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Traditional magnetic field-induced particle separations take place in water-based diamagnetic

solutions, where magnetic particles are captured while diamagnetic particles flow through without

being affected by the magnetic field. We demonstrate that replacing the diamagnetic aqueous

medium with a dilute ferrofluid can significantly increase the throughput of magnetic and

diamagnetic particle separation. This enhancement is attributed to the simultaneous positive and

negative magnetophoresis of magnetic and diamagnetic particles, respectively, in a ferrofluid. The

particle transport behaviors in both ferrofluid- and water-based separations are predicted using an

analytical model. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4810874]

Separating target particles from a heterogeneous mixture

is an important step in many chemical and biomedical appli-

cations. Magnetic field-induced particle separation1–6 has a

number of advantages over other methods (e.g., electric,7,8

acoustic,9,10 optical,11,12 and hydrodynamic13,14) such as sim-

plicity and low-cost.15–19 Traditional magnetic field-induced

particle separations, for example, magnetic-activated cell

sorting (MACS),20 take place in water-based diamagnetic

solutions.21–26 They rely on a full capture of magnetic par-

ticles inside a conduit while diamagnetic particles flow

through it without being affected by an external magnetic

field. This approach works well if the magnetic source is all

around the conduit, which is, however, often not the case for

lab-on-a-chip systems,1–6,21–26 thereby limiting the particle

throughput. We demonstrate herein that replacing the dia-

magnetic aqueous medium with a dilute ferrofluid can signifi-

cantly increase the particle throughput of magnetic and

diamagnetic particle separation in planar microchannels. This

is verified through both experimental comparison and theoret-

ical modeling. It is noted that similar ideas of re-suspending

magnetic and diamagnetic particles into a magnetic solution

have been recently reported to implement a simultaneous

trapping of both types of particles in a paramagnetic solu-

tion27 and a self-assembly of colloidal superstructures in a

ferrofluid.28,29

Fig. 1 shows a picture of the microfluidic device used in

our experiment. It was fabricated with polydimethylsiloxane

(PDMS) using the standard soft lithography method as

detailed elsewhere.30 The T-shaped microchannel consists of

one 400 lm-wide main-branch and two 200 lm-wide side-

branches with a uniform depth of 40 lm. One neodymium-

iron-boron (NdFeB) permanent magnet (B221, K&J

Magnetics, Inc.) was embedded into the PDMS slab with the

magnetization direction normal to the main-branch. It was

placed 500 lm away from the main-branch and 3 mm from

the side-branch (both are edge-to-edge distances). To demon-

strate and compare the separations, 2.85 lm-diameter mag-

netic particles (Bangs Laboratories, Inc.) and 10 lm-diameter

diamagnetic polystyrene particles (Duke Scientific Corp.)

were mixed and re-suspended in two types of mediums: pure

de-ionized (DI) water and 0.1� EMG 408 ferrofluid

(Ferrotec Corp.), both to a final concentration of 106�107

particles/ml. The particle suspension was driven through the

microchannel by an infusion syringe pump (New Era Pump

Systems, Inc.). The two outlet reservoirs were intentionally

made large in order to reduce the effects of fluid buildup.

Particle motion was visualized and recorded using an

inverted microscope (Nikon Eclipse TE2000U, Nikon

Instruments, Lewisville, TX) equipped with a CCD camera

(Nikon DS-Qi1Mc). The obtained images were processed

using the Nikon imaging software (NIS-Elements AR 2.30).

When a particle mixture in a ferrofluid flows through the

main-branch of the T-microchannel (see Fig. 1), the sus-

pended particles undergo a magnetophoretic motion, Um,

due to the non-uniform magnetic field produced by the

nearby permanent magnet31–33

Um ¼
2a2l0½ðMp �Mf Þ•r�H

9gfw
; (1)

where a is the particle radius, l0 the free space permeabil-

ity, Mp and Mf the magnetizations of the particle and the

suspending ferrofluid, respectively, H the magnetic field at

the particle center, g the fluid viscosity, and fw the correc-

tion factor that accounts for the wall retardation effects on

particle velocity.30,34–37 With consideration of the self-

demagnetization effect, the particle magnetization, Mp, is

given by38–40

Mp ¼
vp

1þ 1

3
vp

H; (2)

where vp is the particle magnetic susceptibility. The ferro-

fluid magnetization, Mf, is collinear with the magnetic field,

H, and its magnitude is given by41

Mf

/Md
¼ cothðaÞ � 1

a
; (3)
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a ¼ pl0MdHd3

6kBT
; (4)

where / is the volume fraction of magnetic nanoparticles in

the ferrofluid, Md the saturation moment of the magnetic

nanoparticles with an average diameter of d, H the magnetic

field magnitude, kB the Boltzmann constant, and T the ferro-

fluid temperature.

