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ABSTRACT
In this work, electrical field flow fractionation (EFFF) was tested for the separation of assynthesized samples and mixtures of nanoparticle samples. The goal of this research focused on
adapting EFFF for the separation of particles less than 20 nm in diameter, a size range in which
nanoparticles with biological, catalytic, and other applications are currently being synthesized and
investigated for use in imaging, antimicrobial, and green energy applications. Two modifications
of the traditional mode of EFFF demonstrated the retention of particles smaller than previously
reported in literature. First, cyclical EFFF (CycEFFF) was used to separate populations of sub-20
nm diameter particles; secondly, modified electrode surfaces were used with constant applied
electric fields for the separation of nanoparticles.
CycEFFF was found to separate a mixture of 5 and 13 nm diameter citrate stabilized
CoFe2O4 nanoparticles in H2O; fractions collected demonstrated that the larger particles which
have a higher surface charge were retained longer than the smaller particles with a lower surface
charge. However, baseline resolution was not achieved using this method. Further investigations
using this technique demonstrated a significant aggregation problem that resulted from
application of the electric field. Modifying the surface of the electrodes with covalently bonded
silanes to prevent hydrolysis caused an increase in particle retention for larger diameter CoFe2O4
particles, however the smaller diameter particles with lower surface charges aggregated under an
applied electric field. Adding citrate to the mobile phase did not provide additional stabilization
to the particle system to prevent aggregation.
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Chapter 1
Electrical Field Flow Fractionation for Nanoparticle Separations

1.1 Background

The synthesis of nanoparticles has been a heavily researched topic for the last
twenty years and now thousands of literature articles can be found for synthesis,
functionalization, and testing of potential uses of nanomaterials. Nanoparticles have
already become part of the arsenal of medicinal treatment: gold nanoparticles can be used
for imaging and drug delivery,1 quantum dots (QDs) are also used for imaging because of
their high quantum yields,2 and superparamagnetic iron oxide nanoparticles are being
used as MRI contrast agents.3 However, one limitation to the use of nanoparticles is the
polydispersion in size resultant of some synthetic methods. Some research has focused on
precisely controlling the synthetic parameters to obtain reproducible, size-controlled
syntheses; while this line of investigation has been successful, it can be time and resource
consuming. Therefore, it could be advantageous to develop analytical separation and
characterization tools for nanoparticles complementary to synthetic methods such that
their properties might be fully understood and their potential uses fully capitalized upon.
One family of analytical separation techniques that has been successfully used to
study and separate nanoparticles is field flow fractionation (FFF). Envisioned by J.C.
Giddings and brought into practice in the late 1960s and early 1970s, FFF utilizes the
property that liquid pumped through a channel or capillary flows with a parabolic profile,
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as shown in Figure 1.4 Liquid flowing through the center of the chamber travels fastest
while the liquid at the edges of the chamber has a velocity of zero.4,5 The flow rate of
liquid between the edge of the chamber and the center increases from zero to the
maximum flow rate with a parabolic shape. The desired force field is then applied
perpendicularly to the liquid flow across the channel.4-6 The analytes within the chamber
migrate in response to this applied field and reach equilibrium positions at a particular
height within the chamber, according to their field susceptibility and their diffusivity.4
This height corresponds to a particular flow rate within the parabolic flow profile,
causing those particles that remain near the center of the chamber to elute first while
those that equilibrate near the walls elute later due to the flow rate approaching zero near
the chamber walls.4-6 The theoretical background of FFF (as it pertains to the techniques
used in this research) is presented in the next section.
FFF techniques are an attractive option for nanoparticle research for a number of
reasons. Small sample sizes can be used and samples are able to be re-collected after
fractionation for further analysis, especially size analysis via electron microscopy
techniques. The separation conditions can be tuned to maximize separation by controlling
the applied field or flow rate through the chamber.
One FFF technique of interest in nanoparticle separations is electrical field flow
fractionation. In EFFF the field is applied by using electrodes as the top and bottom of
the separation chamber connected to a voltage source.4,6 Electric fields act upon any
particle with a charge causing them to move away from one electrode and
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Direction of liquid flow through the chamber

