditions, technetium
exists in solution in the +7 oxidation state as the
anionic species TcOy, and shows little sorption by
geological materials [3, 14, 18, 23]. For this reason, in
previous safety and environmental assessments of
geological disposal of nuclear fuel wastes, technetium
had been assumed to travel at the same rate as moving
groundwater [28].

Under reducing conditions, or in the absence of
oxygen, sorption of technetium has been noted in
some cases. Bondietti and Francis [4] reported the
removal of technetium from a nitrogen-sparged solu-
tion by basalt and granite, and Allard ef al. [3] reported
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Figure 1 E;-pH diagram for technetium speciation in aqueous
solution at 298K. (E,, = equilibrium redox potential, in volts).

k4 values (defined as the ratio of sorbed to nonsorbed
concentrations) well above zero, indicating sorption
on Fe(Il)-containing minerals in contact with deaerat-
ed solutions, and on granite in a deaerated solution
containing Fe(ll) ions. Vandergraaf et al. [25] showed
that iron oxide fracture infilling materials in altered
granite and iron oxide inclusions in biotite are respon-
sible for theremoval of technetium from solutionunder
reducing conditions. Walton et al. [26] have reported
that sorption of a reduced technetium carbonate com-
plex occurs on iron oxyhydroxides. Meyer et al. [15]
showed sorption of technetium under anoxic condi-
tions from a 0.1 mol.dm ™3 NaCl solution on hematite,
ilmenite, and iron-containing microcline. The same
authors [16] also reported sorption of technetium in
recirculation column experiments using basalt, hema-
tite, ilmenite, and mordenite, and stated that the
reduction of TcOy to Tc(IV) or other oxidation states is
acomplex process. Additional studies [19] have shown
that Tc(IV) forms a complex in carbonate solution
under reducing conditions, which has a much higher
solubility than the sparingly soluble technetium(IV)
oxide. Walton et al. [26] show that this technetium(IV)-
carbonate complex is in turn strongly adsorbed by

i i od that inder
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strongly reducing conditions, the formation of Tc(O) is
possible.

In this paper, we describe a study of the interaction
of pertechnetate ion with magnetite and hematite
surfaces in aqueous anaerobic solution, using Fourier
transform infrared spectroscopy to characterize the
nature of the interactions of the radionuclide with the
iron oxide surfaces. Evidence is presented for the
formation of technetium(IV) oxide in the reaction of
pertechnetate ion with magnetite, and a possible
mechanism is discussed.

Experimental

Solutions of ammonium pertechnetate were prepared
by dilution from a stock solution (Amersham-Searle)
with doubly distilled de-ionized water. Technetium-
{IV) oxide (TcO,.2H,0) was prepared by electrochemi-
cal reduction of the pertechnetate anion. Magnetite
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from ferrous solutions at pH 9 [10]. Hematite was
prepared by the hydrothermal decomposition of ferric
chloride [8].

Analysis for the TcO; anion was performed by
UV/visible spectrophotometry (Ay,, (TcOs) = 244 nm;
€max = 6190 mol ™! dm~%cm ') using a Hewlett-Packard
model 8450A diode-array spectrophotometer. Trace
concentrations were determined with a Tennelec LB-
5100 B-counter, calibrated with a u.s. National Bureau
of Standards **Tc standard source. The purity of
the iron oxides was confirmed by X-ray diffraction
analysis.

Fourier transform infrared, Frir spectra were mea-
sured using a Nicolet 10 MX single-beam spectrometer
under mtrogen purge, using a 0.2-g- KBr disc as a
reference. A Globar (Reg. trademark) source, a room
temperature deuterated triglycine sulphonate, p1Gs,
detector and Csl optics were used to collect data from
300 to 1500 cm ™! at 2 em ™! resolution. Thirty-two scans
were signal-averaged for most spectra, with no
smoothing of data.

Because of the tendency of technetium(IV) oxide to
build up static charge in the dry state, the infrared
spectrum of the electrochemically reduced technetium
was measured using a nujol muil between KBr plates.
Transmission FTIR spectra of the TcOjg anion were
measured using the KBr disc method. Since prelimi-
nary measurements of spectra of KI'cO, using pressed
Csl discs showed changes in the far infrared (300 to
400 cm ™) lattice vibrations, which indicated the solid
state metathesis of CsTcO,, KBr discs were used for
subsequent measurements. Aliquots of stock pertech-
netate solution were added to accurately weighed,
0.2 g portions of anhydrous spectroscopic-grade po-
tassium bromide (Aldrich). The resulting solutions
were evaporated in an oven at 363K overnight and
desiccated over phosphorus pentoxide at room tem-
perature for 72 hours. The crystalline residues were
gi‘O‘uud in anaga te mortar and peshe and pr essed into
l-cm-diameter discs in a stainless steel die at 280 MPa
for 2 minutes at room temperature.

