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Abstract Magnetic nanoparticles are promising in
applications where magnetic separation is intended,
although material losses via leaching mechanisms are
often inevitable. Magnetic separations with widely
available permanent magnets can effectively trap par-
ticles, leading to a complete removal of used or waste
particles. In this report, we first demonstrate the
synthesis of the thinnest (112.7 £ 16.4 nm) and most
magnetic (71.96 emu gfl) barium hexaferrite (BaFe,
0,9, BHF—fridge magnet) via an organic solvent-free
electrospinning procedure. When the fibers are then
packed into a column, they clearly remove 12 nm
magnetite (Fe3O,4) nanoparticles quantitatively. The
same BHF cartridge also removes more than 99.9 %
As-treated magnetite nanoparticles at capacities up to 70
times of its weight. As a result, one liter of 150 pg L™
As-contaminated water can be purified rapidly at a
material cost of less than 2 US cents.
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Introduction

Magnetic nanoparticles (Hao et al. 2010) offer signif-
icant advantages in applications where size-dependent
properties such as magnetism (Sun et al. 2000) and
separation (Yavuz et al. 2009), biomedical transport
(Pankhurst et al. 2003) and imaging (Kim et al. 2003),
surface adsorption (Yavuz et al. 2006), and plasmon
(Shevchenko et al. 2008) matter. Magnetic separation,
in particular, relies on the particle sizes and distribu-
tion (Mayo et al. 2011; Yavuz et al. 2009). There is an
inversely proportional relationship between the size of
the particles and the field required to sequester them.
Although we reported manageably low fields (e.g.
0.3 T) for separation of nanoparticles with small sizes
(Yavuz et al. 2006), the time required for a full capture
(>6 min) is too long for continuous stream applica-
tions, a usually preferred form for large industries.
Arsenic poses health hazards to humans and aquatic
ecosystem if its concentration exceeds permissible
limits (Yavuz et al. 2006). The major source of arsenic
pollution in the environment is the smelting of ores
such as those of gold, silver, copper, and others.
Arsenic from these sources is distributed in the air,
water, soil and finds its way into the human diet by way
of direct inhalation or through contamination of water
and consumer products (Jarup 2003). Among the
various sources of arsenic, the leaching of arsenic into
drinking water poses significant threat to human health
(Smedley and Kinniburgh 2002). Arsenic poisoning
has become a worldwide epidemic, especially in
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developing countries where most of the population
depends on ground water for drinking (Jiang 2001).
Arsenic is one of the most toxic waterborne contam-
inant and possesses a serious health risk in many
countries of the world by triggering skin, lung, and
kidney cancers (Smith et al. 1992). Since the adverse
impact of arsenic has been widely reported, its
permissible limit has been lowered in many parts of
the world. The World Health Organization (WHO)
reduced the recommended maximum level of arsenic
in drinking water to 10 ug L™" in 1993, and the United
States environmental protection agency (EPA)
adopted a new maximum contaminant level as
10 pg L™" in 2001 (Smedley and Kinniburgh 2002).

In order to remove the arsenic from contaminated
water, various methods have so far been utilized such
as coagulation (Cheng et al. 1994), precipitation
(Bothe and Brown 1999), ion exchange (Vaaramaa
and Lehto 2003), and membrane filtration (Geckeler
and Volchek 1996). Among them, adsorption is the
most widely used method because it is simple, cost-
effective, and sludge free (Patel et al. 2012). To name a
few, yttrium carbonate (Wasay et al. 1996), coconut
husk carbon (Manju et al. 1998), ferrihydrite (Raven
et al. 1998), activated carbon (Pattanayak et al. 2000),
zirconium oxide (Suzuki et al. 2001), orange juice
residue (Ghimire et al. 2002), immobilized biomass
(Kamala et al. 2005), goethite (Lafferty and Loeppert
2005), magnetite nanoparticles (Yavuz et al. 2006),
chitosan biosorbent (Boddu et al. 2008), maghemite
nanoparticle (Tuutijarvi et al. 2009), graphene oxide
(Chandra et al. 2010), and core—shell nanostructured
iron oxide (Mou et al. 2011, 2012) are developed for
the arsenic removal from aqueous solution. Magnetic
nanoparticles have shown great promise as arsenic
adsorbents due to their ease of separation from the
complex natural systems (Yavuz et al. 2006). Various
studies reported the favorable characteristics of the
magnetic nanoparticles such as high surface area,
durability, resistance to oxidation, less sensibility to
organic fouling, and high selectivity toward arsenic
compounds (Beker et al. 2010; Mayo et al. 2007; Tang
et al. 2011; Yavuz et al. 2010, 2006, 2009; Yean et al.
2005).