Figure 1-1. Side view of separative action in FFF techniques within the height of the
chamber as it moves down the channel. Purple particles represent those highly
susceptible to the applied field force and the orange particles represent those less
susceptible to the applied field force; each group of particles resides at an average height
denoted by the dashed lines, the height of the sample from the wall. The arrows of
different length represent the differing flow rates within the height of the chamber
causing liquid flow to have a parabolic flow profile (adapted from reference 4)
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towards the other.4,6 Separation is therefore based upon the differences in the charge
density on the particles.4-6 The charge density, together with the size of the particle,
controls the electrophoretic mobility of the particle. Larger electrophoretic mobilities
mean that the particle will travel more in response to the applied electric field than a
particle with a smaller electrophoretic mobility; thus, particles with large electrophoretic
mobilities will lie closer to the walls within the EFFF cell in flow streams of lower
velocity, causing them to be retained longer than those with lower electrophoretic
mobilities.4,6,7 To date, EFFF has only been investigated in H2O -based carrier fluids with
H2O soluble nanoparticle samples that typically have charged stabilizing ligands which
provide the surface of the particles with a charge, making them ideal candidates for
separation with this method. This charge varies with the size of the nanoparticle – and
EFFF can be used to probe the differences in size and charge for these samples.
While it uses electric fields as the driving force for separation, EFFF is markedly
different than other separation techniques using electric fields, particularly capillary
electrophoresis (CE). In CE, the electric field serves as the “pump” of the system by
initiating the electroosmotic flow and while also acting as the separation field because the
electrophoretic mobility of the analytes depends on their attractions to the electrodes. 8
EFFF applies the field perpendicularly to the direction of liquid flow and requires a pump
for fluid flow, whereas the field in CE is parallel to the travel of liquid.6,8 Post-separation
fraction collection is extremely facile in EFFF because it is an elution based method.5
Additionally, CE requires voltage differences in tens of kilovolts for separation while
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EFFF typically uses less than two volts; this prevents electrical damage to biological
samples analyzed with EFFF.5,8
A number of complications also arise when using EFFF. Because H2O is used as
the carrier fluid, the voltage applied is limited by the electrolysis of H2O, which can
become problematic above 1.7 volts, and thus limits the sizes of particles able to be
separated.4 Additionally, the applied voltages cause an electric double layer to form at
each electrode. The vast majority of the applied voltage is lost across these two layers;
approximately one percent of the applied voltage is found to be acting on the particles of
interest.4-6 Again, this low effective field limits the applicability of this technique to
smaller particles by not providing ample field to cause small particles to reside in slower
flowing lamina within the chamber. We have attempted to solve or circumvent these
issues by making alterations to our EFFF system to increase the effective field within the
chamber such that smaller particles are able to be retained without causing hydrolysis
within the chamber.
One previously researched modification to the EFFF technique was the
introduction of cyclical electric fields for cyclical EFFF.9,10 Particles within the chamber
thus reverse their direction of motion within the chamber each time that the charges of
the electrode reverses. Three types of paths occur when using cyclical fields in FFF
techniques, as shown in Figure 2-1.14,15 Mode I occurs when the particles do not traverse
the height of the chamber before the field changes sign; these particles will travel through
only a portion of the chamber. Mode III occurs when the particle traverses the entire
height of the chamber and establishes an equilibrium height at the opposite wall before
the field reverses. Mode II occurs when the particle reaches the opposite wall
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Figure 1-2. Modes of CycEFFF; f is the frequency (Hz) of electrode polarization reversal, t is the
time of one cycle
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when the field changes sign. The different modes of particle motion vary the amount of
time that particles spend in different portions of the parabolic flow profile, resulting in
different average velocities.14,15 The voltage and frequency also determines the mode of
particle travel and can be varied to optimize separations. This technique has been
successfully applied to larger particles, but published research does not report the
separation of particles smaller than 20 nm.14,15
Finally, dielectrophoretic field flow fractionation (DEFFF) has been applied to
polarizable molecules and particles, including polystyrene microparticles, by using a
patterned electrode array instead of the continuous electrodes used in traditional EFFF.11
This technique was not explored in this research but is also a promising method for
nanoparticle separation as it can be performed in media other than H2O which is
attractive because a wide variety of nanoparticles are synthesized under and are soluble in
organics.
Previous research in our group focused on using magnetic fields to achieve
nanoparticle separations: first, magnetic field flow fractionation (MagFFF) was
performed in a capillary to separate different sizes of magnetic nanoparticles.12 This
technique was modified with larger magnetic fields that were large enough to effectively
“trap” nanoparticles within the capillary.13 This technique is referred to as differential
magnetic catch-and-release (DMCR) because different sizes of trapped nanoparticles are
“released” as the magnetic field strength is decreased. This technique has proven to be
effective at separations of magnetic nanoparticles and nanostructures;13 however, DMCR
cannot separate different non-magnetic nanoparticles from one another which limits its
applicability to a wider range of nanomaterials.
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For these reasons, in this thesis EFFF has been researched for nanoparticle
separations, with emphasis on separating nanoparticles that are less than 20 nm in
diameter. Utilizing two modifications – CycEFFF and modified electrodes – efforts to
reduce hydrolysis and increase the effective field within the chamber to retain and
separate particles with diameters less than 20 nm. These modifications were able to
demonstrated retention of smaller particles than previously reported. Further research is
necessary to develop these or related methods to obtain resolved separations of mixtures
and polydisperse samples.

1.2 Theoretical background of EFFF

EFFF, like the rest of the family of FFF techniques, has been modeled and is well
characterized with mathematical equations.4 An excellent overview of general FFF theory
as well as the specific equations for EFFF as summarized here can be found in Reference
4.
In the presence of an electrical field, a particle will experience a force F (N) from
the applied field while also encountering friction coefficient f (J) in the opposite
direction. The velocity of the particle, U (m/s), is defined as the ratio of the force to the
friction coefficient,

U = F/f

Eq. 1.1
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The velocity of the particle is also related to its electrophoretic mobility, μ
(m/(Vs)), which is defined as

μ = q/f

Eq. 1.2

where q (C) is the total charge of the particle and f is once again the friction coefficient.
Multiplying the electrophoretic mobility by E (V), the field gradient, will also give the
velocity of the particle:

U = μE

Eq. 1.3

Because the particle is also diffusing, the diffusion coefficient D (cm2/s) is given
as

𝐷 =

𝑘𝑇
𝑓

𝑘𝑇

= 3𝜋𝜂𝑑𝐻

Eq. 1.4

where k is Boltzmann’s constant (J/K), T is the absolute temperature (K), and f is the
friction coefficient in the simplified relation. In the expanded quantity, η is the solution
viscosity (kg/(s*m)), and dH is the hydrodynamic diameter of the particle (m). This
equation can be used to obtain

𝐷
𝑈

=

𝑘𝑇
𝐹

Eq. 1.5
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where the quantity D/U is the thickness of the analyte accumulation layer within the
chamber under an applied electric field. The above formula is further modified by
dividing both sides by w (m), the chamber thickness, to give λ, the dimensionless
accumulation layer thickness:

𝜆 =

𝐷
𝑈𝑊

=

𝑘𝑇
𝐹𝑤

=

𝐷
𝜇𝐸𝑤

Eq. 1.6

This quantity λ, relates to R, the unitless retention parameter, with the equation

1

𝑅 = 6𝜆[𝑐𝑜𝑡ℎ(2𝜆) − 2𝜆]

Eq. 1.7

which can be simplified into a quadratic (R = 6λ-12λ2, valid when λ < 0.2) and a linear (R
= 6λ, valid when λ < 0.02) adapations. The retention parameter of an analyte in an elution
based method like FFF or elution chromatography is defined as

𝑅 =

𝑉0
𝑉𝑎

=

𝑡0
𝑡𝑎

Eq. 1.8

where V0 and t0 are the void volume (mL) and void time (s) of the chamber, respectively,
and Va and ta are the analyte elution volume (mL) and elution time (s), respectively..
Thus, measuring R from the known elution volumes or times allows the determination of
λ and the quantities that comprise it.
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Using the second and third definitions of λ, the force acting on a given particle
can be described. Solving for F gives

𝐹 =

𝑘𝑇𝜇𝐸𝑤

Eq. 1.9

𝐷

𝑞

and replacing D with Eq. 1.4 and μ with 3𝜋𝑛𝑑𝐻 gives

F = qEw

Eq. 1.10

The force within the chamber is height dependent, thus the equation becomes

F(x) = qwE(x)

Eq. 1.11

E(x) is defined as ΔV(x)/Δx, and this final replacement gives the force upon a particle at
height x as

𝐹(𝑥) =

𝑞𝑤 𝛥𝑉(𝑥)
𝛥𝑥

Eq. 1.12

However, this is only valid for constant field EFFF; modifications to this
theoretical background are necessary for CycEFFF. Briefly, this is necessary because the
electrode polarity changes at a given rate and the particles continuously traverse the
chamber, switching direction each time the electrode polarity reverses as demonstrated in
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Figure 1-2. Particles travel in a “zig-zag” motion across the chamber and the the
definition of λ depends upon the mode of travel of the sample. Because the cell voltage
and average sample height vary, the definition of λ in this method is

