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a b s t r a c t

In nuclear power plants and other nuclear facilities the removal of cobalt from radioactive liquid waste is
needed to reduce the radioactivity concentration in effluents. In liquid wastes containing strong organic
complexing agents such as EDTA cobalt removal can be problematic due to the high stability of the Co-
EDTA complex. In this study, the removal of cobalt from NaNO3 solutions using antimony oxide (Sb2O3)
synthesized from potassium hexahydroxoantimonate was investigated in the absence and presence of
EDTA. The uptake studies on the ion exchange material were conducted both in the dark (absence of UV-
light) and under UV-C irradiation. Ca2þ or Ni2þ were included in the experiments as competing cations to
test the selectivity of the ion exchanger. Results show that UV-C irradiation noticeably enhances the
cobalt sorption efficiency on the antimony oxide. It was shown that nickel decreased the sorption of
cobalt to a higher extent than calcium. Finally, the sorption data collected for Co2þ on antimony oxide
was modeled using six different isotherm models. The Sips model was found to be the most suitable
model to describe the sorption process. The Dubinin-Radushkevich model was further used to calculate
the adsorption energy, which was found to be 6.2 kJ mol�1.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solidification and volume reduction of liquid radioactive waste
produced by nuclear power plants (NPPs) and other nuclear facil-
ities is required to decrease aqueous radioactivity emissions and to
obtain suitable waste forms for final disposal. One of the most
problematic waste nuclides found in the liquid waste is 60Co, a
corrosion product with a relatively long half-life (5.2 a) and high
gamma decay energy (1332 keV and 1173 keV) [1]. 60Co forms
stable chelates with ethylenediaminetetraacetic acid (EDTA) which
is an aminopolycarboxylic acid complexing agent used in the
decontamination processes in nuclear facilities.

Even though the use of EDTA in the nuclear industry has been
reduced, EDTA-containing liquid wastes from power plants gener-
ated in earlier years can be found stored in tanks. For example,
).

by Elsevier Korea LLC. This is an
Samuels et al. [2] reported that the 149 radioactive waste tanks at
the Hanford Complex in the US contain 83 tons of EDTA. The
removal of 60Co in the presence of EDTA is problematic due to the
stability of the complexes. EDTA forms water-soluble 1:1 com-
plexes with di- and trivalent metal ions, coordinating the metal ion
by forming several heteroatomic rings around the metal center [3].
Straightforward complex formation with tetravalent germanium,
tin, titanium, zirconium, hafnium and thorium in acidic solution
was reported by Langer [4].

Compared to other metal-ligand complexes, the ring formation
leads to a higher stability of the complexes. EDTA is resistant to
biodegradation and very heat resistant, implying that formed
metal-chelates are very stable and difficult to destroy. However, a
promising elimination process using photodegradation has been
demonstrated for e.g. Fe(III)-EDTA complexes under environmental
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conditions. Here, Kari and Giger [5] showed that Fe(III) can be
photodegraded rapidly in shallow rivers. Mets€arinne et al. [6]
compared the photodegradation of the Na and Fe(III) complexes of
EDTA in distilled and in lake water at pH 3.1 and 6.5. They reported
that EDTA can be photodegraded only as Fe(III)-EDTA complex and
that the photodegradation is pH dependent, being much faster
when the original pH of the solution was 3.1 rather than 6.5. Ac-
cording to Lockhart and Blakeley [7] the main photodegradation
products of Fe(III)-EDTA are carbon dioxide, formaldehyde, imino-
diacetic acid (IMDA), N-aminoethyleneglycine (EDMA), N,N0-eth-
ylenediglycine (EDDA-N,N0), N-carboxymethyl-N-aminoethylen
eglycine (EDDA-N,N), N-carboxymethyl-N,N0-ethylenediglycine
(ED3A) and glycine. They studied the photodegradation of Fe(III)-
EDTA at three different pH values (pH 4.5, 6.9 and 8.5) and re-
ported that the degradation rate of Fe(III)-EDTA was fastest at pH
4.5.

Few studies have been published on the destruction of the Co2þ-
EDTA complex. For example, CoTreat® has been tested for the
removal of cobalt from EDTA-bearing solutions through sorption on
the ion exchange material [8]. The experiments were conducted
using UV oxidation in the presence and absence of a photocatalyst,
TiO2, and other oxidants such as H2O2 and methods such as ozon-
ation. It was reported that oxidation of EDTA was required for
efficient removal of cobalt, and ozonationwas found to be the most
suitable oxidation method. One of the latest publications on cobalt
decomplexation from EDTA has been written by Rekab et al. [9].
They reported that UV oxidation of the complex with the addition
of H2O2 resulted in a higher rate of organic mineralization than UV
oxidation with TiO2. When TiO2 was used for the adsorption of
cobalt after the oxidation of the Co-EDTA complex by UV-light and
H2O2, higher decontamination factors were achieved in comparison
to the simultaneous use of TiO2 as a photocatalyst and adsorbent.

The removal of 60Co from nuclear waste effluents after a po-
tential decomplexation from EDTA using various sorbent materials
can be hampered by the presence of other cations present in the
waste effluent. The liquid waste often contains only trace amounts
of radionuclides and high concentrations of stable metal ions,
which may be retained to some extent even by highly selective ion
exchange materials. It has been reported that the activity concen-
tration of 60Co in a floor drain water at the Loviisa nuclear power
plant (Finland) is 402 Bq L�1 [10]. This would correspond to a
concentration of 1.6$10�13 mol L�1. The concentrations of various
stable ions or compounds are comparatively high: 1.6$10�3 mol L�1

Naþ, 0.20$10�3 mol L�1 Kþ, 0.021$10�3 mol L�1 Ca2þ and
2.6$10�3 mol L�1 H3BO3 [10]. These macro-elements, especially the
divalent cation Ca2þ, may influence the removal of cobalt from
solution. In addition, other chemically similar divalent transition
metals present inmuch lower concentrations in thewaste solutions
may compete for the sorption sites on the solid material.

