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Abstract: Technetium-99 (**Tc), as one of the important high-yield fission products, is a significant
threat to the environment and human health. It is produced in large amounts by nuclear fission of
25U or ***Pu in nuclear reactions, though the quantity of Tc produced by the spontaneous fission of
28 or by decay of ®Mo in the nature which is very small. **Tc in the environment originates from
nuclear weapons tests, discharges from nuclear power plants, nuclear medicine and radiobiology.
These activities generate large volumes of low and intermediate radioactive waste which can cause a
significant impact on the environment if disposed without suitable treatment. Immobilization of **Tc
into a relatively small volume waste is vital for long term permanent disposal.

High mobility and long half-life of *Tc considered to be one of the most important radionuclides in
safety assessment of environmental radioactivity as well as nuclear waste management. Effective
removal of radioactive technetium (**Tc) from contaminated water is of enormous importance from an
environmental and public health perspective, yet many current methodologies are highly ineffective.
This paper summarizes physico-chemical separation procedures emphasizing those that are the most
used in practice.

Classic sorbents such as activated carbons, ion exchange resins as well, as new materials, such as
metal—organic frameworks and graphene based membranes are described in the paper.

Keywords: Technetium-99, nuclear fission of *°U or ***Pu, nuclear weapons tests waste, sorption,
activated carbon, synthetic resins, MOFs, graphene oxide membranes

1. Tcisotopes: their appearances, characteristics and ways of synthesis procedures
1.1. Radioisotope of Tc: its appearance in nature, types of isotopes, ways of synthesis

*Tc, a long-lived B-emitting radionuclide, with its half life of 2.13x10° years, is the lightest
element whose isotopes are all radioactive. There are 45 isotopes of Tc, ranging from ®*Tc to **'Tc,
that have been synthesized, and most of them are short-lived isotopes with half lives of less than 1 h.
Among them most long lived are *'Tc (t, = 2.6 x 10°y), ®*Tc (ty, = 4.2x10° y) and **Tc (ty, = 2.1x10°
y). Relatively short half-life of technetium isotopes compared to the age of the Earth is responsible for
its low presence in the environment, i.e. very small concentration of "natural” technetium exists in the
nature [1]. Some authors mention that **Tc can be produced in nature by spontaneous fission of *U
and neutron induced fission of *°U in the earth [2,3], but the quantity of **Tc produced by
spontaneous fission of **U or by decay of Mo in the nature is very small [4]. Existence of “’natural
reactors’” et Oklo in Gabon were described by several authors [5-9]. Such “’reactors’” can occur under
the right geochemical conditions and if the geometry of the ore deposit is favourable. Natural fission
can induce a nuclear chain reaction where *Tc appears as one of the products [10].
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Nearly all available technetium is produced by nuclear fission of *U or #°Pu in nuclear
reactors. Half-life of **°U is relatively shorter compared to *®U and proportion of **U to ®*U has
become smaller over time and present-day quantity uranium is made up of only 0.72 percent **°U in
the ore.

Small amounts of “Tc that occur environmentally originate from the decay of the short-lived
medical radioisotope **™Tc (6.0058 h half-life), which decays by isomeric transition to technetium-99
[11]. Number of the longer-lived isotopes, such as *"Tc and *™Tc, have a plethora of research
applications, especially in the medical field.

The greatest source of **Tc is its artificial production by neutron-induced fission. The fission
yield of ®Tc is 6.06 percent and one ton of **U-enriched fuel (3% enrichment) will produce 1 kg of
*Tc at a typical burn up rate [12]. *Tc is produced in large amounts by nuclear fission of 2°U or
%Pu in nuclear reactors in comparison to spontaneous fission of 2**U in the Earth’s crust or by decay
of Mo in nature [13]. The fission of ?°U produces a spectrum of fission products including **Mo,
311 and *3Xe. These fission products are produced in the same proportions to each other whether
highly enriched uranium or low enriched uranium targets are used. All these isotopes can be
recovered when the targets are processed to obtain **Mo [14].

Reprocessing of spent uranium fuel rods to recover **U, ?**Pu, and other fissile elements is the
chief means by which Tc becomes part of the waste stream. Technetium has found its way into the
environment over the last 40 years principally through the approved or accidental discharge of
processing fluids [15].

®Tc can be also produced by thermal neutron induced fission of 2°U with a relatively high
accumulated fission yield of 6.1%, making **Tc relatively high abundant among fission products [16,
17]. The decay of ®Mo is shown graphically on Figure 1.
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Figure 1. Decay scheme of *Mo

The predominant form of technetium is Tc,0;, which rapidly reacts with water vapor to form
pertechnetic acid (HTcO,). Technetium sorbs onto particles in the atmosphere and settles through
precipitation. The nuclear weapons industry is also responsible for increasing the amount of
radioactive waste producing hundreds of tons of plutonium during the Cold War and the generation of
over 300 million liters of hazardous liquid wastes among which hundreds of liters of *Tc liquid waste
[18-20].

Dissolution of U during reprocessing and fluorination to produce U(VI)Fs also produces
fluoride complexes of Tc, such as Tc(VI)Fg and Tc(VI1)O3F, with the former more abundant than the
latter. Although these species are volatile and potentially mobile to the atmosphere, most of the
contamination caused by technetium fluorides is due to accidental release into water, where it
hydrolyzes and disproportionates into Tc(IV) and Tc(VII). In localities where gaseous diffusion
operations occurred, such as Paducah, Kentucky, and Oak Ridge, Tennessee, nearly 97.5 percent ®Tc
was discharged to the environment through aqueous solution and only 2.5 percent by gaseous
pathways [21].
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Figure 2. Pertechnetate anion. Different views: space-filling model (a), stick and ball model (b), and
structure view (c).

