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Abstract
Bioreduction of selenium oxyanions to elemental selenium is ubiquitous; elucidating the properties of this biogenic elemental
selenium (BioSe) is thus important to understand its environmental fate. In this study, the magnetic properties of biogenic
elemental selenium nanospheres (BioSe-Nanospheres) and nanorods (BioSe-Nanorods) obtained via the reduction of
selenium(IV) using anaerobic granular sludge taken from an upflow anaerobic sludge blanket (UASB) reactor treating paper
and pulp wastewater were investigated. The study indicated that the BioSe nanomaterials have a strong paramagnetic contribu-
tion with some ferromagnetic component due to the incorporation of Fe(III) (high-spin and low-spin species) as indicated by
electron paramagnetic resonance (EPR). The paramagnetism did not saturate up to 50,000 Oe at 5 K, and the hysteresis curve
showed the coercivity of 100 Oe and magnetic moment saturation around 10 emu. X-ray photoelectron spectroscopy (XPS) and
EPR evidenced the presence of Fe(III) in the nanomaterial. Signals for Fe(II) were observed neither in EPR nor in XPS ruling out
its presence in the BioSe nanoparticles. Fe(III) being abundantly present in the sludge likely got entrapped in the extracellular
polymeric substances (EPS) coating the biogenic nanomaterials. The presence of Fe(III) in BioSe nanomaterial increases the
mobility of Fe(III) and may have an effect on phytoplankton growth in the environment. Furthermore, as supported by the
literature, there is a potential to exploit the magnetic properties of BioSe nanomaterials in drug delivery systems as well as in
space refrigeration.
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Introduction

Selenium (Se) plays an important role in the biochemical cy-
cle of both eukaryotic and prokaryotic organisms due to its
presence as a selenocysteine amino acid in many redox-active

proteins (Stock and Rother 2009; Kumar et al. 2018). The
microbial transformation of Se into its different species affects
its bioavailability (Fernández-Martínez and Charlet 2009; Qin
et al. 2013). Elemental Se is not bio-available (Wang et al.
2007; Staicu et al. 2015); however, biogenic elemental
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selenium (BioSe) nanoparticles are bio-available (Amweg
et al. 2003; Li et al. 2014). The microbial transformation of
Se oxyanions to elemental Se nanoparticles is omnipresent in
the environment (Drewniak and Sklodowska 2013; Jain et al.
2014, 2016; Nancharaiah and Lens 2015; Dessì et al. 2016).
Indeed, elemental Se mainly in the form of BioSe nanoparti-
cles can represent 30–60% of the total Se in the sediments,
coastal marshes, flow-through wetlands, and aquatic ecosys-
tems (Gao et al. 2000; Zhang et al. 2003; Winkel et al. 2012).
Despite the importance of BioSe nanomaterials in understand-
ing the fate of Se, their physical properties are not yet fully
deciphered.

The magnetic properties of biominerals play an important
role in determining their fate in the environment. For instance,
nanoparticles become an integral part of the food web when
taken up by plants. Nanoparticles can enter the plants via
leaves through the stomatal opening, whereas small quantities
are taken up by the lipophilic pathway in the cuticle of leaves
or roots through the apoplastic or symplastic pathway (Lv
et al. 2019). The magnetic interaction of nanomaterials like
Fe2O3 makes them accumulate when exposed to high concen-
trations in plant cells (Shankramma et al. 2016) and soil
(Khalilov et al. 2011). In aquatic organisms, the magnetic
properties of Fe3O4 nanoparticles can alter the toxic dosage,
for instance in the case of zebrafish (Malhotra et al. 2019).

Magnetic properties can also be present in non-ferrous
biominerals when the iron is naturally doped into them. It
has been observed that when ZnO nanoparticles were doped
with 1–10% iron by weight, the dissolution of ZnO nanopar-
ticles in the medium was reduced by 14% because of the
strong bonding characteristic of Fe(II) in the lattice of ZnO
nanoparticles (George et al. 2010). These doped nanoparticles
were further tested for toxicity in cell cultures, rat, and
zebrafish models. The iron doping reduced the toxic effects
of ZnO in vitro as well as in all three in vivo models (Xia et al.
2011). Moreover, magnetotactic bacteria take up Fe from the
biosphere and synthesize chains of nanoparticles that act as a
magnetic compass (Pradel et al. 2016). It helps them align
with the earth’s magnetic field to move towards anaerobic
zones (Pradel et al. 2016; Schulz-Vogt et al. 2019).
Magnetic properties thus influence the fate of biominerals in
the environment and are a highly under-investigated property
of many biologically produced nanoparticles. No study has so
far been carried out to investigate the magnetic properties of
BioSe nanomaterials.