In the present study, we have studied the removal of trace
amounts of cobalt from aqueous solution in the absence and
presence of EDTA as complexing agent and Ca2þ and Ni2þ as
competing metal cations. Ni2þ is released into the aqueous phase
by the corrosion of the nuclear reactor vessel and Zircaloy cladding
material surrounding the nuclear fuel rods. As a sorbent material,
we have chosen the ion exchange material antimony oxide (Sb2O3).
This study builds on previously published work, where we inves-
tigated the use of antimony oxide for the removal of cobalt from
0.01 mol L�1 NaNO3 solutions containing EDTA [11]. In that paper,
high cobalt sorption efficiencies up to 99.7 % were attained under
UV-C irradiation with the antimony oxide synthesized from anti-
mony pentachloride. Due to the corrosiveness of antimony penta-
chloride, this study reports on the synthesis of antimony oxide
using potassium hexahydroxoantimonate, which is a less harmful
chemical and therefore more suitable for larger scale production.
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The uptake studies on the new ion exchange material were
conducted both in the dark (absence of UV-light) and under UV-C
irradiation, to account for the potential photodegradation of the
Co-EDTA complexes and subsequent Co removal from solution by
the antimony oxide. The selectivity of the material for Co2þ was
tested in the presence of Ca2þ or Ni2þ. Finally, the retention of Co2þ

on the ion exchanger was modeled with various isotherm models
to describe the sorption process.

2. Experimental

2.1. Materials

Analytical grade KSb(OH)6 (Sigma Aldrich), Co(NO3)2$6H2O
(Riedel de Ha€en), Na2EDTA$2H2O (Merck), Ca(NO3)2$4H2O (Sigma
Aldrich), Ni(NO3)2$6H2O (Merck), HCl (VWR), NH3 (Merck), NaOH
(Riedel de Ha€en), HNO3 (Fisher Scientific) and chemically pure
NaNO3 (VWR, GPR® Rectapur®) were used without further puri-
fication. The radioactive tracer, carrier free 57Co, was obtained from
Eckert & Ziegler Isotope products. Water from a Milli-Q water pu-
rification system (18 MU cm) was used for the preparation of
solutions.

2.2. Synthesis of the antimony oxide

Synthesis of antimony oxide was performed by modifying the
synthesis presented by Khan and Alam [12]. Instead of keeping the
reaction mixture at room temperature overnight, 0.1 mol of
KSb(OH)6 and 1 L 5.8 mol L�1 HCl were mixed using magnetic
stirring and heated to 60 �C. Mixing was continued for 30 min to
dissolve KSb(OH)6 in the acid. Ammonia (25 %) was added. To keep
the synthesis temperature below 70 �C the addition was done
slowly, over a duration of 20 min. In the synthesis presented by
Khan and Alam [12], ammonia was added until a residual acidity of
0.75 mol L�1 HCl was obtained. In the present study ammonia was
added until the reaction mixture pH rose to 2.0. The white anti-
mony oxide precipitate was washed several times with water and
dried at room temperature.

2.3. Characterization of the antimony oxide

The identification of the crystal phase of the synthesized anti-
mony oxide was determined by powder X-ray diffraction (XRD) us-
ing a Panalytical X'pert Pro MDP X-ray diffraction system and X'pert
High Score Plus software. The zeta potential of the synthesized
antimony oxide was measured with a Malvern Zetasizer Nano ZS
which uses Laser Doppler Micro electrophoresis and patented M3-
PALS (Phase Analysis Light Scattering) to measure the zeta poten-
tial. The solidmaterial and 0.01mol L�1 NaNO3 solution (pH adjusted
with 0.1 mol L�1 HNO3 or 0.1 mol L�1 NaOH as necessary) were
equilibrated for four days using constant rotary mixing (50 rpm)
before filtering the sample solution with a 10 mm Acrodisc PSF filter
(PALL Life Sciences). The Malvern Zetasizer Nano ZS is designed to
measure 5 nm to 10 mm particles, thus it was decided to use the 10
mm filtering as sample pretreatment. The surface morphology of the
material was analyzed using a Hitachi S-4800 field emission scan-
ning electron microscope (FE-SEM). BET surface area and total pore
volume of the studied material was determined by nitrogen
adsorption at 77 K using Autosorb-1-C surface area and pore size
analyzer (Quantachrome, The UK).

2.4. Experimental procedure

Prior to the experiments, 0.01mol L�1 NaNO3 test solutions with
varying amounts of other chemicals were prepared and traced with



Fig. 1. The X-ray diffraction patterns of the synthesized antimony oxide before (black,
lower diffractogram) and after (red, upper diffractogram) 24 h of UV-C irradiation in
0.01 M NaNO3 solution containing 10 mM Co2þ and 100 mM EDTA. The green bars are
published diffraction data for antimony oxide from Abe and Itoh [18].
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57Co, the tracer activity being<35 kBq L�1 corresponding to a cobalt
concentration of less than 2 � 10�12 mol L�1. The test solutions
were equilibrated in the dark over night with occasional mixing
before measuring the test solution pH with an Orion 3 Star pH
meter. Batch sorption experiments were done in the dark, at room
temperature using constant rotary mixing (50 rpm) to equilibrate
20 mg of antimony oxide with 10 ml of the test solution (batch
factor 500 mL g�1). The same batch factor was used in the UV
oxidation experiments, where 160mg of antimony oxide and 80mL
of test solution were mixed in a 100 mL immersion well reactor
(Photochemical Reactors Ltd., Model 3312). A quartz tube separated
the 6W low-pressuremercury lamp (major emissionwavelength of
254 nm) from the reaction mixture. A bubbling system delivering
compressed air through sintered glass was used to stir the reaction
mixture, which was allowed to mix in the dark for 1 h before the
UV-C irradiation. The temperature (22e24 �C) was controlled with
a TTM-000 Series thermostat (TOHO Electronics Inc., Japan).

