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a b s t r a c t

Conventional methods for separation of submicron particles, e.g., filtration or centrifugation, suffer from

severe problems, such as loss of particles during resuspension and high energy demands due to fouling of

separating membranes. Here we present the novel concept of dielectrophoretically switchable filtration

using pore sizes that are two to three orders of magnitude larger than the particles. We used layer-

by-layer (LbL) assembled nanocapsules of 340 nm diameter that were to be separated and recovered from

polyelectrolyte solution. The filter being an insulating porous structure is placed in between two

electrodes generating an electric field which is bend at the solid–liquid interface and is thus highly

inhomogeneous. Dielectrophoresis (DEP) is used as a driving force to trap particles in the filter. The

filtration is based on electric effects and could thus be easily turned off by switching off the electric field

allowing safe and easy resuspension of the trapped nanocapsules. A parametric study has been conducted

to investigate the influence of voltage, pore size, flux and membrane thickness on the separation

efficiency. Maximum separation and recovery efficiencies in a semi-continuous run reached almost

65% when working with a specific flow rate of 4.12 mL s�1 m�2, a voltage of 200 V, frequency of

210 kHz and a filter with thickness of 1.5 mm and pore sizes in the range of 20–60 lm. The results

demonstrate that electrically switchable retardation of nanoparticles is possible even in large flow

systems. This finding paves the way for preparative DEP chromatography of nanoparticles. Its ease makes

this switchable filtration attractive for nanoparticle separation and purification in general.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The separation of charged particles in the nanometer range from

a suspending fluid is challenging, especially if large quantities of

particles have to be recovered from liquids containing polyelectro-

lytes of identical charge. While the throughput of centrifugation is

limited and costly, membrane filtration techniques such as ultrafil-

tration (UF) and microfiltration (MF) suffer from severe fouling

problems. This is especially true if a complete separation is required

as in the case of colloidal multilayer systems. These systems have

gained more and more attention over the past decade as they offer

the possibility to produce tailor-made capsules combining different

materials. Especially the feasibility to remove a solid core from a

multilayer shell opened new prospects in biomedical applications

[1–4]. Drugs can be protected in a smart and stable multilayer shell,

which protects them from external influences until they reach the

desired part in the human body [5,6] where they are triggered to

open by a certain stimuli and release the drug [7–9]. They can be

produced by a variety of mechanisms from which the layer-

by-layer (LbL) [10] approach is the most promising due to its

simplicity and broad range of practicability.

The buildup of LbL particles is driven by electrostatic forces

between oppositely charged molecules: A charged substrate is

immersed into a solution of polyions with opposite charge. Because

of the attracting forces between the substrate charges and the

polyions they adsorb onto the substrate surface and form a layer

[10]. The substrate is then taken out of the first solution and is sub-

sequently immersed into a second solutionwith polyions of charges

which are again opposite to the surface charges of the substrate.

This procedure may be repeated until the desired amount of layers

has build up. Consecutive washing steps between the adsorption

steps are necessary to avoid contamination of the solutions [10].

Separation of the solution and the substrate can be

cumbersome when working with colloidal particles, especially if

they are in the nanometer range [11]. Centrifugation [11], mem-

brane filtration [12] and sequential adsorption [11] methods have
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been developed 15 years ago and are still state-of-the-art although

they suffer form severe problems [12,13]. Application of all three

methods can lead to particle agglomeration and subsequent

destruction of multilayer shells during re-dispersion [12]. In case

of membrane filtration the formation of a filter cake leads to high

particle loss and membrane fouling [12]. This could be avoided by

keeping the particles suspended at all time; however, this is only

achievable when working with a very low flow rate and through-

put [12]. When centrifugation is used to separate the nanoparticles

one has to work with low centrifugation velocities in order to avoid

agglomeration. This makes the process very time intensive as

several long centrifugation steps are required [12].

An approach to reduce fouling in membrane filtration processes

is the superposition of electric fields. In Electrofiltration a station-

ary dc field produces an electrophoretic force on charged particles

so that they levitate on top of the membrane instead of forming a

filter cake. It has been successfully applied in cross-flow [14–18]

and dead-end [19–21] filtration processes with continuously

applied and pulsed [19,22] electric fields. Apart from the electro-

phoretic force, which is acting on the particles, an electroosmotic

force is acting on the fluid and is intensifying the fluid flow through

the membrane [23,22]. The electroosmotic effect could also be

used as a driving force for membrane backwashing in order to

remove deposited particles when the polarization of the electrodes

is reversed [24]. To keep uncharged particles from depositing on

the membrane the dielectrophoretic effect (DEP) could be used.

