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ABSTRACT

ARTICLE HISTORY

Submicron ZrO2 fibers with three different Sb-doping levels (5, 10 and 15 cation%) were produced
with an electroblowing synthesis for removal of 99TcO4–. The Sb-doped ZrO2 fibers showed high
selectivity toward 99TcO4–, which was not interfered by ClO4–, NO3– or Cl– ions and showed no
selectivity toward ReO4–. The optimal pH range for the 99Tc separation was 2–6 but the Sb-doped
fibers maintained very high uptake level throughout the studied pH range of 1–10. According to the
uptake experiments, Sb(III) is assumed to reduce Tc(VII) to Tc(IV) that is then adsorbed by the
zirconia surface.
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Introduction
Technetium-99 (99Tc) is a fission product of 235U fission
that is generated in nuclear reactors with a high cumu
lative yield of 6.13%.[1] Tc is the lightest element without
stable isotopes but it has long-lived isotopes including
beta emitting 99Tc with a half-life of 211 100 years.[1]
Due to the long half-life and high mobility of pertech
netate anion (TcO4–), efficient decontamination meth
ods are necessary to avoid severe radiological
contamination of the environment. Tc has multiple oxi
dation states (-I – VII) but the predominant species is
the heptavalent TcO4– that is thermodynamically stable
in oxidized aqueous solutions. The second most stable
oxidation state is Tc(IV) that is prevailing in
a moderately reducing environment.[2,3] Tc(IV) has
multiple oxo/hydroxyl species TcO2+, TcO(OH)+,
TcO(OH)2 and TcO(OH)3– of which TcO(OH)2 prevails
in the pH range from 2.5 to 10.9, the positively charged
TcO2+ and Tc(OH)+ species below pH 2.5, and the
negatively charged TcO(OH)3– above pH 10.9.[3] The
other oxidation states of Tc such as V and VI can form
in specific conditions but they disproportionate readily
back to Tc(IV) and Tc(VII).[2] Instead, oxidation states
III and lower can be obtained in highly reducing envir
onment but they are oxidized easily.[2] For research, Tc
is only available as radioactive tracers that is preventing
its use in experimental facilities without license for
radioactive work. Therefore, many researchers have
used rhenium as a comparable surrogate for Tc because
also Re prevails as heptavalent ReO4– and can undergo
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redox reactions. However, the slight differences between
TcO4– and ReO4– can have a significant impact on
separation.
The removal of TcO4– is commonly based on ion
exchange, adsorption or reductive separation.[4,5]
However, performances of ion exchange resins and
adsorbents often suffer from the presence of other
ions, and organic resins are prone to radiation
damage.[6] For that reason, several inorganic materials
have been developed for more selective removal of TcO4
–
and ReO4– such as mesoporous alumina,[7] metalorganic frameworks,[8,9,10,11] zero valent iron
(ZVI),[12,13] Fe2O3 and Fe3O4[12] and zirconium dioxide
nanoparticles anchored onto reduced graphene oxide
(ZrO2@rGO).[14] In addition, universal nonselective sor
bent materials including activated carbon have been
utilized in TcO4– removal.[15,16,17] Li et al.[18] observed
that after TcO4– was remediated by porous iron, Tc(VII)
was mainly reduced to Tc(IV) and co-precipitated with
FeO(OH) and Fe3O4 or incorporated into their struc
ture. Even though the ZVI materials show good poten
tial for TcO4– uptake, these materials have their
limitations such as low surface area and susceptibility
for leaching.[18,19,20] In addition to ZVI, also other mate
rials have shown potential for reductive separation.
Koivula et al.[21] observed that Sb-doped SnO2 was able
to efficiently separate TcO4– from water solutions. The
Tc uptake was suggested to be a combination of reduc
tion and anion exchange as the sorption behavior could
not be explained only with one mechanism. Because of
a rather low reduction potential of Sb(III), it should
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favor Tc(VII) reduction over Re(VII) due to the higher
oxidation potential of Tc(VII). However, the low point
of zero charge (pHPZC) of SnO2 retards the anion
separation above pHPZC due to the electrostatic repul
sion that leaves room for further material improvement.
Electroblowing is a simple method for production of
organic and inorganic nano- and submicron
fibers.[22,23,24] The method is a combination of electro
spinning and blow spinning techniques having the best
properties of these two methods. A voltage difference
between a spinneret needle and a collector is producing
single untangled fibers whereas gas blowing is improving
the fiber production rate by multiple orders.[25]
A precursor solution used for the fiber synthesis can be
diverse. When only solvents and polymer are used, the
resulting product is fully organic, but addition of inor
ganic precursor to the synthesis solution enables manu
facturing of inorganic fibers when the polymer support is
combusted after the spinning process. The process has
been applied, for example, in a synthesis of ZrO2
fibers.[26,27] ZrO2 is an inorganic material with excellent
properties for an adsorbent as it is nontoxic, chemically
and physically inert and practically insoluble to water.
Various crystal structures,[28,29,30] morphologies,
[31,32,33,34]
and amphoteric nature of ZrO2[35] make the
material an excellent choice for adsorbent design.
Therefore, several papers have been published about its
uptake properties for a great number of elements with
different oxidation states, particularly for oxy-anions. For
example, Su et al.[36] reported phosphate removal by
mesoporous ZrO2 nanosorbent and Cui et al.[37] studied
As(III) and As(V) separation with amorphous zirconium
oxide nanoparticles. Moreover, ZrO2 submicron fibers
have been used for Sb(V) separation.[26,27] Lönnrot et al.
[26]
presented that ZrO2 submicron fibers built up less
pressure in a packed bed column than small particles but
the fibers still offered large surface area that is necessary
for an efficient sorbent.
In this study, we designed and synthesized reductive
Sb-doped ZrO2 submicron fibers for TcO4– separation.
The electroblowing synthesis was developed to produce
fibers whose frame composed of tetragonal ZrO2 which
is an active structure in heavy metal separation, and
Sb(III) was incorporated into the ZrO2 lattice to selec
tively reduce TcO4– from aqueous solutions. Altogether,
three Sb-doping levels, 5, 10 and 15 cation%, and
undoped ZrO2 were produced to investigate the effect
of Sb-doping level on the TcO4– uptake. The produced
fibers were characterized with several methods and the
TcO4– uptake properties of Sb-doped ZrO2 fibers were
comprehensively studied. The effect of pH, competing
ions and their concentration, and contact time on the Tc
uptake was investigated. In addition, the TcO4– uptake
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performance of the Sb-doped fibers was studied with
a dynamic column experiment. The role of Sb and Zr
in the uptake process was investigated by using Sb and
Zr containing commercial materials as comparison sam
ples. Furthermore, we demonstrated differences in the
uptake of TcO4– and ReO4– on the 10%Sb:ZrO2 fiber.