𝜆 =

µ𝐸0 𝜏

Eq. 1.13

2𝑤

where E0 is the effective field magnitude (V) and τ is the period of the oscillation (s). The
traditional definition of the retention ratio remains, but the relationship between R and λ
is

R = 3λ(1-

2𝜆
3

) for λ ≤ 1

Eq. 1.14

for Mode I, as shown in Figure 1-2, when λ ≤ 1 and where samples traverse only a
portion of the chamber height before the field reverses. In Mode III, when λ ≥ 1 and the
sample travels the entire height of the chamber and then travels along the electrode wall
before the electrode polarity reverses, also shown in Figure 1-2, the equation is

1

R = 𝜆 for λ ≥ 1

Eq. 1.15

These two functions connect when λ = 1, which is the definition of Mode II where a
particle reaches the chamber wall at the same moment the electrode polarity reverses and
it begins to travel back across the EFFF chamber.
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Based on the previous research using EFFF6, this technique appears to be a
worthwhile route of investigation into the separation of nanoparticles – particularly
polydisperse samples and heterostructure samples with undesirable side products. For
both types of samples, the differences in size would presumably result in a difference in
the surface charge, and thus field susceptibility, of the particles that would lend itself to
separation of an as-synthesized sample into purer fractions. The nature of this technique
lends itself to tuning conditions to suit the sample of interest by adjusting the applied
field, flow rate, and, in the case of CycEFFF, the rate at which the electrode polarity
reverses. The following research recounts the first application of this technique into
separations of particles with diameters less than 20 nm.
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Chapter 2
Investigation of modified EFFF techniques for nanoparticle separations

2.1 Use of Cyclical EFFF and modified electrodes

In this work, two modifications to the traditional EFFF system were investigated
for their effectiveness in the retention and separation of particles with diameters less than
20 nm: cyclical EFFF (CycEFFF) and modified electrode EFFF. Both of these
modifications were adapted to obtain higher effective fields and to reduce hydrolysis of
the carrier fluid within the separation chamber.
First, cyclical EFFF was investigated, which reverses the polarity of the applied
voltage at a given frequency.14,15 The theory of this technique varies from the traditional
EFFF theory as explained in the previous chapter, and instead of relying solely on the
height, and thus flow velocity, of particle equilibration, elution of analytes using this
technique is dependent on the average velocity in which the particle resides, as the
particle travels transversely within the chamber toward the opposite side each time the
field is switched.9,10 One advantage of CycEFFF is that there is an increase in the
effective electric field to as much as 12% of the applied field in comparison to 1% for
traditional EFFF; previous literature on EFFF ascribes this to the reorganization of the
electric double layer at the electrode causing the particles to experience higher effective
fields, however, it is more reasonable that particle diffusion is being minimized and
particle motion is dominated by not only the attraction to electrode of opposite sign, but
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repulsion from the electrode of the same sign following field reversal.10,16 Like traditional
EFFF, however, this technique has also had limited research in the separation of
nanoparticles with diameters less than 20 nm.
The hydrolysis limit (approximately 1.7 V) of the cell limits the effectiveness of
the EFFF systems (both traditional constant field and CycEFFF) to situations where at
least one portion of the sample (or all of the sample) has a large enough charge to
respond significantly to applied fields lower than the onset voltage of hydrolysis. In
previously published works of traditional EFFF, the smallest particles with demonstrated
separations are larger than 40 nm.6 With our intention to study and separate particles with
smaller diameters, a route to reduce, or eliminate, the effect of hydrolysis is attractive. By
modifying the electrode surface such that the charged surface is no longer in contact with
the H2O -based carrier fluids, higher voltages can be applied to the chamber without
hydrolysis occurring. Both Al2O3 and trimethoxyoctylsilane were used to modify the
surface of the electrode with a non-conducting surface. While some particles were
“captured” in the conditions investigated, significantly less particle aggregation was
observed using a cell with modified electrodes than was observed when utilizing
CycEFFF.