In DEP charged and uncharged particles are polarized in an

inhomogeneous electric field. Depending on the properties of the

liquid and the particles and on the electrode design a resulting

DEP force either points towards or away from high electric field

regions. Du et al. [25,26] and Molla et al. [27–29] have successfully

shown that DEP could be used to reduce fouling in cross-flow

membrane filtration processes.

Here, in contrast, we use a different approach and introduce a

novel method to separate LbL assembled nanocapsules by

superimposing an ac electric field to a dead-end filtration process.

The concept of insulator-based DEP (iDEP) [30–35] is applied by

introducing an insulating porous structure in between two

electrodes for generating very high local electric field gradients.

DEP is used as a driving force to move particles towards the pores

surface where they are captured and filtered out of the solution. As

the main separation mechanism is DEP controlled reversible

trapping of the particles on sharp edges inside the filter, the pore

size can be several times larger than the particle diameter.

Because particles are trapped mainly inside the pores the

formation of a filter cake can be prevented. Since the separation

of particles is based on electrical effects, the filter could be easily

‘‘switched off’’ by shutting down the electric field. This opens the

possibility to easily recover the trapped particles by backwashing.

Whereas DEP is used in anti-fouling concepts to move particles

away from the membrane in a conventional filtration process, in

our concept the DEP force points towards the solid material and

is acting as the driving force for the filtration.

1.1. Theoretical background

Dielectrophoresis was firstly described by Pohl [36] as the

translational movement of uncharged matter, e.g. particles, in

non-uniform ac or dc electric fields. A particle located in an

electric field experiences a dielectric polarization expressed as

double-layer deformation of charged particles or charge redistribu-

tion in neutral particles [37]. It can be described as two equal but

opposing charges which are unequally distributed on the particles

surface, thus resulting in a macroscopic dipole [38]. If the superim-

posed electric field is non-uniform the field strength at both sides

of the particle is different resulting in a net dielectrophoretical

force. For a spherical particle with radius r located in a medium

with given permittivity eM , the dielectrophoretic force in an ac field

can be described by the dipole approximation [37,39]:

FDEP ¼ 4pr3e0eMre½K�ðE �rÞE ð1Þ

with e0 ¼ 8:854 � 10�12 F m�1 being the permittivity of free space, E

the intensity of the electric field, and re[K] the real part of the

Clausius–Mossotti factor K, which defines the effective dielectric

polarizability of the particle in a given medium. K is a function of

the frequency f and depends on the dielectric properties of the

particle and the medium [39]:

re½K� ¼ re
~eP � ~eM

~eP þ 2~eM

� �

; ð2Þ

~e ¼ e� jr

x
: ð3Þ

Here, ~e is the complex permittivity of the particle or the medium

(subscripts P andM, respectively), a quantity describing the polariz-

ability of a material in ac fields [25], r the conductivity,x ¼ 2pf the

angular frequency of the applied electric field and j ¼
ffiffiffiffiffiffiffi

�1
p

the

imaginary unit.

Balancing the dielectrophoretic and the viscous drag force

yields the steady-state velocity of a spherical particle suspended

in an aqueous solution [39]:

v ¼ 2r2e0eMre½K�ðE �rÞE
3gM

ð4Þ

with the dynamic viscosity of the medium gM . Eq. (4) is only valid if

the medium is static or if the particles motion is independent of the

fluid motion [39]. As Eqs. (1)–(4) show, the strength of the

dielectrophoretic force and velocity is highly dependent on the par-

ticle radius (r3 in Eq. (1) and r2 in Eq. (4)), the difference in dielectric

properties in combination with the frequency (Eqs. (2) and (3)), and

the spatial change of the electric field (ðE �rÞE). The direction of the

DEP force is dependent upon the difference in polarizability of par-

ticles and medium which is expressed by re½K�. If the polarizability

of the medium is lower than that of the particle, the DEP force will

direct towards higher electric field regions (positive DEP), whereas,

if the polarizability of the medium is higher than that of the particle,

the force will direct towards lower electric field regions (negative

DEP). The conductivity of a particle is not only defined by its bulk

conductivity but also largely influenced by the double layer or sur-

face conductance. The influence of the surface conductivity on the

overall conductivity of the particle is increasing with decreasing

particle size [40].

