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Magnetic nanoparticle recovery device (MagNERD)
enables application of iron oxide nanoparticles for water
treatment
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Abstract An optimized permanent magnetic nanopar-
ticle recovery device (i.e., the MagNERD) was devel-
oped and operated to separate, capture, and reuse
superparamagnetic Fe3O4 from treated water in-line un-
der continuous flow conditions. Experimental data and
computational modeling demonstrate how the
MagNERD’s efficiency to recover nanoparticles de-
pends upon reactor configuration, including the integra-
tion of stainless-steel wool around permanent magnets,

hydraulic flow conditions, andmagnetic NP uptake. The
MagNERD efficiently removes Fe3O4 in the form of a
nanopowder, up to > 95% at high concentrations
(500 ppm), under scalable and process-relevant flow
rates (1 L/min through a 1.11-L MagNERD reactor),
and in varying water matrices (e.g., ultrapure water,
brackish water). The captured nanoparticles were recov-
erable from the device using a simple hydraulic
backwashing protocol. Additionally, the MagNERD
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removed ≥ 94% of arsenic-bound Fe3O4, after
contacting As-containing simulated drinking water with
the nanopowder. The MagNERD emerges as an effi-
cient, versatile, and robust system that will enable the
use of magnetic nanoparticles in larger scale water treat-
ment applications.

Keywords Environmental nanotechnology.
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Introduction

Functionalized superparamagnetic nanoparticles—or
nanosorbents—can be used to remove contaminants from
water enabling various applications (Gutierrez et al.
2017). However, it is essential to integrate a systemwithin
each application that can remove all magnetic
nanosorbents after contaminant sorption. Removing the
nanosorbents is intended to ensure nanoparticle concen-
trations and/or dissolved species do not exceed primary or
secondary regulatory limits for water (e.g., total iron <
300 ppb for potable water). In literature, most studies
using magnetic nanoparticles are performed at the bench
scale and utilize handheld magnets for magnetic capture.
Unfortunately, handheld magnetic separation techniques
become infeasible when treating continuous flows or large
volumes of water. Additionally, these studies rarely ad-
dress magnetic capture using realistic water matrices or
conditions nor the extent of magnetic nanoparticle remov-
al. While advances have been recognized in surface mod-
ification and synthesis techniques of superparamagnetic
nanoparticles for environmental applications (Reza and
Mirrahimi 2010), relatively few reports (Moeser et al.
2004) quantify nanoparticle capture or recovery or include
details on relevant nanoparticle separation methods.

High gradient magnetic separation (HGMS) can be a
viable candidate to remove magnetic nanomaterials de-
ployed in large-scale waters (Moeser et al. 2004; Yavuz
et al. 2010; Qu et al. 2013; Gómez-Pastora et al. 2014;
Westerhoff et al. 2016). HGMS systems use strong
magnets (i.e., permanent or electromagnetic) and mag-
netically susceptible wires to capture micron-sized mag-
netic particles (Oberteuffer 1973; Gerber 1978;
Zborowski et al. 1999; Hatch and Stelter 2001). As a
green separation technology that requires less operation-
al energy than conventional separation methods (i.e.,
membrane separation, settling, etc.), HGMS has

garnered attention within the water purification and
nanotechnology-assisted water treatment fields. While
robust and not limited by variations in pH or ionic
concentration (Ambashta and Sillanpää 2010; Mariani
et al. 2010; Toh et al. 2012; Gómez-Pastora et al. 2014;
Rossi et al. 2014), its optimization and use with mag-
netic nanoparticles in water treatment is limited
(Gómez-Pastora et al. 2014; Rossi et al. 2014). The
extent and quality of magnetic capture by HGMS de-
pends on a variety of forces and interactions—magnetic,
viscous, inertial forces, gravity, friction, and interparticle
interactions—acting on each magnetic particle, and all
of which must be properly optimized with respect to
each other for effective magnetic capture (Oberteuffer
1973, 1974; Gómez-Pastora et al. 2014). For example,
capture efficiency and the ability to recover the nano-
particles from the HGMS system is heavily size depen-
dent, with capture efficiency increasing with increasing
particle size and recovery decreasing with increasing
particle size (Moeser et al. 2004; Yavuz et al. 2006).

