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Low-Field Magnetic Separation of
Monodisperse Fe;0, Nanocrystals

Cafer T. Yavuz," J. T. Mayo,* William W. Yu,* Arjun Prakash,? Joshua C. Falkner, Sujin Yean,?
Lili Cong,? Heather J. Shipley,® Amy Kan,® Mason Tomson,? Douglas Natelson,* Vicki L. Colvin*

Magnetic separations at very low magnetic field gradients (<100 tesla per meter) can now be
applied to diverse problems, such as point-of-use water purification and the simultaneous
separation of complex mixtures. High—surface area and monodisperse magnetite (Fes04) nanocrystals
(NCs) were shown to respond to low fields in a size-dependent fashion. The particles apparently do
not act independently in the separation but rather reversibly aggregate through the resulting
high-field gradients present at their surfaces. Using the high specific surface area of Fe304 NCs
that were 12 nanometers in diameter, we reduced the mass of waste associated with arsenic
removal from water by orders of magnitude. Additionally, the size dependence of magnetic
separation permitted mixtures of 4- and 12-nanometer—sized Fe;04 NCs to be separated by the

application of different magnetic fields.

he removal of particles from solution
I with the use of magnetic fields is more
selective and efficient (and often much
faster) than centrifugation or filtration (/-3)
and, as a result, magnetic separations are used
in areas as diverse as biotechnology and ore
refinement (4—7). Central to the process is the
generation of magnetic forces on particles large
enough to overcome opposing forces, such as
Brownian motion, viscous drag, and sedimenta-
tion (8). In biotechnology, magnetic separators
use relatively low field gradients in a batch
mode to concentrate surface-engineered mag-
netic beads from a suspension (9, /0). In man-
ufacturing, magnetic materials are typically
recovered from waste streams under flow con-
ditions with high-gradient magnetic separators
(HGMYS) that use larger fields (up to 2 T) and
columns filled with ferromagnetic materials
(11, 12).

Decreasing the particle sizes used in mag-
netic separations from micrometers to nano-
meters would increase the available sorptive
areas by 100 to 1000 times. Such material opti-
mization, however, is not generally practical,
because the magnetic force acting on a particle
in a field gradient is proportional to the particle
volume. If the particles are too small, their
magnetic tractive forces in a field gradient will
not be large enough to overcome Brownian mo-
tion, and no separation will occur (/3—15). For
iron oxide, extrapolations from the behavior of

1Department of Chemistry, Rice University, 6100 Main
Street, Houston, TX 77005, USA. 2Department of Chemical
and Biomolecular Engineering, Rice University, 6100 Main
Street, Houston, TX 77005, USA. 3Department of Civil and
Environmental Engineering, Rice University, 6100 Main
Street, Houston, TX 77005, USA. “Department of Physics
and Astronomy, Rice University, 6100 Main Street,
Houston, TX 77005, USA.

*To whom correspondence should be addressed. E-mail:
colvin@rice.edu

the bulk material suggest that the critical size for
separation is ~50 nm for the case of an isolated
(nonaggregated) particle (/3). This treatment as-
sumes very large applied fields and the latest
designs for extremely high-gradient separators,
both features that make magnetic separations
prohibitively expensive in many settings (3, /6).
For simpler and less costly low-gradient separa-
tors, the critical size for capture in magnetic
gradients increases substantially.

Extrapolations from bulk properties to nano-
scale materials are frequently problematic, and a
more comprehensive analysis of nanoscale mag-
netic behavior suggests that nanocrystals (NCs)
could offer substantial opportunities for low-
field magnetic separations. Below 50 nm in di-
ameter, nanoscale magnets exhibit a complex
range of size-dependent behaviors, including a
transition below ~40 nm in size to single-domain
character (17, 18), magnetic susceptibilities greater
than that of the bulk material (/9, 20), and the
emergence of superparamagnetic behavior (/7).
Such systems could experience larger than
expected magnetic forces from bulk behavior
due to larger moments. Hutten and co-workers
have suggested the advantages of higher-
susceptibility materials, such as FeCo, in which
an increased magnetic moment could in principle
enable high-gradient separations with isolated
NCs (7, 21). Additionally, in external fields, the
large surface gradients present at the surfaces of
single-domain materials could induce transient
aggregation, effectively forming larger and more
magnetically responsive particles. Laibinis and
co-workers suggested nanoparticle aggregation,
even before field application, to explain their
observation of the magnetic capture of poly-
disperse NCs in a high-gradient separation
(>1000 T/m) using fields of 1 to 2 T (16, 22).