In microsystems usually bare electrodes are used, however, as

with increasing applied voltage this might produce problems in

aqueous solutions, such as corrosion of the electrode material,

short circuits, and human electrical shock, an electric insulation

on one or both electrodes may be mandatory [39]. In that case a

high-pass filter is formed by the combination of insulated elec-

trodes and liquid. It limits the DEP application in low-frequency

regions and increases the overall energy requirement [39]. As a

second side effect, DEP systems are usually superimposed by

inevitable electrothermal effects (ETE), which may influence the

particle movement. In general two electrothermal effects occur

due to Joule heating: the electrothermal fluid flow, caused by local

conductivity and permittivity changes due to the temperature

gradient, and buoyancy, which is caused by local density

differences. In systems with a characteristic dimension above 1

mm the Joule heating induced buoyancy always dominates the

fluid flow [41]. It drives the fluid flow from high electric field

regions towards areas with lower electric field, thus disturbing

the DEP motion.



1.2. Proposed DEP filtration concept

Up to today, DEP has been developed and applied in trapping,

separating, and handling of particles mainly in the biomedical

industry in microfluidic systems usually at low flow rates and

low throughputs [31,34,37,42–49]. To scale up the system for

achieving higher volume flows (and thus throughput) usually the

electrode distance has to be enlarged. As it can be seen from Eq.

(4) the DEP velocity is dependent on the square of the electric field

gradient and the square of the particle size. Enlarging the electrode

distance at constant voltages the gradient of the electric field will

be decreased and the field will become too weak to move small

particles. Application of a higher voltage is, however, inevitably

linked to higher energy demands and thus cost. Furthermore, a

high electrode potential leads to a dramatic temperature rise of

the fluid due to Joule heating in a confined system.

In the present paper we circumvent those scale-up problems by

combining a deep-bed filtration process with the DEP effect. The

conventional deep-bed filtration process is altered so that the filter,

a dielectric with open porosity, is placed in between two electrodes

which are connected to an ac voltage source. Due different

dielectric properties, i.e., permittivity and conductivity, between

the filter and the liquid medium the field lines are bent at the

solid–liquid-interface. Hence, because of the inhomogeneity of

the pore structure a non-uniform electric field is generated with

local maxima of the electric field strength at the interface. The

LbL produced nanocapsules have a higher polarizability at frequen-

cies in the kHz range than the surrounding medium, an effect

which can be attributed to the very high surface charge of the

particles which is a consequence of the production mechanism,

consisting of sequential adsorption of polyions on the particle

surface. Subsequently, the particles have much higher surface

charge compared to standard particles, such as latex spheres.

Hence, they will experience a positive DEP effect at these frequen-

cies. Therefore, they will be driven towards the pore surface and

trapped while flowing through the filter. Particles that exhibit neg-

ative DEP force should be driven towards the center of the channel

as the permittivity of the medium is much higher than that of the

filter, resulting in much lower electric field strength in the liquid

domain [50]. If no electric field is applied (Fig. 1a), particles flow

through the porous structure as there is barely any mechanical fil-

tration effect due to the big size difference between pores and par-

ticles. With a sufficient electric field applied (Fig. 1b), the DEP

effect directs most of the particles towards the surface of the pores,

where they reside until the field is turned off. This has mainly two

advantages. Firstly, the formation of a filter cake is avoided, which

not only generates a more stable permeate flux over time but also

prevents the high particle loss during resuspension. Secondly, the

filtration effect could be easily turned off, i.e., particles that are

trapped in the filter could be safely resuspended by backwashing

with water. The DEP velocity is highly influenced by ðE �rÞE
(Eq. (4)). This results in higher traveling velocities and thus better

trapping of particles with increasing difference in the electric field

strength (and thus also higher gradients in areas near the

interface), i.e., with increasing difference in polarizability between

filter and liquid medium [50].

2. Experimental section

A schematic overview of the setup used in this experiments is

given in Fig. 2.

Two separation cells (1) with different dimensions were used.

The parametric study for particle separation has been carried out

using a square separation cell with an effective filter area of

1500 mm2 (setup 1). Afterwards the setup was enlarged so that

the volume flow could be increased with constant separation

efficiency. The setup for the backwashing experiments and the

semi-continuous test run had an effective filter area of 4050 mm2

(setup 2). The separation cell consisted of two parts which were

screwed together.

The filters (4) used for the experiments (Manufacturer:

DIA-Nielsen GmbH & Co. KG) were made of polyethylene (PE) with

an irregular pore structure and different mean pore diameters. Two

different electrodes (5) where used to generate the electric field.