2.2 Experimental apparatus and instrumentation

The bulk of previously reported research using EFFF4-6 uses a separation chamber
that is one meter long, composed of graphite plates screwed together tightly around a
gasket which forms the perimeter of the chamber. Instead of using metallic plates to
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create the top and bottom walls of the chamber, we opted to use indium tin oxide (ITO)
coated glass (Delta Technologies). This material holds the advantage that while it is
conductive and able to provide an electric field to be generated across the chamber to
induce the movement of charged particles toward the oppositely charged electrode, it is
also transparent, which enables visual observations of separations occurring within the
chamber with a microscope. The transparent cell allows the observation of particle
aggregation within the channel – which is not possible in the larger traditional EFFF cell.
One disadvantage of ITO is that the coating can be etched or removed over time, as
demonstrated by an increase in resistivity across the coating, and dissolves in the
presence of concentrated acids. ITO glass is understandably more fragile and thus
requires more care in assembly and disassembly than the traditional EFFF cell.
Figure 2-1 demonstrates the construction of the cells used throughout this
research. The “top” piece of glass has holes drilled 10 cm apart for the carrier fluid and
sample to travel through the chamber during separation. To these holes on the opposite
side of the ITO coating, NanoPorts (Upchurch Scientific) are attached using the
manufacturer recommended procedure; the NanoPort was stacked with an epoxy ring
(Upchurch Scientific) upon the drilled hole, clamped together, and placed in a 160 °C
oven for an hour. These adapters allow us to use fused silica capillary to house the carrier
fluid and sample as it travels from the pump to the chamber and from the chamber to the
detection window and waste.
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Figure 2-1. EFFF cell construction. ITO glass (Delta Technologies) approximately 15 cm by 4 cm
each with NanoPorts for fluid entry and exit attached to the top piece; double sided tape spacer
cut via laser printer with chamber with triangular ends, 100 mm long at longest point, 12.7 mm
wide, and approximately 0.12 mm tall.
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The gasket which defines the chamber shape and provides the means to hold the
cell together is a piece of double sided tape with the chamber shape cut out by a laser
printer, which is owned by the Phillips lab at Pennsylvania State University. The
chamber size used throughout this work was 10 cm long, 1.27 cm wide, and
approximately 120 ± 5 µm high, as shown in Figure 2-1. Separation cells were
constructed by taking one of the double sided tape spacers and attaching it smoothly to
the bottom piece of the chamber (a piece of ITO glass without drilled holes) to the side
with the ITO coating, leaving one end exposed for the voltage source and voltmeter to be
attached. The tape backing from the other side was then removed and the pointed spacer
ends were aligned with the drilled holes for carrier fluid entry and exit from the top piece
of ITO coated glass. The array was then pressed together, ensuring that cracks were not
created (especially ones radiating from the drilled inlet and outlet holes). After the
assembly was built, it was placed in the 55 °C oven with clamps around the perimeter to
obtain full adhesion of the spacer to both pieces of glass and to minimize the potential for
leaks. This curing step was added after experiencing a multitude of EFFF cells that would
leak immediately upon the introduction of liquid flow to the chamber and eliminated the
number of cells that needed to be built.
The entire separation apparatus contains the following elements, as shown in
Figure 2-2: a function generator (GW Function Generator GFG-8019), a digital
multimeter (Sperry DM350-A), a syringe pump (Braintree Scientific BS-300), a manual
injection loop (VICI 02W-0145H), the EFFF separation chamber built as previously
described, a deuterium light source light source with fiber optics to direct light travel
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Figure 2-2. Block Diagram of EFFF experimental set-up. Syringe pump, Braintree Scientific BS300; injection loop, VICI 02W-0145H; in-house built EFFF cell; digital multimeter, Sperry
DM350-A, function generator, GW GFG-8019; light source, Analytical Instrumentation Systems
DT-1000 CE with deuterium bulb; UV-Vis detector, Ocean Optics UV-Vis USB-2000.
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(Analytical Instrument Systems DT - 1000 CE), and a detector (Ocean Optics USB 2000 for CycEFFF experiments or an Ocean Optics USB – 2000 + UV–Vis - ES for
modified electrode experiments). The function generator was used for CycEFFF and
constant field experiments and was connected to the EFFF separation chamber via
alligator clips, one attached to each piece of ITO-coated glass. The digital multimeter is
also attached via alligator clips to measure the applied voltage. The syringe pump
(Braintree Scientific) pumps carrier fluid to the injection loop via fused silica capillary.
The injection loop is also a piece of fused silica capillary; the length (and diameter)
employed is dependent on the sample size being investigated, as noted in the
experimental parameters. The separation chamber is constructed as previously described
and liquid exiting the chamber travels through a final length of fused silica capillary,
where a section of the coating has been removed by flame to expose a transparent
window for optical detection. Fiber optic wires connect the light source to the detection
window and from the detection window to the detector. The light source is an Analytical
Instruments Systems DT-1000 CE equipped with a deuterium bulb. Data is collected,
processed, and recorded using OOIBase or SpectraSuite by Ocean Optics using a
wavelength of 280 nm.
Analysis Tools and Techniques. A variety of additional instruments and programs
were used to analyze the data. Transmission electron microscopy (TEM) was used to
capture images of nanoparticles for size distribution analysis. This work utilized a JEOL
JEM 1200 XII microscope and carbon-coated copper TEM grids from Electron
Microscopy Sciences. ImageJ was used to obtain particle size distributions from TEM
images to calculate average diameters and standard deviations for particle populations.
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Zeta potential analysis was completed using a Malvern ZetaSizer Nano Series instrument