2. Technetium in the environment

Besides pertechnetate oxyanion (TcO, ), the tanks with nuclear waste also contain other
oxyanions of concern, such as chromate (CrO,%) and nitrate (NO; ), which can form spinels thus
weakening the integrity of the vitrified waste glass and provoke leaching of the radioactive waste
from the tanks used for disposal. After several incidents around the world, these radioactive materials
entered the groundwaters and caused aquatic contamination. High toxicity, non-biodegradability, and
mobility of oxyanions have become an urgent challenge that resulted in putting oxyanions in the
Environmental Protection Agency, U.S. (EPA) priority pollutant list. Therefore, the importance of
treatment of industrial wastewater containing oxyanions before their dischargement into the water
resources is of great importance to avoid detrimental effects on living organisms after exposure to
higher concentrations of oxyanions.

Transport of radionuclides to the geosphere is generally controlled by their solubility and
possible sorption onto surrounding materials. It is highly soluble in surface and near-surface
environments. It is known that Tc is not sorbed on negatively charged surfaces such as layered silicate
[22]. The retention of Tc in soils is enhanced however, by the presence of organic materials whereas
the sorption of Tc in soils containing low amounts of organic materials is negligible [23, 24].

The most stable oxidation state of **Tc under aerobic environments is the pertechnetate anion
(TcOy4) over a broad range of pH and Eh [25, 26]. Pertechnetate (TcO, ) will not be significantly
sorbed by anions colloids and suspended sediments and is therefore highly mobile under aerobic
conditions. However, physical, chemical, and biological processes can strongly influence the fate of
Tc [27].

In aqueous solutions technetium may exist in the valence states + 7, + 4, and 0 [28, 29].
Standard redox potentials of Tc species in aqueous solution are lower than the O,/ H,O redox couple
(1.23 V), thus, the spontaneous oxidation by air of Tc species in the intermediate oxidation states (i.e.,
Tc" to TcY") is thermodynamically favorable [30]. In non-complexing media, TcY and Tc"' are
thermodynamically unstable and disproportionate to Tc'Y and Tc"" species.

However, Tc(VI1) is reducible to lower valence states by Zn, HCI, hydrazine, hydroxylamine,
ascorbic acid, tin(I) chloride, and dilute sulfuric acid [31].

To avoid the usage of a radioactive element at high concentrations for laboratory testing and
development, Tc can be replaced by studying non-radioactive rhenium ("Re), its chemical analogue
[32].

2.1. Determination of *Tc

Technetium is silvery-gray coloured metal which tarnishes slowly in moist air. It dissolves in
HNOs, aqua regia, and concentrated H,SO,, but is not soluble in any strength of HCI solution [40].
Chemical separation combined with radiometric and mass spectrometric measurement techniques, has
been developed for the determination of **Tc in different environmental samples [34]. Pre-treatment
of solid samples consists of drying and ashing, alkali fusion, and combustion. Until then, water
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samples are only filtered and acidified. Further treatment for both types of samples is the same and
consists of pre-concentration by precipitation, evaporation, or ion exchange. After chemical
separation like solvent extraction, ion exchange, or extraction chromatography, measurement of
samples was provided by B counting or ICP-MS. Several new ion-selective electrodes for the
electrochemical determination of **Tc were recently presented [35-37].

2.2. Removal of technetium

Removal of *Tc from contaminated soil and groundwater is very difficult because of the
influence of other anions presented in the environment. Sorption was and still is one of the most
popular and widely used methods for removing heavy metals from the environment. Sorption of *Tc
on activated carbon was investigated [38-40], as well as various synthetic resins and sponges [41,42],
elemental iron [43], magnetic iron sulphide material [44], organic polymers [45], chitin, chitosan [46-
48] and commercial resins [49-50].

2.2.1. Organic materials for removal of pertechnetate

A simple and effective technology to remediate Tc (as TcO4) contaminated groundwaters was
proposed by Gu et al. [51]. Purchased granular activated carbon was only washed with purified
water (Milli-Q) by repeated decanting and sedimentation to remove tine carbon particles and then air
dried and stored in a plastic bottle. Batch sorption of TcO, on activated carbon was performed in
various background electrolyte solutions including 0.01 M CaCl,, 0.01 M NaNOs3, 0.01 M Na,SO,,
Na-salicylate, and phthalate at pH - 6.5. The conclusion was that activated carbon adsorbs TcO,
selectively and effectively over a wide range of pH values and from various dilute electrolyte
solutions.

Demir et al. [42] also used activated carbon as an adsorbent to remove *"TcO, from an
aqueous solution. Although there is no explanation why “™Tc was used instead of “Tc, the
assumption is that it is due to easier measurement of gamma radiation. They reported good adsorption
capacity value obtained from the Langmuir isotherm model.
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Figure 3. Schematic representation of the adsorption of pertechnetate anions on the modified carbon
surface

Hexadecylpyridinium chloride monohydrate modified bentonite (HDPy-bent) was synthesized
and used as an adsorbent to remove *TcO, [52]. The adsorption behaviours of ReO, as an analogue
for TcO4 were investigated as functions of contact time, solution pH, initial concentration, and
competing anions using batch techniques. Research demonstrated that the HDPy-bent showed an
excellent adsorption ability for ReO4 at the pH range of 2-11, fast adsorption kinetic (reaching
equilibrium within 3 min at room temperature), and maintained desirable ReO, adsorption in the
presence of concomitant anions at an excessive concentration of 500 times (CI', HCO3, NOs, CO5%,
S0,* and PO,*). As for the adsorption mechanism, the authors propose the anion exchange process at
a low concentration of Re(VI1I) and precipitation reaction at a high concentration.
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Chromatographic Experiments Flowsheet Feasibility Studies Using ABEC Resins for Removal
of Pertechnetate from Nuclear Wastes was proposed by Bond et al [53]. The chromatogram in which
%TcO, was loaded from 4.0 M NaOH was collected using a modified formulation of the gel-type
resin ABEC G2. This material was prepared in a 110 L reactor using Me-PEG-2000, 2%
divinylbenzene (DVB), and 10% vinyl benzyl chloride (VBC) in diglyme.