Although very effective in arsenic remediation,
leaching and slow adsorption by the magnetic nano-
particles are of great concern, especially when nano-
particles are used for water treatment. Therefore, it is
necessary to improve separation technologies for
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nanoparticles. In conventional magnetic separation
processes, a strong external magnetic field is compul-
sory to fully separate the nanoparticles from water and
this process incurs high costs from energy-intensive
electromagnet and non-continuous permanent mag-
nets. The immobilization of the nanoparticles on the
supports has been utilized to prevent leaching; how-
ever, the significant loss of surface area hinders the
adsorption potential of nanoparticles. A new approach
to overcome this loss of efficacy is imminent.

Barium hexaferrites (BHF) received great attention
due to their high coercivity, high saturation magneti-
zation, high electric resistance, and excellent chemical
stability (Tucek et al. 2010). It is known that the
magnetic property of BHF is highly dependent on its
size, shape, and homogeneity (Chen et al. 2000) and
also reported that magnetic materials in fibrous form
could show enhanced magnetic behavior (Goldberg
1988). To the best of our knowledge, BHF fibers,
despite of their potential, were never considered in
water treatment applications that use magnetic sepa-
rations. Because BHF is derived from iron oxide, it is
expected that they also show affinity toward arsenic. In
fact, BHF microparticles show high arsenic adsorption
capacity in comparison to the parent iron oxide of
similar sizes (Patel et al. 2012).

Herein, we report BHF nanofibers that are produced
by a simple electrospinning process, which resulted in
the thinnest nanofibers with thickness of
112.7 + 16.4 nm and the highest saturation magneti-
zation of 71.96 emu g~' to date. The fibers, when
packed into a non-magnetic column, are capable of
separating 12 nm magnetite nanocrystals quantita-
tively in a bench-top continuous flow operation. The
nanoparticles are also pre-treated with arsenic and fed
through the column, leading to a rapid, cost-effective,
quantitative removal. The process is found to be low
cost, maintenance free, and practical for a point-of-use
concept.

Experimental

Materials

All reagents were of analytical reagent grade and were
used as supplied. Ferric nitrate nonahydrate (Fe(NO3)s.

9H,0, 98 %), poly (vinyl alcohol) (PVA, M, =
85,000-124,000, 99 + % hydrolyzed), 1-octadecene,
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Igepal® CO-630, arsenic standard  solution
(1,000 mg L™"), and sodium hydroxide (NaOH,
98 %) were purchased from Sigma-Aldrich, USA.
Barium nitrate (Ba(NOs),, 98.5 %) and ferric oxyhy-
droxide (FeO(OH)) were purchased from JUNSEI,
Japan. Triton® X-100, oleic acid, hydrochloric acid
(35-37 %), acetone (99.5 %), and hexane (96 %) were
purchased from SAMCHUN, Republic of Korea.
Deionized water (18.3 MQ cm, Purepower IT by
Human Corporation) was used for all experiments.

Preparation of the BaFe ,0,9 (BHF) nanofibers

Typically, 1.02 gof (Fe(NO3)3-9H,0) and 0.0547 g of
Ba(NO;3), were added to 8.2 g of poly (vinyl alcohol)
solution (10 wt%). Triton® X-100 surfactant (0.3 v/w %)
was added to the mixture to lower the surface tension
of the solution. The viscous solution transferred into a
plastic syringe was loaded in the electrospinning
equipment. The solution was released at a rate of
0.5mL h™' using a syringe pump (ESR200RD,
NanoNC) with 24 kV of the applied voltage. The as-
synthesized fibers were heated up to 550 °C for 3 h
with the heating rate of 1 °C min~', followed by
heating up to 800 °C at a rate of 10 °C min~"' for 2 h,
all in air.