After mixing the suspensions, centrifugation (10 min at
3000�g) was used to remove the solid material from the solution.
In addition, the solution was filtered with a 0.2 mm Acrodisc filter
(PALL Life Sciences) to remove some very fine antimony oxide
particles seen on the solution surface after centrifugation. To
analyze the activity concentration of 57Co in the solution, aliquots
(5 ml) of the solution before and after the experiments were
counted for 57Cowith a gamma counter (Wallac 1480WizardTM 3).
Each sample was counted for 30 min, or until a total amount of
100,000 counts had been accumulated. Considering the back-
ground count rate of approximately 20 cpm, a minimum detectable
activity (MDA) of 0.08 Bq could be calculated for a typical mea-
surement. This MDA is significantly lower than the remaining 57Co
activity in solution in any of the analyzed samples, allowing for the
calculation of sorption distribution coefficients (KD) for all Co-
containing samples. The term KD will be used throughout the text
to describe the partitioning of cobalt between the solid and
aqueous phases, independent of the type of investigation (presence
or absence of EDTA and/or competing cations). In other words, the
distribution coefficient was used to estimate the cobalt processing
capacity (mL g�1) of the antimony oxide under the prevailing
conditions. The accuracy of the results was evaluated using the
propagation of uncertainty.

2.5. Sorption tests without interfering ions and UV-C irradiation

The difference in the sorption efficiency between ionic cobalt
and EDTA-complexed cobalt was examined in NaNO3 solution with
stable cobalt concentrations varying between 2 mmol L�1 and
10 mmol L�1 and EDTA concentrations varying between 0 mmol L�1

and 20 mmol L�1. The test solution pH varied between 4.5 and 5.5.
When EDTA was present in the solution, its concentration was two
times higher than that of cobalt, which ensures efficient
complexation of cobalt with EDTA (see Supplementary material,
Table S1). The obtained sorption isotherms describe the concen-
tration of the sorbed species in the solid phase versus its concen-
tration in the solution at equilibrium conditions and constant
temperature. Experimentally, an isotherm generally reaches a
plateau, which shows the experimental sorption maximum. In or-
der to evaluate the sorption processes, a number of isotherm
equations, both theoretical and empirical, have been developed. In
this study, a total number of six different isotherm models: Lang-
muir [13,14], Freundlich [13,14], Sips [15], Toth [16], Dubinin-
Radushkevich [13] and BiLangmuir [17] (see Supplementary Ma-
terial (Table S2) for detailed information) were fitted to the
experimental data using the non-linear least squares method and
the Levenberg-Marquardt algorithm as an optimization procedure
with the Matlab Curve Fitting Tool. The tolerance values of
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optimization (TolX and TolFun) were set to 1 � 10�6 and the un-
known parameters were estimated with 95 % confidence bounds.
No weighting was used in the fitting routine.

2.6. Sorption tests with Ca2þ and Ni2þ without UV-C irradiation

To test the effect of interfering ions on the cobalt sorption of the
synthesized material, 0e1000 mmol L�1 Ca2þ or Ni2þ was added to
the NaNO3 solution containing 10 mmol L�1 Co2þ. The tests were
conducted in the absence and presence of 100 mmol L�1 EDTA. The
test solution pH varied between 4.2 and 4.7.

2.7. Sorption tests with UV-C irradiation

The UV-C irradiation experiments were performed in NaNO3
solution containing 10 mmol L�1 cobalt in the absence and presence
of 100 mmol L�1 EDTA. The effect of interfering ions was tested
adding 10 mmol L�1 Ca2þ or Ni2þ to the solution with 100 mmol L�1

EDTA.

3. Results and discussion

3.1. Antimony oxide characterization

The identification of the crystal phase of the synthesized anti-
mony oxide was based on the X-ray diffractogram (Fig. 1, black
traces, lower diffractogram) of the material. The d-spacing values
with corresponding crystal planes were congruent with the
diffraction data published by Abe and Itoh [18] (see Supplementary
Material, Table S3) which indicates a crystal phase of Sb2O5 ∙ 4H2O
(cubic, a: 10.3750 Å, space group Fd3m). The published diffraction
peaks from Abe and Itoh [18] have been added to Fig. 1 for com-
parison (green bars). The effect of UV-C irradiation on the bulk
structure of the synthesized material was also analyzed. A com-
parison of the diffractograms of the material before and after 24 h
of UV-C irradiation in NaNO3 solution containing 10 mmol L�1 Co2þ

and 100 mmol L�1 EDTA is presented in Fig. 1 (red traces, upper
diffractogram). Both diffractograms are identical, implying that UV-
C irradiation has no effect on the bulk structure of the synthetic
antimony oxide.

The specific surface area (BET) of the synthesized material was
49.4 m2 g�1 and its porosity (total pore volume) was 0.059 cm3 g�1



Fig. 2. FE-SEM image illustrating the particle morphology (left) and the particle size distribution (right) of the synthesized antimony oxide.

L. Malinen, E. Repo, R. Harjula et al. Nuclear Engineering and Technology 54 (2022) 627e636
when analyzed using a dedicated transducer monitoring continu-
ously the saturation pressure of the cryogenic bath. The FE-SEM
image illustrating the morphology of the material (Fig. 2, left) re-
veals irregularly shaped and porous particles. The FE-SEM image
with a lower magnification (Fig. 2, right) shows the wide particle
size distribution of the material.