The sample preparation for iron oxide-pertechne-
tate interactions followed that described above, except
that, prior to the disc-pressing step, 1-mg amounts of
magnetite or hematite were intimately mixed with the
dry TcO; /KBr mixture. Spectra of these samples
represent physically admixed reagents. To study the
interaction of TcO; with the oxide surfaces in
aqueous solution, the discs were taken up in 2 cm’
of nitrogen purged water in an anaerobic chamber
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(Vacuum Atmospheres DL 002-SP). The oxygen level
in the atmosphere in the chamber was maintained
below 2 X 107> % by volume, as determined with a
Teledyne model 317-X trace oxygen analyzer. The
resulting solutions were allowed to stand, with
periodic agitation, for up to 14 days at room tempera-
ture. The solutions were centrifuged. and the iron
oxide residues collected, dried and pressed with
approx. 0.2gKBr. To remove residual excess non-
sorbed technetium from the samples, these discs were
redissolved in distilled, deionised water, and three
centrifugation/washing cycles were performed. The
final residues, which contained only technetium spe-
cies that were irreversibly adsorbed on the iron oxide
surfaces, were pressed with a further 0.2 g KBr.

Results and Discussion

Figure 2 shows a typical r11k spectrum of potassium
pertechnetate (KBr disc) in the 1200 to 300 cm ™' range.
The three bands between 300 and 400 cm ! are due to
lattice vibrations in the KTcO, crystals [21]. The
absorbance at 912cm ™! is a composite of v; and v,
vibrations of the tetrahedral TcOjy anion of T4 symme-
try [6]. This peak is indicative of the Tc(VII)-O stretch-
ing vibration, and may be used as a qualilaiive
indicator of the presence of Tc(VII) adsorbed onto the
iron oxides. Quantitative measurement of adsorbed
technetium is not feasible, since interaction of the
tetrahedral anion with the hydrous oxide surfaces
(e.g. of hematitc) would lower the symmetry. The
resulting Cs, (for monodentate co-ordination) or Cs,
system (for bidentate co-ordination) would show
greater multiplicity in the Tc-O band [17], with differ-
ent extinction coefficients [11, 13] from the original
composite peak centred at 912cm™'. The electro-
chemically-reduced technetium(IV) oxide gave a spec-
trum with a Tc-O stretching vibration band at 896 cm ™*
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Figure 2 Typical Frir spectrum of KTcO, (KBr disc).
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Figure 3 FTIR spectrum of technetium(IV) oxide (nujol mull).

(Figure 3). The mid-infrared spectrum of this oxide has
not been reported previously.

Comparisons between the rrir specira of physical

admixtures of pertechnetate and the iron ox1des and
the oxides themselves are illustrated in Figures 4a and
4b. The spectral bands of the iron oxides do not mask
those due to Tc-O stretching vibrations between 890
and920cm . Subtraction of normalized digital spectra
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Figure 4a FTIR spectra of hematite (i) with and (ii) without 0.1 cm? of
stock NH,TcQO, solution (see text).
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Figure 4b FTIR spectra of magnetite (i) with and (ii) without 0.05 cm?
of stock NH,TcOy solution (see text).

of the separate components from the mixtures show
additive behaviour, indicating no chemical interaction
between the reagents in the dry state,

To study the interaction of aqueous pertechnetate
anion with the iron oxide surfaces, nitrogen-purged
water was added to the physical admixtures, produc-
ing a technetium concentration of 107> mol.dm>.
Infrared spectra of magnetite and hematite showed the
presence of significant amounts of residual TcOy, by
the presence of the Tc-O vibration at 912 cm ™" (Figure
5a). Copious washing of the hematite residues com-
pletely removed theband at912 cm ! from the spectra.
Hence, if physisorption of the pertechnetate ion onto
hematite occurs, the process is readily reversible.
Anions are known to adsorb onto hydrous oxide
surfaces [12, 27]; here a ligand exchange mechanism
occurs, with replacement of surface hydroxyl groups
by the incoming anion. The pertechnetate anion ap-
pears to behave as a simple non-co-ordinating species.