Some commercially available resins {Amberlite IRA-904 and IRA-900 (Rohm and Haas),
Reillex HPQ (Lot 40404AD) from Reilly Industries, Inc., Indianapolis, IN; Purolite A-520E and A-
850 from The Purolite Company, Bala Cynwyd, PA; and Sybron lonac SR-6 and SR-7 from Sybron
Chemicals, Inc., Birmingham}, were compared with laboratory synthesized resins based on
divinylbenzene-cross-linked poly(vinylbenzyl) chloride in their efficiency for pertechnetate removal
[54]. The authors reported that the 24-h Kd for the synthesized bifunctional resins is the highest, being
approximately twice the 24-h Kd of any commercial resin and 50% better than any of the laboratory-
prepared monofunctional resins.

Further, ReO, and *TcO, removal from aqueous solutions using a polyethylenimine—
epichlorohydrin resin was investigated in the absence and presence of background electrolyte (0.01
and 0.50 M NaCl) [55]. The investigated polyethylenimine—epichlorohydrin resin showed a strong
tendency to remove significant amounts of perrhenate and pertechnetate ions (up to 4.9 mmol/g resin)
from aqueous solutions in the absence and presence of competing ions ([Cl-] < 0.5 M) over a wide
pH-range (2.3 < pH < 8.9). The sorption of ReO, and TcO,4 anions is pH and [CI']-dependent, with
the highest capacity and Ry values observed for pH < 4.4 and [CI-] <0.01 M.

A new anion exchanger with pyridine groups was prepared by grafting 2-vinyl pyridine onto
polypropylene nonwoven fabrics by pre-irradiation grafting technique, followed by quaternization of
pyridine rings in grafted chains in reaction with bromoethane [56]. The results showed that the
grafting yield increased with the monomer concentration and the conversion ratio of quaternization
increased with time. The possibility of adsorption of perrhenate, as a nonradioactive analogue to
pertechnetate, from an aqueous solution by an anion exchanger was investigated. The experiments
performed at pH = 0.1-6 showed that pH = 2.2 was the optimal acidity for ReO4 adsorption and
adsorption equilibrium was achieved in 30 min. The reaction enthalpy was -12.55 kJ/mol, indicating
that the adsorption process is exothermic. XPS tests indicated that the ReO, uptake was a typical ion
exchange between CI” anion exchanger and ReOy,.

Katayev et al. considered the possibility of using organic molecules that are used as
radiopharmaceuticals to remove Tc [57]. The most effective way, according to them, to achieve
strong binding in aqueous environments is to exploit Coulombic interactions. Using soft acids, such as
low charge density cations, e.g., metal-based receptors, CTVs, polycations, phosphinimium-based
receptors or structures containing guanidinium sites is the best way of binding soft bases such as
perrhenate and pertechnetate anions.

A class of two-dimensional nanostructured anionic clays named Layered double hydroxides
(LDH) was also used for the removal harmful oxyanions such as arsenate, chromate, phosphate,
pertechnetate, etc. from contaminated waters [58]. Calcined Mg—Al LDHs and uncalcined Mg-Al
LDHs were the most used materials for the removal of pertechnetate and perrhenate oxyanions [59-
62].

2.2.2. Inorganic materials for removal of pertechnetate

Also, different inorganic materials for selective separations have become abundant in the
nuclear industry. Glassy, nanocrystalline antimony-doped hydrous tin dioxide was used for butch
experiments and after 24 h achieved almost quantitative removal of Tc from solutions. The material
obtained by alkali precipitated from an acidic metal chloride solution has good thermal stability and
granular physical form that enables its use in a conventional column [63]. It shows excellent, almost
quantitative, uptake properties for **Tc radionuclide.

Manganese oxide nanoparticles loaded into activated carbon were presented as an improved
method for pertechnetate sorption [64]. Composite was formed by co-precipitation by loading a
nanoparticle into a modified activated carbon by different ratios.

%Tc radionuclide (activity 257.4 CPM/ml) was extracted from residual **™Tc columns from the
technetium generator used in nuclear medicine centers. Batch experiments were performed with 0.05
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mg of sorbent which was added to 5 ml of radioactive waste solutions in a polypropylene centrifuge
tube. The synthesized composite during a contact time of 60 minutes gave a higher adsorption
efficiency of about 93% compared to nano manganese oxide and activated carbon whose efficiency
was about 40%. Isotherms belonged to Freundlich model, the adsorption data followed the pseudo-
second order model and the thermodynamic study indicated that the adsorption of nanocomposites
was an exothermic and spontaneous process.

Low-cost adsorbents, magnesium ferrite (MgFe,O,) nanoparticles were synthesized using three
different types of fuels such as urea, oxalic acid, and citric acid via sol-gel auto-combustion method
[65]. Batch experiments were carried out to examine the sorption of pertechnetate, from aqueous
solution by the synthesized nano MgFe,O,. The results revealed that the MgFe,O, nanostructure has a
high removal ability of ®TcO, from aqueous solutions (98.84%). The adsorption data were in good
agreement with Freundlich and pseudo second-order isotherm models. The adsorption process was a
chemisorption reaction, additionally, the results of the thermodynamic parameters indicated that the
adsorption of *TcO, on nanostructures was an exothermic and spontaneous process.

Pyrite nanoparticles were prepared by ball milling in the presence of ethanol resulting in pyrite
nanoparticles capable for immobilization of ReO, [66]. They offer much greater (>200 times)
reduction reactivity for perrhenate than micron-scale particles due to the increased specific surface
area and distortion of the crystalline lattice of the materials. The raw bulk pyrite was practically
unreactive for perrhenate reduction. A much greater reduction rate and extent of ReO, were observed
under alkaline conditions. The favorable formation of composite ferrite and iron (hydro)xides under
alkaline conditions plays important roles in the enhanced immobilization reactions. The column test
data revealed that the pyrite nanoparticles may be used in a packed wall or permeable barrier
configuration for in situ reductive immobilization of ReO, . Compared to the loess soil, the water-
leachable ReO, was reduced by 44%.