The most common treatment for Se-contaminated waste-
water is the anaerobic reduction of Se oxyanions leading to the
formation of BioSe nanomaterials: BioSe-Nanospheres or
BioSe-Nanorods (Lenz et al. 2009; Dessì et al. 2016; Jain
et al. 2016). These BioSe nanomaterials are released in the
environment, where they interact with plants and microbes.
The magnetic properties of one-dimensional chemical Se
nanostructures are reported at a temperature below 40 K (Pal

et al. 2013). However, the magnetic properties of BioSe
nanomaterials have so far not been investigated. In this study,
the magnetic properties of BioSe nanomaterial have, there-
fore, been determined. The presence of iron was detected,
and its magnetic properties and oxidation state were analyzed
using electron paramagnetic resonance (EPR) and X-ray pho-
toelectron spectroscopy (XPS).

Materials and methods

Production of BioSe-Nanospheres and BioSe-
Nanorods

BioSe-Nanospheres and BioSe-Nanorods were produced at
30 °C and 55 °C (Jain et al. 2015a, 2017), respectively, by
the reduction of selenite by anaerobic granular sludge pro-
cured from a full-scale upflow anaerobic sludge blanket
(UASB) reactor treating paper and pulp wastewater (Roest
et al. 2005). The elemental Se nanomaterial produced was
centrifuged at 3000g and decanted to collect the supernatant.
The supernatant was concentrated by high-speed centrifuga-
tion at 37,000g followed by sonication. An equal volume of n-
hexane was added to the sonicated BioSe nanomaterial. The
mixture was left overnight in a separatory funnel, and the
BioSe nanomaterial was collected from the aqueous phase.
The production and purification method for Se nanoparticles
is detailed in earlier studies (Chudobova et al. 2014; Jain et al.
2015a, 2017).

Chemical production of Se nanorods (CheSe-
Nanorods)

CheSe-Nanorods were produced by reducing sodium selenite
using L-glutathione. L-glutathione and sodium selenite were
mixed in a 4:1 ratio. A 6 mol/L of NaOH was added to the
mixture to maintain the pH at 7.2 so that the reaction can occur
at room temperature (Zhang et al. 2004; Wang et al. 2016).

Magnetic properties of BioSe nanomaterials and
CheSe-Nanorods

Magnetic properties were measured by a superconducting
quantum interference device (SQUID) magnetometer
(Quantum Design, SQUID-VSM). Three kinds of samples,
BioSe-Nanorods, BioSe-Nanospheres and CheSe-Nanorods,
were measured with the variation of the applied magnetic field
(up to 60,000 Oe) and temperature (up to 300 K). The CheSe-
Nanorods and the Si substrate used to support the Se nanopar-
ticles were also measured as a reference.



XPS measurements

The uppermost surface layers (up to ~ 10 nm) of the BioSe
nanomaterials were analyzed by XPS at room temperature as
described by Jain et al. (2015a). Oxidation states were identi-
fied by comparison with binding energies reported in the lit-
erature (Jain et al. 2015a). Further details are given in the
Supporting information (SI).

EPR measurements

EPR spectra were recorded on a Bruker Elexsys 500 EPR
spectrometer operating at X-band frequency (9.44 GHz)
equipped with a shq0011 cavity fitted with an Oxford instru-
ment liquid helium cryostat operating at 10 K. The following
instrument settings were used: field modulation amplitude fre-
quency of 100 kHz, field modulation amplitude of 0.5 mT, a
time constant of 0.04 s, sampling time 41 ms, 2048 sampling
points, field sweep 0.5 T, and microwave power of 10 mW
and 1 mW. One set of BioSe-Nanospheres and BioSe-
Nanorods was washed five times with 6 mol/L HCl to remove
any surface-bound or loosely bound Fe(III). They were then
washed with Milli-Q water (18 MΩ cm) to remove HCl. The

amounts of compound dissolved in 1 mL of Milli-Q water
introduced in the EPR tubes were the following: BioSe-
Nanospheres, 1.6 mg; 6 mol/L HCl–washed BioSe-
Nanospheres, 9 mg; BioSe-Nanorods, 1.9 mg, 1 mg; and 6
mol/L HCl–washed BioSe-Nanorods, 18.3 mg.