The development of surface charge on the iron oxides
stems from surface hydration in aqueous suspension,
followed by dissociation of the surface hydroxyls {20].
Atthe zero point of charge (zpc), the surface is neutral.
At a pH < 2zpc, the surface becomes protonated,
resulting in positively-charged particles. A negative
chargeisgeneratedatpH > zpc, by acidicdissociation of
surface hydroxyl groups [22]. The mean zpc of hema-
tite samples with varying histories has been deter-
mined as 8.5 + 0.5 [5]. The sorption experiments
were performed using neutral water containing 1072
mol.dm™> NHj (as the pertechnetate salt). This will
result in a solution buffered to a pH of 6. Under these
conditions, the hematite suspension is expected to
have a positive charge, facilitating reversible physi-
sorption of the TcO, anion.
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Figure 5 (a)Tc-O vibration region of the infrared spectrum of
hematite after reaction with aqueous TcO, , before removal of the
excess NH,TcO,. (b)As Figure (a), for a magnetite sample after
removal of the excess NH TcQ,.

In the reaction between pertechnetate anion and
magnetite in aqueous solution under anaerobic condi-
tions, similar residual TcO7 was found to be present
on the centrifuged Fe;O, particles. After repeated

i i inf m of the
washing of the residue, the infrared spectrum of the

dried magnetite was measured. Figure 5b shows that
no TcOyg remained (indicated by the absence of a band
at912cm™1), butaband at 896 cm ™! was observed. This
band coincides with that observed for technetium(IV)
oxide (Figure 3). Literature values of the zpc for
magnetite lie in the range 6.5 * 0.2 [1, 22, 24]. Thus,
the magnetite particles in the sorption experiments are
expected to have a slightly positive charge. Some
electrostatic attraction between the TcOy; anions and
the magnetite surface is expected.

The relative redox potentials for the Fe(II)/(Ill) and
the TcO; /TcO,.2H,O couples in aqueous solution [7]
favour the reduction of T¢(VII) to Te(IV) by Fe(Il). The

redox reaction in homogeneous solution is slow, but

Iredctio g S s0lution 1e 10

may be catalysed at the magnetite surface.
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Conclusions

The results of this study indicate that under neutral
anaerobic conditions, technetium undergoes irrevers-
ible adsorption at magnetite surfaces. The infrared
observations confirm that the resulting technetium
species is no longer the pertechnetate anion, butis, in

facnt a TaAl(TUN asidda
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envisaged as proceeding via a positive electrostatic
attraction by the magnetite surface for the TcO; anion
at pH values below the zpe. A surface redox step
between Fe(Il} centres at the surface of the oxide and
the Tc(VII) species, produced the sparingly soluble
Tc(IV) oxide, which is precipitated at the magnetite
surface. The buildup of a layer of the Tc(IV) species,
coupled with the concomitant oxidation of the Fe;O4
surface to Fe,Oj3 serves to inhibit further reduction of
TcO4™. Thus, the extent of reduction of Tc(VIIL) by
Fe;0, is expected to be dependent upon the surface
area of the oxide. This work provides the first known

spectroscopic evidence for the reduction of Te(VII) to
’T‘n”‘/\ kn an Fo(ID-hearine oxide, and indicates that
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under the conditions postulated to occur in and
around a used-fuel disposal vault, the mobility of
technetium may be severely restricted. Further work is
in progress to clarify the effects of carbonate on the
mobility of technetium in the geosphere.

Tha e anleaoioma o veackion

of
Ll.l\, AILCL LGOI UL LIlv 1vduiivit I.D

Acknowledgements

We wish to thank J. Paquette and W.E. Lawrence for
spectrophotometric analyses, and I.M. George for
some preliminary experimental assistance.

Notes and References

1. Ahmed SM, Maksimov D. Studies of the oxide surfaces at
the liquid-solid interface. Part II. Fe oxides. Can ] Chem
1968, 46: 3841-6.

2. Allard B. Actinide and technetium solubility limitations
in groundwater of crystalline rocks. Sci basis nucl waste
manag VIL. Ed. McVay GL 1984: 219-26.

3. Allard B, Kigatsi H, Torstenfelt B. Technetium: Reduction
and sorption in granitic rock. Radiochem Radioanal
Letters 1979; 37: 223_0.

4. Bondietti EA, Francis CW. Geologic migration potentials
of technetium-99 and neptunium-237. Science 1979; 203:
1337-40.

5. Breeuwsma A, Lyklema J. Physical and chemical adsorp-
tion of ions in the electrical double layer on hematite
(a-Fe,O3). ] Colloid Interface Sci 1973; 43: 437-48.