owned by the Keating Lab at Pennsylvania State Univeristy. Peak areas from
chromatograms were calculated using either Chromulan (used for simple area
calculations) and PeakSimple (used for peak area deconvolutions). The peak area data
was then used to create crossing plots of the data, which compare the percent of the
original area contained in the unretained and retained peaks as a function of the applied
voltage.

2.3 Experimental Details
Chemicals. Iron acetylacetoneate (Fe(acac)3) (Strem Chemicals), cobalt
acetylaceonate (Co(acac)3) (Acros), 1,2-tetradecanediol (Aldrich), hexane (EMD), oleic
acid (Aldrich), oleylamine (Aldrich), citric acid (EMD), n-octyltrimethoxysilane
(Spectrum), ethanol (EMD) and benzyl ether (Acros) were used as received from the
manufacturers.
Particle synthesis and preparation. Cobalt ferrite (CoFe2O4) particles were
synthesized using a modification of a previously published preparation17, also used in our
DMCR studies.13 These particles were chosen because of the relative ease in controlling
the size of the synthesized particles and the ability to obtain H2O soluble particles using
citric acid. Briefly, 0.35 g Fe(acac)3, 0.13 g Co(acac)3, 1.2 g 1,2-tetradecanediol, 0.84 g
oleic acid, 0.80 g oleylamine, and 10.4 g benzyl ether were heated under nitrogen flow at
215 °C for 2 hrs, then refluxed for 1 hr at approximately 295 °C. Particles were cleaned
by precipitation in ethanol and redispersed in hexane with trace oleic acid and oleylamine
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three to four times. Particles were made H2O soluble by ligand exchange with citric acid
by dissolving precipitated particles in 15 mL of a 1:1 mixture of dimethylformamide and
toluene with 0.1 g citric acid for 24-36 hours18. Particles were precipitated with ether and
washed three to four times with acetone, dried completely and dissolved in H2O. A
sample was examined using UV-Vis spectroscopy to determine an ideal wavelength for
monitoring the carrier fluid for the presence of sample to create chromatograms of
separations; it was determined that a wavelength of 280 nm would provide adequate
sample absorption data.
Charge and Zeta potential analysis. A number of different nanoparticle samples
were examined using the Zetasizer instrument to compare the charges of differently sized
particles as well as particles of differing material. Measurements were repeated three
times and reported as the mean. From the experimentally determined electrophoretic
mobility, a charge was calculated for each sample.
Cyclical EFFF. Using the experimental set-up described previously, frequencies
and field strengths were varied using the function generator to determine conditions to
optimize the separation of nanoparticle mixtures. Throughout these experiments, the
carrier fluid was deionized H2O and the sample loop size was 10 µL; a square waveform
was used throughout these experiments unless specifically noted. Using a mixture of 4.6
± 1 nm and 12.5 ± 2 nm H2O soluble CoFe2O4 particles and a voltage peak-to-peak
(VPP) of 4 volts (meaning that the applied voltage cycled between -2 V and +2 V), the
frequency of the waveform was varied to empirically optimize the separation. Using an
empirically optimized frequency, nanoparticle fractions were collected corresponding to
the peak times.
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Cell modification: Al2O3 coating. ITO pieces were prepared with an Al2O3
(Al2O3) layer deposited by atomic layer deposition (ALD) with a thickness of 15 Å (0.1
Å per cycle, 150 cycles) using a Cambridge Savannah 200 ALD instrument housed in the
Nanofabrication lab at Pennsylvania State Univeristy. Cells built with only an Al2O3
layer were examined with various sizes of CoFe2O4 nanoparticles and compared to ElFFF
cells with unmodified electrodes as well as other modifications as explained below. This
experiment utilized a carrier fluid containing 8 µm Na2CO3 solution, based on a recently
published EFFF literature article.19
Cell Modification: silanization. In addition to the modification of electrode
surfaces by Al2O3, electrode surfaces were also modified by the use of
trimethoxyoctylsilane covalently bonded to the surface of the ITO coated glass.
Silanization was accomplished by a published literature procedure:20 Briefly, a solution
of 5% silane in ethanol was prepared and added to a beaker of deionized H2O such that
the final concentration of the ethanol solution in H2O was 5%. (Typically, 2.5 mL of
silane was mixed into 50 mL of ethanol and then this solution was added to 1000 mL of
deionized H2O.) This solution was allowed to stir for approximately 15 minutes before
the pieces of ITO glass were added to the solution. The glass remained in the solution for
2 hr, and then rinsed with ethanol to remove unreacted silane upon removal from the
silane-ethanol- H2O mixture. The rinsed glass was then placed into the oven for 15 min to
dry. Cells built with silanized electrodes were tested with various sizes of CoFe2O4
nanoparticles and compared to unmodified and the Al2O3 modified cells. In addition,
cells were built that had both an Al2O3 layer and had been silanized; the glass for these
cells was first coated with 15 Å of Al2O3 as previously described and then underwent the
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surface silanization preparation. These experiments utilized the same carrier fluid as
previously described.
Silanized Electrodes: Nanoparticle standards and mixtures. Three diameters of
nanoparticles were investigated using the EFFF system with silanized separation
chambers. CoFe2O4 particles with diameters of 7, 10, and 15 nm were used to examine
the effect of flow rate upon separation with varied voltages using the 8 µM Na2CO3
carrier fluid with a pH of 8 as measured with a pH meter. Investigations were also
undertaken for a carrier fluid containing 4 µM Na2CO3 and 2 µM citric acid with a
measured pH of 8; this was done as an attempt to increase the stability of the citratestabilized nanoparticles, some of which began to exhibit aggregation under an applied
field when traveling through the chamber. The composition of this solution was chosen as
it has the same ionic strength as the 8 µM Na2CO3 carrier fluid so that the voltage across
the cell would drop across the solution rather than at the interfaces which would not
result in particle motion. Mixtures of the smallest and largest sizes of nanoparticles were
also completed using these conditions. Some experiments examining the effect of carrier
fluid pH were undertaken in an attempt to further stabilize the nanoparticle samples in the
separation chamber under an applied voltage.