Specifically, magnetic particles experience positive mag-

netophoresis in a dilute ferrofluid, i.e., Um> 0 due to

Mp>Mf, and are pulled towards the magnet. On the contrary,

diamagnetic particles experience negative magnetophoresis

in a ferrofluid, i.e., Um< 0 due to Mp<Mf, and are pushed

away from the high magnetic field region. Thus, as schemati-

cally shown in Fig. 2(a), the uniform particle mixture entering

into the main-branch of the T-microchannel can be automati-

cally divided into two distinct streams after passing through

the magnet region. The sorted magnetic and diamagnetic par-

ticles will then each flow through one side-branch of the

T-microchannel due to the even split of the ferrofluid flow at

the T-junction, followed by a continuous collection at the cor-

responding outlet reservoir (see Fig. 1). This ferrofluid-based

particle separation is superior to the traditional magnetic sep-

aration in a diamagnetic solution because magnetic particles

must be completely trapped in the latter as schematically

show in Fig. 2(b). Hence, the flow speed and, in turn, the par-

ticle throughput can be enhanced by the use of a ferrofluid,

which will be demonstrated below through both experiment

and modeling.

The trajectories of magnetic and diamagnetic particles

during the separation process were simulated using a three-

dimensional analytical model we developed earlier.30 They

were computed in MATLAB
VR

by integrating the particle veloc-

ity, which was a vector addition of the suspending fluid ve-

locity, Uf, and the particle magnetophoretic velocity, Um,

over time. The gravity and inertial effects on particle veloc-

ity were not considered.30,34–39 The fluid flow was assumed

to be fully developed in the main-branch, where the entrance

and end (i.e., at the T-unction) effects were both assumed

negligible under the experimental conditions. As such, Uf

was referred to the well-known analytical formula for fluid

velocity in a straight rectangular channel at a given flow

rate.42 The particle magnetophoretic velocity was calculated

from Eq. (1), where the magnetic field was computed from

Furlani’s analytical model,43 and the wall correction factor,

fw, was referred to Happel and Brenner.44 The volume sus-

ceptibility of magnetic particles, vp¼ 0.024, was extracted

from the magnetization curve provided by the manufacturer

for the range of magnetic field used in our experiment

(�105 A/m). The susceptibility of diamagnetic particles was

set to zero. The magnetization of ferrofluid was calculated

from Eq. (3) and that of water was neglected. Other parame-

ters are referred to our earlier paper.30

Fig. 3 demonstrates the microfluidic separation of

2.85 lm magnetic particles and 10 lm diamagnetic particles

in 0.1� EMG 408 ferrofluid (a) through a T-microchannel

and also compares it against the magnetic separation of simi-

lar particles in DI water (b). The ferrofluid-based separation

was achieved at a volume flow rate of 240 ll/h, equivalent to

an average flow speed of about 4 mm/s. In contrast, the maxi-

mum flow rate at which magnetic particles can be fully cap-

tured by the magnet and thus be completely separated from

the streaming diamagnetic particles is only 150 ll/h in water-

based separation. This represents a 60% increase in particle

throughput by the use of a diluted ferrofluid as the particle

suspending medium. To illustrate and distinguish these two

separation processes, a series of observation windows were

used along with the flow in the main-branch of the

T-microchannel, labeled as I-IV in Fig. 3. The relative posi-

tions of these four windows with respect to the magnet are

schematically shown in the figure; specifically, window I is

3 mm ahead of the magnet; window II is after the front edge

the magnet; window III is at the rear edge of the magnet; win-

dow IV is at the T-junction. The theoretically predicted trajec-

tories of magnetic (red lines) and diamagnetic (green lines)

particles in each of the observation windows are displayed

besides the experimental images for both separations in Fig. 3.

In window I where the magnetic field is weak, magnetic

and diamagnetic particles both follow the fluid streamlines

and are uniformly mixed. No noticeable difference is experi-

mentally observed for particle motions in between the ferro-

fluid- (presented in Fig. 3(a) as streak images which were

obtained by superimposing a sequence of snapshot images)

and water-based (presented in Fig. 3(b) as snapshot images)

FIG. 1. Picture of the microfluidic device (the microchannel is filled with

green food dye for clarity) used in experiment. The block arrow indicates

the flow direction.