Materials and methods
Materials
99

TcO4– was purchased from Eckert and Ziegler and 188
ReO4– was eluted from an 188W/188Re generator just
before the experiments. All chemicals used in the uptake
experiments were analytical grade and used without
further purification and solutions were made into deio
nized water (18.2 MΩ cm at 25°C, MilliQ Millipore).
Synthesis chemicals are given in the synthesis section.

Synthesis
ZrO2 fibers were synthesized by electroblowing
a solution containing metal precursors and polyvinyl
pyrrolidone (PVP, Alfa Aesar, Mw 1 300 000 g mol–1)
followed by calcination. For the Sb-doped ZrO2 fiber
synthesis, 15 g of ZrOCl2∙8 H2O (Merck Supelco,
≥99%) was dissolved in 42 mL of deionized water and
SbCl3 (Sigma-Aldrich, ≥99%) was added into 24 mL of
ethanol (VWR Chemicals, 99.90%) to achieve the
desired doping levels of 5, 10 or 15 cation%. The water
solution was then mixed with 84 mL of 14 wt% PVP/
ethanol solution and then with the SbCl3 ethanol solu
tion under magnetic stirring until the solution became
homogeneous. The precursor solution for the undoped
ZrO2 followed the recipe of Lönnrot et al.[26] In a typical
spinning process, 10 mL of solution was withdrawn into
a syringe and a 0.21 mm ø needle was attached to the
syringe tip. The syringe was placed on a syringe pump
that was feeding the solution at a rate of 15 mL h–1. The
needle was pushed through an adapter of a self-made
apparatus, based on the work of Holopainen and
Ritala,[22] that feeds air at a flow rate of 40 NL min−1.
A high voltage source was used to apply 15 kV potential
between the needle and a grounded steel grid collector
that composes of a planar back collector at 75 cm dis
tance and a cylindrical side collector. The collector was
sealed into a polycarbonate box where the relative
humidity was adjusted to 15% at 22°C by leading pres
surized air into the box. The electroblown fibrous mats
were folded on a shallow porcelain evaporating dish and
calcined in air at 350°C for 6 hours using a heating rate
of 15°C min−1.
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Characterization
Synthesized fibers were coated with 4 nm of Au/Pd alloy
and analyzed with a Hitachi S4800 field emission scan
ning electron microscope (FESEM). Elemental composi
tion of the fibers, ground in the form of powder, was
analyzed with a wavelength-dispersive X-ray fluores
cence spectrometer (XRF, PANalytical Axios mAX).
The redox state of Sb in the fibers was investigated
with a self-assembled X-ray absorption spectroscopy
(XAS) instrument. The instrument is built in a similar
manner as the one designed and described by Honkanen
et al.[38] The samples were measured through a helium
balloon to reduce X-ray attenuation by ambient air
between the X-ray source (Mini-focused X-ray tube
with Pd target, Micro X-ray), sample and a silicon
drifted detector (Amptek XR-100SDD). A Si(400) crys
tal analyzer (ESRF) was used to select the energy range
for the measurement. A powder X-ray diffractogram
(XRD) was measured from the powdered fibers using
a PANalytical X’Pert3 Powder diffractometer with Cu Kα
radiation. A thermogravimetric analysis coupled with
a simultaneous differential thermal analysis (TGASTDA, Mettler Toledo TA8000) was conducted for
uncalcined fibers from 25°C to 800°C using a heating
rate of 10°C min−1 in a flow of air. Fibers before and
after calcination were analyzed with Fourier-transform
infrared attenuated total reflectance (FTIR-ATR, Bruker
Alpha Platinum ATR) from 360 to 4000 cm−1 with
a 2 cm−1 resolution. N2 adsorption–desorption iso
therms were obtained at 77 K on a Micromeritics
ASAP 2010 automated analyzer. Specific surface areas
were estimated according to the Brunauer-EmmettTeller (BET) method, and the pore size distributions
were calculated using the Barrett–Joyner–Halenda
(BJH) method based on the adsorption branch. The
samples were preconditioned in vacuum at 300°C.
Zeta potentials of the fibers were determined from pH
1 to 10. In the experiment, 10 mg of fibers was mixed
with 10 mL of 0.01 M NaCl solution and equilibrated for
24 h before the equilibrium pH measurement and zeta
potential determination with a Zetasizer Nano ZC. After
the zeta potential analysis, the antimony concentration
in the solution of the 10%Sb:ZrO2 fiber samples was
measured using an Agilent 4200 Microwave Plasma –
Atomic Emission Spectroscopy (MP-AES) in a hydride
generation mode and the zirconium concentration with
a normal mode.