To enable the use of HGMS systems as part of a
water treatment process at pilot- and full-scale, a proof-
of-concept demonstration needs to be performed. Addi-
tionally, the HGMS system must (i) effectively capture
nanosized magnetic materials to below application spe-
cific limits (e.g., the EPA secondary maximum contam-
inant level (SMCL) for iron in drinking water is <
0.3 mg-Fe/L) to move the technology forward and (ii)
potentially enable recovery of nanoparticles for subse-
quent reuse in the water purification system. Related
non-nanotechnologies are already employed in the wa-
ter industry (Ringler et al. 2018; Zhu et al. 2019). For
example, millimeter-size magnetic ion exchange resin
particles is an alternative to chemical coagulants (e.g.,
alum, ferric chloride) to remove natural organic matter.
After use and separation, the resin is regenerated using a
strong base and then reused. Processes to do the same
with superparamagnetic nanoparticles have yet to be
demonstrated in continuous flow for water treatment.

In this manuscript, we develop a continuous flow
nanoparticle separation and capture process using a
magnetic nanoparticle removal device (termed
“MagNERD”). We performed process optimization
and the effects of operational parameters (i.e., flowrate,
amount of exposed magnetized surface area, and system
orientation); modeled fluid flow inside of the
MagNERD using computational fluid dynamics; dem-
onstrated the ability of the MagNERD to remove mag-
net ical ly nanosized adsorbents with sorbed
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contaminants from flowing water; and explored the
MagNERD’s feasibility to recover, clean, and reuse the
magnetic particles (Fig. 1).

Materials and methods

Magnetic capture unit flow simulations

Simulating fluid flow with computational fluid mechan-
ics simulation software (COMSOL) was carried out to
understand the effect of unit design and stainless-steel
wool on the potential ability to remove magnetic nano-
particles from flowing water. The MagNERD unit was
modeled as a packed-bed reactor. Fluid streamlines for
the reactor with and without stainless-steel wool were
generated by solving the continuity equation (i.e., char-
acterizing the conservation of mass), the Navier-Stokes
equation (i.e., characterizing the conservation of mo-
mentum), and the Brinkman equation, respectively
(Eqs. S1–S11) (Deen 2011). The Brinkman equation is
a modification of the Navier-Stokes equation and ac-
counts for the viscous forces of the fluid passing through
the pores of the stainless-steel wool matrix by including
the porosity (0.998) and permeability of a porous matrix

(0.0305 m2). Other assumptions and model parameters
are provided in the electronic supplemental material.

Materials and characterization

Magnetite iron oxide nanopowder (Fe3O4) was purchased
from US Research Nanomaterials, Inc. with a metal basis
purity of 99.6% and a specific surface area of 82 m2/g as
reported by the manufacturer. The nanopowder (NP) is
comprised of aggregated nanoparticles with sizes ranging
from 15 to 20 nm as reported by the manufacture.

Simulated brackish water and arsenic-spiked simu-
lated drinking water were synthesized with the follow-
ing ACS-grade chemicals purchased from Sigma Al-
d r i c h : C aC l 2 -H 2O , MgSO4 · 7H 2O , NaC l ,
Na2SO4·10H2O, NaHCO3, NaOH, and HCl,
Na2SiO2·9H2O, NaNO3, NaH2PO·H2O, and NaF (fluo-
ride standard solution from Ricca Chemical). Sodium
arsenate (Na3AsO4 in the form of an Atomic Adsorption
Spectroscopy Arsenic Standard from Sigma Aldrich;
1000 mg/L As in 2% nitric acid prepared with high
purity As2O3, HNO3, NaOH, and H2O) was used.

Magnetic characterization was conducted with a
superconducting quantum interference device (SQUID)
completed with a MPMS XL (Quantum Design Inc.).