2.3 Results and Discussion
CoFe2O4 nanoparticles were chosen as the particles of interest in these studies
because their synthesis allows for facile tuning of size to obtain moderately monodisperse
samples in various sizes for comparison. These particles were also used previously in our
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investigation of magnetic separation of nanoparticles via DMCR so that separation of the
same particles using each technique could be compared. These particles are also easily
H2O solubilized using the citrate exchange method, as described in the experimental
section and are easily monitored in the UV region at 280 nm to obtain chromatographic
traces.
The electrophoretic mobility and zeta potential of different samples were
examined and are listed in Table 2-1. The results for two commonly used sizes of
CoFe2O4 nanoparticles are shown as well as the results for a sample of Ag nanoparticles
synthesized via the citrate reduction method. The larger diameter particles had a larger
electrophoretic mobility and overall charge than the smaller particles – which is expected
because larger total particle surface area results in a larger number of charge stabilizing
ligands associated with the particle surface. The Ag citrate particles had an even greater
charge than the CoFe2O4 particles. However, because the solution of Ag citrate particles
also contains dissolved salts it is unable to be used with EFFF.
With traditional methods, constant field EFFF is unable to produce large enough
applied voltages to separate mixtures of nanoparticles with diameters less than 20 nm.
For this reason, we first investigated CycEFFF as a means to separate these types of
nanoparticles. Using a mixture of 4.6 nm and 12.5 nm diameter H2O soluble CoFe2O4
nanoparticles, separation of these particles into size dependent fractions was investigated
using CycEFFF. Using 4 VPP applied to the cell, the frequency was varied from 0 Hz
(constant field strength) to 1 Hz in 0.2 Hz increments. Overlaid chromatograms of this
data are given in Figure 2-3. As the frequency increases from 0 Hz to 1 Hz, there is a
noticeable increase in peak tailing and decrease in initial peak height at the lowest applied
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Table 2.1. Measured zeta potentials and electrophoretic mobilities with calculated
charges based for 3 types of nanoparticles.
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Figure 2-3. Optimization of frequency of AC voltage using mixture of 4.6 nm and 12.5
nm diameter H2O soluble CoFe2O4. Carrier fluid flow rate: 10 µL/min deionized H2O;
sample volume: 6 µL, applied voltage = 4 VPP, square waveform; black: no applied field,
red: 1 Hz, green: 0.6 Hz, yellow: 0.6 Hz, blue: 0.4 Hz, pink: 0.2 Hz.
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frequencies. As the frequency continues to increase, peak tailing gives way to the
emergence of a secondary peak clearly seen at the highest frequencies in this experiment.
An applied frequency of 1 Hz provided separation between the first unretained peak and
the secondary retained peak and this separation trial is shown on its own in Figure 2-4.
Nanoparticles were collected from each eluting peak, A and B, and TEM images for each
set of collected fraction of nanoparticles are given in Figure 2-4 and corresponding
histograms are given in Figure 2-5. The measured average sizes for the eluted
nanoparticle peaks were 5.5±1 nm in diameter for peak A and 13.1±2 nm in diameter for
peak B. These values are reasonable in comparison to the sizes of the particles in the
original mixture. One interesting factor to note is the appearance of aggregation in the ascollected particle fractions.
Using 5.5 ± 1 and 12.3 ± 2 nm diameter CoFe2O4 particles mixed in equal particle
concentrations (~4 x 1014 particles/mL each, using the size and mass of the unit cell of
CoFe2O4, the measured sample density, and the measured particle diameters to deduce the
approximate number of particles per mL), a larger frequency range was examined, as
shown in Figure 2-6. Comparing frequencies from 1 to 10 Hz, an increase in frequency
initially results in an increase in resolution between the unretained and retained fractions;
however, as the frequency continues to increase the resolution diminishes and begins to
look like peak tailing. At frequencies greater than 10 Hz, particle retention peaks become
increasingly broad and appear to significantly diminish. This is likely a result of the
switching frequency being fast enough that the samples do not travel out of the fastest
flow streams at the center of the chamber before the electrode polarity reverses. Upon
each polarity change, the particle would reverse its direction to the opposite electrode (for
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Figure 2-4. Separation of mixture of 5.5±1 and 12.3±2 nm diameter CoFe2O4 particles
deionized H2O. Carrier fluid flow rate: 10 µL/min deionized H2O; sample volume: 6 µL,
applied voltage = 4 VPP, square waveform; Frequency = 1 Hz. Dotted line: no field, solid
line: 4 VPP at 1 Hz
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Figure 2-5 Size histograms of fractions for peak A (left) and peak B (right) from Figure
2-4. Peak A: n = 142; average diameter: 5.5 ± 1 nm. Peak B: n = 51; average diameter:
13.5 ± 2.5 nm
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CoFe2O4, toward the positively charged electrode), but would not travel far enough into
the slower flow streams near the chamber walls to effect much or any slowing of the
sample down the chamber. At approximately 20 Hz, as shown in the inset Figure 2-6, the
chromatogram with an applied field has very little retention evident from the peak tailing;
the field was removed at 1050 seconds to elute anything remaining in the chamber and
does not result in a secondary peak. As the frequency continues to increase, the particles
will move even smaller distances within the height of the chamber and little to no particle
retention is able to be seen.
While modest success was achieved using CycEFFF, a frequently encountered
complication with this technique was particle aggregation. When a cell was used for
multiple experiments, over the course of its use, the cell would become darker, most
likely from particles aggregating and sticking to the chamber walls. Some of the
aggregated sample could be removed by sonicating the chamber with deonized H2O until
the eluent from the chamber no longer had visible coloration from removed aggregated
nanoparticles. This aggregation was somewhat unexpected based upon the particle travel
motion in CycEFFF with the particles traveling across to the opposite electrode each time
the sign of the applied voltage changed. However, it is possible that with the large change
in voltage across the cell (from -2 V to 2 V for each cycle switch) that the particles
traverse the cell quickly and concentrate themselves against the electrode where
hydrolysis could be occurring on a small scale or could over-concentrate the nanoparticle
sample itself such that the particles are aggregating to one another, causing them to fall
out of solution and stick to the chamber walls. Particle over-concentration is a likely
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Figure 2-6. Loss of retention in CycEFFF with increasing AC frequency for mixture of
5.5±1 and 12.3±2 nm diameter CoFe2O4 particles deionized H2O; black: no field, red: 2
Hz, green: 4 Hz, yellow: 7 Hz, blue: 10 Hz. Inset: 20 Hz. Carrier fluid flow rate: 10
µL/min deionized H2O; sample volume: 6 µL, applied voltage = 4 VPP, square
waveform.