On the inlet side a rolled extruded titan metal grid with a mesh size

of 9.4 mm2 was used. A V2A stainless steel plate was used on the

outlet side. Both electrodes were manufactured by the workshop

Fig. 1. Proposed mechanism of DEP intensified deed-bed filtration. A conventional

deep-bed filtration unit is altered, so that the filter is placed in between of two

electrodes. (a) If the electric field is turned off, particles that are much smaller than

the pore size simply flow through the filter. (b) If sufficient voltage is applied,

particles are directed by a DEP force towards the surface of the pores.

Fig. 2. Schematic overview of the DEP intensified deep-bed filtration unit. 1:

separation cell; 2: valve; 3: syringe pump; 4: filter; and 5: electrode.



of the University of Bremen. The distance between the two elec-

trodes was 20 mm. Both electrodes were assembled into clearances

in the acrylic glass cell. The mesh of the grid electrode was filled

with an epoxi-compound. The electrodes were connected to the

ac voltage source by isolated screw fittings. The ac signal provided

by a VOLTCRAFT 7202 function generator was amplified by an FM

1290 amplifier (FM Elektronik Berlin). All experiments were con-

ducted using a sinus input signal with a frequency of 210 kHz.

The grid electrode in the setup was isolated by polypropylene

(PP), which was glued onto the metal grid. Special care had to be

taken to avoid air bubbles between the metal grid and the insula-

tion material. Fluid inlet and outlet were realized by using Swage-

log adapters. A syringe pump (3) KDS-100-CE (kdScientific) was

used for inputting suspension. The nanoparticle suspension for

the experiments was provided by Surflay Nanotec. The nanocap-

sules are pink in color with a mean diameter of 340 nm and a nar-

row size distribution (measured with a Malvern ZetaMaster S) and

concentration of 0.1 wt% in the colorless polyelectrolyte PSS

(1 g L�1) in 0.2 M NaCl, 10 mM NaAc buffer (pH 5.6). They were

made of silica particles covered in a shell of rhodamin labeled

poly(allylamine hydrochloride). Surface charge of the colloids

was negative. Preliminary experiments have been conducted using

simple interdigitated electrodes to test the particles DEP behavior.

A picture of the electrodes used (Netzsch IDEX Sensor Heads 065S)

for this setup is shown in Fig. 3a. They consisted of nickel which

was applied on a polyimide support. The polarization of these elec-

trodes is shown in Fig. 3b. Distance of the electrodes was

d1 ¼ 115 lm with the electrodes being d2 ¼ 100 lm wide. The

electrode was placed in an acrylic glass chamber with a 5 mm slit

on top of the electrode. After inputting the nanocapsule solution,

the electric field was turned on with a variety of voltages and fre-

quencies in and below the kHz range. Particle motion was observed

with a 30 fps black and white camera (Sony XCD-X710). Particles

always displayed positive DEP motion in their polyelectrolyte, as

they were moved and trapped to the edge of the electrode fingers,

where the electric field strength is maximum [51].

UV/Vis spectrophotometry (CADAS 200, Dr. Lange) was used to

quantify the separation efficiency. A calibration curve was

obtained at a wavelength of 560 nm, which is the adsorption peak

of the nanocapsules, by diluting the original input suspension,

which consists of the polyelectrolyte solvent and the nanocapsules,

with pure polyelectrolyte solution in different concentrations from

compositions with 10 vol% pure polyelectrolyte (pure polyelectro-

lyte means polyelectrolyte without any nanocapsules) and 90 vol%

original nanoparticle suspension to compositions with 90 vol%

pure polyelectrolyte. The calibration curve gives a linear

dependence between the composition of the mixture (and thus

nanoparticle concentration) and adsorption at 560 nm. Adsorption

was measured before each experiment to find the concentration of

the input suspension. The separation efficiency was defined as

1� ðcout=cinÞ, which is the ratio of the output concentration cout
and the input concentration cin of the purified original suspension.

Each experiment from the parametric study was conducted 3

times. Diagrams show the average value with the error bars

representing the standard deviation.

In backwashing experiments, in order to purify the nanocap-

sules from the electrolyte after each separation experiment, air

was pressed through the setup with the electric field turned on

for removing all excess polyelectrolyte. By keeping the electric field

on, trapped particles stay inside the system. The recovery effi-

ciency for backwashing experiments is defined as the amount of

recovered particles obtained by measuring the output concentra-

tion divided by the ostensible amount of particles in the filter from

the preceding experiments, a value easily calculated with the

separation efficiency and the input suspension concentration.