Cementitious waste technology (CWT) has been considered for immobilizing pertechnetate,
Tc(VINQOy4, in brine and alkaline waste solutions, as Tc(IV) oxides and/or sulfides with the use of
reducing agents like slag [67]. Also, zero-valent iron (ZVI) was evaluated as a potential reducing
agent in CWT as a function of pH using perrhenate, Re(VII)O,, as an analogue for Tc(VINO,.
Considering the thermodynamically favourable reduction of Tc(VII) over Re(VII), ZVI might have
the potential for improving the reduction capacity of the current CWT. The results of this study
provide insight towards the use of ZVI particles in cementitious waste technology to immobilize *Tc.

Generally, much of the *Tc at SRS is cast into a cementitious low-level waste form, referred to
as “saltstone”, whereas at the Hanford site, both the high and low-level fractions will be immobilized
into a borosilicate glass waste form a process known as vitrification [68]. Technology for vitrification
of low-activity waste — primarily *Tc was described by Kathryn et al [69]. Tc removal via reductive
precipitation with stannous chloride to examine the potential for diverting this stream to an alternate
disposition path was investigated.

Nanoscale zero-valent iron (NZVI) supported on layered double hydroxide (LDH) was a
composite applied for the reductive immobilization of Re(V1I) [70]. The synergistic effect can be seen
in the fact that LDH could promote a complete reduction of Re(VII) into Re(IV) by NZVI, while
sorption and reduction occurred simultaneously on bare NZVI. As a scavenger for the coexisting
anions, sparingly soluble products and pH buffering of LDH improve the reactivity of NZVI. The
authors assumed that the immobilization performance of NZVI/LDH will provide a promising
strategy for the decontamination of Tc(V1I) from groundwater.

Li and Wang focused on a remediation strategy for the reduction of pertechnetate (TcOy) by
nanoscale zero-valent iron particles supported on graphene [71]. The results demonstrated that
NZVI1/rGOs could efficiently remove Re from the aqueous solution, with enhanced reactivity,
improved kinetics (50 min to reach equilibrium), and excellent removal capacity (85.77 mg/g).
Mechanisms of Re immobilization by NZVI/rGOs included adsorption and reduction, which are
significant to the prediction and estimation of the effectiveness of reductive TcO4 by NZVI/rGOs in
the natural environment.
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2.2.3. Metal-organic frameworks (MOFs) as inorganic-organic hybrid porous crystalline
materials for removal of pertechnetate

Metal—organic frameworks (MOF) are compounds of metal ions and organic molecules that
form structured frameworks [72]. These advanced materials can be compared with sponges with
unique abilities — being able to take-up, hold, and release molecules from their pores. With a highly
ordered framework of pores, metal-organic frameworks exhibit the largest surface areas per gram
(about 7000 m%g of MOF material). Banerjee with co-workers reported ReO, exchange properties of
a protonated amino-functionalized MOF, UiO-66-NH,", in an aqueous solution in the presence of
other competing anions [73]. The material has an uptake capacity of 159 mg/g, which is significantly
higher than that of traditional inorganic materials such as layered double hydroxides.

A three-dimensional water-stable cationic MOF pillared by a neutral ligand and with Ni(ll)
metal nodes has been synthesized employing a rational design approach [74]. Owing to the ordered
arrangement of the uncoordinated tetrahedral sulfate (SO,%) ions in the channels, the compound has
been employed for aqueous-phase ion exchange applications. The compound exhibits rapid and
colorimetric aqueous-phase capture of environmentally toxic oxoanions (with similar geometries) in a
selective manner. This system is the first example of a MOF-based system that absorbs both
dichromate (Cr,0-%) and permanganate (MnO,) ions, with the latter acting as a model for the
radioactive contaminant pertechnetate (TcO,). MOF containing free SO, ions is an unusual example
of a MOF-based dual adsorbent for permanganate ions and the environmental pollutant dichromate,
with the former acting as a model for the radioactive contaminant pertechnetate (TcOy4). In
comparison with other MOF-like systems, this compound exhibits a moderately high uptake capacity
of about 166 mg g™ for Cr,0-* ions.

Three-dimensional cationic metal-organic framework material, SCU-100, was used by Sheng,
et al. for removing TcO, [75]. Initial anion exchange studies show that SCU-100 can both
quantitatively and rapidly remove TcO, from water within 30 min. The exchange capacity for the
surrogate ReO, reaches up to 541 mg/g and the distribution coefficient Kd is up to 1.9x105 30 mL/g,
which is significantly higher than all previously tested inorganic anion sorbent materials. More
importantly, SCU-100 can selectively capture TcO, in presence of large excess of competitive anions
(NO3, SO,2 COz%, and PO,*). The sorption mechanism showed that the sorbed ReO, anion is able to
selectively coordinate to the open Ag” 36 sites, forming Ag-O-Re bonds and a series of hydrogen
bonds.

An efficient and cost-effective way for the removal of radioactive pertechnetate anions from
nuclear waste was proposed by Banerjee et al [76]. A series of functionalized hierarchical porous
frameworks were evaluated for their perrhenate removal capacity in the presence of other competing
anions. Functionalized PAF-1, namely PAF-1-F showed the best uptake performance, with 97%
ReQ,4- removal within the first 24 h. Such performance is significantly better than other reported
materials including traditional inorganic materials and protonated UIO-66-NHs,.

The protonated version of an ultrastable zirconium-based metal—organic framework of the
chemically robust MOF UiO-66-NH, can adsorb perrhenate (ReO,) anions, a nonradioactive
surrogate for TcO, , from water even in the presence of other common anions aqueous medium even
in the presence of other competing anions [77]. The material has an uptake capacity of 159 mg/g,
which is significantly higher than that of traditional inorganic materials such as layered double
hydroxides.

Hydrolytically stable and radiation-resistant cationic metal-organic framework, SCU-101, that
has extremely fast removal kinetics, exceptional distribution coefficient, and high sorption capacity
towards TcO, was reported by Zhu et al. [78] This material can selectively remove TcO, in the
presence of large excesses of NO; and S0,%, as even 6000 times of SO,* in excess does not
significantly affect the sorption of TcO,".