Fig. 1 Magnetic capture/removal scheme of contaminants from
water using the magnetic 3D reactor. 1. Contaminated water is
introduced to magnetic nanopowders (MNPs). 2. The contami-
nants within the water adsorb onto the MNPs upon mixing. 3. The
contaminant-MNPs complex is magnetically separated from the

water using a permanent magnet mounted within a reactor. 5. A
small portion of water is passed through the outlet of the
MagNERD to flush out the contaminant-MNPs complexes. 6.
The flushed contaminant-MNPs complexes are collected for future
regeneration and reuse completing the MNP recovery process
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Hysteresis curves were collected for Fe3O4 and arsenic
bound Fe3O4 NPs. For each measurement, the material
wasweighed, wrapped in Teflon tape, andmeasured from
− 10 to 10 kOe at a constant temperature (300 K).

Synthesis of simulated brackish water and simulated
drinking water

Simulated brackish water was prepared using the
fo l lowing sa l t concen t ra t ions : CaCl2 ·H2O
(3925 mg/L), MgSO4·7H2O (2637 mg/L), NaCl
(2397 mg/L), Na2SO4·10H2O (1381 mg/L), and
NaHCO3 (1280 mg/L). The solution pH was adjust-
ed to 7.5 using HCl (1.0 M). The resulting ionic
strength and total dissolved solids (TDS) values
were ~ 190 mM and ~ 8429 mg/L, respectively.

Simulated drinking water was prepared in accor-
dance with the NSF challenge water (National Science
Foundation 2013) by using the following salt concen-
trations: NaHCO3 (252 mg/L), CaCl2·H2O (147 mg/L),
MgSO4·7H2O (124 mg/L), Na2SiO2·9H2O (95 mg/L),
NaNO3 (12 mg/L), NaF (2.2 mg/L), and NaH2PO4·H2O
(0.18 mg/L). The solution was adjusted to pH 7.5 using
HCl (1.0 M), and the resulting ionic strength and total
dissolved solids (TDS) values were ~ 8.5 mM and ~
478 mg/L, respectively.

Preparation of the NP slurries

Concentrated NP slurries were made by mixing 9 g of
NP (e.g., Fe3O4 with 1 L of test water—DI or simulated
brackish water). Concentrated NP solutions were dis-
persed with a probe sonicator for 25 min at a pulse rate
of 282 s and amplitude of 45%. An ice bath was used to
surround the beaker during the sonication process to
prevent excessive heating. The concentrated NP solu-
tions were then diluted to 18 L to give a final NP
concentration of 500 ppm. Dilution occurred under con-
stant mixing to ensure a uniform dispersion of NP.

Magnetic capture system (MagNERD)

The MagNERD unit was purchased from Eriez Inc. (a
stainless-steel Super B-2 Model Trap) and consisted of
five parts: (1) the main enclosure, (2) five columns of
neodymium magnetic fingers, (3) a stainless-steel protec-
tive sleeve for the magnetic fingers, (4) a seal ring, and (5)
a fine mesh filter screen. The entire apparatus (Fig. 2) has
a maximum fluid volume of 1.11 L. For all experiments,

the fivemagnetic fingers were kept inside of the protective
sleeve to preserve their integrity. The sleeved fingers were
placed inside of the main enclosure. The seal ring was
used to seal the sleeved fingers and the main enclosure
together and prevent leaks. In select experiments,
stainless-steel wool (SSW; wire diameter of 50 μm, grade
434 stainless steel) was wrapped around each sleeved
finger throughout the full extent of the reactor. The total
amount of SSW used within the unit was ~ 20 g. The
entire magnetic recovery system and reactor setup are
shown in Fig. 2 and Fig. S1, respectively.

Magnetic NP capture and recovery using MagNERD

Magnetic NP capture

Unless otherwise specified, the MagNERD was fitted
with ~ 20 g of SSW for all magnetic capture experiments.
Each experiment was carried out with 18 L of 500 ppm
NP suspensions subjected to constant stirring. NP suspen-
sions were passed through the MagNERD with a peristal-
tic pump at one of two flowrates: 0.3 L/min or 1 L/min.
The MagNERD was either vertically (water flowing up-
ward) or horizontally aligned as shown in Fig. 3.