Adsorption, separation, and regeneration studies

Two different sizes of magnetite nanoparticles were
prepared for the separation and adsorption studies
following literature reports (Yavuz et al. 2006; Zhang
et al. 2012): laboratory-prepared magnetite nanopar-
ticles (MagL, 12 nm) and commercially available
magnetite nanoparticles (MagC, 50—-100 nm) (Figure
S1). In a typical separation process, magnetite nano-
particles with or without aqueous arsenic solution
treatment passed through a cartridge at a flow of
1 mL min~', where a polyethylene column was
packed with BHF fibers sandwiched between glass
wools (Figure S2). All column cartridges contained
10 mg of the nanofibers and enough glass wool with a

packing density of about 0.021 g cm .

Separation of magnetite nanoparticles
Typically, separation of nanoparticles was conducted

with 300 mL of aqueous magnetite solution. 7 mg of
MagL nanoparticles (for MagC, 10 mg) was dispersed

into 10 mL of deionized water, and the dispersed
solution was injected into the BHF column. The
filtrate was collected and analyzed by ICP-MS to
check iron and barium concentrations. All samples for
ICP-MS measurement were digested by dilute nitric
acid. The separation efficiency of the magnetite
nanoparticles was calculated based upon the concen-
tration of iron in the effluent.

Separation of Arsenic-treated magnetite
nanoparticles

Separation of arsenic-treated nanoparticles was con-
ducted in the same system except primary adsorption
of arsenic onto magnetite nanoparticles. Pre-adsorp-
tion of arsenic onto magnetite nanoparticles was
performed with different initial arsenic concentrations
of 0.15, 0.42, 1.53, and 6.86 mg L™ in batch proce-
dure at 25 °C. The initial pH value of the aqueous
arsenic solution was adjusted to 8.05 £ 0.11 using
1 M NaOH or HCl which is close to the groundwater
condition. The arsenic solutions with the adsorbents
were equilibrated on a slow rotator with tumbled end-
over-end (8 rpm) for 24 h. After 10 mL of the arsenic
solution being filtered, the filtrates were tested by ICP-
MS to check arsenic removal efficiency. The separa-
tion/removal efficiency (%) was calculated as follows:

MX]OO

Removal efficiency = C )
0

where Cy and C, are the initial and equilibrium
concentrations of adsorbates in the aqueous solution.

Regeneration of BHF fiber column

Arsenic solution with the concentration of 0.15 mg L™
was treated using Magl. nanoparticles, and 30 mL of
the solution was filtered through BHF cartridge. A mild
washing was conducted with 10 mL of 0.1 M HNO; or
0.1 M NaOH solution to investigate the effect of pH in
column regeneration. After washing, the column was
fed with another 30 mL of arsenic-treated MagL
solution, and the filtrates were analyzed by ICP-MS
to check arsenic, iron, and barium concentrations.

Characterization

In order to investigate the morphologies of BHF
nanofibers, transmission electron microscopy (TEM,
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300 kV, Tecnai G2 F30) and scanning electron
microscopy (SEM, Nova 230) were utilized. X-ray
diffraction analysis was carried out using multipur-
pose high power X-ray diffractometer (Rigaku,
D/MAX-2500). The quantitative analysis of As, Fe,
and Ba contents was measured by inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent
7,700 s). Magnetic measurement of annealed BHF
fibers was performed on a superconducting quantum
interference device magnetometer (SQUID, Quantum
Design MPMS-7).

Results

Synthesis and characterization of BaFe ;019
nanofibers

Electrospinning is known to be easily employed for
large-scale synthesis of nanofibers of desired elemen-
tal compositions, phases, and sizes (Huang et al.
2003). BHF nanofibers were generated by electros-
pinning of the polymeric aqueous solution of iron and
barium salts followed by an annealing process.
Figure 1 shows that the as-spun BHF nanofibers were
poorly crystalline while the XRD pattern of annealed
fibers revealed the formation of hexagonal barium
ferrite phase. The diffraction peak can easily be
indexed to BaFe;;0;9 (JCPDS 84-0757) from the
diffraction planes at (101), (102), (006), (110), (008),
(112), (107), (114), (200), (203), (205), (206), (217),
(303), (304), (2011), (220), (2014), and (317), and the
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Fig. 1 XRD pattern of as-spun fibers (gray) and the annealed
nanofibers (black) with an indication of BaFe;,0;9 formation
(JCPDS #84-0757)
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sharp peaks confirmed the products were highly
crystalline. The crystallite size of the nanofibers was
estimated by Scherrer’s equation as follows (Birks and
Friedman 1946):