Uptake experiments
Effect of pH on Tc uptake. The effect of pH on the TcO4–
adsorption was examined from pH 1 to 10 in normal

atmospheric conditions. Samples composed of 10 mg of
fibers and 10 mL of 20 kBq L−1 99TcO4– (2.21∙10−7 M) in
0.01 M NaCl solution the pH of which was set into
a range of 1 to 10 with a small volume of either HCl or
NaOH. After 24 hours of constant rotary mixing, the
equilibrium pHs were determined and samples phase
separated by 2100 g centrifugation and 0.2 µm syringe
filtration. The separation efficiency was determined by
mixing 2 mL of the filtrate with 8 mL of Optiphase
HiSafe 3 scintillation cocktail and measuring the remain
ing activity with a Perkin Elmer Tri-Carb 2910TR liquid
scintillation counter. A comparative pH effect experi
ment was done for 188ReO4– with the 10%Sb:ZrO2 fibers
that had the best uptake properties for TcO4–. The
experiment was conducted otherwise similarly as the
technetium experiments but 250 kBq L–1 (2.54∙10−14 M)
188
ReO4– was added instead of 99TcO4– and the filtered
8 mL samples were analyzed with a PerkinElmer Wallac
Wizard 3” 1480 automatic gamma counter.
Reference samples
The TcO4– uptake of fibers was compared with com
mercial materials m-ZrO2 (Alfa Aesar, Puratronic
99.978%), Sb2O3 (Sigma-Aldrich, trace metal basis
99.99%) and Sb2O5 (Aldrich, trace metal basis
99.995%). For all samples, 10 mg of material was
weighed into 20 mL vials and 10 mL of solution with
20 kBq L–1 99TcO4– and 0.01 M NaCl, pH 4.0 was added.
Samples were shaken for 24 h before phase separation
and activity measurement.
Competing ions
The effect of competing Cl–, NO3–, ClO4–, H3BO3,
SO42 – and PO43 – on the TcO4– uptake was investigated
at pH 4.0 with increasing concentration of competing
ion, 0.001–0.2 M. The same TcO4– and adsorbent con
centrations, and separation method were used as in the
pH experiment.
Kinetics
Adsorption kinetics was determined by mixing 80 mg of
fibers with 80 mL of solution containing 20 kBq L–1 99
TcO4− in 0.01 M NaCl at pH 4.0 under magnetic stirring.
The sample aliquots were withdrawn and filtered at
preset time points.
Column separation
The performance of the Sb-doped ZrO2 fibers was tested
in a column operation. A ø 1 cm column was packed
with 0.25 g of fibers and 10 kBq L−1 99TcO4− (1.11∙10–7
M) in 0.01 M NaCl solution with pH 4.0 was fed through
the column at a flow rate of 33 mL h−1. The break
through of 99Tc from the column was determined by
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collecting fractions and measuring their activity by
liquid scintillation counting. A similar column with
10%Sb:ZrO2 was done for 54.2 kBq L–1 (5.51∙10−15 M)
188
ReO4– in 0.01 M NaCl solution but the fractions were
measured with the gamma counter.
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where R is the uptake percentage of technetium and C0
and Ceq are the same as above. Uncertainty is calculated
with the error propagation law as such.

Results and discussion
Results calculation
Distribution coefficient (Kd) that describes the distribu
tion of the adsorbate between the adsorbent and solu
tion is presented as follows:
�
C0 Ceq V
Kd ¼
(1)
Ceq m
where C0(Bq L−1 or M) is the initial concentration, Ceq
(Bq L−1 or M) is the equilibrium concentration, V(mL) is
the volume of the solution and m(g) is mass of a dry
adsorbent. When activity concentration is used in the
calculation, background is subtracted before applying
the activity concentration into the equation.
Uncertainty of Kd is calculated using the error propaga
tion law but in a case of extremely high uncertainties
(>100%), which are observed when Ceq is close to the
detection limit, the uncertainty in figures (Fig. 7–9) is
estimated to be 90% of the Kd value. The detection limit
(DL) and minimum detectable activity (MDA) calcula
tions are presented in a supplementary material, Section
A1. Even if the activities were below DL, they are used
for the result calculation and DL is presented as a dashed
line in the figures.
The uptake percentage is calculated using equation
�
C0 Ceq � 100%
R¼
(2)
C0

SEM
Eletroblown uncalcined 10%Sb:ZrO2-PVP fibers have
rather smooth surfaces with only few small particles on
top of them showing successful synthesis, Fig. 1a. Also,
after the calcination that removed the PVP polymer, the
fibers have smooth surfaces with no porosity seen with
SEM, Fig. 1b-f. On a larger scale, Fig. 1b, it seems that
the calcined 10%Sb:ZrO2 fibers are well separated from
each other and have a high length-to-diameter ratio that
is typical for electroblown fibers. The high length after
the calcination indicates that the fibers are durable and
elastic since they tolerate a rather robust handling when
the SEM samples are prepared. The mechanical strength
is important in separation applications because short
pieces of fibers could block separation columns leading
to a system failure. When the fibers are inspected more
closely, high magnification images show the slightly
varying diameter of calcined ZrO2, 5%Sb:ZrO2,
10%Sb:ZrO2 and 15%Sb:ZrO2 fibers, Fig. 1c,d,e,f. Most
of the fibers are round shaped but some have a small
portion of flattened or joined fibers due to a slow eva
poration of solvents, water and ethanol, during the elec
troblowing process. Flatness should not negatively affect
the uptake capacity of the fibers as the shape is not
significantly changing the specific surface area or acces
sibility of Sb in the structure. Actually, the flatness of the
fibers can even increase the specific surface area,

Figure 1. SEM images of a) uncalcined 10%Sb:ZrO2-PVP fibers b) calcined 10%Sb:ZrO2 fibers with a low magnification c) ZrO2
fibers d) 5%Sb:ZrO2 fibers e) 10%Sb:ZrO2 fibers and f) 15%Sb:ZrO2 fibers after calcination with a higher magnification.
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important for the ion uptake, as a distorted cylinder
shape is creating larger surface with the same mass.