6. Busey RH, Keller Jr LIL. Structure of the aqueous pertech-
netate ion by Raman and infrared spectroscopy. Raman
and infrared spectra of crystalline KTcO,, KReO,, Na,M-
004, N32WO4, N32M004'2H20 and N32WO4'2H20. ]
Chem Phys 1964; 41: 215-25.

7. Cartledge GH. Revision of the electrode potential dia-
gram for technetium. ] Phys Chem 1955; 89: 1111-12.

8. Chang H-C, Healy TW, Matijevic F. Interactions of hy-

36

13.

14.

16.

17.

18.

19.

20.

21.

N
N

23.

24.

25.

26.

1l o o
. Hairnes RI, OQwein DG, On tine l,ucl.wuuuul

drous metal oxides with chelating agents. ] Colloid
Interface Sci 1983; 92: 469-78.

. Clegg LJ, Coady JR. Radioactive decay properties of

caNDu fuel, Volume 1. The natural uranium fuel cycle.
Atomic Energy of Canada Limited Report, AECL-4436/1.
Chalk River, Ontario, 1977.

TV mdasns DT MNeianis 17N O TS e P S S ™ |

O1 3IMIWKCITa

magnetite discs. ] Phys Chem Solids 1986; 47: 647-9.

. Herzberg G. Infrared and Raman spectra. New York: D

Van Nostrand Co. Inc., 1945.

. Hingston F], Atkinson RJ, Posner AM, Quirk [P. Specific

adsorption of anions. Nature 1967; 215: 1459-61.
Kiselev AV, Lygin VI. Infrared spectra of surface com-
pounds. New York: John Wiley and Sons 1975: 40.
Landa ER, Thorvig L, Gast RG. Effect of selective dis-
solution electrolytes, aeration and sterilization on
technetium-99 sorption by soils. ] Environ Qual 1977; 6:
181-7.

. Meyer RE, Arnold WD, Case Fl. Valence effects on the

sorption of nuclides on rocks and minerals. ORNL-5978.
10841

Meyer RE, Arnold WD, Case FI. Valence effects on the
sorption of nuclides on rocks and minerals. ORNL-6317.
1985.

Nakamoto K, McCarthy R]. Spectroscopy and structure of
metal chelate compounds. New York: ] Wiley and Sons
Inc. 1968: 258.

Palmer DA, Meyer RE. Adsorption of technetium on
selected inorganic ion-exchange materials and on a
range of naturally occurring minerals under oxic condi-
tions. ] Inorg Nuclear Chem 1981; 434: 2979-84.
Paquette |, Lawrence WE. A spectroelectrochemical study
of the technetium(IV)/technetium(Ill) couple in bicar-
bonate solutions. Can J Chem 1985; 63: 2369-73.

Parks GA. The isoelectric points of solid oxides, solid
hydroxides and aqueous hydroxo complex systems.
Chem Rev 1965; 65: 177-98.

Petrov KI, Kuzinu AF, Dolgorukova NI, Golovin YuM,
Spitsyu VI. Vibrational spectra of alkali metal and ammo-
nium pertechnetates. Dukl Akad Nauk SSSR 1972; 206:
909-12.

. Regazzoni AE, Llrvutin GA, Rlesa MA, Maroto A]G. Some

observations on the composition and morphology of
synthetic magnetites obtained by different routes. ]
Inorg Nucl Chem 1981; 43: 1489-93.

Sheppard MI, Vandergraaf TT, Thibault DH, Reid, JAK.
Technetium and uranium: Sorption by and plant uptake
from peat and sand. Health Phys (in press).

Tewari PH, McLean, AW. Temperature dependence of
point of zero charge of alumina and magnetite. ] Colloid
Interface Sci 1972; 40: 267-72.

Vandergraaf TT, Ticknor KV, George IM. Reactions be-
tween technetium and iron-containing minerals under
oxic conditions. Amer Chem Soc Symp Ser. (Eds. Barney
GS, Navratil JD, Schultz WW.) 1984; 246: 25-43.
Walton FB. Paguette ]. Ross JPM, Lawrence WE. Tc(IV) and



27.

28.

TC(VID) interactions with iron oxyhydroxides. ] Nucl
Chem Waste Manag. AECL-8742 (in press).

Yates DE, Healy TW. Mechanism of anion adsorption at
the ferric and chromic oxide/water interface. J Colloid
Interface Sci 1975; 52: 222-8.

Wuschke DM, Mehta KK, Dormuth KW. et al. Environmen-
tal and satety assessment studies for nuciear fuel
waste management, volume 3: Post-closure assessment.
Atomic Energy of Canada Limited Technical Record,
TR-127-3, 1981.

37