K
" Bcos 0’

where 7 is the mean size of the ordered crystalline
domain, K is shape factor (0.94, spherical and cubic),
is X-ray wavelength (0.15406 nm, CuK,), and f is
FWHM in radian. The least squares fitting residual
(R) was 9.35 % which should be generally less than
10 %. The estimated mean crystallite size was found
to be 57.6 nm which is smaller than the morphological
grain size revealed from the micrographs. Figure 2a
displays a photograph of nanofibers. The as-spun
nanofibers were yellowish in color, which turned
brown during calcination at 800 °C. The annealed
fibers show high affinity toward external magnetic
fields. Field emission scanning electron micrographs
(FE-SEM) of as-synthesized and annealed BHF
nanofibers show that there is no disruption in length
of the nanofibers though reduction in thickness is
visible. The latter could be due to the removal of
polymeric matrix during calcinations (Fig. 2b, c).
Transmission electron microscope (TEM) images
reveal the string of pearl-like morphology (Fig. 3a).
The unidirectional structure with an average thickness
of 112.7 £+ 16.4 nm was observed (the thickness was
calculated by averaging the widest points of the
grains), one of the thinnest BHF nanofibers ever
reported (Fig. 3b). When compared to the calculated
size from Scherrer’s equation (57.6 nm), the fibers are
nearly twice as thick as the crystallites. Considering
continuous blob-like attachment of BHF particulates,
condensation of the metal oxide surfaces of individual
BHF crystals seems to be the most plausible mecha-
nism. High-resolution TEM confirmed the formation
of single crystalline phases structure with lattice
spacing of 0.386 nm which corresponds to (006) plane
of BaFe ;0,9 phase (Fig. 3c). The chemical compo-
sition of BHF was confirmed by energy-dispersive
X-ray spectroscopy (EDX) and scanning TEM
(STEM) mapping analysis (Fig. 3d). The EDX map-
ping images show that Ba, Fe, and O are well
distributed throughout the nanofibers. Quantitative
atomic ratio of EDX spectrum between Fe and Ba was
12.35, which is almost identical to the theoretical ratio
of BaFe,0;9. The matrix, poly(vinyl alcohol)-PVA,
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Fig. 2 a Photographs of nanofibers before and after heat treatment. SEM morphologies of b as-spun nanofibers and ¢ the annealed

nanofibers

is known for its high surface tension resulting from
high degree of hydrolysis, and thus high critical field is
necessary to electrospin PVA-containing nanofibers
(Finch 1973). One approach is to use non-ionic
surfactants (e.g. Triton® X—100) at concentrations as
low as 0.3 % v/w (Yao et al. 2003) in order to
minimize the formation of droplets and reduce the
thickness of nanofibers (Lee et al. 2004). The BHF
nanofibers synthesized without Triton® X-100 show
an average thickness of 163.3 4+ 23.6 nm, 1.5 times
larger than synthesis with a surfactant (Figure S3).
The magnetic properties of the BHF nanofibers
were investigated using SQUID at 300 K (Fig. 4). The
coercivity (H.) and saturated magnetization (M) of
BHF nanofibers is 2,568 Oe and 71.96 emu g_l,
respectively. To the best of our knowledge, M; value is
the highest reported to date. Typically, various values
of H. (2,952-6,400 Oe) and M, (17.8-71.5 emu g_l)

of hexagonal BaFe;,0,9 powders (Benito et al. 2001;
Huang et al. 2003; Mohsen 2010), hollow fibers (Mou
et al. 2010), and electrospun fibers (Liu et al. 2012;
Zhang et al. 2012) have been reported (Table S1). The
BHF nanofibers reported here exhibit low H, and high
M; mainly because of their small dimensions. High Mg
of nanofibers results from the high purity, single
crystallinity, and small sizes of nanofibers, which are
consistent with the XRD and TEM measurements. The
critical single-domain radius of BaFe;,O;9 was cal-
culated to be 290 nm (Skomski 2003), which is higher
than the experimental crystallite size of the BHF
nanofibers, suggesting that the fibers act like uniform
domain state(Chen et al. 2000), although there is room
for further experimental verification. Moreover, the
squareness ratio (M,/Mj) is about 0.5, which is close to
the expected value for randomly packed single-
domain particles when a coherent magnetization
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Fig. 3 a TEM morphology
of nanofibers and b their
thickness distribution