3. Conclusion
It can be concluded that measurable amounts of *Tc in the environment can be found after the

nuclear reaction of U or **°Pu fission, whether they originate from nuclear reactors or nuclear
explosions. Particle accelerators, such as linear accelerators or cyclotrons, although they provide the
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possibility of different ways to obtain *Tc, they produce insignificant amounts of this isotope. Here
was also mentioned the existence of “’natural reactors’’, where *Tc is produced by spontaneous
fission of U,

In the environment, *Tc is presented as oxyanion (TcO,) because solubility drastically
decreased by the reduction of Tc(VII) to Tc(IV), where Tc(IV) exists in the sparingly soluble form of
MO,-nH,0. Many authors used perrhenate (ReO, ) anions, a nonradioactive surrogate for TcO, , to
avoid the complication of directly working with radioactive elements. Technetium and rhenium both
belong to the VIIB subgroup, share the same configuration of extra-nuclear electrons, have similar
chemistry, and are commonly present as oxyanions (MO, ) in aqueous solutions.

The abundant literature that describes the removal of *Tc from water and soil gives a good
basis for practical actions if it is necessary to carry out the cleaning of contaminated environment and
soil. The most popular and widely used method for removing heavy metals from the environment was
sorption on activated carbons and synthetic resins. Most of the carbons and synthetic resins are of
commercial origin and have been used by researchers with minimal preparation. More recent studies
have included elemental iron, iron sulphide material, organic polymers, chitin, and chitosan. Results
of sorption on different materials ranged from 90 to 99%, but the selectivity was weak. The
adsorption data in most sorption experiments were in good agreement with Freundlich and Pseudo
second order isotherm models. The results of the thermodynamic parameters (where there are)
indicated that the adsorption of *TcO, on nanostructures of different origins, whether organic or
inorganic or MOFs, was an exothermic and spontaneous process. Cementitious waste technology and
vitrification were proposed methods for the permanent disposal of radioactive materials.

Recent works attempt to unravel the mechanism of ®TcO, / ReO, sorption and determine the
position of the adsorbed oxyanions within the sorbents. Comparing sorbents according to their
efficiency is very unreliable because the experiments were performed in different conditions. All
experiments were carried out at room temperature, but their duration was different. Most of them
were batch experiments (without automation), which varied in duration, from a few hours to the
whole day, to establish a steady—state equilibrium. The working procedures were simple: samples
suspensions usually were shaken, then centrifuged in order to separate the solutions from the remains.
Results of sorption on different materials ranged from 90 to 99%. The influence of other anions
presented in the environment makes the separation of **Tc much more difficult and only a few works
included the separation in addition to chlorides, nitrates, sulfates, etc.

The various materials that have been described give us different options for efficient collection
and concentration of radioactive *Tc that could eventually be removed and safely disposed.

References

[1] Schwochau, K, Technetium Chemistry and Radiopharmaceutical Applications, WILEY-VCH
Verlag GmbH. D-69469 Weinhcim (Federal Republic of Germany), 2000

[2] Wildung, R.E., McFadden, K.M., Garland, T.R., Technetium Sources and Behavior in the
Environment, Journal of Environmental Quality, 8 (1979), pp. 156-161

[3] Curtis, D., Fabryka-Martin, J., Dixon, P., Cramer, J., Nature’s uncommon elements: Plutonium
and technetium, Geochimica et Cosmochimica Acta 63 (1999), pp. 275-285

[4] Rard, J.A., Rand, M.H., Anderegg, G., Wanner H., The discovery and natural occurrence of
technetium and its utilisation, in: Chemical thermodynamics of technetium, (Ed: Sandino M. C. A, and
O. sthols E.), vol. 3. Amsterdam, North-Holland, 1999. p. 74

[5 ]Curtis, D. B., Geochemical controls on **Tc transport and retention: Chemical Geology, 55 (1986),
pp. 227-231

[6 ]Curtis, D., Benjamin, T., Gancarz, A., Loss, R., Rosman, K., DeLaeter, J., Delmore, J. E., and
Maeck, W. J., Fission product retention in the Oklo Natural Fission Reactors, Applied Geochemistry,
4 (1989), pp. 49-62

[7] Brookins, D. G., Radionuclide behavior at the Oklo Nuclear Reactor, Gabon, Waste Management,
10 (1990), pp. 285-296

[8] Gauthier-Lafaye, F., Holliger, P., and Blanc, P.L., Natural fission reactors in the Franceville basin,
Gabon: A review of the conditions and results of a “critical event” in a geologic system: Geochimica
et Cosmochimica Acta, 60 (1996) pp. 4831-4852

17 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



Qt(@\ @Q Journal of Innovative Materials in Extreme | 2023
Conditions | Yo"me*

Issue 1

[9] Janeczek, J., Mineralogy and geochemistry of natural fission reactors in Gabon, in Burns, P. C.,
and Finch, R., editors, Uranium: Mineralogy, Geochemistry and the Environment: Reviews in
Mineralogy and Geochemistry, 38, (1999) pp. 321-382

[10] Icenhower, J.P., Qafoku, N.P., Zachara, J.M., and Martin, W.J., The biogeochemistry of
technetium: A review of the behavior of an artificial element in the natural environment, American
Journal of Science, 310 (2010), 8, pp. 721-752

[11] Larsen, I. L., Stetar, E. A., Glass, K. D., In-House Screening for Radioactive Sludge at A
Municipal Wastewater Treatment Plant, Radiation Protection Manager, 12 (1995), pp. 29

[12] Chen, F., Burns, P. C., and Ewing, R. C., Near-field behavior of *Tc during the oxidative
alteration of spent nuclear fuel: Journal of Nuclear Materials, 278 (2000), pp. 225-232

[13] Curtis, D.; Fabryka-Martin, J.; Dixon, P.; Cramer, J., Nature’s uncommon elements: Plutonium
and technetium, Geochimica et Cosmochimica Acta, 63 (1999), pp. 275-278

