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Abstract
This paper proposes the use of Anoxybacillus flavithermus SO-15 immobilized on iron oxide nanoparticles (NPs) as a novel
magnetized biosorbent for the preconcentrations of uranium (U) and thorium (Th). The SPE procedure was based on biosorption
of U(VI) and Th(IV) on a column of iron oxide NPs loadedwith dead and dried thermophilic bacterial biomass prior to U(VI) and
Th(IV) measurements by ICP-OES. The biosorbent characteristicswere explored using FT-IR, SEM, and EDX. Significant
operational factors such as solution pH, volume and flow rate of the sample solution, amounts of dead bacteria and iron oxide
nanoparticles, matrix interference effect, eluent type, and repeating use of the biosorbent on process yield were studied. The
biosorption capacities were found as 62.7 and 56.4 mg g−1 for U(VI) and Th(IV), respectively. The novel extraction process has
been successfullyapplied to the tap, river, and lake water samples for preconcentrations of U(VI) and Th(IV).
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Introduction

Environmental pollution with radionuclides is becoming in-
creasingly common because of anthropogenic activities, such
as nuclear power plants, manufacture of nuclear weapons,
mining, laboratory investigations with radioactive materials,
and storage of radioactive wastes [1–3]. After these activities,
water, soils and sediments become contaminated because of

the release of uranium and thorium [4]. Then, they can accu-
mulate in plants and other organisms. Human beings at the top
of the food chain will ultimately uptake them, which can cause
health problems such as severe liver and/or kidney damage
and ultimately death [2, 5, 6]. Since thorium and uranium are
the most important sources of nuclear energy and their dam-
ages are known, their preconcentration, retention, and separa-
tion from nuclear industrial wastewater, environmental water,
and other aqueous mediums have main importance [7].

Various conventional physicochemical treatments are used
for radionuclide remediation such as electrochemical process-
es, filtration, chemical oxidation or reduction, chemical pre-
cipitation, ion exchange, reverse osmosis, membrane-based
separation techniques, evaporation, and biological treatments
[8–12]. However, most of them have their own restrictions
such as costliness, insufficient removal of metal, high energy
requirements, toxic sludge or waste product formation, and
tendency to generate secondary pollutants [9, 13–15]. For
these reasons, there is a great need for sustainable methods
that are both economical and efficient. Thus, biosorption has
been intensively studied and used for bioremediation of toxic
metals from wastewater before being dumped into water bod-
ies [16, 17]. Biosorption is defined as the properties of biolog-
ical substances containing non-living organisms by various
mechanisms such as covalent binding, electrostatic attraction,
Van der Waals forces, complexation, and ion exchange. Of
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possible options, the treatment of toxic metals by microorgan-
isms is one of the most attractive alternative methods which
has distinct advantages over conventional methods [18, 19].

Hot marine and terrestrial environments, such as volcanic
habitats, hot springs, deep-sea hydrothermal vents, or geysers,
are not generally hospitable for most living organisms; how-
ever, specific microorganisms have the ability to grow in these
extreme habitats. Extreme thermophilic and thermophilic mi-
croorganisms inhabit these extreme environments, including
man-made habitats, and grow at temperatures from 80 to
110 °C and from 60 to 80 °C, respectively [20].
Thermophilic bacteria, growing in reasonable to extremely
hot environment, are extremely significant microorganisms
from both industrial and ecological applications [21].
Thermophilic bacteria are familiar for their remarkable contri-
bution in biosorption, bioaccumulation, and biodegradation of
several extremely toxic environmental pollutants such as
heavy metals, radionuclides, petroleum pollutants, organic
pollutants, industrial effluents, and toxic hydrocarbons
[21–23].