Every 3 min, 25-mL samples of the effluent were
collected for analysis until the entire effluent was cap-
tured. Effluent samples were analyzed with UV-vis
spectroscopy (Shimazdu UV-2450 UV-Spectrophotom-
eter) at 365 nm, the wavelength at which the Fe3O4 NP
showed maximum absorbance. Calibration curves were
generated to quantify NP concentrations at mg/L (Fig.
S2). The capture efficiency and mass loading of the
MagNERD were calculated using Eqs. 1 and 2 as a
function of the NP concentration in the influent (Csol)
and effluent (Ceff) solutions.

NP Capture Efficiency %ð Þ ¼ CSoln−CEff

CSoln
� 100% ð1Þ

Cumulative NP Uptake mgð Þ ¼ CSoln
mg

L

� �

� Flow Rate
L

min

� �
� Time minð Þ

ð2Þ

Magnetic NP recovery

To recover the NPs once magnetically captured, the
MagNERD was backwashed. After the NP suspension
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passed through the MagNERD, the permanent magnetic
fingers were removed from their sleeve and set aside.
The MagNERD was flushed with 3.4 L of DI water in
the opposite flow direction as the initial magnetic cap-
turing experiments. The flushed NP suspension was
captured, dried (105 °C for 24 h) and weighed. Recov-
ery efficiency was calculated using Eq. 3.

NP Recovery Efficiency %ð Þ

¼ Weight of recovered dry NP

Weight of NP initially added
� 100% ð3Þ

Arsenic removal from simulated drinking water

The ability of the magnetic particles to adsorb arse-
nic in batch experiments and then to be removed
from flowing water by the MagNERD was evaluated
using a simulated drinking water matrix containing
arsenic (100 ppb-AsO4). Fe3O4 (0.5 g/L)—the ad-
sorbent media—was added to the 12 L of arsenic-
spiked–simulated drinking water and stored within
LDPE bottles. Adsorption experiments were con-
ducted at 25 °C. Samples were continuously agitated
for 72 h to ensure equilibrium. Liquid aliquots
(10 mL) were filtered with a 0.2-μm Nylon syringe
filter and collected for analysis at the end of the
adsorption period. The equilibrium water-phase con-
centration of arsenic was quantified using a Thermo
Scientific X-Series II inductively coupled plasma
mass spectrometer (ICP-MS).

At the end of the adsorption period, the 12-L suspen-
sion was continuously mixed with a mechanical stirrer
and passed through the MagNERD at a flowrate of 1 L/
min. During magnetic capture, the effluent was collect-
ed, and 50-mL samples were taken every 3 min. The
concentration of magnetic absorbent in the effluent was
quantified by absorbance at λ = 365 nm (SI Fig. S2).
Capture efficiency was calculated with Eq. 1.

Results and discussion

Magnetic capture unit flow simulations

Streamline profiles of the COMSOL flow simulations
are displayed in Fig. 4. In the horizontal configuration,
theMagNERD volume is filled with the feed suspension
with eddy currents (e.g., back mixing) emerging behind
each magnetic finger for high flowrates (i.e., 1 L/min;
Fig. 4a, b). The SSW had a negligible effect on fluid
flow inside of the MagNERD and yields negligible
pressure drop (Fig. 4a, b).

For the comparative vertical upward flow scheme,
the entire MagNERD volume is filled with fluid regard-
less of flowrate with back mixing emerging at higher
flowrates behind the magnetic fingers closest to the inlet
(1 L/min; Fig. 4c, d). The model suggests more back
mixing occurs in the vertical upward high flow rate
regime, evident by a higher concentration of contours
behind the right inlet magnetic finger, due to gravity
forces. This suggests that the feed suspension will have

Fig. 2 The MagNERD apparatus with components displayed and labeled
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more interactions with the magnetic fingers at the inlet
and potentially capture more magnetic NP at the front of
the MagNERD than the horizontal flow scheme.