Easyspin (Stoll and Schweiger 2006) has been used for
EPR spectra simulation of the non-saturated experimental
spectra after the subtraction of a solvent tube spectrum (or
an empty tube). The ‘g’, D, and (E/D) values are those found
to reasonably fit the experimental spectra with the calculated
ones using a ‘g’ strain line-width mode, and 3 to 5 magnetic
species in the sample, regarding the relative variation of line
intensity at the different microwave power. Details about the
parameters are given in the SI.

Results

Magnetic properties of BioSe nanomaterials and
CheSe-Nanorods

Both CheSe-Nanorods and Si substrate show a marginal mag-
netic signal. In sharp contrast, the BioSe-Nanorod sample is

Fig. 1 aMagnetic moment vs. field of BioSe Nanorods after subtraction
of the background from the Si supporting substrate with a zoomed in
hysteresis curve. b Magnetic moment vs. field of BioSe Nanorods and
BioSe Nanospheres measured at 5 K. c Magnetic moment vs.
temperature under a field of 1,000 Oe for BioSe Nanospheres and
BioSe Nanorods. d Magnetization after zero field cooling (the lower

branch) and field cooling (the upper branch) measured under a field of
100 Oe (without subtraction of the background) for BioSe Nanorods.
Legends: Blue solid line: BioSe Nanorods large field range; purple long
dash: BioSe Nanorods low field range; red round dot: Si substrate
reference; green dash: CheSe Nanorods large field range; orange long
dash dot dot: BioSe Nanospheres



magnetic (Fig. 1a). The large contribution is paramagnetic,
but zooming in the low-field part, hysteresis is also resolved
as shown in Fig. 1a.

The Si substrate is diamagnetic, which generates a back-
ground in all measurements. After subtraction of the diamag-
netic signal from the Si substrate, CheSe-Nanorods show only
a marginal magnetic signal, while BioSe-Nanorods reveal a
large paramagnetic contribution, which does not saturate at
magnetic fields up to 50,000 Oe at 5 K (Fig. 1b). In contrast,
the CheSe-Nanorod sample does not show a detectable mag-
netic signal in comparison with the Si-supporting substrate
(Fig. 1b).

The paramagnetism in the BioSe-Nanorods can be fitted
using the Brillouin function (Coey 2010):
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where the ‘g’ factor is assumed to be 2, μB is the Bohr mag-
neton, α = gJμBH/kBT, kB is the Boltzmann constant, H is the
field, T is the temperature and N is the density of spins.

As shown in Fig. 1, the data can be fitted nicely using J = 5/
2 (Eq. 1). A single paramagnetic center corresponds to gJμB =
5 μB. It is reasonable to attribute the paramagnetic center to

Fe(III) based on earlier studies (Vicente et al. 2016). In con-
sistence, the temperature-dependent magnetization curve can
be fitted by the Curie law (Fig. 1c and d) (Wang et al. 2015):

χ ¼ M
H

¼ N
J J þ 1ð Þ gμBð Þ2

3kBT
ð2Þ

whereM is the magnetic moment per unit volume andH is the
magnetizing field intensity.

It is worth noting that the fitting parameters of J and N are
the same for Fig. 1a, b, c, and d.

No statistically relevant changes were observed over 3
months in the magnetic properties of BioSe nanomaterials
and CheSe-Nanorods (data not shown).

BioSe nanomaterials element analysis using XPS

During the XPS analysis of BioSe nanomaterials, their Se
3p3/2 binding energy was observed at 161.5 and 161.3 eV
for the samples BioSe-Nanospheres and BioSe-Nanorods, re-
spectively (Fig. 2a). This matches well with the binding ener-
gy values previously reported in the literature for elemental Se
(Jain et al. 2015a).