(N = 200). c HRTEM
image of a blob of fiber with
lattice spacing
measurement. d EDX
mappings with quantitative
analysis of the spectra
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Fig. 4 Magnetic hysteresis loop of nanofibers measured at 300 K

rotation reversal mechanism is hypothesized (Benito
et al. 2001). For the single-domain ferrites, it is well
known that the H. decreases as the crystallite size
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decreases due to the randomizing effects of thermal
energy (Batlle et al. 1993; Chen and Chen 2001;
Rezlescu et al. 1999). Therefore, it is believed that the
single-domain nanofibers with small crystallites show
lower H.

Magnetic separation of nanoparticles via BHF
fiber cartridge

Magnetite nanoparticles are widely considered to be
an effective absorbent for the As removal from
contaminated water (Cumbal and Sengupta 2005;
DeMarco et al. 2003; Mayo et al. 2007; Mohan and
Pittman 2007; Mou et al. 2011, 2012; Yavuz et al.
2010, 2006, 2009; Yean et al. 2005); however, their
separation after treatment remains costly, especially
because of the need for strong, rare-earth magnets. The
BHF nanofibers could resolve this problem because
(1) they are very inexpensive (also known as fridge
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magnets) and (2) by weaving fibers into nets for a
cartridge application would eliminate the use of
magnets due to the fact that incoming stream would
have high contact surface and proximity. First of all,
magnetic separation of nanoparticles was tested by the
filtration of magnetite solution through the column
packed with BHF nanofibers.

In order to evaluate the capacity of magnetic
separation, 300 mL of magnetite solutions with two
different sizes (210 mg for MagL, 300 mg for MagC)
were passed through the BHF nanofiber cartridge, and
concentration of the filtrate was monitored by ICP-MS
at periodic intervals. The color of filtrate is visually
transparent after being passed through the BHF
column. Figure 5a shows separation efficiency of
nanoparticles and residual concentration of magnetite
in the filtrate. For 12-nm-sized MagL nanoparticles,
the concentration was found to be a maximum of
0.17mg L™ up to 50 mL and decreased below
0.02 mg L! afterward, much less than the acceptable
limit of iron (up to 3 mgL™") throughout the
measurement(Fawell et al. 2003). For MagC nanopar-
ticles with much larger size, the maximum concentra-
tion was only 0.4 pgL™', indicating a perfect
separation of nanoparticles from water. Moreover,
the total amount of Magl. and MagC in 300 mL
effluent was about 0.0038 mg and 0.039 pg, respec-
tively, demonstrating that more than 99.99 % of the
nanoparticles were retained in the column (Table S2
for the details). The concentration of magnetite
remained fairly marginal even though the amount of
injected nanoparticles increased. The average concen-
tration of barium in the filtrate ranged from 0.02 to
0.03 mg L™" in both of MagC and MagL, which is
also much less than the drinking water standard of
barium, up to 2 mg L™'(Wones et al. 1990). The
complete separation of the nanoparticles is attributed
to the magnetic interaction between the BHF nanof-
ibers and magnetite nanoparticles, where magnetically
induced aggregation of magnetite on top of the BHF
fibers was observed. The aggregates not only make the
pores of cartridge smaller but also promote further
magnetic interaction of the incoming particles, leading
to an enhanced separation. In order to assess the upper
limit for nanoparticle removal capacity of the fibers, a
high concentrated MagL solution, 700 mg with
100 mL aqueous solution, was filtered through the
cartridge (Figure S4). The MagL concentration in the
effluent was ranged from 2.4 to 6.4 ppm, and the total

amount of magnetite in 100 mL was about 5.38 mg,
showing that 99.23 % of the nanoparticles was
separated. With the high loading of the nanoparticles,
however, the flow of the solution started to slow down
when 280 mg of MagL equivalent was loaded and
stopped at 700 mg equivalent of injection. Therefore,
the total capacity of BHF filter cartridge was deter-
mined to be 700 mg MagL per 10 mg BHF, indicating
that the nanofibers could carry a maximum of 70 times
their weight. In practical systems, however, the
maximum capacity is expected to go up since the
loading capacities with 70-mg aliquots are expected to
be lower because of the concerted reversible aggre-
gation of nanoparticles among themselves (Yavuz
et al. 20006). For field operations, a safe upper limit of
250 mg (25 times more weight than the BHF used in
the cartridge) can be advised in a consideration of
injection speed.