TGA
TG analysis was conducted to inspect the fiber calcina
tion process in a controlled environment even though
the analysis of 8 mg samples in TG somewhat differs
from the calcination of 0.5 g fiber mats. In the TGA,
mass of all fibers decreases in four steps, Fig. 2. In the
first step from 25°C to approximately 200°C, remaining
solvents, ethanol and water, evaporate that is also
observed as an endothermic peak in the STDA. The
majority of the mass decreases in the next two steps at
200–380°C and 380–550°C due to the combustion of
pyrrolidone side groups of PVP.[39] In the same tem
perature ranges, two exothermic peaks are observed in
the STDA as the combustion of PVP releases heat. The
last mass loss step is observed above 600°C, probably
due to combustion of the alkane chain of PVP, [39]
yielding total mass losses of 72.5%, 68.5%, 68.4% and
68.8% in the order of increasing Sb-doping level. The
mass loss of the undoped ZrO2 is the greatest since the
PVP/Zr ratio was the highest in the beginning. The mass
of the fibers stabilized above 741°C, 705°C, 688°C and
623°C for respective ZrO2, 5%Sb:ZrO2, 10%Sb:ZrO2 and
15%Sb:ZrO2, when all organics had combusted. These
temperatures seem to follow the order of antimony
concentration that could originate from antimony cata
lyzing the last degradation reaction.
Even though the fibers are calcined at 350°C, the com
bustion is more efficient than TGA indicates. Upon calci
nation, the fast heating rate ignites the PVP and the
exothermic combustion reaction raises the temperature
inside the folded fiber mats higher than the preset

Figure 2. TGA and STDA curves of ZrO2 and 5, 10 and 15% Sbdoped ZrO2 fibers.

temperature. The combustion of the PVP was confirmed
with the FTIR analysis of the fibers before and after calci
nation where the disappearance of the characteristic IR
peaks of PVP can be observed, supplementary material
Fig. A1 and A2. The FTIR spectra of the calcined fibers
show only bending and stretching vibrations of -OH
groups originating from coordinated or readsorbed water
at 3300, 1575 and 1405 cm−1 and Zr-O vibrations at
750 cm–1 and below 500 cm–1 .[14,40,41] The absence of IR
peaks of organic groups confirms the purity of the synthe
sized products that is essential for the uptake properties of
the material as organic residues could cover active surface
sites of ZrO2.

XRD
The calcination process of the fibers was carefully opti
mized to produce fibers with small tetragonal crystallites
that have shown good anion uptake performance in the
literature.[26,27] The resulted fibers were analyzed with
XRD to confirm that the desired crystallinity was
obtained and how the Sb-dopant is behaving in the
structure. The XRD diffractograms of all fibers showed
dominating tetragonal zirconia (t-ZrO2) structure, Fig. 3.
However, the ZrO2 and 15%Sb:ZrO2 fibers also showed
a shoulder of monoclinic zirconia (m-ZrO2) at the 2θ
angle of 28.2°. The XRD reflections are relatively broad
indicating small crystallite size that is originating from
the fast heating rate and the rather low calcination tem
perature of the fibers. The small crystallite size is bene
ficial for the ion uptake since it results in larger specific
surface area that offers more accessible adsorption sites.
In addition, t-ZrO2 has been calculated to be energetically
more suitable for the ReO4– adsorption than m-ZrO2,
and that could also be true for TcO4–.[14] The doping of

Figure 3. XRD diffractograms of ZrO2 and three Sb-doped ZrO2
fibers. The reflections of tetragonal and monoclinic ZrO2 are
presented below the diffractograms.
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the fibers did not cause formation of antimony oxide
phases that would have resulted in new diffractions. On
the other hand, the content of Sb is rather low and the
most intensive XRD reflections of Sb2O3 and Sb2O5 are
located in the same 2θ range, 27–35°, as the reflections of
ZrO2 making them nearly impossible to distinguish at
such a low concentration and crystallinity. However, as
the ionic radii of Sb and Zr are close (6-coordinated
Sb(III) 0.76 Å and Sb(V) 0.60 Å and 8-coordinated
Zr(IV) 0.84 Å),[42] it is more probable that Sb has
replaced Zr in the t-ZrO2 lattice by forming a solid solu
tion. This kind of replacement has been proposed also for
Sb-doped SnO2 fibers and thin films.[43,44] When a solid
solution of metal oxides with different valence forms,
charge balance is achieved by a generation of vacancies,
substitution pairs or interstitial ions. These crystal defects
are generally considered beneficial for the adsorption.[45]
XRF
The Sb/Zr ratio of the Sb-doped fibers was investigated
with XRF to semiquantitatively determine the actual Sbdoping level in zirconia since a major loss of Sb could
drastically weaken the TcO4– uptake properties of the
material. The hygroscopic nature of SbCl3, evaporation
and segregation of Sb, and material losses during the
synthesis could potentially result in unwanted doping
levels far from the targeted ratios.[46,47] The XRF analysis
(Table A1) showed Sb-doping levels of 3.7, 6.0 and 11.5
cation% of total metal (Sb + Zr) when the theoretical
values in the same order were 5, 10 and 15 cation%.
However, as the analysis method is only semiquantita
tive, the concentrations can actually be closer to the
target values than the analyzed values indicate. Despite
the possible loss of Sb, the remaining amount of Sb in
the fibers is more than enough to separate trace amounts
of Tc from aqueous solutions. The XRF results also
showed some chloride and hafnium residues. The chlor
ide originates from the synthesis chemicals SbCl3 and
ZrOCl2 although most of it evaporates during the synth
esis. Hafnium in turn originates from ZrOCl2 as the Zr
source minerals ZrO2 and ZrSiO4 accumulate both Zr
and Hf due to their chemical similarity, which also
makes their separation difficult.[48] Although the fibers
contained minute amounts of Cl and Hf, they should not
affect the Tc uptake significantly since they are not
competing with TcO4– or influencing the properties of
ZrO2 noticeably.
XAS
The XAS analysis was conducted to determine the
oxidation state of Sb in the fibers, Fig. 4. Sb was
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added into the synthesis solution as a trivalent
SbCl3, but Sb(III) can be oxidized to Sb(V) during
the synthesis and particularly in the calcination pro
cess. According to the XAS analysis, the calcined
5%Sb:ZrO2 and 15%Sb:ZrO2 fibers clearly contained
large portions of both Sb(III) and Sb(V) oxidation
states since their XANES peaks were spreading over
the Sb(III) and Sb(V) energies. The result indicates
that partial oxidation of Sb(III) was actually occur
ring during the synthesis since the calcination pro
cess cannot be fully controlled. The rapid heating
that was needed to obtain high surface area fibers
with a small crystallite size can also be responsible
for the oxidation of Sb as an autogenous combustion
is a highly oxidative process. In contrast to the
5%Sb:ZrO2 and 15%Sb:ZrO2 fibers, the 10%Sb:ZrO2
fibers contained mainly Sb(III) before the Tc column
loading whereas after the Tc column loading Sb(III)
was almost fully oxidized to Sb(V) probably due to
the oxidation by TcO4– and dissolved O2. However,
the oxidation of Sb(III) by O2 is a slow process,[49]
and therefore Sb(III) has time to reduce the heptava
lent TcO4– to the tetravalent TcO(OH)2. Despite the
differences in the initial Sb(III)/Sb(V) ratios, all the
Sb-doped fibers contained significant amounts of
Sb(III) that is sufficient for the reduction and uptake
of trace amounts of technetium. Unfortunately,
a rather low signal intensity (laboratory X-ray
source), small absorption step of Sb, and measure
ment at room temperature, which is broadening the
XAS edges, prevent quantitative calculations of the Sb
oxidation state ratios. The data quality could be sig
nificantly improved with a high x-ray flux synchro
tron measurement but access to those facilities is
limited.