We show that magnetite (Fe;O,) particles of
a critical size (20 nm) can be removed from
solution at very low field gradients (<100 T/m)

and present evidence that aggregation, caused
by the high field gradients at the nanoparticle
surfaces, helps drive this process. To determine
whether a critical size exists for this low-field
separation, we have prepared Fe;04 NCs that
are highly monodisperse in size and nonaggre-
gated in both aqueous and organic solutions
(figs. S1 to S5) (23-25). Having previously
established that the surfaces of nanocrystalline
Fe;0, particles are useful in the context of As
removal from solution, we will use this prob-
lem as an example of a high-throughput sepa-
ration (26).

Nanocrystalline Fe;O4 particles could be re-
moved from solution with a low-gradient sepa-
rator (23 T/m) like those applied to the recovery
of micrometer-sized beads in protein purifica-
tion. The initial rust-colored solution contained
16-nm-diameter Fe;0, NCs homogeneously
dispersed in water (Fig. 1A). Once placed in
the separator, the solution became clear within
minutes, and a deposit of particles formed at the
back of the vial, where the field gradient was the
largest (Fig. 1B). After removal from the sepa-
rator, the solution could be restored to its initial
state with a vigorous shake. Similar behavior
was observed for all NCs larger than ~10 nm in
diameter, but the time for complete separation
varied with solution concentration and NC size.

The removal of NCs cannot be explained
with a simple model of noninteracting particles.
If we assume that the iron oxide particles act
independently, we may calculate a size threshold
below which NCs will not be removed. For a
field gradient VB of 23 T/m, the largest magnetic
force Fnqg that can be applied to a single particle

-

Fig. 1. Magnetic batch separation of 16-nm
water-soluble Fe;0, NCs with a conventional
separator (Dexter Magnetic LifeSep 50SX). The
field gradient at full field was 23.3 T/m. (A)
Appearance of the solution immediately after
placement in the separator. (B) After several
minutes, the initially homogeneous solution be-
came heterogeneous, and a black deposit formed
on the back wall where the field gradient was the
highest.
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of diameter d is Finag = 4 (%)3MsatVB, where
M, 1s the saturation magnetization of the ma-
terial. In order for these particles to separate
effectively, this force must exceed the typical
Brownian force Fg~ kf‘iT , where 7'is temperature
and kg is Boltzmann‘s constant. For Fe;O,, with
M =4.69 x 10° A/m, at 300 K, this implies that
independent particles smaller than ~160 nm in
diameter will not separate in the low field
gradients that were used. The previous analysis
ignores the fact that the application of an
external field will generate extremely large field
gradients (up to poMs./d, where p, is the
permeability of free space) at the surfaces of
single-domain particles. Even in the absence of
a field, magnetic NCs may interact as a result
of magnetic dipole-dipole interactions (27). In
the presence of a field, these surface gradients
could generate chains or aggregates of NCs.
Once the field is removed, surface gradients
would disappear and particle interactions
would diminish. This reversible aggregation
provides the advantages of a high—surface area
nanocrystalline sorbent, without sacrificing the
ability to separate the materials in a reasonable
field gradient.

We characterized the size dependence of the
NC separation process using an HGMS. Unlike
the simple batch separator used in Fig. 1, this
system uses an electromagnet to generate external
fields of variable strength around a column packed
with ferromagnetic wire. Exact measures of the
field gradients in such a system are challenging to
obtain, but most treatments predict that the
gradient and the applied external field are
proportional and that, at fields in excess of 1 T,
gradients of 10* T/m are possible (28, 29). Fe;0,4
NCs of varying sizes were gravity-fed into the
22.3-cm-long column at various field strengths,
and the effluent was collected and analyzed for iron
content by means of inductively coupled plasma
atomic emission spectroscopy (ICP-AES). From
such experiments, we calculated the fraction of
material retained in the column at increasing
magnetic field strengths and compared these
retention efficiencies between samples (Fig. 2A).