The zeta potential of the material was rather constant, �40 mV
to �50 mV, between pH values 5 and 9.5, cf. Fig. 3. Below pH 5 the
zeta potential started approaching zero and the estimation of the
PZC of the material is at pH 1.4. However, due to the surface
roughness, which has been shown to affect the accurate determi-
nation of the zeta potential with the micro electrophoresis method,
as has been written by Delgado et al. [19], the zeta potential values
of the synthesized antimony oxide shown in Fig. 3 should be used
only for the estimation of the point of zero charge (PZC) of the
material.

3.2. Sorption tests in the presence and absence of EDTA without
interfering ions and UV-C irradiation

The batch sorption experiments in the absence and presence of
EDTA were, at first, conducted in the dark to avoid any influence of
UV-radiation on the Co2þ sorption and complexation processes.
During the batch sorption experiments the test solution pH
Fig. 3. The zeta potential (mV) of antimony oxide in 0.01 mol L�1 NaNO3 solution as a
function of pH after four days of constant rotary mixing at room temperature in the
dark. The red dashed line has been added as a guide for the eye.
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decreased from 5.5-4.5 to 3.1e2.8 as a result of cobalt uptake by the
ion exchanger and the subsequent release of protons in solution.
This is an indication of the acidity of the hydrous antimony oxide,
Sb2O5 � 4H2O. The acidity of hydrous oxides is known to increase in
the order MO < M2O3 < MO2 < M2O5 < MO3 and the higher oxides
Fig. 4. 57Co distribution coefficient (KD/mL g�1) (top) and 57Co sorption % (bottom) on
the synthetic antimony oxide in 0.01 mol L�1 NaNO3 solution containing either Co2þ

(black ▫ symbols) or Co þ EDTA (orange B symbols), with the concentration of EDTA
being two times higher than that of cobalt, after 24 h of constant rotary mixing at room
temperature in the dark as a function of the initial Co2þ concentration (mmol L�1) in
the solution.
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of Sb5þ (present in Sb2O5$4H2O) exhibit good cation exchange
properties in acidic pH [20]. Fig. 4 presents the obtained KD values
for Co2þ on antimony oxide in the absence (black ▫ symbols) and
presence (orange B symbols) of EDTA.

The discussion of the sorption data begins with the results ob-
tained in the absence of the complexing agent. The sorption data
presented in Fig. 4 (bottom) show a plateau region with almost
100% removal of Co2þ from solution, for added Co2þ concentrations
up to 500 mM. Higher Co2þ concentrations on the other hand, lead
to a decrease of the overall uptake. Based on these results, the
experimental sorption capacity, qe, of the synthesized antimony
oxide was calculated and the results are presented in Fig. 5 as a
function of the added Co2þ concentration (left) and the Co2þ

equilibrium concentration in solution after the experiment (right).
In the isotherm data two distinct slopes can be identified

(indicated in Fig. 5 with gray dashed lines). For overall Co2þ con-
centrations in the 0 to 300 mmol L�1 range (see dashed line in Fig. 5,
left), a slope of 0.95 ± 0.09 can be discerned for cobalt concentra-
tions below 50 mmol L�1, which decreases slightly to 0.89 ± 0.08
when considering total Co2þ concentrations up to 300 mmol L�1. In
this concentration range, the sorption reaction is independent of
the total metal ion concentration used, resulting in a linear uptake
behavior, referred to as the ideal sorption range. Above Co2þ con-
centrations of 300 mmol L�1, the slope decreases significantly to
0.22 ± 0.03, indicative of Co2þ uptake outside the ideal sorption
range. The reason for ideal vs. non-ideal sorption behavior can be
attributed to e.g. the presence of different site types on the anti-
mony oxide, responsible for metal ion uptake in the different
concentration regimes. At low concentrations so called strong site
types are assumed to participate in the sorption reaction, while
weak site types become active when the total metal ion concen-
tration increases and the amount of strong site types becomes
saturated. However, surface saturation and steric effects may also
contribute to non-linear sorption behavior.

Abe [21] and Baetsle and Huys [22] have calculated the theo-
retical exchange capacity of Sb2O5 � 4H2O as 5.06 meq g�1 which in
the case of Co2þ corresponds to 2.5 mmol g�1. According to Abe and
Fig. 5. The uptake of Co2þ, qe (mmol g-1) as a function of added Co2þ (left) and the equilibr
rotary mixing at room temperature in the dark with the synthesized antimony oxide, in 0.01
Co-EDTA complex (orangeB symbols), with the concentration of EDTA being two times high
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Sudoh [23], however, the maximum uptake of Co2þ by crystalline
antimony oxide in 0.1 mol L�1 cobalt nitrate solution was found to
be 0.61 meq g�1 corresponding to 0.3 mmol g�1. In their study, the
ion exchange equilibrium for 20 mg of solid material and 20 mL of
solutionwas attained after 10 days. As can be seen in Fig. 5, the Co2þ

uptake of the synthesized antimony oxide was in the same order of
magnitude, 0.41 mmol g�1, in NaNO3 solution containing
10 mmol L�1 cobalt. The low exchange capacity in comparison to
the theoretical one, may arise from the strong hydration of small
cations such as Co2þ, Ni2þ and Zn2þ (effective ionic radii being
0.745, 0.69 and 0.74 Å, respectively for coordination number VI
[24]) in aqueous solution. It is possible that the hydration volumes
of the cations contribute more to the steric effect than the crystal
ionic radii. Thus, the theoretical exchange capacity may not be
reached.

When EDTA was added to the antimony oxide suspensions, the
uptake of Co2þ by the synthesized material decreased significantly
in comparison to the suspension without EDTA (Figs. 4 and 5).
Based on the calculated Co-EDTA solution speciation (Table S1)
using the chemical speciation program Visual Minteq (version 3.0)
[25] and stability constants for CoEDTA2�, CoHEDTA and CoH2EDTA
of 18.16, 21.59 and 23.49, respectively [26,27] less than 5 % of cobalt
should remain uncomplexed by the EDTA ligand under all experi-
mental conditions.