[14] ***, Molybdenum-99/Technetium-99m Production and Use in Medical Isotope Production
without Highly Enriched Uranium, https://www.ncbi.nlm.nih.gov/books/NBK215133/

[15] Schulte, E. H., and Scoppa, P., Sources and behavior of technetium in the environment, Science
of the Total Environment, 64 (1987), pp. 163-179

[16] Ihsanullah, J., Losses of technetium during various steps in the development of a procedure for
environmental samples, Journal of Radioanalytical and Nuclear Chemistry. 176 (1993), pp. 303-313.
[17] Sekine, T., Hiraga, M., Fujita, T., Mutalib, A., Yoshihara, K., Application of Laser Induced
Photoacoustic Spectroscopy to the Determination of **Tc, Journal of Nuclear Science and
Technology, 30 (1993), pp. 1131-1135

[18] Plutonium: The First 50 Years, Report DOE/DP-0137 ; U.S. Department Of Energy:
Washington, D.C., USA, 1996

[19] Offenhauer, P., Defense Nuclear Facilities Safety Board: The First Twenty Years; Library of
Congress: Washington, D.C., 2009.

[20] Gephart, R.L., Hanford, R.E., Tank Clean up: A Guide to Understanding the Technical Issues;
Pacific Northwest Lab, Richland, WA, 1995.

[21] Till, J.E., Source terms for technetium-99 from nuclear fuel cycle facilities, in: editors,
Technetium in the Environment (Ed. G. Desmet, and C. Myttenaere) Elsevier Applied Science
Publishers, Essex, England, 1986. pp. 1-20.

[22] Hakanen M., Technetium, neptunium and uranium in simulated anaerobic groundwater
conditions. Report YJT-95-02, Nuclear Waste Commission of Finish Power Companies, Finland,
1995

[23] Stalmans, M., Maes. A., Cremers, A., Role of organic matter as a geochemical sink for
technetium in soils and sediments. in: Tc in the environment (Ed. G. Desmet, C. Myttenaere),
Elsevier, London-New York, 1986, pp. 91.

[24] Sparkes, S.T., Long, S.E., The chemical speciation of technetium in the environment: a literature
survey. Report No. AERE-R 12743, HMSO, London, 1988

[25] King, W. D., Hassan, N. M., Mccabe, D. J., Hamm, L. L. & Johnson, M. E., Technetium removal
from Hanford and Savannah River Site actual tank waste supernates with Superlig R 639 resin.
Separation Science and Technology, 38 (2003), pp. 3093-3114

[26] Rard, J.A., Rand, M.H., Anderegg, G., Wanner, H., Chemical thermodynamics of technetium.
in:. Chemical thermodynamics, vol. 3. (Ed. M.C.A. Sandino, and E. OSTHOLS) Amsterdam: North-
Holland; 1999, pp. 74.

[27] Schulte, E.H., Scoppa, P., Sources and behavior of technetium in the environment, Science of
The Total Environment, 64 (1987), 1-2, pp. 63-179

[28] Takeno, N., Atlas of Eh—pH diagrams, National Institute of Advanced Industrial Science and
Technology (2005)

[29] Schultz, F.A., Duncan, C.T., Rigsby, M.A., Encyclopedia of electrochemistry, vol. 7a, in:
Inorganic electrochemistry (Ed: F. Scholz, Ch.J. Pickett), Wiley-Ch, 2006, pp 435-443

[30] Kuznetsov, V. V., Chotkowski, M., Poineau, F., Volkov, M.A., German, K., Filatova, E.A.,
Technetium electrochemistry at the turn of the century, Journal of Electroanalytical Chemistry 893
(2021) pp.115284

[31] Anders, E., Radiochemistry of technetium, USAEC Report, NAS-NS-3021, National Academy
of Sciences, Springfield, VA, 1960

18 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.


https://www.ncbi.nlm.nih.gov/books/NBK215133/

Qt(@\ @Q Journal of Innovative Materials in Extreme | 2023
Conditions | Yo"me*

Issue 1

[32] Kim, E., Benedetti, M.F., Boulegue, J., Removal of dissolved rhenium by sorption onto organic
polymers: study of rhenium as an analogue of radioactive Technetium, Water Research, 38 (2004),
pp. 448-454

[33] Till, J.E., Source term for technetium from muclear fuel cycle facilities, in: Technetium in the
Environment, (Eds. G. Desmet, C. Myttenaere) Elsevier, London, 1986, pp. 1-20

[34] Shi, K., Houa, X., Roos, P., Wub, W., Determination of technetium-99 in environmental
samples: A review; Analytica Chimica Acta 709 (2012), pp. 1-20.

[35] Kopytin, A.V., German, K.E., Zhizhin, K. Yu., Tyuremnov, A.V., Zhukova, T.V., I’in, E.G., An
ion selective electrode for the determination of pertechnetate ions, Journal of Analytical Chemistry,
75 (2020), 6, pp. 829-834

[36] Dorokhov, A.V., German, K.E., Peretrukhin, V.F., Kopytin, A.V., Pyatova, E.N., Burtsev,
M.Yu., Simonoff, M., Tsivadze, A. Yu., An lon-Selective Plasticized PVC Membrane Electrode for
Tc(VII) Determination, Doklady Physical Chemistry, 393 (2003), pp. 331-333

[37] Kopytin, A.V., German, K.E.. Zhizhin, K.Y., Safonov, A.V., Zhukov, A.F., Shpigun, L.K., A
tetradecylphosphonium compounds—based membrane sensor for potentiometric quantitation of
pertechnetate-ions in cementitious radioactive waste, Sensors and Actuators B: Chemical, 310 (2020)
127853

[38] Holm, E., Gafvert, T., Lindhal, P., Roos, P., In situ sorption of technetium using activated
carbon, Applied Radiation and Isotopes, 53 (2000), pp. 153-157.