3. Results and discussion

By using a grid electrode the electric field distribution without

the porous dielectric between the electrodes is already inhomoge-

neous, which could be considered as the global inhomogeneity of

the electric field. By introducing the filter in between the elec-

trodes, the field is further disturbed and local inhomogeneities

arise. Inhomogeneities on the global scale, however, are rather

small and negligible for the movement of particles. Nevertheless,

as the field is already disturbed, the local inhomogeneities tend

to be stronger; some preliminary studies showed, that the separa-

tion efficiency is always higher when working with a grid as top

electrode compared to working with a plate as top electrode.

Fig. 4 shows three typical samples of a DEP filtration experi-

ment. Sample O is the original input suspension, as obtained by

the supplier. Sample B is the backwashing sample as obtained by

recovery experiments (cf. Section 3.2). Sample D is taken after

DEP filtration experiments. The change in turbidity is obvious:

Sample O is very turbid, which is caused by the nanocapsules. Sam-

ple D is almost transparent, indicating that most of the particles are

retarded in the filtration process as the pure polyelectrolyte is

Fig. 3. (a) Electrodes used for testing particles DEP behavior in preliminary

experiments (Netzsch IDEX-Sensor Head 065S). (b) Polarization and geometry of

electrodes. Interdigitated electrodes are finger like structures which are sequen-

tially oppositely polarized. The distance between two fingers was d1 ¼ 115 lm and

each finger is d2 ¼ 100 lm wide.

Fig. 4. Typical samples after filtration experiments. O: Original Sample, B:

Backwashing Sample, and D: Sample after DEP filtration.



colorless. Sample B is less turbid than O, which is caused by the

fact that the nanocapsule concentration is much lower

(cf. Section 3.2).

3.1. Separation efficiency

Fig. 5 shows the separation efficiency as a function of the pore

size for 1 mm thick PE filters with a feed flow rate of

Q = 30 mL h�1 which equals 5.56 mL s�1 m�2. Separation efficien-

cies are compared for processes without and with a superimposed

electric field with a frequency f of 210 kHz and voltage U = 200 V.

As expected, due to the much larger pore size (d > 20 lm) than

particle diameter (340 nm), only a marginal quantity of the parti-

cles is retarded by the filter without superimposed electric field.

The separation efficiency increases from 1:9� 2:7% to

7:0� 0:4% with a decrease of pore size from 130 lm to 20 lm.

This is because of the higher adsorption of nanocapsules onto

the pore surface and could thus be referred to as mechanical

filtration efficiency.

The strength of the local electrical field gradient is highly

influenced by the material and the structure of the porous media.

It will be increased with the inhomogeneity of the structure, i.e.,

with smaller pores. Then, the DEP induced velocity of nanocapsules

should increase with decreasing pore size. If an electric field is

superimposed, the filtration efficiency is increasing from

19:5� 4:4% to 31:6� 2:9% for the three investigated filters. Firstly,

this can be attributed to the fact that, with smaller pore size, higher

inhomogeneities of the electric field are induced, thus leading to

higher DEP forces and velocities. Secondly, smaller pore sizes lead

to shorter travel distances for the particles to be captured. Conse-

quently both, the mechanical and the DEP trapping efficiency is

increased, when a fine-pored filter (pore size d = 20–60 lm) is

used. A fine-pored filter, however, is linked to a higher pressure

loss and thus higher operational costs as compared to a coarse-

pored (pore size d = 80–130 lm) filter.

The residence time of the particles inside the filter could be

increased by decreasing the flow rate Q. With a constant separation

cell size, the velocity of the medium and the particle through the

filter is increasing with increasing flow rate. This leads to a shorter

residence time of the particles inside the filter and hence shorter

motion distance towards the pore surface. A higher residence time

allows particles to travel larger distances towards the surface of

the pore during their stay in the filter. Subsequently separation

efficiency is decreasing with volume flow because particles need

to reach the pore surface to achieve separation. Therefore, if the

residence time is too short, no effective separation is possible, as

shown in Fig. 6. This is also supporting the assumption that DEP

is one of the main trapping mechanisms inside the filter as a

separation due to size exclusion would be independent of the flow

rate and filter thickness.