When plotting the sorption percentages of Co2þ on antimony
oxide in the “plateau”-areawheremore than 96% of the added Co2þ

is retained on the ion exchanger in the absence of EDTA together
with the corresponding data in the presence of EDTA, the influence
of the complexing agent can be seen to be considerable (Fig. 4,
bottom). This emphasizes the importance of decomplexation of
radioactive contaminants from strong ligands such as EDTA, before
commencing with purification of the solutions with ion exchangers
and other solid phases.

The batch sorption data in the presence of EDTA seems to reach
a sorption plateau around 5 % for Co2þ concentrations above
500 mM (Fig. 4, bottom). Based on our speciation modeling, all co-
balt should be complexed by the EDTA ligand in this concentration
ium Co2þ concentration in solution after the experiment (right), after 24 h of constant
mol L-1 NaNO3 solution containing varying amounts of Co2þ (black ▫ symbols) or the
er than that of cobalt, as a function of the Co2þ concentration (mmol L-1) in the solution.



Fig. 6. Fitting the Sips isotherm model (dashed line) to the experimental values of the
uptake of Co2þ, qe (mmol g-1) on the synthesized antimony oxide in the absence (black
▫ symbols) and presence (orange B symbols) of EDTA, in 0.01 mol L-1 NaNO3 solution
as a function of the Co2þ concentration (mmol L-1) in the solution after 24 h of constant
rotary mixing at room temperature in the dark. The EDTA concentration in the ex-
periments was two times higher than that of cobalt.
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range, which implies that some additional reactions take place in
the antimony oxide suspensions. It is possible that a small amount
of the neutral CoH2EDTA complex adsorbs on the ion exchange
material. The calculated amount of CoH2EDTA in solution in the
Co2þ-concentration range above 500 mM is between 4 and 10%,
which matches very well with the sorption plateau observed in our
batch sorption studies. Other possibilities for the small amount of
sorption taking place at these rather high Co2þ and EDTA concen-
trations is the presence of non-complexed Co2þ due to e.g.
competing complexation reactions with Sb and the complexing
ligand. The excess EDTA in solution can promote the dissolution of
Sb from the antimony oxide and further enable the formation of Sb-
EDTA complexes. Since the amount of antimony in the solutionwas
not analyzed in the present study it is not possible to estimate the
effect of EDTA on the synthesized antimony oxide. Thus, this solid/
solution system should be considered as a multiple ligand system
where EDTA and the surface of the antimony oxide compete for
cationic cobalt.

Finally, to examine the obtained experimental sorption data
further, six different isotherm models were fitted to the experi-
mental data. The Langmuir isotherm assumes that sorption takes
place at specific homogenous sites of the sorbent without any
mutual interactions between the sorbates. The Freundlich isotherm
is applicable for heterogeneous surfaces. The Sips isotherm is a
combination of the Langmuir and Freundlich isotherms and takes
into account the surface heterogeneity. The Toth model is an
empirical equation, derived to improve the Langmuir model
applicability at both low and high concentration limits and it is
suitable in modeling of heterogeneous sorption processes. The
Dubinin-Radushkevich isotherm assumes a Gaussian energy dis-
tribution and includes the effect of temperature and it can be used
to evaluate the sorption energies. Finally, the BiLangmuir isotherm
containing four parameters presumes that the sorbent surface has
two Langmuir-like active sites with different affinities towards the
target sorbing species. The results of the isotherm modeling are
presented in Table 1.

For the solution containing only Co2þ, the best fit was obtained
with the Sips, Toth and BiLangmuir models. From these models the
Sips model estimated the experimental sorption maximum with
the highest accuracy and therefore can be assigned to be the most
suitable among the tested models (Fig. 6). It is also one of the best
models to describe the sorption of Co2þ in the presence of EDTA.
Table 1
Sorption isotherm parameters for Co2þ sorption of antimony oxide observed from fitting th
obtained with 95 % confidence bounds. R2 refers to the correlation coefficient and c2/n is

Langmuir qm,exp (mmol/g) qmL (mmol/g)

Co 0.413 0.350
Co-EDTA 0.042 0.025

Freundlich qm,exp (mmol/g)

Co 0.413
Co-EDTA 0.042

Sips qm,exp (mmol/g) qmS (mmol/g)

Co 0.413 0.410
Co-EDTA 0.042 0.063

Toth qm,exp (mmol/g) qmT (mmol/g)

Co 0.413 0.443
Co-EDTA 0.042 0.263

Dubinin-Radushkevich qm,exp (mmol/g) qmRP (mmol/g)

Co 0.413 0.343
Co-EDTA 0.042 0.027

BiLangmuir qm,exp (mmol/g) qmBL1 (mmol/g)

Co 0.413 0.262
Co-EDTA 0.042 0.021
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The good fit of the Sips model indicates that the synthesized anti-
mony oxide is a heterogeneous sorbent material, with different
types of sorption sites. In the model the nS value describes the
surface heterogeneity. When the nS value deviates from unity, it
denotes heterogeneous adsorbent surface. On the other hand,
when the nS value equals unity, the Sips isotherm returns to the
Langmuir isotherm and indicates homogeneous adsorption [28].
Thus, the heterogeneity of the material was also verified by the nS
value of 0.592 which is clearly less than unity. The modeling results
corroborate the isotherm data presented in Fig. 5 left, where two
sorption regimes, ideal and non-ideal ones, could be identified.

Based on the correlation coefficients (R2) and comparison of the
calculated maximum sorption (qm) to the experimental maximum
sorption value determined for antimony oxide (qm,exp) (Table 1),
fitting was seen to be poor in the case of the solution containing
both Co2þ and EDTA. This can be attributed to the low sorption
efficiency since the removal of cobalt in the presence of EDTA
decreased from 79.5 % to 3.3 % when the concentration of cobalt
e experimental sorption data from Fig. 5 with six isothermmodels. Parameters were
chi-squared per degree of freedom.