In order to detect the toxic metals in different matrices,
several useful detection techniques including fluorescence
spectrometry, electrochemical determination, atomic absorp-
tion spectrometry, and plasma optical emission spectrometry
are used [24–27] but preconcentration is indispensable many
times. For this aim, solid-phase extraction (SPE) is widely
applied as an ideal and powerful technique. Advantages of
SPE include low cost, simplicity, flexible selection of sor-
bents, removal of potentially interfering matrices, reduction
of organic solvent consumption, higher preconcentration fac-
tors, and ability to be coupled with various modern detection
techniques [28, 29]. Nowadays, magnetic nanomaterials like
iron oxide NPs are used for environmental remediation. In
orderto removal of toxic metals from contaminated water,
magnetic separation was combined with adsorption by taking
advantage of the magnetic properties of these adsorbents at
laboratory scales. Magnetized or magnetic SPE sorbents have
an advantageous property that allows efficient and rapid re-
moval from the extraction medium compared to conventional
SPE sorbents.

Thermophilic microbes are the most important organisms
in biotechnology, and also they have attracted great attention
in various fields of biotechnology such as composting, ther-
mophilic anaerobic digestion, various fermentation opera-
tions, and the production of nucleic acids, proteins, and
thermozymes for some industrial utilizations in recent years.
However, there are not enough studies about the use of ther-
mophilic bacteria in environmental biotechnology. In this
study, we used thermophilic Anoxybacillus flavithermus SO-
15 in environmental biotechnology and we wanted to draw
attention to the fact that thermophilic bacteria can be used in
this field. For this aim, the biosorption characteristics of
thermo-tolerant bacteria A. flavithermus SO-15 were

investigated. A process for the determination of U(VI) and
Th(IV) using ICP-OES after their preconcentration on a col-
umn with A. flavithermus SO-15 immobilized on iron oxide
NPs was developed and practiced to the analysis of environ-
mental samples. The results of this study were reported in this
manuscript.

Experimental

Chemicals and apparatus

All chemical used were analytically reagent grade (Sigma-
Aldrich, Germany). All solutions were prepared using the de-
ionized water. The standard solutions of U(VI) and Th(IV)
(Merck, Darmstadt-Germany) were daily prepared by diluting
stock solution. CASS-4 (Nearshore seawater), NCSZC 73350
(poplar leaves), NWTM-15 (fortified water), and NCSZC
73014 (tea leaves) as certified reference materials (CRMs)
are available in our laboratories. These CRMs were used to
test the accuracy of the method. HCl and HNO3 solutions
were used as eluents. The laboratory glassware materials were
cleaned with 5% (v/v) HNO3 and rinsed entirely with distilled
water and dried before use.

A 1 cm × 10 cm filtration column equipped with polypro-
pylene frits was used for the SPE experiment. Also, a peristal-
tic pump (Waters Marlow, USA) was applied for regulating
the flow rate. SEM/EDX (Zeiss, model GeminiSEM 500) and
FT-IR (Mattson Model-1000, UK) were used for the charac-
terization of biosorbent consisting of A. flavithermus SO-15
loaded on iron oxide NPs. For the digestion of the CRMs,
pressure and temperature-controlled microwave oven
(Berghof MWS3, Germany) was used. U(VI) and Th(IV)
amounts were determined using ICP-OES (Perkin Elmer
Optima 2100 DV, USA) that instrumental conditions were
presented on Table S1 (see Supplementary Information
(ESM)).

Growth of bacteria and preparation of the powdered
dead cells

Thermophilic bacteria A. flavithermus SO-15 was isolated
from Ömer hot spring water, Afyonkarahisar, Turkey.
Bacteria strain was grown in 500.0-mL glass bottles con-
taining Broth agar culture medium, shaking at 70 °C and
120 rpm for a day. For the harvesting, the growth cultures
were centrifuged 10.000 rpm for 15 min, after that the
pellets were washed with physiological saline solution
and dried. The dried cells were milled using an agate
mortar and autoclaved at 121 °C and 1 atm for 15 min
to provide their death.
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Iron oxide NPs

Iron oxide NPs were used as support material and prepared
according to Kılınc [30].