33

culprit with negatively charged particles being electrostatically attracted to the positively
charged electrode (whichever electrode that may be, depending on the cycling of the
waveform); the particles could be pulled too close together to allow for adequate
solvation by H2O molecules and subsequently aggregate together. While further
exploration of experimental parameters, particularly chamber design, could improve
separation with CycEFFF, attention was shifted to utilizing constant field EFFF with
modified electrodes, another route to obtaining higher effective fields without
aggregating the nanoparticles within the chamber.
Cell modification: Al2O3 coating. Cells were constructed using ITO glass coated
with Al2O3 as a dielectric layer to prevent hydrolysis of the carrier fluid and to allow for
higher applied voltages to be used in EFFF. Using atomic layer deposition (ALD) with a
Cambridge Savannah 200 ALD, a 15 Å thick layer of Al2O3 was deposited onto the
surface of the ITO coated side of the glass over 150 instrument cycles, leaving a portion
at the end uncoated with Al2O3 for electrode contact. Using citrate-stabilized CoFe2O4
nanoparticles of various sizes (approximately 5 nm to 13 nm) in H2O at a concentration
of 3 mg/mL, the effect of this coating on separation and retention was examined. An
example chromatogram set is given in Figure 2-7 for 12.3 nm diameter CoFe2O4
nanoparticles. The inset crossing plot compares the areas of the retained and released
peak to the area of the peak with no applied field areas as a function of applied voltage.
The black dots represent the unretained area obtained from the chromatogram; the red
dots represent the areas of the retained portion of the areas obtained from the
chromatograms. Crossing plots were similarly used in our previous investigations with
DMCR13; the integrated areas under each peak are measured and normalized to the area
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of a run without an applied field. The area of each peak corresponds to the portion of the
sample that elutes at a given time. It is expected that when multiple peaks elute the sum
of all of the peak areas for a given run under the presence of a field should equal the area
of a trial without a field applied. This demonstrates that the sample has mass balance –
the entire injected sample elutes over the course of the run without being changed or
trapped within the separation device. While some portion of the sample may elute within
the noise of the chromatographic trace, the overall sums of individual peaks should still
be approximate to the peak area of a trial without applied field.
As the field increases in Figure 2-7, the retained portion of the sample (red dots in
inset) increases and the unretained portion of the sample decreases: a larger electrical
force upon the particles increases the range of particles susceptible enough to the applied
force to be pulled out of the fast flowing lamina and near to the walls where they move
with almost zero velocity. However, at high voltages, significant aggregation occurs, as
demonstrated by the decrease in total peak area of the combination of the retained and
unretained peak areas. For example, at 3.25 V (burgundy trace) the unretained fraction is
minimal, as desired, yet the retained fraction is approximately 45% of the original peak
area. Sonicating the chamber filled with carrier fluid and subsequent flushing yields a
brown-colored solution, similar to that of a diluted sample of nanoparticles. In
comparison to previous work using a carrier fluid of pure H2O and unmodified electrodes
for CycEFFF, fewer cleanings are required to obtain a qualitatively clear eluent and
chamber; however, it is still necessary to determine ways to prevent and eliminate
particle aggregation.
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Figure 2-7. EFFF Chromatograms as a function of increasing applied voltage and (inset)
crossing plot (black: unretained peak area, red: retained peak area) of 12.3 nm diameter
CoFe2O4 nanoparticles under various applied voltages using a cell with Al2O3 electrode
coating. Flow rate = 100 µL/min, field removed at approximately 350 seconds.
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Cell modification: silanization. Cells were also constructed using ITO glass
coated with a silane layer as previously described using octyltrimethoxysilane. Using
citrate stabilized CoFe2O4 nanoparticles of various sizes in H2O at a concentration of 3
mg/mL, the effect of silanizing the electrode surfaces on the retention of particles was
examined and compared to the Al2O3 coated cells. Figure 2-8 gives the chromatograms
and crossing plot for a silanized cell using 12.3 nm diameter CoFe2O4 particles.
Unlike the Al2O3 coated cell which has some tailing of the unretained peak upon the
application of a field, the silanized cell allows for a fraction of the sample to be retained
and elutes after the unretained fraction but elutes without the removal of the electric field
– this fraction demonstrates the action that FFF relies on for separation. The fraction is
gradually being pulled into slower flowing fluid closer to the edges of the chamber,
which is the goal in FFF techniques, without being tightly held or aggregated in the
chamber. The sample at 2.5 V (magenta trace) reaches baseline between the unretained
and slower moving fractions, which is desirable. The crossing plot demonstrates a total
peak area (green triangles) near to 100% for all of the fractions, which is a significant
improvement over both the unmodified and the Al2O3 coated cells.
Cell modification: Al2O3 and silane coated cells. For comparison, a cell was built
that was functionalized with both an Al2O3 layer upon the ITO and a silane layer atop the
Al2O3. Using citrate stabilized CoFe2O4 nanoparticles of various sizes in H2O at 3
mg/mL, the effect of the combination of the two modification schemes in one apparatus
was examined. Figure 2-9 shows the crossing plot and chromatograms of a sample of
14.2 nm CoFe2O4 nanoparticles.
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Figure 2-8. Retention of CoFe2O4 particles using separation cell with silanized electrode
surfaces at increasing applied voltage with 8 µM Na2CO3 in deionized H2O carrier fluid
at a flow rate of 100 µL/min. The field is removed at 500 seconds Inset pot: percent
original peak areas for unretained peak (black), released peak (red), and total area (green)
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Figure 2-9. Chromatograms for a 14.2 nm diameter sample of CoFe2O4 nanoparticles
using a cell containing both an Al2O3 coating and a silane layer. Flow rate was 100
ul/min of 8 µM Na2CO3 in deionized H2O. Field was removed at either 400 or 500
seconds. Inset: crossing plot of retained (red) and unretained (black) portions of the
sample as a function of increasing applied voltage.
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It is interesting to note that while the data Figures 2-7 and 2-8 utilize cells with
silanized surfaces, the cell used in Figure 2-8 which also has an Al2O3 layer does not
demonstrate a complete separation of the retained fraction from the unretained fraction,
as demonstrated by an increase in peak tailing without a subsequent appearance of the
second unretained fraction. Also demonstrated is the similar decrease in the total peak
area as the applied voltage increases.
Silanized Chambers: nanoparticle standards and mixtures. Using three samples
of nanoparticles with 7, 10, and 15 nm diameters, the effect of changing the flow rate of
the carrier fluid on separation and retention was examined. An example of this for the 15
nm diameter particles is given in Figure 2-10. As the applied field increases, the portion
of the sample that is retained also increases, as demonstrated in the crossing plot in the
inset. For the largest applied fields, the applied field is removed at either 400 or 500
seconds to elute the entire nanoparticle sample remaining in the chamber; it was found
that aggregation would also occur under these conditions if the remained sample was
allowed to remain within the chamber for extended periods of time. This aggregation may
have been caused, as is possible via CycEFFF, by the nanoparticle sample aggregating
and precipitation out of solution as a result of over-concentration as a result of particles
migrating in response to the applied electric field. Removing the field after the unretained
fraction was completely eluted allowed for highly concentrated samples to be obtained
for further examination. Experiments demonstrated that higher flow rates required higher
applied voltages for the particles to be retained, as demonstrated in the chart aside the
chromatogram in Figure 2-9; in addition, higher applied voltages were required to retain
the 10 nm diameter particles in comparison to the 15 nm diameter particles at identical
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Figure 2-10. Example standard runs of 15 nm diameter CoFe2O4 particles at 125 µl/min
with increasing applied voltages ranging from 0 to 2.25 V. Inset: crossing plot for 15 nm
diameter CoFe2O4 particles at 125 µl/min of 8 µM Na2CO3 in deionized H2O. Chart at
side: approximate crossing voltage for 15 nanometer particles as a function of flow rate.
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flow rates. This makes sense because the smaller particles have a smaller surface charge
in comparison to the larger particles and thus would require a greater amount of force to
move into slower flowing lamina to achieve retention.
However, when the 7 nm diameter sample is examined under identical conditions,
no retention is seen, even at high applied voltages, as shown in Figure 2-11. Instead, as
the field increases, the unretained peak area decreases without a subsequent increase in
any retained peaks; even with releasing the field after 3 minutes (180 seconds) no
particles are released from the chamber as seen in the other two sizes of nanoparticles
under these conditions. Instead, as seen before in some of the CycEFFF experiments, the
particles are aggregating within the chamber and sticking to the walls, as evidenced by
the cells turning darker and darker as experimental runs continue. This result was
unexpected as much less retention (and presumably less aggregation) was expected for
these particles with a lower total surface charge. It was expected that higher voltage
would demonstrate some retention of these samples, but the total peak area would remain