KL (l/mmol) R2 c2/n

16.1 0.976 0.0045
33.6 0.707 0.0017
KF (l/mmol) nF R2

0.275 4.50 0.938 0.1605
0.027 4.03 0.851 0.0018
KS (l/mmol) nS R2

7.94 0.592 0.994 0.0039
0.410 0.335 0.916 0.0015
bT (l/mmol) nT R2

0.157 0.426 0.996 0.0010
1.19 0.338 0.889 0.0045
bDR E (kJ/mol) R2

0.080 6.15 0.978 0.0031
0.049 7.80 0.755 0.0019
KBL1 (l/mmol) qmBL2 (mmol/g) KBL2 (l/mmol) R2

36.1 0.163 0.454 0.997 0.0009
20.1 0.172 0.036 0.926 0.0049



Fig. 8. Sorption distribution coefficients (KD) of 10 mM Co2þ in 0.01 mol L�1 NaNO3

solution as a function of Ca2þ (closed symbols) or Ni2þ (open symbols) concentration
in the absence (black, ▫) and presence (orange, B) of EDTA after 24 h of constant
rotary mixing at room temperature in the dark. The vertical lines indicate the KD values
of 10 mM Co2þ in the absence of competing metals.
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increased from 2 mmol L�1 to 2500 mmol L�1 (the concentration of
EDTA being two times higher than that of cobalt). The experimental
sorption data scattered to some extent in the presence of EDTA as
can be seen in Fig. 6 depicting the Sips isotherm for cobalt uptake
values from Fig. 5. The maximum sorption was estimated as
0.063 mmol g�1 by the Sips model and was the best estimation of
the obtained experimental value, 0.042 mmol g�1. The other
models estimated the experimental cobalt uptake as
0.021e0.0265 mmol g�1 or 0.263 mmol g�1 as can be seen from
Table 1.

Based on theory, energy values (E) from the Dubinin-
Radushkevich model can be used to evaluate the sorption mecha-
nism. E values less than 8 kJ mol�1 indicate physical sorption and
values from 8 to 16 kJ mol�1 support ion exchange [29,30]. For the
solution containing only cobalt, the E valuewas 6.2 kJ mol�1 and for
the solution containing the Co-EDTA complex, the E value was
7.8 kJ mol�1. The E values indicate that the removal of Co2þ could be
attributed to physical sorption. However, e.g. Inglezakis and Zorpas
[31] revealed in their research that adsorption energy values as low
as 0.6 kJ mol�1 were obtained for ion exchange on zeolite cli-
noptilolite using the Dubinin-Radushkevich model. They collected
a large number of experimental adsorption energy values from the
literature, of which 38 % were derived by the use of the Dubinin-
Radushkevich model. The maximum values obtained were very
close to the proposed range of ion exchange (<16 kJ mol�1) but the
lower limit was not accurate. Taking into account, that the corre-
lation coefficients for the Dubinin-Radushkevich model were 0.978
and 0.755 (Table 1), extra care should be taken when interpreting
the results.

Based on the results presented in Fig. 5, also the selectivity co-
efficient KCo/H was calculated and is presented as a function of the
experimental cobalt uptake, qe, in Fig. 7. As the cobalt concentration
increases, the selectivity coefficient decreases which is a rather
well-known phenomenon with selective ion exchange materials.
The counter ionwith higher valence is preferred and the preference
increases with dilution of the solution. Selectivity of the synthe-
sized antimony oxide is strongly reduced in the presence of EDTA.
Fig. 7. The selectivity coefficient (KCo/H), in 0.01 mol L-1 NaNO3 solution containing
varying amounts of Co2þ (black ▫ symbols) or the Co-EDTA complex (orange B

symbols), with the concentration of EDTA being two times higher than that of cobalt,
as a function of the experimental cobalt sorption capacity (mmol g-1) of the synthe-
sized antimony oxide after 24 h of constant rotary mixing at room temperature in the
dark.
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3.3. Sorption competition investigations with Ca2þ and Ni2þ in the
absence of UV-C irradiation

3.3.1. Influence of Ca2þ and Ni2þ

The selectivity of antimony oxide towards Co2þ and Ca2þ has not
been published, while some literature on Co2þ vs. Ni2þ uptake can
be found. According to Abe and Kasai [32], crystalline antimony
oxide is more selective towards Co2þ than Ni2þ in nitric acid solu-
tions containing 100 mM metal ions. In our sorption investigations
we wanted to study the selectivity between Co2þ and Ca2þ or Ni2þ.
The results are presented in Fig. 8 for three competing metal con-
centrations of 10 mM, 100 mM, and 1000 mM. It can be seen that the
uptake of Co2þ on antimony oxide decreases by a factor of more
than 3 in the presence of 10e100 mM Ca2þ or Ni2þ (Fig. 8). Here, the
total metal ion concentration is still within the ideal sorption range
as discussed above in connection to the Co2þ sorption experiments
presented in Fig. 5. The “strong” sorption sites which are active in
this sorption range must, thus, be responsible for the selectivity of
Ca2þ and Ni2þ over Co2þ. As the competing metal ion concentration
in the solution increases, the preference towards cobalt increases.
This can be seen for Co2þ uptake in the presence of 1000 mMCa2þ or
Ni2þ where the obtained KD value for Co2þ is almost identical to the
sorption distribution coefficient obtained in the absence of any
competing metals (indicated in Fig. 8 with a dashed line). In these
experiments, the sorption occurs in the non-ideal sorption range
where “weak”-sites are responsible for the uptake of metal ions
from solution. These weak sites seem to have no preference for
calcium or nickel over cobalt, but rather Co2þ uptake is promoted in
this concentration range. No clear difference between the
competing metals can be seen, i.e. both Ca2þ and Ni2þ seem to in-
fluence the uptake of Co2þ by the ion exchanger in a very similar
fashion. Thus, the selectivity of the ion exchanger toward Co2þ is
determined by the overall metal ion concentration in solution.