MagNERD optimization and capture efficiency

Horizontal versus vertical configuration

To determine the optimal flow configuration of the
MagNERD, the amount of NP captured at the target
flowrate (1 L/min) was compared for the vertical up-
ward flow scheme and the horizontal flow scheme (Fig.
3). The upward flow regime had a capture efficiency >
85% (Fig. 5a; blue circles). Comparatively, the horizon-
tal flow regime had a capture efficiency between 65 and
80% (Fig. 5a; orange diamonds) and a capture efficiency
of ~ 12% without magnetic components present. For
both the horizontal and vertical flow regimes, most of
the magnetic NP was captured at the front of the reactor
as predicted with COMSOL modeling (Figs. 4 and
5b, c). Additionally, the higher capture efficiency of
the vertical upward flow configuration can be attributed
to the contact availability of magnetized surface area at
the inlet of the reactor. For the vertical upward flow
scheme, the NP suspension contacted the full height of
the magnetic fingers and magnetized SSW within the

reactor (Fig. 5c). This was not the case for the horizontal
flow configuration; NP contact with the magnetized
surfaces was limited to half the total height of the
magnetic fingers and SSW (Fig. 5b). In subsequent
experiments, the vertical upward flow configuration
was chosen.

Flowrate

Figure 6a shows that under all testing conditions, the
MagNERD removed NPs (94–97% removal) better than
the handheld magnet control (80–85% removal). The
effect of flowrate on NP capture was evaluated using
two flow rates: a low flow rate relevant to bench scale
operations (0.3 L/min) and a high flow rate relevant to
pilot or proof-of-concept scale operations (1 L/min).
The low flowrate had greater capture efficiency (97%)
than the high flowrate (95%; Fig. 6a). Presumably,
lower flowrates increase magnetic capture due to in-
creased contact time between the NP suspension and
the magnetized surfaces.

Although the MagNERD achieved a 95% NP
capture efficiency, the effluent iron concentration
(~ 25 mg/L) exceeded the USEPA drinking water
SMCL of 0.3 mg/L for iron. For non-potable appli-
cations or disposal (e.g., industrial wastewater

Fig. 3 Flow orientations used for the MagNERD: a vertical upward flow, b entire MagNERD assembly, c horizontal flow
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Fig. 4 Fluid streamlines in the magnetic 3D reactor viewed from
the top: aMagNERD in horizontal flow with and without SSWat
0.24 L/min, b MagNERD in horizontal flow with and without
SSWat 1.0 L/min, cMagNERD in vertical upward flow with and

without SSWat 0.24 L/min, dMagNERD in vertical flow with &
without SSW at 1.0 L/min. The velocity profile changes with
increasing flow rate. The magnetic fingers are depicted as white
circles

Vertical Upward FlowHorizontal Flow

N
P
Ca

pt
ur
ed

(%
)

Cumulative NP Fed into the MagNERD (mg)

(b) (c)(a)

Fig. 5 Effect of reactor configuration on a Fe3O4 NP capture
efficiency with horizontal flow (orange diamonds) versus vertical
upward flow (blue circles) and location of NP capture on the
magnetized SSW/magnetic fingers when operated in b horizontal

flow configuration versus c vertical upward flow configuration.
MagNERD was operated with SSW, 500 ppm Fe3O4 NP in DI
water, and at 1 L/min
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treatment) the presence of iron in the effluent is
likely a lower priority than for drinking water. Based
upon a 95% NP removal, the initial Fe3O4 NP con-
centrations should be limited to ≤ 6 mg/L to meet
the drinking water standards. Alternatively, the
M a g N E RD c a n u n d e r g o a m u l t i - p a s s
configuration—where the effluent passes through
the MagNERD multiple times—to increase the
amount of magnetic NP captured (e.g., from ~ 60
to 70% upon the 2nd pass, Fig. S3a) and decrease
the amount of Fe3O4 NP in the resulting effluent
(e.g., effluent Fe3O4 NP concentration decreases ~
78% from the 1st pass to the 2nd pass; Fig. S3b).
These results indicate that if the magnetic surface
area of MagNERD was doubled, the removal of NP
could be increased by an order of magnitude, i.e.,
from 95% removal and effluent concentration of

25 mg/L in one pass to 99.8% removal and effluent
concentration 1 mg/L in two passes or with doubling
the magnetic surface area.