The formation of BioSe nanomaterials via Se(IV) reduction
was revealed by XPS, since no additional peaks at binding

Fig. 2 XP spectra of Se 3p (a) and Fe 2p (b) elemental lines of BioSe Nanospheres and BioSe Nanorods. Legends: blue solid line: BioSe Nanorods and
purple square dot: BioSe Nanospheres

Fig. 3 a X band EPR at 10 K of BioSe Nanospheres. b X band EPR at 10 K of BioSe Nanorods



energies corresponding to other Se oxidation states were de-
tected (Fig. 2a). The Fe 2p3/2 binding energy was observed at
711.1 and 710.5 eV for BioSe-Nanospheres and BioSe-
Nanorods, respectively (Fig. 2b). The maximum of the Fe
2p3/2 elemental line in the BioSe-Nanosphere sample sug-
gested the presence of Fe(III), in agreement with former stud-
ies (Temesghen and Sherwood 2002; Park et al. 2008). A
significant amount of Fe(II) was not observed in Fig. 2b.
Indeed, a shoulder at the lower binding energy side of the Fe
2p3/2 spectrum would have been expected (Huber et al. 2012;
Yue et al. 2016). As the iron signal in the XPS spectrum of the
BioSe-Nanorods sample was weak, an assignment of the ox-
idation state of iron was not possible. BioSe-Nanospheres and
BioSe-Nanorods exhibited Fe concentrations (at%) of 1.6 and
0.7, respectively. It should be noted that XPS is a surface
technique; consequently, the presence of additional iron
entrapped inside the BioSe nanomaterial cannot be excluded.

Fe(III) species determination in BioSe nanomaterials
using EPR

Rhombic and axial high-spin Fe(III) species with specific ‘g’ and
E/D values were present in the BioSe-Nanosphere spectra (Fig.
3a). The spectrumwas also composed of a low-spin Fe(III) species
with a specific ‘g’ value aswell as a free radicalwith a specific spin

quantum number, ‘g’ value, and line-width. A strong signal of
Fe2O3 (‘g’ = 2, 1800 G peak to peak) appears when the temper-
ature reaches 15 K. It is probably due to a superparamagnetic
system that is comparable to that of maghemite.

Both rhombic and axial high-spin Fe(III) species with specific
‘g’ and E/D values were also present in the BioSe-Nanorods
spectrum (Fig. 3b and Table 1). Depending on the symmetry
of the electronic distribution in different cartesian axes, ‘g’ can
be isotropic (‘g’x = ‘g’y = ‘g’z = ‘g’iso), axial (‘g’x = ‘g’y ≠ ‘g’z) or
rhombic (‘g’x ≠ ‘g’y ≠ ‘g’z) (Roessler and Salvadori 2018). Thus,
rhombic and axial high-spin complexes indicate anisotropic sym-
metry of the electronic distribution in the molecule. The differ-
ence in the ‘g’ value of a rhombic high-spin complex in BioSe-
Nanospheres and BioSe-Nanorods implies a difference in aniso-
tropic symmetry of the electronic distribution of the two
nanomaterials (Table 1). The spectrum is also composed of two
low-spin Fe(III) species with specific ‘g’ values as well as a free
radical with specific spin density, ‘g’ value, and line-width.

EPR spectra of high-spin d5 systems may be interpreted in
terms of the spin-Hamiltonian (Mazur et al. 2020):
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and the ratio of E to D is taken to fall in the range 0–1/3, a
value of 0 implying axial symmetry. Each system in Fig. 3

Table 1 Paramagnetic species in
the BioSe nanomaterials
determined using EPR

Samples Paramagnetic species

BioSe Nanospheres 1. Rhombic high spin Fe(III), ‘g’ = [9.63 4.27 2.0] (E/D = 0.33)

2. Axial high spin Fe(III), ‘g’ = [6.0 2.0] (E/D = 0)

3. Low spin Fe(III), ‘g’ = [2.14 2.06 1.84]

4. Radical », S = 1/2, ‘g’ = 2.011, line width = 0.6 mT

BioSe Nanorods 1. Rhombic high spin Fe(III), ‘g’ = [9.0 4.27 2.0] (E/D = 0.32)