constant. These particles would have experienced less force than their larger diameter and
more highly charged 15 nm counterparts due to their lower surface charge but were still
significantly affected by the increasing applied voltage – so much so that they quickly
and dramatically begin to aggregate and adhere to the channel walls. Thus, in an effort to
increase the stability of these particles, the carrier fluid was amended to include 2 µM
citric acid and 4 µM Na2CO3 , the same molecule used to charge stabilize the
nanoparticles in H2O. Because the citric acid molecules are in a dynamic equilibrium
with the positive metal oxide surface of the CoFe2O4 nanoparticles, it was thought that it
could be possible that some of the citric acid moieties were dissociating from the surface
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Figure 2-11. Overlaid chromatograms of 7 nm diameter CoFe2O4 particles under
increasing applied electric field from 0 to 2 V. Flow rate is 100 µL/min of 8 µM Na2CO3
in deionized H2O and the field is removed for all runs after 180 seconds, as noted by the
arrow.
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of the CoFe2O4 nanoparticle and not reattaching (on the same or different nanoparticle).
This would cause the overall surface charge of the nanoparticle to become less negative
(become closer to zero) and thus would be considered less stabilized according to DVLO
theory21 and become more likely to become insoluble in its H2O environment and
precipitate out of solution. Having a very low concentration of citric acid within the
carrier fluid would provide the nanoparticles with additional stabilizing ligands to prevent
aggregation.
Using the citric acid containing mobile phase, the largest size of particles were
examined, as shown in Figure 2-12. The 0 V and 2.3 V runs are shown with the TEM
images and size histograms of the fractions collected from the unretained and retained
fractions of the 2.3 V run. The unretained fraction has an average nanoparticle diameter
of 13.2 ± 2.9 nm and the retained fraction has an average diameter of 15.1 ± 2.7 nm.
While the sizes of the two fractions are within the standard deviation of the average
diameter, the unretained fraction’s measured diameter is smaller than that of the retained
fraction, indicating that on average, larger particles with larger surface charges are
retained more than those with smaller diameters and smaller surface charges, but
significant overlap of these two populations exists under these conditions.
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Figure 2-12. Chromatograms with an applied field of 0 V (black) and 2.3 V (red) at 100
ul/min 2 µm citrate and 4 µm Na2CO3 in deionized H2O carrier fluid, TEM images, and
size distribution histograms for 15 nm diameter CoFe2O4 particles in H2O collected from
the unretained (A) and retained fractions of the 2.3 V (B) run. Fraction A: 13.2±3 nm, n =
99 particles; fraction B: 15.1±3 nm, n = 211 particles.
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For comparison, using the larger 15 nm diameter particles, the pH of the carrier
fluid was adjusted to compare to the previous work that was all completed at a pH of 8.
This was done to examine the role of pH in particle stability and retention. Figure 2-14
shows overlaid chromatograms and crossing plots for samples examined with a carrier
fluid of pH 7.5 (top) and 9 (bottom). From the crossing plot, it is able to be seen that with
the lower pH, there is a turning point where the size of the unretained peak begins to
sharply decrease, but with the higher pH this change is much more gradual as the applied
voltage increases.
However, 7 nanometer diameter CoFe2O4 particles under identical conditions
aggregate within the chamber as the field increases, as shown in Figure 2-13. As the
applied field increases, there is more sample that exhibits some retention or tailing in
comparison to the carrier fluid that did not contain citric acid. This example shows some
sample is eluted upon the removal of the field, but a significant portion of the sample is
still aggregated in the chamber. This is again unexpected as explained previously; there
are clearly additional factors in particle aggregation and instability occurring under these
conditions that require further investigation and research to solve.
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Figure 2-13. Chromatograms of 7 nanometer diameter CoFe2O4 particles at 100 ul/min 2
um citrate and 4 um sodium carbonate carrier fluid.
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Figure 2-14. Chromatograms and crossing plots of 15 nanometer particles run with 2 µm
citric acid and 4 µm Na2CO3 in deionized H2O at a pH of 7.5 (top) and 9 (bottom) with
applied voltages ranging from 0 to 2.5 V.
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2.4 Further Research Areas
Additional CycEFFF research.
The completed experiments demonstrate that CycEFFF is able to separate
different sizes of particles of the same material and surface coating. However, these
conditions do not allow for baseline resolution; superior separations are obtained
using magnetic separation techniques. Alternate chamber dimensions could be explored:
first, peak broadening could be reduced by decreasing the chamber’s width and secondly,
reducing chamber height would increase the field gradient across the chamber and
increase the possibility of retention for smaller sizes of particles. While the double sided
tape spacer is useful because it holds the cell together while also defining the channel, its
height cannot be varied; alternate spacer materials with controllable thicknesses, such as
SU-8 photoresist, could be explored. SU-8 would be applied and patterned on the bottom
piece of the chamber atop the ITO coating to achieve the desired thickness.
Additional experiments for modified electrode EFFF
The aggregation of small particles using this technique is a significant stumbling
block that needs further investigation. Addition of citric acid to the nanoparticle sample
in addition to the carrier fluid may be helpful; however, it is important to limit the
addition of potentially ionized species into the EFFF system as it causes the solution to
become conductive rather than capacitive as the carrier fluid then completes the circuit
between the two electrode surfaces. This technique did show significant potential when
applied to the larger particles, so it may be necessary to continue to alter and adapt
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separation conditions to be able to avoid the aggregation of small particles while being
able to still retain the larger size of particles.
Expansion to other nanoparticle systems
Separations should also be investigated for a wider variety of sample materials; it
is especially necessary to study systems that would be unable to be interrogated using our
group’s magnetic separation techniques. One advantage of EFFF over other types of FFF,
whose separations typically occur on differences between diffusion coefficients, is that
EFFF is able to separate particles of different surface charges and similar size. This can
be explored using two portions of the same particle sample functionalized with different
molecules resulting in different surface charge densities, such as citric acid and muric
acid, which have 3 and 2 carboxylic acid moieties, respectively.
Finally, separations of heterostructure mixtures should also be examined, much
like the previous work done in our group. Heterostructure synthesis often yields
unreacted species, for example, single particles and dimers may be present in a sample
intended to produce trimers. Magnetic separations, while successful, are only applicable
when heterostructures contain one or more magnetic domains. Using electric field based
separations would allow the separation of particles that do not necessarily have a
magnetic domain, for example, heterostructures of noble metals or semiconductors. This
investigation can also be probed in parallel using DMCR to compare the retention of
heterostructures with equal numbers of magnetic domains and varying numbers of nonmagnetic domains (i.e., one iron oxide particle attached to different numbers of gold
particles.)
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Use of dielectrophoretic FFF. Dielectrophoresis (DEP) is the motion of polarized
particles in an inhomogeneous electric field,22 and inhomogeneous fields can be used as
the applied force in FFF. Two types of DEP motion are possible: positive DEP occurs
when particles travel to higher field gradients and negative DEP is travel away from high
field gradients.22 The motion type depends on the difference between the permittivity of
the particle material and the medium of travel: positive DEP occurs when the material is
more polarizable than the material in which it travels, and the opposite is true for negative
DEP.22 The force upon a particle in an inhomogeneous field is
FDEP = 2πε1r3[(ε2-ε1)/(ε2+2ε1)]∇|E|2

Eq. (16)

where ε1 is the dielectric constant of the medium (F/m), ε2, the dielectric constant of the
particle (F/m), r, the particle radius (m), and ∇|E|, the field gradient (V/m).22 DEP has
been used to manipulate nanoparticles in stationary solution as small as 2-4 nm,23 but
DEP-FFF has not yet been reported for particles with diameters less than 500 nm.24
While this technique was not yet interrogated by our group, its applicability to both
aqueous and organic solvents is attractive; expanding the separable nanoparticle types to
any polarizable particle would allow for an even greater portion of the nanoparticle
library to be explored.
This technique is the most likely to be a successful route to interrogate the
separation of particles with the small successes of both CycEFFF and modified electrode
EFFF mitigated by the striking conclusion that particle aggregation is a serious
complication to effective separation when using charge stabilized particles in aqueous
solutions. Using organic solutions and ligand stabilized particles circumvents many of the
complications encountered using aqueous based EFFF, especially that of particle

51

aggregation and electrolysis of the carrier fluid. Serious consideration would have to be
undertaken in designing DEP-FFF devices to achieve separation of particles with smaller
diameters than 500 nm; but modeling would be able to play a significant role in obtaining
the necessary field gradients for separation and retention.
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