Figure 4. XAS Sb LI-edge absorption spectra of Sb2O3 and
KSb(OH)6 chemicals as references for Sb(III) and Sb(V), 5%Sb:
ZrO2, 10%Sb:ZrO2 and 15%Sb:ZrO2 fibers, and Tc loaded 10%Sb:
ZrO2 fiber.
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BET
The specific surface areas and porosities of the fibers were
analyzed with the N2 adsorption-desorption method, Fig.
A3 and A4, and Table 1. The specific surface areas were
quite similar for all the fibers with the values ranging from
43 to 59 m2 g–1. Since the specific surface area of
5%Sb:ZrO2 is the highest, though with a small margin, it
should offer the greatest amount of surface sites for the
technetium uptake. Instead, the 10%Sb:ZrO2 fibers with
the lowest specific surface area have the highest uptake
capacity in the column experiment seen later. Thus,
within the range measured here, the specific surface area
might have only a small significance in the Tc remedia
tion. More probably, the amount of Sb(III) in the fibers is
limiting the Tc uptake since the oxidation of Sb(III) to
Sb(V) was observed in the XAS analysis after the Tc
uptake (Fig. 4). The total pore volumes of the fibers are
in the range from 0.02 to 0.05 cm3 g–1 being the lowest for
10%Sb:ZrO2 and the highest for 15%Sb:ZrO2. The high
pore volume is beneficial for uptake if the pores are
sufficiently large for a target ion to enter. The observed
pore size distribution was wide but concentrated on
micropores with ≤2 nm diameter.
Zeta potential. Zeta potentials of ZrO2, 5%Sb:ZrO2,
10%Sb:ZrO2 and 15%Sb:ZrO2 were determined from pH
1 to 10, Fig. 5. The maximum zeta potential values were
observed at pH 3 and the values decreased gradually
toward lower and higher pH values. The approximated
pHpzc values in 0.01 M NaCl were 6.3, 6.1, 5.9 and 5.8 in
the order of increasing Sb-doping level indicating that
Sb lowers the pHpzc. A similar trend was observed when
the pH was below pHpzc as the zeta potential values were
decreasing in the same order. Consequently, if the
separation of TcO4– would purely be based on the elec
trostatic attraction between the TcO4– anion and the
positively charged fiber surface, the separation should
be the highest at pH below pHpzc and decrease when pH
is higher than pHpzc. This was actually observed in the
pH experiment, Fig. 6. However, the separation cannot
be explained only with the electrostatic attraction
between TcO4– and the fiber surface, which would prac
tically exclude anion uptake above the pHPZC of the
materials, and then the ZrO2 fiber with the highest zeta
potential should have offered the best TcO4– separation,
and neither of these was the case.
Table 1. BET specific surface areas and total pore volumes of the
ZrO2 and three Sb-doped ZrO2 fibers.
ZrO2
5%Sb:ZrO2
10%Sb:ZrO2
15%Sb:ZrO2

ABET (m2 g–1)
49
59
43
54

Vpore (cm3 g–1)
0.04
0.03
0.02
0.05

Figure 5. Zeta potential of the fibers as function of pHeq in 0.01
M NaCl with 1 g L-1 adsorbent concentration.

Figure 6. Distribution coefficient (Kd) of 20 kBq L-1 TcO4- as
a function of pHeq in 0.01 M NaCl solution using 1 g L-1 adsorbent
concentration and Kd of 250 kBq L-1 ReO4– for 10%Sb:ZrO2. DL for
99Tc is 0.04 Bq mL–1.

The MP-AES measurement revealed a low solubility
of Sb from the 10%Sb:ZrO2 fibers, Fig. A5. The max
imum Sb dissolution, observed at pH 9.9, was below
1.4% of the total amount and the lowest solubility of Sb
was 0.2% detected at pH 2–6. However, some of the
dissolved Sb could actually be in the form of nanoparti
cles instead of true dissolution. As some Sb was found
from the solution, one could argue that the Tc uptake is
due to dissolution and re-precipitation of Sb but the Sb2
O3 and Sb2O5 reference samples (Table 2) did not show
such a Tc uptake behavior. According to the MP-AES
measurement, zirconium concentration in the solution
was below the detection limit (0.01 mg L–1) at pH 1.0–9.9
that is in agreement with the known solubility properties
of ZrO2. The low solubility of the fibers enables their use
over a broad pH range without deterioration that should
facilitate effective decontamination.
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charged surface whereas above pH 6 surfaces of the
fibers are negative (Fig. 5) and therefore repelling the
TcO4– anions.
;SOH2þ þ TcO4– $ ;SOH2þ . . . TcO4–

Figure 7. Effect of competing ion concentration (0.001–0.2 M) on
20 Bq mL-1 99TcO4- separation at pH 4.0 using 1 g L-1 adsorbent
concentration. DL is 0.04 Bq mL-1.