2. Axial high spin Fe(III), ‘g’ = [6.0 2.0] (E/D = 0)

3. Low spin Fe(III), ‘g’ = [2.16 2.06 1.81]

4. Low spin Fe(III), ‘g’ = [2.22 2.06 2.05]

5. Radical », S = 1/2, ‘g’ = 2.011, line width = 0.6 mT

Table 2 Paramagnetic species in
the 6 mol/L HCl washed BioSe
nanomaterials determined using
EPR

Samples Paramagnetic species

6 mol/L HCl washed
BioSe Nanospheres

1. Rhombic high spin Fe(III), ‘g’ = [9.0 4.27 2.0] (E/D = 0.33)

2. Axial high spin Fe(III), ‘g’ = [6.0 2.0] (E/D = 0)

3. Low spin Fe(III), ‘g’ = [2.19 2.06 1.93]

4. Low spin Fe(III), ‘g’ = [2.14 2.06 1.84]

5. Radical », S = 1/2, ‘g’ = 2.011, line width = 0.6 mT

6 mol/L HCl washed BioSe Nanorods 1. Rhombic high spin Fe(III), ‘g’ = [9.0 4.27 2.0] (E/D = 0.33)

2. Axial high spin Fe(III), ‘g’ = [6.0 2.0] (E/D = 0)

3. Low spin Fe(III), ‘g’ = [2.48 2.18 1.78]

4. Low spin Fe(III), ‘g’ = [2.25 2.07 1.87]

5. Radical », S = 1/2, ‘g’ = 2.011, line width = 0.3 mT





appears to be a mixture of different Fe(III) species; no Fe(II)
species were evidenced. A power saturation study (data not
shown) confirmed the presence of these species.

XPS and EPR analysis to determine Fe(III) localization
in BioSe nanomaterials

XPS and EPR results show the presence of Fe(III) in both
BioSe-Nanospheres and BioSe-Nanorods. This implies that
Fe(III) is not merely present on the surface. However, Fe(III)
may be loosely bound. Therefore, the nanomaterial was
washed 5 times with 6 mol/L HCl to remove loosely bound
Fe(III) and analyzed by XPS and EPR. In the XPS analysis, Fe
was not detected for 6 mol/L HCl–washed BioSe-Nanorods in
contrast to the 6 mol/L HCl–washed BioSe-Nanospheres.
Nonetheless, EPR spectra showed the presence of various
Fe(III) species in 6 mol/L HCl–washed BioSe-Nanospheres
and BioSe-Nanorods as listed in Table 2.

Even after 5 times of washing by HCl (6 mol/L), there was
a slight change in the powder spectrum of the BioSe-
Nanospheres (Fig. 4). The change was the addition of a low-
spin Fe(III) species with a different ‘g’ value. BioSe-Nanorods
when washed 5 times with 6 mol/L HCl (Fig. 4) showed a
similar EPR spectrum to non-washed BioSe-Nanorods (Fig.
3b) in terms of high-spin Fe(III) species. There was a change
in the low-spin Fe(III) species with respect to the ‘g’ values.
The line-width of the free radical also decreased. When
BioSe-Nanorods were washed with HCl, the signal at ‘g’ =
6 is more important, whereas low-spin components at ‘g’ = 2
are less important than in the BioSe-Nanospheres after wash-
ing with HCl.

Discussion

Fe(III) doping in BioSe nanomaterials

This study demonstrated for the first time that BioSe
nanomaterials harbor paramagnetism with some ferromagnet-
ic component in their magnetic properties (Fig. 1). This is due
to the doping with Fe(III) which is present in the anaerobic
granular sludge used to synthesize the BioSe nanomaterial
(Fig. 2). The Fe content of inoculum sludge is typically
20.8–36.0 μg/g TSS (Zandvoort et al. 2006). Fe in granular
sludge originates from plumbing, use of fertilizers, or because
of Fe-rich industrial wastewater (Vignola et al. 2010). The
presence of Fe(III) is likely due to its interaction with extra-
cellular polymeric substances (EPS) which caps the BioSe
nanomaterials during their formation (Jain et al. 2015b).