The size dependence of the retention of
NCs in the magnetized column is shown in Fig.
2A. The amount of material retained in the col-
umn increased as the external field strength
increased. For example, nearly 100% of the 12-
nm-diameter NCs were retained in the column at
applied fields of only 0.2 T, well below the satu-
ration field for stainless steel. This same field,
however, could not capture NCs less than 8.0 nm
in diameter. Figure 2B shows that for all par-
ticles, as the particle size became smaller, more
field was required to ensure their complete
separation. This result parallels the observation
(fig. S1C) that, at low field strengths, small
NCs are not fully aligned. Without complete
alignment, the magnetic moments of NCs
would be quite small and would not generate
enough tractive force with external field gra-
dients (19, 30).
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Fig. 2. (A) Size-
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packing was removed,
and the column was
washed thoroughly, dried
in an oven (at 60°C), and packed with clean, unused, stainless steel wool. Fractions collected at each data
point were digested in concentrated HNOs and diluted to 5.5% HNOs before iron content analysis by means
of ICP-AES. The percent retention was calculated by dividing the atomic iron concentration in a solution by
the concentration found for the starting (unseparated) suspension. The curves presented are complex
polynomials meant to guide the display and are not reflective of any physical model. These data illustrate
that the smaller the NC, the greater the magnetic field required to retain the NC in the column. The 20-nm-
diameter particles permanently affixed to the column after removal of the field. (B) The absolute field
required to retain 100% of the NCs loaded to the stainless steel column (black points and curve) versus the
diameter of Fe30, NCs. Also shown (blue points and curve) are the fractions of material that were
unrecoverable after washing the column. The shaded area represents the optimal size for magnetic
separations. For 4.0- and 6.0-nm particles, materials that were not completely retained, the absolute field
for complete retention was estimated from their low-field behavior.

Magnetic Field (T)

a @
S o
e o

Y
o
o

N
=]
=3

1=}
k=)

Number of Particles
w
(=}
o

~ il —
8 10 12 14 16 18 2 4 6

Diameter (nm) Diameter (nm)

o

5 8 » 12 1 16 18
Diameter (nm)

Fig. 3. Multiplexed separation of NC mixtures. 4.0- and 12-nm Fes04 NC solutions (both in hexane
dispersions) were mixed in a 1:3 ratio (volume/volume) to achieve a particle mixture that contained
roughly the same concentration of each size. With the use of an S. G. Frantz canister separator
(Model L1-CN), the mixture separated into two size fractions, depending on the field. (A)
Transmission electron microscopic (TEM) micrograph of the initial bimodal mixture. Scale bar in (A)
is for (A) to (C). (B) TEM micrograph of the high-field (0.3 T) fraction. 94.4% of the 4.0-nm
particles and <3% of the 12-nm particles were recovered. (C) TEM micrograph of low-field (0.03 T)
fraction. 98.3% of larger (12 nm) NCs were collected. (D to F) Size-distribution histograms for
particles counted in (A) to (C), respectively. In (A), two different populations were observed. In (B),
the smaller size range was apparent as observed in the TEM micrograph. In (C), the larger sizes
were successfully recovered after separation. For all size histograms, >1000 particles were counted
in multiple images and measured automatically with the use of the software package ImagePro.
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The size of NCs can also influence their re-
covery after magnetic capture. As seen in Fig.
2A, at zero external field (after the columns were
magnetized), NCs that were 20 nm in diameter
could not be removed from the column matrix
even after repeated washes. This irreversible
interaction is analogous to the fouling of a
physical filter and would limit the use of larger
magnetic sorbents in a commercial setting.
Smaller NCs, however, did not show such
behavior and could be concentrated and reused
quite easily (Fig. 2B). This observation stems
from the fact that iron oxide NCs less than
~16 nm in diameter behave as superparamag-
nets (17, 30-33). In this limit, NCs have no net
magnetization (fig. S1E) and thus experience
no interactions with the very small stray fields
present in the ferromagnetic column matrix
(34). This result is consistent with observations

of commercial magnetic beads, which found
that, even in micrometer-sized systems, there
was much value in the use of magnetic mate-
rials that were superparamagnetic (35, 36). The
data shown here reveal that superparamagnetism
is only one of several properties that should be
considered in material design. Indeed, if NCs are
too small, then magnetic separations require
very large critical field strengths to affect any
capture of particles (Fig. 2B). For optimal NC
magnetic separations at low fields, one should
use the largest NCs that still show super-
paramagnetic properties.