TcO4-

Table 2.
uptake of commercial chemical samples and fiber
samples as a comparison in 0.01 M NaCl at pH 4.0.
Chemical
m-ZrO2
Sb2O5
Sb2O3
15%Sb:ZrO2 fiber
10%Sb:ZrO2 fiber
5%Sb:ZrO2 fiber
ZrO2 fiber

Uptake (%)
0.22 ± 1.06
15.06 ± 0.94
0.72 ± 1.05
99.98 ± 0.09
99.98 ± 0.09
99.98 ± 0.09
5.83 ± 0.74

Kd (mL g–1)
2 ± 15
176 ± 18
7 ± 15
6 500 000 ± 37 600 000
6 600 000 ± 38 000 000
6 700 000 ± 38 400 000
61 ± 13

The effect of pH on Tc uptake. Solution pH can
greatly influence the uptake of ions including TcO4–
because pH affects both the surface charge of an adsor
bent and speciation of an adsorbate. In the case of
Tc(VII), TcO4– is the prevalent species over a wide pH
range. Only below the studied pH range, Tc(VII) pre
vails as a neutral pertechnetic acid, HTcO4, with the pKa
of 0.032, but at pH 2.0 the fraction of HTcO4 is only
1.1%.[50] From the obtained results, a significant differ
ence in TcO4– uptakes between the undoped ZrO2 and
Sb-doped ZrO2 fibers can be observed, Fig. 6. At their
best, the Kd values of the Sb-doped fibers were four
orders of magnitude higher than the values of the ZrO2
fibers. For the Sb-doped ZrO2 fibers, the Sb-doping level
did not seem to influence the Kd values markedly since
even a low quantity of Sb(III) is sufficient to reduce
a trace amount of TcO4–. The optimum pH range for the
TcO4– separation was from pH 2 to 6 for all the studied
fibers. The observed uptake trend is in a good agreement
with a mechanism where the electrostatic attraction is
holding TcO4– anion on the positively charged fiber
surface, Equation 3. Below pH 2 a rather high fraction
of neutral HTcO4 is responsible for the Kd decrease as
HTcO4 is not electrostatically attracted by the positively

(3)

The electrostatic attraction can be responsible for the
TcO4– uptake by the undoped ZrO2 fibers too but the
mechanism cannot explain the difference in the uptake
efficiencies of the undoped and Sb-doped ZrO2 fibers.
Therefore, it is concluded that the Sb doping is respon
sible for the uptake difference. The most probable expla
nation is the redox reaction between Sb and Tc as the
oxidation of Sb(III) was observed in the XAS analysis
(Fig. 4). In addition, the oxidation potential of Sb(III) is
sufficient to reduce Tc(VII) to Tc(IV) while Sb(III) oxi
dizes to Sb(V). Relevant redox half reactions of Sb and
Tc and their potentials are presented below, [51,52]
Equations 4, 5 and 6.
SbðOHÞ4– þ H2O $ SbðOHÞ6– þ 2Hþ
þ2e– ðE0 ¼

(4)

0:363VÞ

Sb2 O3 þ 2H2 O $ Sb2 O5 þ 4Hþ þ 4e– ðE0 ¼

0:649VÞ
(5)

TcO4– þ 4Hþ þ 3e– $ TcO2 þ 2H2 OðE0 ¼ 0:738VÞ
(6)
When the half reactions of Sb2O3 (5) and TcO4– (6) are
combined, the full redox reaction is obtained with the
positive potential value meaning spontaneous redox
reaction between Sb(III) and Tc(VII), Equation 7.
3Sb2 O3 þ 4TcO4– þ 4Hþ $ 3Sb2 O5 þ 4TcO2
þ2H2 OðE0 ¼ 0:089VÞ

(7)

In the Sb-doped ZrO2 fibers, the redox potential is
probably even higher than Equation 7 indicates since
Sb(III) is not prevailing as Sb2O3 but instead as a mixed
oxide or as a surface bound species. In literature, surface
bound Fe(II) has been seen as a more effective reductant
than Fe(II) oxides or an aqueous Fe2+ and this could be
possible also for Sb(III).[13,53,54] Hence, the electrostatic
attraction and spontaneous reduction of TcO4– to
Tc(IV) can together be responsible for the efficient Tc
uptake. The separation efficiency decreases above pH 6
since the redox potential decreases along the rising pH
and thereby lowering the uptake capability. In addition,
the electrostatic repulsion between the TcO4– anion and
the negatively charged fiber surface increases from pH 6
upwards. Therefore, the lowering redox potential and
the increasing electrostatic repulsion could explain the
gradually lowering Kd value along the rising pH.
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However, if technetium is adsorbed after the redox reac
tion, the prevailing TcO(OH)2/TcO2 species should not
be repelled by the negative surface.
When the TcO4– separation by the 10%Sb:ZrO2 fibers
was compared with ReO4– separation by the same fibers,
a great difference was observed. In fact, the 10%Sb:ZrO2
fibers removed ReO4– in a similar fashion as the
undoped ZrO2 fibers separated TcO4– indicating the
electrostatic adsorption mechanism. Thus, ReO4–
might not be as good surrogate for TcO4– separation
studies as is generally thought particularly when redox
reactions are plausible reasons for the uptake. The oxi
dation potential of Sb(III) is most probably inadequate
to reduce heptavalent ReO4– to tetravalent ReO2 (E
° = 0.510 V).[51]
Reference samples
Commercial materials m-ZrO2, Sb2O3 and Sb2O5, and
the synthesized ZrO2 and Sb-doped ZrO2 fibers were
tested for their ability to remove TcO4– from 0.01
M NaCl solution at pH 4, Table 2. The uptake results
showed that the Sb-doped ZrO2 fibers that contained
both Zr and Sb(III) had superior performance whereas
the commercial materials and the undoped ZrO2 fibers
containing only Zr or Sb(III)/Sb(V) were performing
poorly by having Kd values below 200 mL g–1. These
observations suggest that Sb(III) is reducing Tc(VII) to
Tc(IV) but zirconia surface is needed to bind Tc(IV)
from the solution because Sb2O3 alone was not separat
ing Tc efficiently.
Competing ions
High selectivity is essential when a trace amount of
a target ion is removed from a solution containing
many orders of magnitude higher concentrations of
other ions or compounds. For that reason, the effects
of Cl–, NO3–, SO42–, H2PO4–, ClO4– and H3BO3 on the
TcO4– uptake were examined, Fig. 7. The results show
that the presence of Cl– and NO3– did not weaken the
TcO4– uptake in the investigated concentration range.
Instead, Gao et al.[14] observed increasing NO3– concen
tration to decrease ReO4– adsorption capacity of ZrO2
@rGO significantly but the result could be related to
a much higher concentration of perrhenate than used
here for the radioactive pertechnetate or to competing
adsorption to the same adsorption sites. Despite their
similar stereo structure, the TcO4– remediation
remained unaffected by ClO4– in our experiments since
Sb(III) was unable to reduce ClO4– and 10%Sb:ZrO2
showed no affinity for ClO4– adsorption. In contrast, it
has been reported that remediation of TcO4– by acti
vated carbon was significantly reduced in the presence of
ClO4– as the ions have similar tetrahedral structure and