Influent NP concentration and mass loading

The effect of NP concentration on NP capture was also
evaluated. Figure 6a shows that the initial NP concen-
tration did not substantially affect capture efficiency.
The MagNERD successfully captured ≥ 94% of the
Fe3O4 NP for influent NP concentrations of 500 ppm
(blue circles) and 1000 ppm (light blue asterisks). There-
fore, we believed the system was mass loading depen-
dent rather than concentration dependent. However, we
were not able to exceed a mass loading that decreased
the removal efficiency of NP potentially because of the
large amount of magnetized surface area within the

50%
55%

60%

65%
70%

75%
80%

85%

90%
95%

100%

0 10000 20000 30000 40000 50000

N
P
Ca

pt
ur
ed

(%
)

Cumulative NP Fed into the MagNERD (mg)

500 mg/L, DI, 1 L/min

0 5 10 15 20

50%
55%
60%
65%
70%
75%
80%
85%
90%
95%

100%

0 2000 4000 6000 8000 10000

Volume of Water Treated (L)

N
P
Ca

pt
ur
ed

(%
)

Cumulative NP Fed into the MagNERD (mg)

500 mg/L, Simulated BrackishWater, 1 L/min
500 mg/L, DI, 1 L/min
500 mg/L, DI, 0.3 L/min

1000 mg/L, DI, 1 L/min
Handheld Magnet

(a)

(b)

Fig. 6 a Fe3O4 NP removal
efficiency for the MagNERD:
(green triangles) 500 mg-Fe3O4/L
in simulated brackish water at a
flowrate of 1.0 L/min; (blue
circles) 500 mg/L in DI water at
1.0 L/min; (orange squares)
500 mg/L in DI water at 0.3 L/
min; and (light blue asterisks)
1000 mg/L in DI water at 1.0 L/
min. (purple diamonds) Fe3O4 NP
removal efficiency for a handheld
magnet using 500 mg/L of Fe3O4

NP in DI water. b Fe3O4 NP re-
moval efficiency for the
MagNERD containing SSWup to
90 L of water (500 mg/L in DI
water at 1.0 L/min)
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reactor (e.g., the SSW; 0.486 cm2/g-SSW). Even as the
NPmass loaded into the system exceeded 50 g, removal
efficiencies remained above 94% (Fig. 6b).

Water matrix

The water treatment application of magnetic NPs could
range from the removal of ionic species in ultrapure
water to industrial wastewater for drinking water pur-
poses to non-potable reuse or even to meet disposal
requirements. Therefore, to encapsulate this range of
influent waters, we compared the capture of magnetic
NPs in deionized water (< 1.6 mM TDS) and simulated
brackish water (190 mM TDS). No matter the water
matrix, the MagNERD consistently maintained a NP
capture efficiency > 95% (Fig. 6a).

Recovery of NP from MagNERD for reuse

Backwashing experiments were conducted to deter-
mine the MagNERD’s ability and efficiency to re-
cover NP for reuse. For experiments with or without
SSW, the MagNERD was flushed with ~ 4 L (e.g.,
20% of treated water) of the initially treated water
(MagNERD effluent). The majority of NP recovered
were in the first 500 mL (e.g., 2.5% of treated
volume). The recovery efficiency for Fe3O4 NP in
the absence of steel wool (~ 75%, some NP
remained on the magnetic fingers) is nearly double
the recovery efficiency for Fe3O4 NP in the presence
of steel wool (~ 44%). The reduced recovery of NP
from the MagNERD with SSW present is likely due
to (i) increased residual magnetization with SSW,
(ii) the formation of large Fe3O4 nanoparticle aggre-
gates which become stuck within the mesh-like
structure of the SSW (Yavuz et al. 2006), and (iii)
the inability of the fluid shear forces to remove the
nanoparticle aggregates from the SSW pores. With
and without SSW, the NP that remained in the
system was visibly left on the previously magne-
tized surfaces (i.e., fingers and SSW). Depending
on the requirements of the application, the SSW
may not be desirable to use due to inability to clean
out the MagNERD for subsequent use and/or the
limited ability to recover the NP. If much more than
4 g is loaded into MagNERD, the SSW may enable
more capture as opposed to the magnetic fingers
alone, though this is speculation and was not direct-
ly observed. If this hypothesis were true and the

capture of a high amount of NP was needed—and
the ability to recover NP for reuse was not a
priority—then the SSW could just be replaced after
the maximum loading was exceeded and NP capture
efficiency decreased.