Immobilization of A. flavithermus SO-15 on iron oxide
NPs

A. flavithermus SO-15 was selected as biomass that pre-
sents high efficiency towards metal cations. It was first-
ly used as SPE sorbent with iron oxide NPs for the
preconcentrations of U(VI) and Th(IV). The immobili-
zation of dry and dead bacteria on the support material
was applied as follows: 200 mg bacteria powder was
added to the suspension of 200 mg iron oxide NPs.
The suspension was then refluxed for 1 h at 65 °C. It
was filtered, washed, and dried to remove non-
immobilized bacteria. Finally, immobilized biosorbent
on iron nanoparticles was added to the SPE column,
gaining magnetic properties.

Preparation of samples

Water samples in this study were collected using poly-
ethylene bottles (5 L). The bottles were cleaned with
5% (v/v) HNO3 and rinsed thoroughly with pure water
and dried before use. Tap water samples were taken
from Mersin and Diyarbakir, Turkey. Van Lake and
Tigris River water samples were collected after filtered
to remove the suspended solids. After sampling of the
water, high purity HNO3 was added to keep the final
acidity level at about pH 2.0, to prevent adsorption of
the target ions on the container walls.

CRMs were applied as follows: the desired amounts
of poplar and tea leaves were digested analytical micro-
wave oven [31]. NCSZC 73014, NCSDC 73350, and
NWTM-15 were used as certified reference samples for
validation of the proposed method. The Tigris River wa-
ter and tap water were sampled in Mersin and
Diyarbakır, Turkey. 5.0 mL of concentrated HCl:HNO3

(1:1) was added to tea and poplar leaves pattern for pre-
digestion. Then, they were heated until dryness. To com-
plete the digestion, the samples of CRMs were added to
a 5.0-mL mixture of HCl:HNO3:H2O2 (1:1:0.2) and then
transferred to a microwave oven at 170 °C and waited
for 5.0 min. Then, the temperature of the oven reached
200 °C within 15 min and kept stable for 1.0 min. The
temperature was decreased to100 °C then waited 20 min.
Before the SPE procedure was applied, samples were
diluted to the desired volume.

Results and discussion

Surface investigations

FT-IR and SEM-EDX analyses were performed for the char-
acterization of A. flavithermus SO-15 loaded with iron oxide
NPs before and after Th(IV) and U(VI) biosorption. As shown
in Fig. 1, there were significant differences of peak in FT-IR
analyses of A. flavithermus SO-15 loaded with iron oxide NPs
(Fig. 1a) and U(VI) (Fig. 1b) and Th(IV) (Fig. 1c) loaded with
A. flavithermus SO-15 loaded with iron oxide NPs. The broad
band at approximately 3250 cm−1 showed the presence of
surface hydroxyls of γ-Fe2O3 in Fig. 1a. The peaks at 627
and 542 cm−1 were characteristic peaks for Fe–O vibrations
of γ-Fe2O3. As shown in additional peaks in Fig. 1b and c,
FT-IR spectrum of U(VI) and Th(IV) biosorbed
A. flavithermus SO-15 loaded with iron oxide NPs that did
not appear in the spectrum of the unloaded biosorbent were at
2987, 2300, 1605, 1276, 1050, and 787 cm−1, which appear to
originate due to complexation/coordination of the U(VI) and
Th(IV) during the biosorption process.

SEM-EDX analysis was used to prove the biosorption of
U(VI) and Th(IV) by the prepared A. flavithermus SO-15
loaded with iron oxide NPs. SEM images are displayed in
Fig. 2. EDX results were as follows: The elemental composi-
tions of the unloaded A. flavithermus SO-15-loaded iron oxide
NPs are O (15.15%), Ca (1.09%), Fe (83.76%), Th (0%), and
U (0%). However, U(VI) biosorbed are O (26.18%), C
(11.94%), Fe (58.12%), and U (3.75%). Th(IV) biosorbed
are O (31.02%), C (13.88%), Fe (50.49%), and Th (4.61%)
(Fig. 3). These results revealed that the prepared biosorbent is
selective for the preconcentration of U(VI) and Th(IV).