SEM image of BHF nanofibers exhibits that the
fibers do not show change in length after separating
300 mL of magnetite solution (Fig. 5b). TEM images
of BHF nanofibers taken after magnetite separation
clearly show that magnetite nanoparticles are attached
to the BHF nanofibers, suggesting the locations of
captured particles (Fig. 5c, d). The EDX spectrums on
the point 1 showed the presence of only Fe content,
while the point 2 consisted of both Fe and Ba, further
confirming the interactions between the BHF nanof-
ibers and the magnetite nanoparticles.

Removal of arsenic via simple filtration

In order to verify arsenic removal efficiency of the
proposed system, two successive adsorptions are
necessary (Fig. 6): (i) primary adsorption of arsenic
onto magnetite nanoparticles and (ii) secondary
adsorption of As-treated magnetite nanoparticles by
magnetic separation through BHF nanofiber filter. The
initial pH of aqueous arsenic solution was adjusted to
8.0 simulating groundwater conditions (Yean et al.
2005), and also it has been reported that maximum
arsenic adsorption capacity of magnetite is attained at
about pH 8 since the point of zero charge for magnetite
is at pH 6.5 (Su and Puls 2008).

The initial arsenic concentration for adsorption test
ranged from 0.15 to 6.86 mg L™" because the con-
centration of naturally occurring arsenic is about
0.1-1 mg L! (Bissen and Frimmel 2003), and the
maximum permissible limit of arsenic in drinking
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Fig. 6 Schematic
illustration of magnetic
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water is 0.01 mg L™" (Vahter 2008). Higher concen-
trations are intended to see how much capacity the
system can handle at the most extreme contamination
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levels. Figure 7 displays the arsenic removal effi-
ciency of Magl. and MagC with the filtration through
BHF column. Each 10 mL of arsenic solution in
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different concentrations was treated with nanoparti-
cles and passed via BHF cartridge. The overall As
removal efficiency with MagL and BHF combination
is more than 99 % below 1.5 mg L™" concentrations
proving its wide applicability in natural systems. The
efficacy of Magl. and BHF system, however,
decreased down to 84.7 % at 6.86 mg L™, indicating
that quantitative arsenic removal capacity is some-
where below that concentration. For MagC and BHF
system, the efficiency recorded about 85 % below
1.5 mg L™' concentrations and decreased down to
70 % at 6.86 mgL~'. At the concentration of
0.15 mg L™', which is the range of naturally occur-
ring arsenic, MagL and BHF system capture 99.9 % of
arsenic from water so that the residual concentration of
arsenic recorded only 0.15 pg L™', well correspond-
ing to the drinking water requirement of the WHO
(10 pg L™ 1(Vahter 2008). The BHF nanofibers them-
selves were also tested for arsenic removal study in a
batch system, 10 mg of the nanofibers being utilized
for 24 h of interaction as usual, and a maximum of
45.3 % arsenic was removed in 5.42 mg L™' of As
solution. This indicates that BHF nanofibers are also
attributed to the high adsorption of arsenic in the
hybrid system.

In order to verify the removal of arsenic with the
assistance from magnetic separation of MagL, we
employed non-magnetic titanium dioxide (TiO,)
nanoparticle, a well-known adsorbent for arsenic
treatment (Dutta et al. 2004) and tested it for arsenic
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Fig. 7 Arsenic removal efficiency of the solutions treated with
MagL (blue) and MagC (red). The nanoparticles are further
filtered through BHF nanofiber column for magnetic separation.
Black square marker indicates arsenic removal efficiency of
BHF fiber itself tested in a separate batch system

removal in the same adsorption conditions. The TiO,
nanoparticles were treated with the aqueous arsenic
solution having different initial concentrations from
0.1 to 6.1 mgL™" and filtered through the BHF
nanofiber filter. The color of filtrate through BHF fiber
column was found to be opaque due to the presence of
TiO, nanoparticles (Figure S5). The arsenic removal
efficiency with TiO, system was 34 % at 0.1 mg L™
and 11 % at 6.1 mg L™", which is far below than both
of MagL and MagC systems. The TiO, nanoparticles
showed good As adsorption ability when the particles
were separated via centrifugation (Dutta et al. 2004);
however, the arsenic removal efficiency after filtration
through BHF fiber column was just above 10 %. This
indicates that arsenic-bound TiO, nanoparticles were
passing through the BHF filter instead of staying in the
column due to non-magnetic interaction between the
TiO, and BHF nanofiber, finally leading to high
arsenic concentration in the filtrate.