probably high affinity to the same adsorption sites.[15]
Additionally, our experiment showed that H3BO3
decreased the Kd value of TcO4– only slightly. This is
an extremely important result since H3BO3 is used in
nuclear industry as a neutron absorber to regulate the
power of reactors. Therefore, TcO4– waste solutions can
contain significant concentrations of H3BO3 without
disturbing the TcO4– uptake. Instead, SO42 – and H2
PO4– decreased the Kd value of TcO4– significantly
even at the lowest 0.001 M concentration but above
0.05 M further addition of either anion did not signifi
cantly lower the Kd values. Most probably, the negative
effects of sulfate and phosphate anions on the uptake of
other anions derive from their strong interaction with
zirconia surface. When zirconia adsorbs negatively
charged sulfate and phosphate ions, its surface charge
changes to negative and the electrostatic attraction
changes to a repulsion between the surface and other
anions, Fig. A6. It is also possible that Tc forms com
plexes with sulfate and phosphate anions that could
somewhat influence the TcO4– uptake. However, con
centrations of sulfate and phosphate anions in nuclear
wastewaters are low and therefore their influence can be
considered low in real applications. From the studied
compounds, only NO3– and ClO4– would have sufficient
oxidation potential for the Sb(III) oxidation but the slow
kinetics of NO3– and ClO4– reduction are diminishing
their influence on the TcO4– removal process.[55]
Kinetics
Fast uptake kinetics is necessary particularly when large
volumes of water are to be treated. For that reason, the
TcO4– uptake kinetics of the Sb-doped ZrO2 fibers was
demonstrated in a batch experiment where ground fiber
powder was mixed with TcO4– containing solution with
a magnetic stirrer, Fig. 8. The TcO4– uptake was fast for
all the studied fibers. At the first time point, the Kd
values of Tc exceeded 1 000 mL g–1, which are in per
centages more precisely 67%, 80%, and 86% for
5%Sb:ZrO2, 10%Sb:ZrO2, and 15%Sb:ZrO2, respectively.
Thus, it seems that in the beginning of the experiment
the highest separation was achieved with the fibers that
have the highest Sb concentration. However, after a few
minutes the order of the Kd values turns into the oppo
site. The fibers containing 5%Sb:ZrO2 reach the detec
tion limit first, in 20 minutes, the 10 mol% Sb fibers in
30 minutes, and the 15 mol% Sb fibers in 60 minutes.
Thus, the kinetics does not seem to correlate with the
maximum adsorption capacity observed in the column
experiments (Fig. 9). Even though Sb(III) is needed for
the TcO4– reduction, Sb can also have an inhibitory
effect on the TcO4– uptake that slows down the reaction.
As seen in the zeta potential experiment (Fig. 5), the
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Figure 8. Distribution coefficient of 20 Bq mL-1 TcO4- as
a function of time in 0.01 M NaCl at pH 4.0 using 1 g L-1
adsorbent concentration. DL is 0.02 Bq mL-1.

surface charge decreased when the Sb-doping level
increased weakening the electrostatic attraction between
TcO4– and the fiber surface that could explain the
observed behavior. Furthermore, increasing the Sbdoping level leads to a higher Sb concentration on the
fiber surface offering less zirconia adsorption sites for
the reduced Tc that can also have a retarding influence
on the Tc uptake.
Column separation
Packed bed columns are one of the easiest approaches to
remove
radionuclides
from
water
solutions.
Contaminated water is simply fed through a column and
clean solution after the bed can be discharged after proper
monitoring. For that reason, such an experiment was
conducted for the Sb-doped ZrO2 fibers in a smaller
scale, Fig. 9a. In this laboratory experiment, the TcO4–
solution was fed through a 1 cm diameter column and the
breakthrough of TcO4– after 5%Sb:ZrO2, 10%Sb:ZrO2 and
15%Sb:ZrO2 beds was followed to examine the behavior of
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the materials in dynamic use. The observed performance
was excellent before the breakthrough because the TcO4–
concentration stayed below the detection limit. TcO4–
breakthrough began first with the 5%Sb:ZrO2 fibers but
surprisingly the next breakthrough was observed for the
15%Sb:ZrO2 fiber column instead of the 10%Sb:ZrO2 col
umn, which was the last one to be exhausted. This was also
the order of the TcO4– uptake capacities that were
2.1 ± 0.1, 3.6 ± 0.1 and 3.5 ± 0.1 µmol/g for 5%Sb:ZrO2,
10%Sb:ZrO2 and 15%Sb:ZrO2 fibers, respectively. Hence,
the uptake capacities are not fully following the amount of
the Sb concentration in the fibers. The most probable
reason for the inconsistency is a higher portion of oxidized
Sb(V) in the calcined 15%Sb:ZrO2 fibers. However, an
accurate calculation of the Sb(III)/Sb(V) ratio and hence
the amount of Sb(III) in the fiber structure would require
a synchrotron XAS measurement. Despite the rather lim
ited quality of our XAS data, the major changes in the
oxidation states of Sb can be qualitatively observed. The
XAS spectrum of the Tc loaded 10%Sb:ZrO2 fibers showed
(Fig. 4.) that after the Tc loading Sb(III) was almost fully
oxidized to Sb(V). The result indicates that the 100% TcO4
–
breakthrough was reached when the reactive Sb(III) was
consumed as a consequence of the reduction of Tc(VII)
and dissolved O2.
Steepness of the breakthrough slopes follows the
order 5%Sb:ZrO2, 10%Sb:ZrO2 and 15%Sb:ZrO2 that is
the same order as observed in the kinetic experiment. As
the contact time between the solution and the fibers is
equal for all columns, the kinetics together with the
capacity dictate how large fraction of Tc is removed.
When the column approaches full exhaustion, in other
words, when the reaction zone in the column reaches the
bottom, breakthrough begins. After this point, the con
tact time between TcO4– and active sites is gradually
shortened that causes an increasing fraction of TcO4–
to pass through the column. Therefore, a material with
the fastest kinetics results in the steepest rise of the