pH effect

pH is among the significant parameters in biosorption studies
since directly related to the competition ability of H+ ions of
the aqueous medium with the metal ions to functional groups
on the biosorbent cell walls [32]. In order to investigate the pH
impact on the extent of Th(IV) andU(VI) biosorption, a model
solution at 50 mL volume containing 10.0 ng mL−1 of them
was passed through the 200 mg dried A. flavithermus
immobilized on 200 mg iron oxide NPs packed SPE column
at 1.0 mL min−1 flow rate and different pH ranges (pH 2.0–
9.0). The degree of recoveries of Th(IV) and U(VI) was 100%
at pH 4.0 and recoveries were still quantitative up to pH 8.0
(Th(IV) 95.3% and U(VI) 97.6%) (Fig. 4). Because of the
high H+ concentration at lower pH, the biosorbent cell wall
becomes positively charged, so the interaction between the
functional groups on the cell wall and metal ions decreases.
At higher than pH 8.0, the uptake decreases because of the
competition between the metal-hydroxylated complexes and
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functional groups on the bacterial cell wall. So, all upcoming
experiments were designed at pH 4.0.

Effect of sample flow rate

The retention time of the analyte on an adsorbent is directly
proportional to the sample flow rate [33]. For evaluating the
degree of Th(IV) and U(VI) retention, a model solution (con-
taining 10.0 ngmL−1 analyte at 50mL volumewas adjusted at
pH 4.0). Afterward, they were passed through the 200 mg
dried A. flavithermus immobilized on 200 mg iron oxide
NP-packed SPE column at a flow rate changing between 1
and 6 mL min−1. As can be seen in Fig. S1 (see ESM), the
best flow rate for U(VI) and Th(IV) was found as 3 mLmin−1.
Flow rates of 1 and 2 mL min−1 were not chosen due to long
operation times. Additionally, at a flow rate higher than
4 mL min−1, mass transfer from the sample solution of U
(VI) and Th (IV) to the binding sites in the biosorbent cell

walls cannot occur properly. Thus, a decrease in absorption
percentages occurs.

Impact of amount of biomass and support material

In our study, it is important to determine the amount of bac-
terial biomass and iron oxide NPs for the retention and recov-
ery of each analyte. With the rise in the quantity of
A. flavithermus, greater region and more active sites are ob-
tained, so U (VI) and Th (IV) uptake increases. In addition to
these, the support materials must have some physical capabil-
ities, such as high surface area, sufficient pore size for loading
the biosorbent, and low particle size. To determine the best
values of these parameters, a model solution (containing
10.0 ng mL−1 at pH 4.0) at 50 mL volume was passed through
the SPE column at 3.0 mL min−1 flow rate. The recoveries of
tested radionuclides were showed diversities from 25 to
150 mg amounts of A. flavithermus and the recoveries of each

Fig. 1 Comparisons of FT-IR spectra of A. flavithermus SO-15 loaded with iron oxide NPs (a), U(VI) on A. flavithermus SO-15 loaded with iron oxide
NPs (b), and Th(IV) on A. flavithermus SO-15 loaded with iron oxide NPs (c)
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Fig. 2 SEM images ofA. flavithermus SO-15-immobilized iron oxide NPs (a), U(VI) onA. flavithermus-immobilized iron oxide NPs (b), and Th(IV) on
A. flavithermus-immobilized iron oxide NPs (c)
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analyte were close to 100% between 75 and 150 mg amounts
of A. flavithermus (Fig. 5a). For this reason, 75 mg of the
biosorbent was used in subsequent experiments. Under the
same conditions, to determine the best amount of iron oxide
NPs as support material, studies were applied ranging from 25
to 200 mg. The results showed that the maximum uptake of
U(VI) and Th(IV) was achieved when using at 100 mg iron
oxide NPs (Fig. 5b).

Effect of the type and volume of eluent

The desorption studies of U(VI) and Th(IV) from the
A. flavithermus immobilized on iron oxide NPs were applied
by using the different volumes of HCl and HNO3 at 0.5 and
1.0 mol L−1. After these studies, when 5.0 mL of 1.0 mol L−1

HCl was selected as eluent, it was seen that maximum recov-
ery values (100%) were obtained (ESM Table S2). According
to this result, this eluent, which was found not to degrade the
biomass surface, was applied to all subsequent studies.