FIG. 2. Schematics illustrating and comparing the separation mechanisms of

magnetic and diamagnetic particles suspended in 0.1� EMG 408 ferrofluid

(a) and DI water (b), respectively. Note that Um> 0 and Um< 0 indicate the

positive and negative magnetophoresis experienced by the magnetic and dia-

magnetic particles, respectively. The block arrow in each schematic indi-

cates the direction of the suspending fluid.
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separations. This is also confirmed by the theoretical model-

ing. When particles travel through the magnet region in win-

dows II and III, however, apparent lateral deflections take

place for both magnetic and diamagnetic particles suspended

in the ferrofluid. Moreover, these two transverse motions are

opposite to each other due to the induced positive and nega-

tive magnetophoresis, leading to a continuously increasing

separation of the two types of particles. In contrast, only mag-

netic particles are attracted towards the magnet and captured

in the water-based separation while diamagnetic particles still

move straight through the channel without being affected by

the magnet. These distinct particle deflection behaviors in the

two separation processes are all reasonably predicted by the

theoretical model. As particles approach the T-junction of the

microchannel in window IV, a clear gap is formed between

the two types of particles in ferrofluid-based separation.

Following the even split of the ferrofluid flow, the magnetic

and diamagnetic particles are continuously sorted into the left

and right side-branches of the T-microchannel as seen from

Fig. 3(a). In contrast, no magnetic particles escape from the

magnet in water-based separation, and diamagnetic particles

flow into the two side-branches at an equal rate as seen from

the snapshot image in Fig. 3(b).

The effects of ferrofluid flow rate on the magnetic and

diamagnetic particle separation are illustrated in Fig. 4(a),

where the experimentally measured (symbols) and theoreti-

cally predicted (lines) particle exiting positions (the closest

relative to the channel centerline) from the main-branch are

compared. The experimental and theoretical data are obtained

from the corresponding particle images at the T-junction in

Fig. 4(b). As expected at a smaller flow rate than 240 ll/h

(see the middle row of Figs. 4(b) and 3), both magnetic and

diamagnetic particles attain a greater lateral deflection

thereby facilitating their separation at the T-junction. This is

clearly viewed from the particle streak images and trajecto-

ries at 200 ll/h in Fig. 4(b) (top row). Interestingly, we

observed in our experiment that 2.85 lm magnetic particles

can get fully trapped by the magnet, which is, however, not

predicted by the theoretical model. This deviation is specu-

lated to be due to the influence of the locally concentrated

magnetic nanoparticles in the ferrofluid near the magnet,

which is not taken into consideration in our model. When the

ferrofluid flow rate gets larger than 240 ll/h, the magnetic

and diamagnetic particle streams start overlapping at the

T-junction with the decrease in their respective lateral deflec-

tions. This causes an incomplete separation as demonstrated

by the particle images at 300 ll/h in Fig. 4(b) (bottom row).

Overall one can see from Fig. 4(a) that the theoretical model

is able to predict the exiting positions of magnetic and dia-

magnetic particles with a reasonable agreement. We are cur-

rently developing a numerical model to account for the

ferrofluid concentration effects on particle transport.

In summary, we have demonstrated a microfluidic sepa-

ration of 2.85 lm-diameter magnetic and 10 lm-diameter

diamagnetic particles in 0.1� EMG 408 ferrofluid through a

T-microchannel. Such a ferrofluid-based magnetic separation

can offer a significantly higher particle throughput than the

corresponding water-based separation due to an induced

negative magnetophoresis of diamagnetic particles in the

FIG. 3. Demonstration and comparison of the magnetic separation of

2.85 lm magnetic particles and 10 lm diamagnetic particles suspended in:

(a) 0.1� EMG 408 ferrofluid at a volume flow rate of 240 ll/h (streak

images); (b) DI water at 150 ll/h (snapshot images). The results are illus-

trated in four observation windows I–IV whose relative positions to the mag-

net are indicated by the schematic (not drawn to scale). The theoretically

predicted trajectories of the two types of particles (red for magnetic and

green for diamagnetic) in the main-branch of the T-microchannel are pre-

sented besides the experimental images for both cases. The block arrows

indicate the flow direction.

FIG. 4. Ferrofluid flow rate effects on the magnetic separation of 2.85 lm

magnetic particles and 10 lm diamagnetic particles suspended in 0.1� EMG

408 ferrofluid: (a) compares the experimental (filled and hollow circles for

magnetic and diamagnetic particles, respectively) and theoretical (solid and

dashed lines for magnetic and diamagnetic particles, respectively) data for

the particle positions [the closest relative to the channel centerline as high-

lighted by the dash-dotted line in (b)] exiting from the main-branch of

T-microchannel; (b) shows the experimentally obtained streak images (left

column) and theoretically predicted trajectories (right column, red and green

lines for magnetic and diamagnetic particles, respectively) at the junction of

the T-microchannel under the ferrofluid flow rate of 200 ll/h (top row),

240 ll/h (middle row), and 300 ll/h (bottom row), respectively.
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ferrofluid. We have also developed a 3D analytical model to

simulate the transport and separation of magnetic and dia-

magnetic particles in both suspending fluids, which agree

reasonably with the experimental observations. Future work

will be on the bio-applications of the proposed ferrofluid-

based particle separation.
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