[39] Wang, Y., Gao, H., Yeredla, R., Xu, H., Abrecht, M., Control of Pertechnetate Sorption on
Activated Carbon by Surface Functional Groups, Journal of Colloid and Interface Science, 305
(2007), 209-217

[40] Rajec, P., Galambo$, M., Dano, M., Rosskopfova, O., Caplovi¢ova, M., Hudec, P., Hornacek,
M., Novak, I., Berek, D., Caplovié, L., Preparation and characterization of adsorbent based on carbon
for pertechnetate adsorption, Journal of Radioanalytical and Nuclear Chemistry, 303 (2015), pp. 277—
286

[41] Gu B., Brown, G.M., Bonnesen, P.V., Liang, L., Moyer, B.A., Ober, R., Alexandratos, S.D.,
Development of Novel Bifunctional Anion-Exchange Resins with Improved Selectivity for
Pertechnetate Sorption from Contaminated Groundwater, Environmental Science and Technology, 34
(2000), 6, pp.1075-1080

[42] Demir, F., Lacin O., Bastaban B., Determined of Equilibrium Adsorption Isotherm Model
Pertechnetate Oxoanion Onto Activated Carbon, Sinop Uni J Nat Sci 4 (2019), pp. 37-46

[43] Watson, J. H. P., Ellwood, D. C., The Removal of Pertechnetate ion and actinides from
Radioactive Waste streams at Hanford, Washington, USA and Sellafield, Cumbria, UK: The Role of
Iron-Sulfide-containing Adsorbent materials, Nuclear Engineering and Design, 226 (2003) pp.375.
[44] Chen, J., Veltkamp, J. C., Pertechnetate removal by macroporous polymer impregnated with 2-
nitrophenyl octyl ether (NPOE), Solvent Extraction and lon Exchange, 20 (2002), pp. 515-524

[45] Liang, L., Gu, B., Yin, X., Removal of Technetium-99 from Contaminated Groundwater with
Sorbents and Reductive Materials, Separations Technology, 6 (1996) pp. 111-122

[46] Chen, Q. J., Dahlgaard, H., Hansen, H. J. M., Aarkrog, A., Determination of %®Tc in
environmental samples by anion exchange and liquid-liquid extraction at controlled valency,
Analytica Chimica Acta, 228 (1990), pp. 163-167

[47] Suzuki, T., Fujii, Y., Yan, W., Mimura, H., Koyama, S., Ozawa, M., Adsorption behavior of VII
group elements on tertiary pyridine resin in hydrochloric acid solution, Journal of Radioanalytical
and Nuclear Chemistry, 282 (2009), pp.641

[48] Hughes, L. D., DeVol, T. A., Characterization of a Teflon coated semiconductor detector flow
cell for monitoring of pertechnetate in groundwater, Journal of Radioanalytical and Nuclear
Chemistry 267 (2006), pp. 287-295

[49] Duffey, C., King, W., Hamm, L., Determination of Perrhenate Adsorption Kinetics from Hanford
Waste Simulants Using Superling 639 Resin; Westinghouse Savannah River Company: Aiken, SC,
2002.

[50] Nash, C., Musall, B., Morse, M., McCabe, D., Characterization of Super Lig 639 Rhenium and
Technetium Resin with Batch Contact and Column Tests, Separation Science and Technology, 50
(2015), 18, pp. 2881-2887

19 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



Qt(@\ @Q Journal of Innovative Materials in Extreme | 2023
Conditions | Yo"me*

Issue 1

[51] Gu, B., Dowlena, K. E., Liang, L., Clausenb, J. L., Efficient separation and recovery of
technetium-99 from contaminated groundwater; Separations Technology 6 (1996) 123-132.

[52] Yang, J., Shi, K., Wu, F., Tong, J., Su, Y., Liu, T., He, J., Mocilac, P., Hou, X., Wu, W., Shi, W.,
Technetium-99 decontamination from radioactive wastewater by modified bentonite: batch, column
experiment and mechanism investigation, Chemical Engineering Journal, 428 (2022), 131333

[53] Bond, A.H., Gula, M.J., Harvey, J.T., Duffey, J.M., Horwitz, E.P., Griffin, S.T., Rogers, R.D.,
Collins, J.L., Flowsheet Feasibility Studies Using ABEC Resins for Removal of Pertechnetate from
Nuclear Wastes, Industrial and Engineering Chemistry Research, 38 (1999), pp. 1683-1689

[54] Bonnesen, P. V., Brown, G. M., Alexandratos, S. D., Bavoux, L. B., Presley, D. J., Patel, V.,
Ober, R., Moyer, B. A., Development of Bifunctional Anion-Exchange Resins with Improved
Selectivity and Sorptive Kinetics for Pertechnetate: Batch-Equilibrium Experiments, Environmental
Science and Technology, 34 (2000), 7, pp. 3761-3766.

[55] Sarri, S., Misaelides, P., Zamboulis, D. et al. Rhenium(VI1) and technetium(V1l) separation from
aqueous solutions using a polyethylenimine—epichlorohydrin resin, Journal of Radioanalytical and
Nuclear Chemistry, 307 (2016), pp. 681-689

[56] Zu, Jian-Hua, Yue-ZhouYe, Mao-Song, Liu Rui-Qin, Preparation of a new anion exchanger by
pre-irradiation grafting technique and its adsorptive removal of rhenium (VII) as analogue to Tc-99,
Nuclear Science and Techniques 26 (2015), pp. 69-75

[57] Katayev, E.A., Kolesnikov G.V., Sessler, J.L., Molecular recognition of pertechnetate and
perrhenate, Chemical Society Reviews, 38 (2009), pp. 1572-1586

[58] Goh, K. H., Lim, T. T., Dong, Z., Application of layered double hydroxides for removal of
oxyanions: a review, Water Research, 42 (2008), pp. 1343—1368

[59] Kang, M.J., Rhee, S.W., Moon, H., Neck, V., Fanghanel, T., Sorption of MO, (M = Tc, Re) on
Mg/Al layered double hydroxide by anion exchange, Radiochimica Acta, 75 (1996), pp. 169-173

[60] Kang, M.J., Chun, K.S., Rhee, S.W., Do, Y., Comparison of sorption behavior of I and TcO, on
Mg/Al layered double hydroxide, Radiochimica Acta, 85 (1999), pp. 57-63