Demonstrating arsenic removal with the MagNERD

A proof-of-concept experiment was performed to dem-
onstrate the use of the MagNERD to remove adsorbents
adsorbed with a target pollutant (arsenic) from realistic
waters under a realistic operational scenario. Simulated
drinking water (12 L) containing arsenate (100 ppb-
AsO4) was first contacted with Fe3O4 NP (0.5 g/L),
and then the suspension was pumped through the
MagNERD at 1 L/min. On average, 0.5 g/L of Fe3O4

removed ~ 35 μg/L As from the simulated drinking
water (i.e., 0.976 μg-As/m2-Fe3O4), and ≥ 95% of the
resulting As-Fe3O4 NP was removed by the MagNERD
(Fig. 7a). The water quality improved, with the treated
water containing ~ 60 μg-As/L and ≤ 20 mg-Fe3O4/L
(compared with the initial solution of ~ 100 μg-As/L
and ~ 360 mg-Fe3O4/L).

The Fe3O4 NP was superparamagnetic-like, as
verified by its low coercivity (Hc), magnetic rema-
nence (Mr), and extent of ferromagnetism (Mr/Ms)
(Fig. S4, Table S1) (Mahmoudi et al. 2011; Qu et al.
2013). Given its substantial magnetic saturation (~
50 emu/g), the Fe3O4 NP proved to have a strong
magnetic attraction to the magnetized components in
the MagNERD as evident by the large capture effi-
ciencies achieved by the MagNERD (Fig. 7a, blue
triangles) (Moeser et al. 2004; Yavuz et al. 2006;
Rossi et al. 2014). The weight of the amount of
sorbed arsenic species onto the surface of the
Fe3O4 NP was found to be 80 μg-As per g-Fe3O4.

The addition of the sorbed non-magnetic arsenic
atoms (Kikoin et al. 2015) on the surface of the
Fe3O4 NP reduced its magnetic saturation by
approx. 38% (i.e., Ms for Fe3O4 ~ 50 emu/g where-
as Ms for As-Fe3O4 ~ 31 emu/g; Fig. 7b). The
additional mass of the adsorbed arsenic (~
0.01 wt% of the As-Fe3O4 complex) is too small
to account for the loss of magnetic saturation. This
loss is attributable to surface spin disorder caused
by the interactions between the non-magnetic
adsorbed arsenic atoms and the magnetic Fe3O4

(Larumbe et al. 2012; Tang et al. 2014; Veligatla
et al. 2015). However, in spite of the depression,

J Nanopart Res           (2020) 22:48 Page 9 of 11    48 



the magnetic saturation of the As-Fe3O4 was still
large enough to produce MagNERD capture effi-
ciencies above 90% (Fig. 7a, orange diamonds).
Such resul ts successful ly demonstra te the
MagNERD’s ability to remove As-Fe3O4 from wa-
ter treatment schemes under flow conditions.

Conclusions

Because of the inability to separate nanoparticles
from flowing water, hesitation has surrounded the
large-scale use of beneficial nanoadsorbents for wa-
ter remediation. To alleviate such concerns, high
gradient magnetic separation (HGMS) is a promising
green separation technology that can facilitate the
effective removal of nanoabsorbents from water once
optimized. In this work, we developed a cost effec-
tive, large scale, HGMS system (MagNERD) for
remote, real world working conditions and describe
its optimization. From modeling, the optimal flow
configuration for effective capture efficiency was
successfully predicted. Also, further testing proved
SSW to be beneficial for exceptionally large NP mass
loadings (i.e., 50 g) maintaining capture efficiencies
> 94%. Lastly, given its ability to remove ≥ 94% of
As-Fe3O4 from simulated drinking water after arsenic
treatment, the MagNERD can be envisaged as an
excellent technology to be integrated into real world
water treatment schemes. As found, the MagNERD
can effectively capture (> 94%) and recover (> 80%)
magnetic nanoadsorbents from complex water

matrices under process relevant flow conditions en-
couraging the safe use of nanomaterials for large-
scale water treatment systems.
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