These EPS consist of proteins, humic substances, carbohy-
drates, and small concentrations of DNA (Jain et al. 2015b)
and are a known biosorbent of heavy metal ions (Mohite et al.
2018). Indeed, Fe(III) interacts with various active functional
groups present in the EPS, like carboxylic (Tapia et al. 2011),
hydroxyl (Tapia et al. 2011), or uronic groups (Sand and
Gehrke 2006). The elemental Se when grows into BioSe
nanomaterials, the EPS intricately intertwines and incorpo-
rates into the nanomaterial (Jain et al. 2015b). Fe(III) being
abundantly present in association with the EPS gets incorpo-
rated throughout the structure of the nanomaterial and not
merely on the surface (Fig. 4). This was evidenced for
Fe(III) in a previous study of zinc adsorption (Jain et al.
2015a) on BioSe-Nanospheres using the same anaerobic gran-
ular sludge as used in this study. XPS results showed that Fe
was present at 5.4 (± 2.5) % w/w of BioSe nanomaterial but
the XPS signal was weak; hence, Fe was present entrapped in
the nanomaterial (Jain et al. 2015a). Indeed, the detection of
Fe(III) by EPR in 6 mol/L HCl–washed BioSe-Nanorods (Fig.
4), when Fe(III) signals were not observed for the same by
XPS (Fig. 4), further confirms this finding. Thus, the trapping
of Fe(III) in the EPS of BioSe nanomaterials is the cause of the
magnetic properties in them.

Another possibility is the existence of Fe(III) forming a
covalent bond in the lattice of BioSe nanomaterials.
However, considering Fe(III) may not be able to accommo-
date in a zerovalent uncharged Se(0) structure, there is an
unlikelihood of covalent bond formation. This non-covalent
bond formation was also observed between Fe(0) and Pd(II)
when Pd(II) was doped into Fe(0) nanoparticles (Ling and
Zhang 2014).

The magnetic property of the BioSe nanomaterials is weak,
and the presence of low-spin species of Fe along with high-
spin species causes a reduction in the magnetic moment (Li
et al. 2004). Furthermore, low-spin Fe(III) species share elec-
trons rather than occupying orbitals with high energy, whereas
the charge distribution becomes more delocalized in high-spin
species making them more prone to ionic interactions (Edler
and Stein 2014). This property will impact the type of binding
of Fe(III) with the EPS functional groups: loosely bound
Fe(III) may be removed using HCl washes. However, in this
study, HCl treatment led to the appearance of another low-
spin species for BioSe-Nanospheres. This might be because
HCl washing could not penetrate that close matrix of the Fe–
EPS–Se nanomaterials.

Environmental relevance of Fe doping in BioSe
nanomaterials

Fe(III) is a regulating component for phytoplankton growth
(Fennel et al. 2003). The average total dissolved Fe concen-
tration in the ocean is 0.6–0.7 nmol/L (Hiemstra and van
Riemsdijk 2006). The major source of Fe in seawater is the

Fig. 4 XPS and EPR study to understand the localization of Fe(III) in
BioSe nanomaterials



mixing of Fe-rich sub-surface water (Fennel et al. 2003).
Dissolved Fe(III) (bound to humic substances or humic and
fulvic acids), when taken up by phytoplankton, increases the
chlorophyll concentration and cell yield (Fennel et al. 2003).
The deficiency of Fe decreases photosynthetic efficiency
(Fennel et al. 2003). Some fraction of the Fe-rich BioSe
nanomaterials may remain suspended in the treated water
(Tan et al. 2016; Mal et al. 2017) and eventually be released
in the sea (Fatoki and Mathabatha 2001). A permissible
amount of 5–50 μg/L Se in the effluent is discharged into
the freshwater in various nations (Tan et al. 2016).
Approximately 1% Fe(III) is present in the BioSe
nanomaterials as previously mentioned. This implies that
nearly 0.6 nmol/L Fe(III) would be released with these
BioSe nanomaterials which is about the same amount of Fe
present in the ocean. Though the concentration will get diluted
once released into the seawater, the local mixing and local
high concentrations of BioSe nanomaterial containing Fe(III)
cannot be overlooked (Levasseur et al. 2004). This may lead
to increased phytoplankton biomass and a higher carbon ex-
port upon the increase of Fe supply (Fennel et al. 2003).