Regeneration of BHF fiber column

Regeneration of the BHF filter cartridge with MagL
nanoparticles was conducted in different pH condi-
tions (Table S3). After 30 mL of the arsenic solution
with MaglL nanoparticles was injected into the
column, the column was washed and fed with another
30 mL of MagL solution. The reason to use only
30 mL of solution is that there is high probability of
nanoparticle leaching in the early stage of injections.
After the magnetite with arsenic solution, with the
concentration of 0.15 mg L™', was injected into the
BHF column, there occurs high arsenic and magnetite
separation with scant concentration of barium. With a
mild washing with 10 mL of 0.1 M HNOj solution, it
had been shown that 7.88 % of arsenic is recovered
and second feed after the regeneration revealed that
arsenic removal efficiency is slightly increased. How-
ever, the BHF nanofibers were affected by the
treatment with acidic solution so that the barium
concentration both in washing solution and the filtrate
after regeneration had elevated. When the column was
treated with 10 mL of 0.1 M NaOH solution, the
recovery of arsenic is increased up to 12.25 % and the
subsequent filtration after the regeneration showed
that arsenic removal efficiency had lessened. The
desorption of arsenic is known to be increased with the
increasing pH (Yean et al. 2005) and the arsenic bound
onto the nanoparticles was preferably desorbed in
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alkaline solution. Due to the influence of alkaline
solutions, arsenic contents were leached out from the
column after regeneration, slightly decreasing succes-
sive arsenic removal efficiency. On the contrary to the
regeneration with acidic solution, the barium concen-
tration was unchanging. The recovery of magnetite
nanoparticles was insignificant both in acid and
alkaline solutions, and the leaching concentration of
the arsenic and barium only altered in different pH
conditions.

Socio-economic analysis

The most arsenic affected area is situated in Southeast
Asia, more particularly Bangladesh. The arsenic con-
centration of seven rivers in Bangladesh was found to
be in the range of 0.5-29 pg L™ (Smedley and
Kinniburgh 2002). Moreover, As concentration in
ground water is very high with more than 27 % of the
shallow wells containing about 50 pug L™'. A combi-
nation of magnetite nanoparticles and BHF nanofiber
cartridges described in this study could be extremely
useful for these As-contaminated areas due to its
availability, adaptability, and facile operation. It should
be imperative to look at socio-economic study while
targeting ground level implication of this technology.
The cost of magnetic nanoparticles and BHF nanofibers
were calculated based on the reagents used in this study
(Table S4). One gram of BHF fibers can be produced at
acostof USD 0.462, and kitchen synthesis (Yavuz et al.
2010) can provide 1 g of magnetite nanoparticles at a
cost of USD 0.021, leading to an estimated value of
USD 19.62 for treating 1 m’ of 150 ugL™' As-
contaminated water. A commercial rare-earth magnet
costs USD 2.79 per gram, which could be very costly if
widespread distribution is intended. It should also be
noted that the cost could go down further with industrial
scale-up practices.

Conclusion

In summary, we synthesized magnetic BaFe;,0,9 (BHF)
nanofibers with thicknesses of 112.7 &+ 16.4 nm and
saturation magnetization of 71.96 emu g_l, for their use
as cartridge filters in efficiently removing and separating
magnetic nanoparticles. Coupling with already estab-
lished arsenic removal procedures by nano-magnetite
(Yavuz et al. 2006), BHF nanofibers can assist in

@ Springer

removing arsenic from water 99.7 % at 150 pg L™ with
a maximum capacity of 700 mg of magnetic nanopar-
ticles for a 99.9 % recovery. The efficient separation of
the nanoparticles and the high As removal efficiency was
achieved via a rapid, simple, continuous filtration
process, and the low cost of BHF nanofibers allow
extensive use of this technology in actual field opera-
tions, where point-of-use is the only choice. The BHF
fibers reported here can also find good use when fine
particles are needed to be magnetically separated (e.g.,
steel industry wastewater).
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