When considering a typical NPP floor drain water effluent, Ca2þ

accounts for the majority of the divalent metal ion concentration in
the waste solution while the activation products Ni and Co are
present in trace concentrations only. With an overall Ca2þ con-
centration in the millimolar concentration range [10], cobalt
removal from the waste solution using antimony oxide should not
be hampered according to the results obtained in our sorption
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investigations. This, however, applies only for waste solutions that
do not contain EDTA. The influence of EDTA on the specific sorption
of Co, Ni, and Ca on antimony oxide will be discussed below.

3.3.2. Influence of Ca2þ and Ni2þ in the presence of EDTA
In the presence of both Ca2þ and EDTA, the Co2þ sorption dis-

tribution coefficient is even lower than in the presence on EDTA
only. This can be explained by the much smaller Ca2þ-EDTA sta-
bility constants in comparison to the Co2þ-EDTA ones, see Table S4.
According to the calculation with the chemical speciation program
Visual Minteq (version 3.0), using the M2þ-EDTA stability constants
given in the Supplementary material (Table S4), calcium is in free
ionic form below pH 3.5 and only cobalt forms complexes with
EDTA [26]. The free Ca2þ can adsorb on the ion exchange material,
further blocking sorption sites on the solid surface, resulting in a
lower cobalt KD value in the presence of calcium as presented in
Fig. 8. Similar to our observations in the absence of EDTA, the
selectivity towards cobalt in the EDTA bearing solution increases
with increasing calcium concentration and the sorption distribu-
tion coefficient in 1000 mmol L�1 Ca2þ solution becomes identical to
the KD value obtained in the complete absence of Ca2þ (value
indicated by vertical orange line in Fig. 8). Thus, the overall uptake
of cobalt at these high Ca2þ concentrations is only influenced by
EDTA and the formation of soluble Co-EDTA complexes in solution.

In the presence of Ni2þ, only the lowest concentration of 10 mM
decreases the Co2þ uptake in a similar manner as noted for Ca2þ. A
further increase of Ni2þ to 100 mM almost completely removes the
influence of the competing metal cation, resulting in a Co2þ KD
value close to the one obtained in the absence of Ni2þ. This can be
understood when considering the relative stabilities of the divalent
metal ion complexes with EDTA (Table S4).

3.4. Sorption tests with UV-C irradiation

To investigate the influence of UV-C irradiation on Co2þ uptake
by the potentially photocatalytic antimony oxide and the possible
photodegradation of EDTA, sorption investigations were conducted
in the absence and presence of EDTA and the competing cations
Ca2þ and Ni2þ under UV-C irradiation. The results are summarized
in Fig. 9.

Interestingly, the KD value in the solution containing only ionic
cobalt is significantly increased due to UV-C irradiation. This must
Fig. 9. Sorption distribution coefficients (KD) of the test solutions in the absence and
presence of EDTA without (green column, left) and with (blue column, right) 24 h of
UV-C irradiation.
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be related to a change in the cobalt speciation, most likely the
oxidation of Co2þ to Co3þ, either due to the photocatalytic activity
of the synthetic antimony oxide or the formation of solution radi-
cals by the external light source. The photocatalytic activity of hy-
drous antimony oxides for the oxidation of benzene has been
studied recently by Chen et al. [33]. In their study, hydrous anti-
mony oxides were synthesized with some variations and the
highest photocatalytic activity was reached with a material with
the highest BET surface area (38.2 m2 g�1). They concluded that the
large amount of O2

�- and long lived �OH over hydrous antimony
oxide under UV-C irradiation was the main reason for the good
photocatalytic activity and for the obtained mineralization rates of
benzene which were higher than those of TiO2 P25, a standard
material used to achieve photocatalytic reactions. The BET surface
area of the synthesized antimony oxide presented in this study is
49.4 m2 g�1 implying high photocatalytic activity for Co2þ

oxidation.
One of the articles reporting the oxidation of Co2þ to Co3þ under

UV irradiation is written by Rekab et al. [9]. In their research an UV
sourcewith photonic power of 17W (254 nm) was used to irradiate
Co-EDTA solutions for 3 h. The oxidation did not involve reduction
of nitrates, since identical results were obtained with CoCl2, thus
the oxidation was caused only by the UV-C irradiation. Eaton and
Suart [34] have proposed the following equation for the oxidation
of Co2þ by water, Eq. (1):

Co2þ þ H2O / Co3þ þ OH� þ ½ H2 (1)

In our research a 6 W UV source was used but even though the
photonic power is lower than in the study of Rekab et al. [9], the
possibility of Co2þ oxidation to Co3þ should be taken into account.
For example, the log K for the Co3þ-EDTA complex is over 40, which
is considerably larger than the stability of Co2þ-EDTA (Table S4).
After UV-C irradiation of the antimony oxide suspension containing
both cobalt and EDTA, an increase of the KD value can again be seen
in comparison to the non-irradiated EDTA-containing solution. The
KD value after UV-C irradiation is higher than the KD value obtained
in the solution containing only ionic cobalt that has not been
exposed to light but smaller than the KD obtained for ionic cobalt
under UV-C irradiation. This implies that degradation of EDTA has
occurred in combinationwith cobalt oxidation, however, either the
oxidation has not progressed to the same extent as observed in the
EDTA-free solution or some of the EDTA has not been photo-
degraded but remains complexed to cobalt, keeping it in solution.