Again, if the electric field is turned off, almost no separation can

be achieved when working with a h ¼ 1 mm thick PE filter with

pore sizes between d = 20–60 lm. Then, the separation efficiency

is gradually increasing from 0:5� 1:8% to 7:0� 0:4% with a

decrease of Q from 120 mL h�1 to 30 mL h�1. If the electric field

is turned on (U = 200 V), the separation efficiency is significantly

higher at low flowrate. With increasing volume flow it is rapidly

decreasing from up to 31:6� 2:9% at Q = 30 mL h�1 to 2:3� 0:5%

at Q = 120 mL h�1.

Another option to increase residence time of particles is to

increase their pathlength, i.e., by increasing the filter thickness.

This in turn would increase the separation efficiency, as shown in

Fig. 7. This effect was experimentally validated for filters with

three different pore sizes and thicknesses. There is almost no dif-

ference in separation efficiency for a filter with 1 mm thickness

for the three investigated pore sizes. Additionally, filters with pore

sizes from 40–130 lm show almost the same separation efficiency

which is only slightly increasing with filter thickness from

h = 1.5 mm to h = 2 mm. A significant difference is observable for

filters with pore sizes d = 20–60 lm, with the separation efficiency

increasing from 26:7� 2:5 at d ¼ 1:5 mm to 36:4� 1:9 at

d ¼ 2 mm. The results demonstrate that the effect of increasing

separation is the strongest for the finest of the three filters. We

assume this is because the mechanical trapping efficiency is much

larger for filter with smaller pore size. Mechanical trapping effi-

ciency is then also heavily influenced by the filter thickness leading

to the high separation efficiency for the fine-pored filter shown in

Fig. 5.

Due to the quadratic dependence of the applied voltage on the

DEP velocity (Eq. (4)), the separation efficiency is highly influenced

by the voltage as presented in Fig. 8. With the applied electric

field, the separation efficiency under the stated conditions

(flow rate Q = 60 mL h�1, frequency f = 210 kHz, filter pore size

d = 80–160 lm, filter thickness h = 1 mm) reached almost 20% when

a voltage of U = 200 V is applied. The separation efficiency decreases

with decreasing U in a more than linear manner until it is similar to

that without electrical field at U = 160 V. A higher DEP velocity

increases the chance of particles to reach the pore walls during their

residence time inside the filter. This means, if the DEP velocity of the

particles is too low to be trapped during the residence time, they

will simply travel through the filter. Hence, separation efficiency is

highly dependent on the voltage of the applied electric field, as indi-

cated by Fig. 8. Furthermore, the DEP effect is not sufficient to effec-

tively trap the nanocapsules in the filter if working with U < 200 V.

Fig. 5. Separation efficiency as a function of filter pore size d. Flow rate

Q ¼ 30 mL h�1, frequency f ¼ 210 kHz, voltage U = 200 V. PE filter thickness

h = 1 mm.

Fig. 6. Separation efficiency as a function of the feed flow rate Q. Frequency of the

applied electrical field f ¼ 210 kHz and voltage U = 200 V. PE filter with a pore size

of d = 20–60 lm and thickness h = 1 mm.



Filters with pore sizes from 80–160 lm and flow rates of

Q = 60 mL h�1 have been used in Figs. 6 and 7 because, as already

discussed, small pores lead to higher pressure loss and thus

operational cost and low flow rates decrease the throughput. Our

goal is, however, to investigate the feasibility of a high-throughput

operation at low cost, thus we chose those parameters as a

trade-off.

To summarize shortly, we showed that the superposition of

ac electric fields is dramatically increasing the separation

efficiency of 340 nm nanocapsules in filters with pore sizes from

d = 20–130 lm. Separation efficiency without electric field are in

the range of 0–8% and are increasing with superimposed electric

field to values up to 36% with ideal flow and electric field

parameters. Separation efficiency (both, DEP and non-DEP separa-

tion efficiency) is increasing with filter thickness, decreasing pore

size, and decreasing flux. DEP separation efficiency is increasing

with voltage.

3.2. Semi-continuous process for particle recovery

One of the main advantages of DEP enhanced deep-bed filtra-

tion is the possibility to easily recover the nanocapsules after sep-

aration. For these experiments we used a filtration module of more

than twice the size of the one used for the separation efficiency

parametric study presented before (see Section 2, setup 2). The

setup was enlarged to achieve higher throughputs with constant

separation efficiency. As expected separation efficiency at constant

flow rate increased clearly. Up to almost 65% were achieved

(cf. Fig. 9). A recovery flow rate of at least Qbw = 180 mL h�1 was

found to be necessary to effectively resuspend trapped particles.

In the present work backwashing is conducted with pure water

at a flow rate of Qbw = 360 mL h�1 after the setup has been flushed

with air several times.