The size dependence of NC capture (Fig.
2A) now makes it possible to develop magnetic
separation processes that can, in one process,
remove several different types of materials. Such
capability is particularly important in biotech-
nology, in which the simultaneous treatment of

mixtures requires more sophisticated multi-
plexed separations (37). Figure 3 demonstrates
the principle for magnetic separations, in which
different field strengths recovered different pop-
ulations of bimodally distributed iron oxide

Table 1. A comparison of As removal efficiency,
assuming a treatment of 2 liters of As solution
(500 ug/liter) with 1 g of Fe30,.

Particle size As(V) or Residual As % NCs. Initially, the sample consisted of two
(nm) As(lll)  concentration removal monodisperse fractions of NCs, intentionally
(ng/liter) combined to create a test solution (Fig. 3A); at
low applied fields (0.3 T), the effluent from the
;g QS::::; 4:: Zg; column contained >90% of the smaller par-
300 AS an 375'7 24'9 ticles, and the larger particles were retained in
" AS W o seq  Solution (Fig. 3B). After the field was tumed
20 AS V) 17‘3 96'5 off, a column wash recovered the larger par-
300 AS W) 354'1 29'2 ticles (Fig. 3C). With the use of monodisperse
5 : : iron oxide NCs, it is thus possible to use
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Fig. 4. Arsenic adsorption studies with nanocrystalline (12 nm) and commercially available (20
and 300 nm) Fe30,. The smaller (12 nm) Fes0, particles were made water-soluble by means of a
surfactant; for this, the NC solution was sonicated with an aqueous dispersion of a secondary
surfactant, Igepal CO 630, and then purified by sedimentation [50,000 revolutions per minute
(141,0009)]. Arsenic adsorption experiments were performed with 25 pg/liter to 25 mg/liter of
As(I11) and As(V) solutions, prepared in an electrolyte solution containing 0.01 M NaCl, 0.01 M
tris(hydroxymethylamino)methane buffer, and 0.01 M NaNs at pH 8. All experiments were per-
formed in batches with 10 and 100 mg of Fes0,4 per liter of solution for the 12- and 20-nm particles,
respectively, and 2.5 g of Fes0, per liter of solution for the 300-nm particles. Equilibrium time was
24 hours, with constant tumbling. The solution was separated from Fe304 by a magnetic field column
separator [S. G. Frantz canister separator (Model L1-CN)]. After the effluent was collected, the magnet
was turned off, and 40 ml of deionized water was passed through the separator to elute Fes0,4. All
effluents were acidified with trace-metal grade HNO; to contain 1% HNOs in solution. Arsenic
concentration was measured with inductively coupled plasma mass spectrometry (ICP-MS). The
nanoscale Fes04 was acid-digested, and the Fe and As concentrations in the digest were measured by
ICP-AES and ICP-MS, respectively. (A) As(V) adsorption to magnetites of different size; (B) As(lll)
adsorption. C, arsenic concentration in solution; g, adsorption capacity. Errors bars in (A) and (B)
indicate 5% error in the measurement of arsenic.

magnetic separations in a multiplexed mode
and recover different components of a mixture
in one treatment.

Because NCs can be removed from batch
solutions with the use of permanent handheld
magnets, we explored whether these NCs could
act as effective magnetic sorbents for the re-
moval of As from water. Arsenic is a good
model contaminant for these materials, because
its interaction with iron oxides is strong and ir-
reversible, even on nanoscale particles (26, 38).
Its practical and effective removal from ground-
water remains an important and intractable
problem in water treatment (39, 40). Conven-
tional HGMSs operating at >1T are already used
in water treatment processes, primarily to induce
the aggregation of intrinsically magnetic waste
products that are not easily amenable to other
methods of coagulation (12, 26, 41, 42).

Both As(Ill) and As(V) exhibit strong ad-
sorption onto iron oxide nanocrystalline sur-
faces; as the concentration of As increased in the
standard solution, the amount of As bound to
NCs increased as well, until the capacity of the
material was reached (Fig. 4). The interactions
between iron oxide and As are also irreversible,
so Fe;04 NCs that have bound As should not
release the material back into the environment
during storage and further treatment. These data
show clearly that as the size of sorbent NCs
decreases, sorption capacities increase substan-
tially because of the increased surface areas in
the samples.