In the 10 mM calcium bearing Co-EDTA solution, the KD value
after UV-C irradiation is slightly higher than for Co2þ in the absence
of any competing cations or ligands but much lower than observed
in the presumed oxidation of Co2þ to Co3þ after UV-C treatment.
This implies that the oxidation reaction happens at the antimony
oxide surface and not in solution. As the sorption of Co2þ is strongly
reduced by the introduction of Ca2þ (and Ni2þ, which will be dis-
cussed later), a much lower amount of cobalt is consequently
oxidized. Calcium cannot be oxidized to a higher oxidation state in
aqueous solution, which indicates that the obtained KD value under
UV-C irradiation must be explained by partial oxidation of cobalt
and degradation of the EDTA complex under UV-C irradiation. If the
EDTA complex would not be degraded, the higher stability of Co3þ-
EDTA compared to the stability of Co2þ-EDTA would have resulted
in the formation of a strong Co-EDTA complex subsequently
decreasing the uptake of Co3þ on the antimony surface resulting in
a lower KD value.

When examining the results obtained using the nickel bearing
Co-EDTA solution, it can be seen that the KD value obtained under
UV-C irradiation is much lower than in the Co-EDTA solution with
and without calcium. As both Ni2þ and Ca2þ were shown to have a
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similar influence on the uptake of Co2þ at concentrations of 10 mM,
both in the presence and absence of EDTA (see Fig. 8), the nickel
system must include additional reactions after UV-C treatment
which are absent in the calcium one. These must be related to the
redox behavior of nickel and the production of other oxidation
states than Ni2þ, which are capable of suppressing the sorption of
Co2þ on the surface and the subsequent oxidation of Co2þ to Co3þ.
One possibility is the oxidation of Ni2þ to Ni3þ, which could influ-
ence the amount of cobalt sorption on the solid surface. Such Ni2þ

oxidation has been described on the hematite surface after
photoexcitation of hematite (a-Fe2O3) byWang et al. [35]. It is clear
that any free, non-complexed (i.e. surface sorbed or EDTA associ-
ated) Co3þ/Ni3þ is expected to undergo immediate reduction to
Co2þ and Ni2þ after the UV-treatment when considering the sta-
bility fields of the various species in aqueous solution [9,36]. As a
detailed description of the redox chemistry of Co/Ni is not the scope
of the present paper, we can only conclude that UV-C irradiation
enhances the selectivity between Co and Ni but that nickel clearly
interferes with the removal of cobalt, even after UV-C treatment
which should enhance cobalt uptake as a consequence of photo-
catalytic oxidation of Co2þ to Co3þ at the antimony oxide surface. As
nickel is one of the activation corrosion products in the NPP waste
effluents and needs to be removed e.g. by ion exchange, the low
selectivity difference between Co and Ni could, in some cases, be
considered as benefit if both metals should be removed from the
liquid waste.

Taking into account the effect of UV-C irradiation, not only to the
EDTA bearing solution, but also to the solution containing ionic
cobalt, UV-C irradiation can be considered as an efficient addition
for the Co2þ sorption process with antimony oxide. Particulate
cobalt can be removed from the NPP effluents by filtration but the
soluble forms of cobalt require the use of e.g. precipitation or ion
exchange. Precipitation produces a rather difficult waste form,
radioactive sludge, which usually requires solidification in e.g.
cement and contains also inactivemetals whichwere present in the
effluent. Using selective ion exchange results in a smaller amount of
solid waste as the accumulation of inactive metals is avoided and
only the target radionuclide is removed from the effluent. Since the
synthesized antimony oxide did not show high selectivity between
Co and Ca or Ni in the equimolar solutions in the dark, it was
interesting to find out that UV-C irradiation enhanced the KD values
when equimolar amounts of Co and Ca or Ni were present in the
solution. However, the KD values in the presence of Ca or Ni are still
lower than the values obtained without the interfering ions indi-
cating that these ions can interfere with the sorption of cobalt on
the synthesized antimony oxide.

4. Conclusions

The heterogeneity of the synthesized antimony oxide was
demonstrated by the batch sorption experiments and further
reasoned by the Sips model, which fitted the experimental data
with the highest accuracy from the six different sorption isotherm
models used. The characteristics of the involved metals; cobalt,
calcium and nickel, and their competition for adsorption sites on
the adsorbent, the presence of EDTA and adsorbent characteristics
were shown to have an effect on the cobalt adsorption.

The effect of UV-C irradiation on the cobalt sorption efficiency of
the synthesized antimony oxidewas emphasized in this study. Based
on the results obtained from the UV-C irradiation experiments, it
was concluded that the possible oxidation of cobalt and degradation
of the EDTA complex enhanced the cobalt sorption efficiency also in
the presence of interfering ions, calcium or nickel. No additional
oxidizer, such as e.g. H2O2, was used in the experiments. This can be
considered highly beneficial since the addition of each chemical in
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the treatment system complicates the system to some extent.
In the presence of millimolar concentrations of calcium, the

removal of cobalt by the synthesized antimony oxide should not be
hindered. Nickel, being chemically similar with cobalt, affected the
sorption of cobalt more than calcium in the UV-C irradiation ex-
periments. If simultaneous sorption of cobalt and nickel could be
done efficiently with the synthesized antimony oxide, it could be
considered beneficial. However, the possible simultaneous cobalt
and nickel adsorption capability of the antimony oxide should be
studied further. In order to fully understand the sorption behavior
and possible oxidation of the solution components, the concen-
tration of calcium, nickel and EDTA in the solution should be
analyzed in future studies and combined with investigations
regarding the redox chemistry of the involved elements.

According to the XRD analysis, the bulk structure of the syn-
thesized antimony oxide showed no changes during UV-C irradia-
tion, which emphasized the usability of the material in liquid waste
treatment systems utilizing UV-C irradiation.
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