Figure 9. Breakthrough of the columns a) packed with 0.25 g Sb-doped ZrO2 fibers for solution with 10 kBq L-1 99Tc in 0.01 M NaCl at
pH 4.0. b) Breakthrough of the column packed with 0.25 g of 10%Sb:ZrO2 fiber for 10 kBq L-1 99Tc and 54.2 kBq L-1 188Re in 0.01 M NaCl
at pH 4.0 on a logarithmic scale.
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breakthrough since the column having the shortest reac
tion zone is the closest to full exhaustion before the
breakthrough begins. Due to the lower Sb-doping level
of 5%Sb:ZrO2, a larger fraction of Zr is exposed on the
surface compared to 10%Sb:ZrO2 and 15%Sb:ZrO2,
which together with the highest zeta potential enables
fast remediation of TcO4–. From the studied fibers,
10%Sb:ZrO2 is seen as the most prominent for TcO4–
removal. The 10%Sb:ZrO2 fibers have the largest Tc
uptake capacity and higher degree of utilization (VBT
/VTOT) that enable their longer lasting use compared to
5%Sb:ZrO2 and 15%Sb:ZrO2. The situation could
change if the Sb in the 15%Sb:ZrO2 fibers would be
fully reduced to Sb(III). In addition, the operation of
the column in anaerobic conditions could considerably
improve the performance of all columns as then the
dissolved O2 would not participate in the oxidation of
Sb(III).
The uptake of TcO4– and ReO4– by 10%Sb:ZrO2 was
further compared with the column experiment.
A similar 10%Sb:ZrO2 column test as done for TcO4–
was conducted for 188ReO4–, Fig. 9b. The difference in
the breakthrough is drastic as 188ReO4– reaches 10%
breakthrough immediately in the first fraction, after
0.015 L, while the same takes approximately 5.0 L for 99
TcO4– meaning over 300-fold difference even though
the TcO4– concentration (1.11∙10–7 M) in the feed solu
tion is several orders of magnitude higher than the ReO4
–
concentration (5.51∙10−15 M). This result confirms the
observation from the pH experiment that ReO4– cannot
be used as a TcO4– surrogate with reductive materials
before proper initial testing.

Conclusions
In this study, electroblown ZrO2 and Sb-doped ZrO2 sub
micron fibers with 5, 10 and 15 cation% of Sb were synthe
sized for TcO4– separation. All the fibers had mainly the
tetragonal ZrO2 structure but some monoclinic ZrO2,
which is the inactive form of zirconia, was observed in the
ZrO2 and 15%Sb:ZrO2 fibers. The fibers had high length-to
-diameter ratio, smooth surfaces and high specific surface
areas, 43–59 m2 g–1. The Sb-doping levels were close to the
designed values but a certain loss of Sb during the synthesis
was observed. Sb was added into the synthesis solution as
Sb(III) but partial oxidation of Sb(III) occurred most prob
ably during the calcination process.
The fiber synthesis was designed to produce fibers
with great TcO4– uptake properties that were studied
with batch and dynamic column experiments. The
hypothesis was that Sb(III) in the Sb-doped ZrO2
fibers would reduce Tc(VII) to Tc(IV) that would be
retained by the zirconia surface. Indeed, the oxidation

of Sb(III) to Sb(V) during the column operation was
observed which indicates that Sb(III) was oxidized by
TcO4– and dissolved O2 in the solution. From all the
studied fibers, the 10%Sb:ZrO2 fibers had the highest
capacity and the best performance because of their
seemingly high Sb(III)/Sb(V) ratio. The influence of
Sb(III) on the Tc uptake capability of the fibers was
the most evident when the performance of the Sbdoped ZrO2 fibers was compared with the undoped
ZrO2 revealing several orders of magnitude higher Kd
values for the doped fibers. The optimal pH for the
separation was below the pHPZC because of the elec
trostatic attraction between TcO4– and the positively
charged surface but the separation remained on a high
level throughout the studied range from pH 1 to 10.
The Tc uptake kinetics was fast and the separation
was unaffected by Cl–, NO3– and ClO4– ions in the
solution and H3BO3 decreased Kd values only slightly
which is very important in the decontamination of
nuclear waste solutions. In addition, as the reduction
chemistry of Re differs significantly from Tc, the Re
separation was much less efficient. Therefore, care
must be taken when Re is used as a Tc surrogate
particularly when the uptake material has reductive
properties. Based on the conducted experiments, the
Sb-doped ZrO2 fibers are seen highly prominent mate
rials for TcO4– sequestration even in aerobic condi
tions due to their selectivity, fast kinetics and
suitability for the final disposal in the ceramic form.
Future research should be targeted to synchrotron
quality XAS measurements on Sb and Tc in the fibers,
the full reduction of Sb to Sb(III) before adsorption
experiments and uptake studies in anaerobic
conditions.
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