Fig. 9 shows the recovery efficiency as a function of the

achieved separation efficiency when working with a recovery flow

rate of Q bw = 360 mL h�1.

All three experiments were obtained with the same separation

and filter parameters (separation flow rate Q = 60 mL h�1 and filter

pore size d = 20–80 lm). The filter used for the experiments of the

present paper do not have a uniform pore size distribution. Thus,

although working with the exact same parameters for nanocapsule

trapping, different separation efficiencies were achieved. This

influences the recovery efficiency; we assume that filters which

where used when a high separation efficiency has been achieved

have an overall finer pore structure. This in turn leads to a lower

recovery efficiency as the overall backwashing volume flow

through larger pores is much higher due to the lower flow resis-

tance, making particle recovery easier from larger pores.

As indicated in Fig. 9, recovery efficiencies are in the order of

40%–60% when working with the stated parameters. For calculat-

ing the recovery efficiency it was assumed that the loss of trapped

particles in the filtration module during draining is negligible. The

recovery efficiency seems to be highly influenced by the history of

the filter (e.g., temperature during filtration, separation efficiency

and filtration time) and long-term experiments, as described as fol-

lows, are required to better understand the parameter influence on

the recovery efficiency.

For investigating semi-continuous operation mode the bigger

filtration module was used (see Section 2, setup 2). For this system

higher separation efficiencies were obtained even with a high sep-

aration flow rate of Q = 60 mL h�1 and a recovery flow rate of

Qbw = 360 mL h�1. The applied voltage was U = 200 V with a fre-

quency of f = 210 kHz. A PE filter with pore size d = 20–60 lm

and thickness h = 1.5 mm was used.

After 15 min separation procedure, nanocapsules were recov-

ered with the electric field turned off for a duration of 2 min. In

each step, two 5 mL samples were taken and measured. The aver-

age of separation efficiency and recovery efficiency from taken

samples is shown in Fig. 10. The trend lines for both separation

and recovery efficiency, as presented in Fig. 10, indicate that a

steady separation efficiency can be reached in a certain time. The

recovery efficiency increases with time. On the one hand, the accu-

mulation of trapped particles in the filter over time is obviously

increasing the recovery efficiency. On the other hand, the like

nanocapsules have identical surface charges resulting in repelling

electrostatic interparticle forces. These forces are weaker than

Fig. 7. Separation efficiency of DEP filter as a function of filter thickness h for three

different pore sizes. Frequency of the applied electrical field f ¼ 210 kHz and

voltage U = 200 V. Flow rate Q = 60 mL h�1.

Fig. 8. Separation efficiency as a function of applied voltage U. Flow rate

Q ¼ 30 mL h�1, frequency f ¼ 210 kHz. PE filter with pore size d = 80–160 lm and

thickness h = 1 mm.

Fig. 9. Recovery efficiency of trapped nanocapsules as a function of separation

efficiency. Recovery flow rate Qbw = 360 mL h�1.



the DEP force—however, with the electric field switched off this

leads to an automatic resuspending of those particles, which are

not trapped directly on the filter material but on other trapped

particles.

The decrease of the separation efficiency over the course of the

process from 63% at t = 7.5 min to 52% at t = 41.5 min can mainly

be attributed to the accumulation of trapped nanocapsules inside

the filter from previous steps, which could not be removed effec-

tively during the backwashing step (recovery efficiency is only

41% at t = 16 min and 39% at t = 33 min). This might not directly

influence the separation efficiency as the same amount of particles

is trapped even when there is already a large amount of trapped

particles in the filter from the preceding steps; however, already

trapped particles might be resuspended during the course of sepa-

ration and washed out together with the purified polyelectrolyte

solution. This might cause the small decrease in separation

efficiency over time.

Fig. 11 gives an overview of possible trapping and resuspending

mechanisms. Fig. 11A shows the trapping of nanocapsules with the

electrical field turned on. Particles can move through the filter

without reaching areas in which they are trapped (trajectory (a)).

If they are close enough to the surface or if they travel through small

pores they will reach the surface of the pores during the residence

time and hence they get trapped (trajectory (b)). Particles can be

trapped on other particles as indicated by the circle because of

the electrical field inhomogeneitywhich is induced by the dielectric

nanocapsules. Fig. 11B shows the resuspension mechanisms during

backwashing with the electrical field turned off. Particles in area (a)

will be easily resuspended because the gravitational body force

points away from the surface and the movement induced by the

hydrodynamic forces is not confined by the structure. Particles

which are trapped on other particles as those in area (b) will be

directly resuspended as they experience repelling electrostatic

forces because of the like charges on the capsules. Most of the par-

ticles in area (c) cannot be resuspended as the gravitational body

force is pointing towards the structure and the movement induced

by hydrodynamic forces is constrained by the solid filter material

and they must be lifted in order to resuspend.