[61] Bryan, C.R., Wang, Y., Xu, H., Braterman, P.S., Gao, H., As, Se, and Re sorption by Mg-Al
layered double hydroxides. In: Proceedings of the Materials Research Society Symposium, Boston,
MA, USA, 2003, pp. 671-676

[62] Wang, Y., Gao, H., Compositional and structural control on anion sorption capability of layered
double hydroxides (LDHs). Journal of Colloid and Interface Science, 301 (2006), pp. 19-26

[63] Koivula R., Harjul, R., Selective Sorption of Technetium on Antimony-Doped Tin Dioxide,
Separation Science and Technology, 46 (2011), pp. 315-320

[64] Abdellah, W.M., ElI-Ahwany, H.1., EI-Sheikh, R., Removal of Technetium (**Tc) from Aqueous
Waste by Manganese Oxide Nanoparticles Loaded into Activated Carbon; Journal of Analytical
Sciences, Methods and Instrumentation, 10 (2020), pp.12-35

[65] Abdellahl, W.M., Ezzat, A., Samir, ., Removal of Pertechnetate (**TcOy) from Liquid Waste by
Magnesium Ferrite (MgFe,0,) Nanoparticles Synthesized Using Sol-Gel Auto Combustion Method,
Open Journal of Applied Sciences, 9 (2019), pp 68-86

[66] Ding, Q., Ding, F., Qian, T., Zhao, D., Wan, L., Reductive Immobilization of Rhenium Soil and
Groundwater Using Pyrite Nanoparticles, Water, Air, and Soil Pollution, 226 (2015), pp. 1-10.

[67] Lenell, B. A., Arai, Y., Perrhenate sorption kinetics in zerovalent iron in high pH and nitrate
media. Journal of Hazardous Materials, 321 (2017), pp. 335-343.

[68] King, W. D., Hassan, N. M., Mccabe, D. J., Hamm, L. L., Johnson, M. E. Technetium removal
from Hanford and Savannah River Site actual tank waste supernates with SuperligR 639 resin.
Separation Science and Technology, 38 (2003), pp.3093-3114

[69] Taylor-Pashow, K. M. L., McCabe, D. J., Nash, C. A., Tc removal from the waste treatment and
immobilization plant low-activity waste vitrification off-gas recycle, Separation Science and
Technology, 53, (2018), Proceedings of the 19" Symposium on Separate Science and Technology for
Energy Applications, pp. 1925-1934

[70] Sheng, G., Tang, Y., Linghu, W., Wang, L., Li, J., Li, H., Wang, X., Huang, Y., Enhanced
immobilization of ReO, by nanoscale zerovalent iron supported on layered double hydroxide via an
advanced XAFS approach: implications for TcO4 sequestration, Applied Catalysis B: Environmental,
192 (2016), pp. 268—276

20 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



QY(@\ @Q Journal of Innovative Materials in Extreme | 2023
Conditions | Yo"me*

Issue 1

[71] Chen, Li, J., Zhang, R. Wang, X., Reductive immobilization of Re(VII) by graphene modified
nanoscale zero-valent iron particles using a plasma technique. Science China Chemistry, 59 (2016),
pp. 150-158

[72] Islamoglu, T., Goswami, S., Li, Z., Howarth, A. J., Farha, O. K., Hupp, J. T., Postsynthetic
Tuning of Metal-Organic Frameworks for Targeted Applications, Accounts of Chemical Research, 50
(2017), 4, pp. 805-813

[73] Banerjee, D., Xu, W., Nie, Z., Johnson, L.E.V., Coghlan, C., Sushko, M.L., Kim, D., Schweiger,
M.J., Kruger, A.A., Doonan, C.J., Thallapally, P.K., Zirconium-Based Metal-Organic Framework for
Removal of Perrhenate from Water, Inorganic Chemistry, 55 (2016), 17, pp. 8241-8243

[74] Desai, A. V.; Manna, B.; Karmakar, A.; Sahu, A.; Ghosh, S. K. A Water-Stable Cationic Metal-
Organic Framework as a Dual Adsorbent of Oxoanion Pollutants, Angewandte Chemie International
Edition, 55 (2016), 27, pp. 7811-7815

[75] Sheng, D., Zhu, L., Xu, C., Xiao, C., Wang, Y., Wang, Y., Chen, L., Diwu, J., Chen, J., Chai, Z.,
Albrecht-Schmitt, T. E., Wang, S., Efficient and Selective Uptake of TcO, by a Cationic Metal-
Organic Framework Material with Open Ag® Sites, Environmental Science and Technology, 51
(2017), 6, pp. 3471-3479

[76] Banerjee, D., Elsaidi, S. K., Aguila, B., Li, B. Kim, D., Schweiger, M. J., Kruger, A. A., Doonan,
C. J., Ma, S., Thallapally, P. K., Removal of Pertechnetate-Related Oxyanions from Solution Using
Functionalized Hierarchical Porous Frameworks, Chemistry A European Journal. 22 (2016), 49, pp.
17581-17584

[77] Banerjee, D., Xu, W., Nie, Z., Johnson, L. E., Coghlan, C., Sushko, M. L., Kim, D., Schweiger,
M. J., Kruger, A. A., Doonan, C. J., Thallapally, P. K., Zirconium-Based Metal-Organic Framework
for Removal of Perrhenate from Water, Inorganic Chemistry, 55 (2016), 17, pp. 8241-8243

[78] zhu, L., Sheng, D., Xu, C., Dai, X., Silver, M. A,, Li, J., Li, P., Wang, Y., Wang, Y., Chen, L.,
Xiao, C., Chen, J., Zhou, R., Zhang, C., Farha, O. K., Chai, Z., Albrecht-Schmitt, T. E., Wang, S.,
Identifying the Recognition Site for Selective Trapping of *TcO, in a Hydrolytically Stable and
Radiation Resistant Cationic Metal-Organic Framework, Journal of the American Chemical Society,
139 (2017), 42, pp. 14873-14876

21 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



