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bstract

A cross-flow filtration module with a large pore-size membrane and low operation pressure was built, as a first attempt, to test its performance on
he separation of synthetic nano-sized alumina and silica particles in the presence of an electric field. For practicality sake, turbidity measurements
ere used primarily to evaluate the particle removal efficiency and to determine critical currents. The observed critical currents agreed well with

heoretically calculated. The critical currents observed were found to be strongly dependent on the conductivity; there was a linear relationship

etween the critical current and conductivity. Further theoretical analysis of the electrical filtration module reveals that particles of different size
r surface charge (e.g., zeta potential) can be separated within a particular size range by controlling the ionic strength or the conductivity of the
olution.

2006 Published by Elsevier B.V.
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. Introduction

Naturally occurring particles are ubiquitous in subsurface and
urface water systems. Depending on the chemical composition,
articles can be contaminants themselves or become indirect
ontaminants by adsorbing hazardous organic compounds and
eavy metals [1–3]. As a result, aquatic particles can play an
mportant role in contaminant transport. Thus, efforts to charac-
erize them in terms of surface charge, particle size, and chemical
omposition [4–6] are crucial. Up to now, methodologies to col-
ect particulate samples representative of field conditions remain
difficult and challenging task. Current practice to differenti-

te solid into “soluble” and “insoluble” fractions is done by
ltering water samples through 0.45-�m filters. This does not

dequately reflect the actual distribution of chemical species
n water, e.g., metals adsorbed on surface of nano- to sub-

icron particles [7]. The “dissolved” portion consists mainly

∗ Corresponding author. Tel.: +1 302 831 8428; fax: +1 302 831 3640.
E-mail address: huang@ce.udel.edu (C.P. Huang).
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n; Critical current

f sub-micron colloids, which have high adsorption capacity for
atural macromolecules, organic contaminants [8], metal ions
9] and radionuclides [10]. As an alternative, ultrafiltration has
een used [11] to sample colloids of various sizes followed
y sequential extraction of chemical species of interest using
arious procedures [12]. However, membrane fouling is still
problem due to the wide size range, chemical heterogene-

ty, the physiochemical affinity of particles to the membrane,
nd various side effects such as surface coagulation, sample
erturbation, adsorption, and biological cell rupture. In addi-
ion, it is known that colloidal particles in natural waters are
n principle unstable. Therefore, to achieve results represen-
ative of natural water samples, it is necessary to characterize
olloids as quickly as possible [11]. Otherwise, the fate and
ransport of contaminants associated with particulate particles
annot be determined. Consequently, an easy and effective sepa-
ation method to characterize environmental particles is urgently

eeded.

It has been reported that applying an external electrical field
cross the filter membrane (e.g., electrofiltration) can reduce
embrane fouling and thereby enhance the flux during filtration.

mailto:huang@ce.udel.edu
dx.doi.org/10.1016/j.seppur.2006.09.001
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or instance, Weigert et al. [13] have shown that a 10-fold flux
ncrease can be attained during microfiltration of slurries con-
aining SiO2 at an average size of 3000 nm. Huotari et al. [14]
lso have reported a five-fold increase in permeate flux during
lectrofiltration of oil emulsions. In order to minimize energy
onsumption, several researchers have proposed to apply the
lectric field in a pulsed rather than steady fashion [15,16]. The
bove electrofiltration studies essentially focused on increasing
he permeate flux by manipulating the electric voltage. It was
bserved that as the voltage increased, the cake layers deposited
n the membrane surface became thinner. Eventually when the
ritical voltage — the voltage at which the particles are kept sta-
ionary as to yield a steady flux — is reached, there is no particle
eposition on the membrane surface. Applying at the critical
oltage has greatly mitigated membrane fouling problems and
rolonged the frequency of its cleaning, e.g., backwash.