3.3. Influence of module design

The design of both filtration modules, the small and the big one

(cf. Section 2) was rather simplistic to assure easy observance of

the process and simple filter changing and not to guarantee an

optimal flow through the filter. This in turn implicates that the

distribution of fluid inside the module is not optimal. A little slit

has been left between the top electrode and the filter so that the

fluid could equally distribute across the filter before crossing it.

Nevertheless, inspection of the filter after the experiments sug-

gests that most of the active filtration area is located close to the

inlet (cf. Fig. 12). The colored areas indicate the parts of the filter

in which most of the particles have been separated. Although inlet

and outlet are located at diametrical points in the module, the flow

distribution is uneven. Future experiments require a rather

deliberated module design in the light of fluid input and output.

Furthermore, a deeper understanding of the structure and material

influence of the filter on the electric field disturbance is required

for an optimized choice of filter and particle separation.

4. Conclusion

To conclude, we present a novel method to separate submicron

particles, that experience a positive DEP effect in their solution by

using a DEP driven deep-bed filtration. The filtration effect might

be easily turned off by removing the superimposed electric field

which is giving rise to the possibility to easily and safely resuspend

the trapped nanocapsules. This we demonstrated by separating

charged LbL nanocapsules from polyelectrolyte solution with iden-

tically charged side groups. Filters with a pore size more than two

orders of magnitude larger (dpore = 20–130 lm) than the particle

diameter (dp ¼ 340 nm) are used. Separation efficiencies without

any superimposed electric field lie in the range between 0% and

8%. With the electric field turned on they reach 36% with ideal flow

(q = 11.11 mL h�1 m�2, membrane thickness h = 2 mm and pore

Fig. 10. Semi-continuous test run for nanocapsule separation and recovery for a

duration of 60 min. Separation has been conducted with a flow rate of

Q = 60 mL h�1 for a duration of 15 min and two subsequent samples have been

taken at the end from which the mean values are presented. Recovery steps have

been conducted with a flow rate of Q = 360 mL h�1 for a duration of 2 min. Two

samples have been taken from which the mean values are shown. Filtration was

performed with a 1.5 mm PE filter with pore size d = 20–60 lm. Parameters of the

electric field: U = 200 V and f = 210 kHz.

Fig. 11. DEP deep-bed filtration. (A) Trapping of nanocapsules in the DEP deep bed

filtration. (a) Trajectory of particle passing the filter without reaching the pores

surface. (b) Trajectory of particle which is trapped in the filter. Particles could be

trapped on other particles as indicated by the circle. (B) Resuspension of particles.

For description of (a), (b) and (c) in part B, see text.

Fig. 12. A typical filter (setup 2) after filtration experiments. Pink colored areas

mark the region of the filter where most of the particles have been separated. Fluid

is unequally distributed at areas close the inlet before crossing the filter, leading to

a not ideal utilization of the filter. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)



sizes d = 20–60 lm) and electric field parameters (U = 200 V and

f = 210 kHz). A parametric study revealed that the separation effi-

ciency is increasing with electric field strength, filter thickness,

decreasing filter pore size and decreasing volume flow. In a semi-

continuous test-run with several separation and backwashing

steps we could achieve separation and recovery efficiencies of

around 65%—which is a remarkable result when keeping in mind

that neither the filter nor the module has been optimized. The suc-

cessful separation of nanocapsules needed in molecular diagnos-

tics demonstrates the high potential of the new technique for

biotechnology. Further its ease makes this switchable filtration

process attractive for nanoparticle separation and purification in

general. In addition, these findings make the approach promising

for a preparative DEP chromatography of nanoparticles.

As shown, in the current setup, a loss of nanocapsules is always

occurring as a fraction of particles cannot be recovered during

backwashing. To increase the absolute amount of recovered nano-

particles, the separation efficiency has to be increased. This shall be

achieved in the future by the establishment of a multi-stage cas-

cade process with a parallel installment of separation stages to

increase the overall flux through the setup.

Furthermore, numerical simulation of the electric field inside

the porous structure and the influence of the pore structure and

the filter material on the DEP velocity of the particles shall be

investigated.
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