Effect of the sample volume

The SPE procedure is performed to achieve high
preconcentration factor because biological, foods, and envi-
ronmental samples contain toxic metals in very low concen-
trations. For this reason, in order to determine the maximum
suitable sample volume to obtain a high concentration factors,
the impact of sample volume on tested radionuclide uptake
was investigated by passing 25, 50, 75, 100, 200, 300, 400,
and 500 mL volume solution through the column under the
best conditions (ESM Fig. S2). The uptakes of them were
stable up to 500 mL, so it was selected as the maximum sam-
ple volume.

Effect of interfering ions

The interference from the matrix is one of the main challenges
during the spectrometric determination of toxic metals. In or-
der to detect the potential analytical operations of the proposed
procedure, the effect of some interfering ions such as Na+,
Mg2+, K+, Ca2+, Fe2+, Al+3, Co2+, Ni2+, Cd2+, Pb2+, Hg+2,
and Zn2+, which interfere with the determination of tested
radionuclides in the ICP-OES determination, was investigat-
ed. Table S3 (see ESM) demonstrates that the ions present in
the matrix produced an error not exceeding ± 5% at their stan-
dard level and do not interfere under the best SPE method
conditions.

Effect of column regeneration

The high reusability of columns in SPE studies is desired in
terms of the analytical and economic points. The stability and
potential reusability of the SPE column containing
A. flavithermus SO-15-immobilized iron oxide NPs were
evaluated by monitoring the differences in the recoveries of
the U(VI) and Th(IV). Obtained results from reusability stud-
ies indicated that A. flavithermus SO-15 stabilized iron oxide

Fig. 5 Impact of the amount of a A. flavithermus bacterial biomass and b
iron oxide NPs supports materials on the recoveries of analytes

Fig. 4 Impact of pH on the recoveries of U(VI) and Th(IV)

�Fig. 3 Investigation of surface macrostructure by EDX ofA. flavithermus
SO-15 loaded with iron oxide NPs (a), U(VI) on A. flavithermus loaded
with iron oxide NPs (b), and Th(IV) on A. flavithermus loaded with iron
oxide NPs (c)
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NPs were effective even after 35 biosorption and desorption
cycles (ESM Fig. S3).

Total biosorption capacity

In order to determine biosorption capacities, under the best
conditions specified above, a test was applied as follows:
The solution of tested radionuclides was mixed with
A. flavithermus SO-15-immobilized iron oxide NPs, at
150 rpm for 1.5 h at room temperature in a shaker. Then,
tested radionuclide-loaded biosorbent was separated from
the supernatant using a magnetic field. The remaining amount
of tested radionuclides in supernatant was analyzed by ICP-
OES. The biosorption capacities of A. flavithermus SO-1-
immobilized iron oxide NPs for U(VI) and Th(IV) were found
as 62.7 mg g−1 and 56.4 mg g−1, respectively. Total
biosorpt ion capaci ty of i ron oxide NPs without
A. flavithermus SO-15 was also tested. They were found as

13.1 mg g−1 and 12.9 mg g−1, respectively, for U(VI) and
Th(IV).

The method’s analytical features and its applicability

The experimental parameters that affect the quantitative char-
acteristics of the method are detailed investigated step by step
to found the best value. Under the best SPE conditions, ana-
lytical characteristics were defined in view of correlation co-
efficients, LOD, defined as 3 sd/m, where sd is the standard
deviation of the lowest concentration point in the linear cali-
bration curve, m is the slope of the linear calibration curve,
LOQ defined as 10 sd/m, relative standard deviation (RSD),
preconcentration factor, and loading capacity. The features are
shown in Table 1. Compared to the literature, the advantages
of the developed procedure can be clearly seen (Table 2). It
has also high sensitivity for tested radionuclides. According to
our findings, this method can be applied as a standard process
for tested radionuclide preconcentrations.