Once As was sorbed onto NC surfaces, mag-
netic separations provided a way to remove the
materials from solution. The As concentrations
in test solutions before and after the removal of
particles by means of a column magnetic sepa-
rator (Table 1 and table S1) showed that As(III)
and As(V) could be reduced to well below the
current U.S. standards for drinking water (43).
Also, because the test NCs are very small (12 nm),
their very high specific surface areas provide
extremely concentrated waste materials. For
example, 300-nm-sized iron oxide particles
have a sorption capacity of only 0.002% by
weight, and thus, treating 50 liters of solution
with 500 pg of As per liter generates 1.4 kg of
waste; in contrast, for an equivalent treatment,
only 15 g of 12-nm-sized iron oxide sorbent is
required.
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Localized Temporal Change of the
Earth’s Inner Core Boundary

Lianxing Wen

Compressional waves of an earthquake doublet (two events occurring in the South Sandwich Islands
on 1 December 1993 and 6 September 2003), recorded at three seismic stations in Russia and
Kyrgyzstan and reflected off Earth’s inner core boundary, arrived at least from 39 to 70
milliseconds earlier in the 2003 event than in the 1993 event. Such changes indicate that Earth’s
inner core radius enlarged locally beneath middle Africa by 0.98 to 1.75 kilometers between the
times of these two events. Changes of the inner core radius may be explained by either a
differential motion of the inner core, assuming that irregularities are present at the inner core
boundary and fixed to the inner core, or a rapid growth of the inner core by this amount.

arth’s inner core grows fiom the solidifica-
tion of the outer core (/). The growth of the
inner core releases latent heat and dispels
light elements, providing driving forces for the outer
core convection (2) and power for generating the
geodynamo (3, 4). The inner core growth process is
thought to be geologically slow (5-/0) and
geographically uniform because of the presumed
extremely small variation in temperature in the
outer core (/7). Here, I used PKiKP [a compres-
sional wave reflected off the inner core boundary
(Fig. 1A)] waveforms of an earthquake waveform
doublet discovered by Zhang et al. (12) to study
temporal change of the inner core boundary.
Earthquake waveform doublets are earth-
quakes occurring at different times but in al-
most exactly the same location and generating
similar waveforms (/2-18). Because the rela-
tive travel time and waveform difference be-
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tween the waveform doublets is sensitive only
to the relative change of event location and/or the
temporal change of seismic properties, it is
powerful to use waveform doublets to study
high-resolution relative locations of the earth-
quakes (/3—15) and to detect temporal change of
seismic properties (12, 16-18). The similarities of
the doublet waveforms also allow accurate travel
time measurement to be made. Zhang et al. (12)
reported the existence of 19 waveform doublets in
the South Sandwich region over a period of 35
years and showed that the PKP(DF) (PKIKP)
phases [a compressional wave propagating through
the inner core (Fig. 1A)] are in misalignment to
each other between the doublets. Their study
provided compelling evidence for the reported
temporal changes in PKIKP travel time (/9-21).
They further proposed that the observed temporal
changes can be explained by an inner core dif-
ferential motion over a lateral velocity gradient in
the inner core (20).

I used the best doublet reported in Zhang
et al. (12) (table S1). The doublet consists of

two events occurring on 1 December 1993
(event 93) and 6 September 2003 (event 03). I
used the observed difference in absolute arrival
time of various seismic phases that are not
associated with the inner core (non-IC phases)
between the doublet to determine the relative
location and origin time of the two events. I used
event 93 as the master event [i.e., fixed its origin
time and location to those reported in the earth-
quake catalog (table S1)] and searched for the
best-fitting relative location and origin time for
event 03 that minimize the travel time residuals
of the non-IC phases between the two events. [
then studied the temporal changes of travel time
and waveform of the PKiKP-PKIKP or PKiKP
phases between the doublet based on the best-
fitting relative hypocenter location and origin
time of the two events. To do so, the PKiKP and
PKiKP-PKIKP waveforms of the doublet were
superimposed on the basis of the relative arrival
times of these phases between the doublet, es-
timated using the best-fitting relative location and
origin time of the two events. The PKiKP travel
time residuals between the doublet are further
calculated by subtracting the predicted relative
arrival times of the seismic phases from the
measured arrival time differences between the
doublet. If the superimposed waveforms are in
misalignment between the doublet, or if a travel
time residual is larger than the relocation error
bar, it would mean that the arrival times of the
seismic phases between the doublet cannot be
explained by the relative origin time and hypo-
center location of the doublet, and these phases
exhibit temporal change in time.

The detailed relocation analysis places the
doublet within 0.37 km in horizontal space and
0.7 km in depth (22). The inferred best-fitting
relative origin time and hypocenter location be-
tween the doublet yield, for the non-IC phases,
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