Another aspect of the transfer of Fe to plants is the uptake
of BioSe nanomaterials. In general, the major characteristics
of nanoparticles that determine plant uptake are size, shape,
and surface charge (Lv et al. 2019). It has been demonstrated
that 40-nm nanoparticles show 1.8 and 2.2 times higher up-
take as compared to 140-nm and 240-nm particle sizes, re-
spectively (Hu et al. 2018). The method of production of
nanoparticles is also important for uptake because the BioSe
nanoparticles influx (Vmax) in wheat is 0.76- and 3.3-fold low-
er than CheSe nanoparticles and selenite, respectively (Hu
et al. 2018). However, the transfer of BioSe nanomaterial from
the root system to the shoot system in wheat is as low as 0.1
due to retention in roots and rapid conversion to its organic
forms. Furthermore, the EPS is mostly hydrophilic (Luna et al.
2014) and could thus facilitate uptake by leaves via the sto-
matal pathway (Lv et al. 2019). Foliar application of Se nano-
particles on three different onion species resulted in 1.75–4.15
times higher enrichment of Se in plants as compared to sele-
nite application (Golubkina et al. 2012). Se nanoparticles on
foliar application also enhanced the antioxidant capacity and
biosynthesis of flavonoids in celery by 46.7% and 50.0%,
respectively (Li et al. 2020).

Potential applications of Fe(III)-doped BioSe
nanomaterials

The hysteresis curve observed for BioSe-Nanorods is attribut-
ed to the Fe(III) entrapped in the EPS capping the nanorods
(Fig. 1a). The coercivity and magnetic moment associated
with Fe(III) in the field of 50,000 Oe are 100 Oe and 10
emu, respectively (Fig. 1a). These low values may be an indi-
cation of superparamagnetism (Usov and Liubimov 2012; Ali

et al. 2016). Fe(III) nanoparticles in alginate with high mag-
netism at 5 K and magnetic strength of 5 T have been pro-
posed for controlled drug delivery (Finotelli et al. 2004). The
BioSe nanomaterials investigated in this study display similar
magnetic characteristics implying a potential for drug deliv-
ery. Since Se is known as a good treatment alternative for
cancer (Hauksdóttir and Webster 2018), Fe-doped BioSe
nanomaterials can be explored. For instance, a study was con-
ducted in which iron oxide nanoparticles decorated with Se
were applied to the MB-13 breast cancer cell line. The cells
showed a 40.5% reduction in the viability on the first day of
the study implying biomedical application (Hauksdóttir and
Webster 2018). However, for such purposes, the BioSe
nanomaterial needs to be produced under restricted conditions
and not from wastewater.

Paramagnetism of magnetic nanomaterials can also be used
for magnetic refrigeration (Vlasov et al. 2017). The major
working principle behind this is the magnetocaloric effect
(MCE). MCE is an inherent property of all magnetic mate-
rials. Temperature change is achieved by changing the mag-
netic field: magnetization reduces entropy, while demagneti-
zation restores zero-field magnetic entropy (Li and Yan 2020).
The most important characteristics required for such applica-
tions are low magnetic ordering temperature (< 15 K) (Li and
Yan 2020) and high spin (J = 5/2) (Krastev et al. 2020). Both
criteria are met by the BioSe nanomaterial produced in this
study. Thus, on a futuristic note, minor doping of Fe(III) in Se
nanoparticles with similar magnetic properties like the BioSe
nanomaterials investigated in this study may have the poten-
tial for space refrigeration.

Conclusion

This is the first study to report that BioSe nanomaterials
produced by anaerobic granular sludge taken from a
UASB reactor treating paper and pulp wastewater show
magnetic properties. Paramagnetism is the major contrib-
utor to the magnetic property along with some ferromag-
netism. In this study, the BioSe nanomaterial shows para-
magnetism at 5 K and does not saturate even at 50,000
Oe, whereas no observable magnetism was observed for
CheSe-Nanorods. The Brillouin function fits well for the
paramagnetism of BioSe-Nanorods. The magnetism orig-
inates from Fe(III) entrapped in the EPS capping the
BioSe nanomaterials. The BioSe nanomaterial harbors
both high-spin and low-spin species of Fe(III). Fe concen-
trations (at%) in BioSe-Nanospheres and BioSe-Nanorods
are 1.6 and 0.7, respectively. These nanoparticles, when
released in the environment, may be taken up by plants
and by phytoplankton. This study elaborated on the sig-
nificance of Fe(III) doping on the magnetic properties of
BioSe nanomaterials.
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