Table 1 Analytical characteristics of the method

Parameter U(VI) Th(IV)

Linear range, ng mL−1 0.2–8 0.2–8

r2 0.9996 0.9977

LOD, ng mL−1 0.015 0.014

LOQ, ng mL−1 0.051 0.046

RSD, % 2.4 3.1

Loading capacity, mg g−1 62.7 56.4

Preconcentration factor 100 100

Equation y = 6930,2x + 439,41 y = 10270x −1192,6
R2 0.9996 0.9977

Table 2 Comparative data of different methods from the literature for the preconcentrations of the U(VI) and Th(IV)

Sorbent Ion The capacity
of sorbent
(mg g−1)

LOD ng mL−1 Instrument Matrix Ref.

α-Benzoin oxime–modified Amberlite
XAD-2000 resin

U(VI) and Th(IV) 3.6–3.3 0.50, 0.54 UV-VIS Water and ceramic samples [34]

Modified mesoporous silica
(MCM-41)

U(VI) and Th(IV) 47.0–49.0 0.30, 0.30 ICP-OES Water samples [35]

Merrifield chloromethylated resin
anchored
with chelating calix[4]arene

U(VI) and Th(IV) 48.7–41.2 6.14, 4.29 ICP-AES Water, monazite sand, geological
samples

[36]

Extractant-impregnated resin (EIR) U(VI) and Th(IV) 136.0–141.4 0.05, 0.025 UV-VIS Wastewater, environmental water
samples

[37]

Bovista plumbea-immobilized
γ-Fe2O3 NPs

U(VI) and Th(IV) 40.6–43.9 0.19, 0.023 ICP-OES Water samples [38]

γ-Fe2O3 NPs loaded with Bacillus
cereus
SO-14

U(VI) and Th(IV) 45.0–48.2 0.008, 0.013 ICP-OES Water samples [39]

Anoxybacillus flavithermus
SO-15-immobilized iron oxide NPs

U(VI) and Th(IV) 62.7–56.4 0.015, 0.014 ICP-OES Water samples This method

Table 3 Applicability of the developed method to CRMs

Material U(VI) Th(VI)

Certified Found Certified Found

NCSZC
73014,
μg g−1

10 ± 2 10 ± 1 38 ± 12 38 ± 4

NCSDC
73350,
μg g−1

0.028 0.027 ± 0.002 0.070 ± 0.010 0.069 ± 0.004

NWTM-15,
ng mL−1

14.5 14.5 ± 0.7 – –
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The method validation and applicability to real
samples

Certified reference materials, NWTM-15, NCSZC 73014, and
NCSDC 73350, were performed to the newly developed
method to check accuracy. The results are presented in
Table 3. By considering satisfactory results, it could be possi-
ble to say that the accuracy of the proposed process was con-
firmed. Also, the process utilized successfully to tap water,
river, and lake waters. In addition to these, all water samples
were spiked with known levels of tested radionuclides. The
spiked levels of radionuclides were determined as quantita-
tively after preconcentration method. The results presented
in Table 4.

Conclusions

A. flavithermus SO-15-immobilized iron oxide NPs were
studied for the preconcentration of U(VI) and Th(IV) from
the tap, river, and lake water. The main idea of using biolog-
ical materials (plants, bacteria, yeast, and fungi) as biosorbents
in the SPE procedure is less consumption of reagents, envi-
ronmentally friendly, efficient, low cost, and fast processing
properties. The present study proves this idea. Dead
A. flavithermus SO-15 cells have a higher biosorption capacity
and mechanical strength after immobilized on iron oxide NPs.
U(VI) and Th(IV) were quantitatively recovered from the SPE
column with high precision (> 95%). Low detection limits,
high preconcentration factor, and tolerance to foreign ions
from the matrix allowed the application of this procedure suc-
cessfully for both radionuclide determination in water sam-
ples. Consequently, the proposed method could be accepted
as a green method and applied to daily life in a close future.
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