In electrofiltration systems, the membrane pore size is made
maller than the particulates in order to achieve desired separa-
ion. When a higher permeate flux is needed, a higher pressure
as to be applied, and a correspondingly higher critical voltage
ould be needed since the critical voltage is highly dependent
n permeate flux. In principle, if a correct critical voltage were
pplied during filtration, a membrane would not be needed, since
he electric force alone can achieve separation. Practically, this
esign is not feasible because it would reduce permeate flux sig-
ificantly. However, it can serve as a viable alternative for the
haracterization of environmental particles since a low perme-
tes flux is acceptable in this case. Such an electrophoretic sep-
ration can avoid the aforesaid problems of membrane-assisted

ampling, warrant a simple procedure, and make real-time mon-
toring possible.

In this study, an electrophoretic separation device that uti-
ized only electrostatic force to separate colloids was constructed

t
o
t
t

Fig. 1. Cross-sectional presentation
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or the sampling of environmental particulates. Unlike the tra-
itional electrofiltration unit, it had large membrane pores and
as operated at a low pressure. Prior to field applications, its per-

ormance on synthetic particles were evaluated. Specific objec-
ives of this study were: (1) to evaluate the effects of pertinent
arameters such as pH, zeta potential, and conductivity on the
eparation of nano-sized particles exemplified by alumina and
ilica colloids, (2) to determine the critical currents under vari-
us conditions, and (3) to verify the critical currents as predicted
heoretically.

. Materials and methods

Fig. 1 shows the design of the electro-filtration system. To
aximize the retention time of particles within a specific surface

rea, a multi-channel system was built using Plexiglass. The
oncentrate cell, which consists of two perforated stainless-steel
lectrodes, was placed above the permeate cell. Two cells were
crewed together with the membrane and the cathode electrode
n between. The polarity of the anode and cathode was switched
ccording to the surface charge characteristics of particles in the
uspension. In most cases, the anode was the upper piece and
he cathode was the lower component (see the front side view
n Fig. 1), since most of the aquatic particles were negatively
harged. Electrodes were connected to a power supply, which
ontrolled the magnitude of the voltage applied or field strength.
he GoretexTM (Maryland, USA) membrane with a 3-�m pore
ize was placed on top of the cathode, which also served as a
upport for the membrane. The volume of the concentrate and

he permeate cells were both 930 mL. Due to intrinsic limitations
f the cell and electrode materials used, it was not appropriate
o operate the system at a voltage that is higher than 200 V due
o corrosion concern.

of the electrofiltration reactor.
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shows the results of size measurements as a function of pH.
The EM values of alumina were positive between pH 2.0 and
6.0. A drop of EM from positive to negative values between pH
7.0 and 9.0 was observed. From Fig. 2, the pHzpc of �-Al2O3
72 M. Sung et al. / Separation and Pur

Particles used include alumina (�-Al2O3) from the Degussa
ompany (Darmstadt, Germany) and silica (SiO2) from Nissan
hemical (Houston, USA). According to the information pro-
ided by the manufacturers, the average particle sizes (geometric
ean) of �-Al2O3 and SiO2 are 200 and 84 nm, respectively.
queous suspension was prepared as follows. The alumina pow-
er was first dissolved in distilled water and then diluted to about
.01% (w/v) with a turbidity reading between 30 and 40 NTU.
ilica was initially in a solution of 40–41% (w/v) amorphous sil-

ca; it was diluted to about 0.015% (w/v) with turbidity readings
etween 45 and 50 NTU.

At the onset of the experiment, the cells were first filled with
he prepared colloidal solution, and then the suspension was con-
inuously pumped into the cell from a feed tank at a flow rate
f 90 mL/min, corresponding to a hydraulic retention time of
0.3 min. After 10 min, turbidity in the effluent was measured
o ensure that a steady state condition was attained. Once the
teady state was achieved, a pre-selected voltage was applied
o start the run. Effluent turbidity and conductivity were moni-
ored at fixed time intervals. After each run, the membrane was
ackwashed with distilled water before starting the next test.
o run experiments with the same particles but different pH,
uspensions were prepared as previously described except that
oncentrated strong acid HCl and strong base NaOH were added
o adjust the feed pH to specific values.

Analytical instruments used in this study included turbidime-
er, HachTM Model 2100P (Hach Company, Colorado, USA),
onductivity meter (cell constant = 1.0), YSITM Model 35 (YSI
ncorporated, Ohio, USA) and zetameter, Malvern Zetasizer

odel 3000 HAS (Malvern, Worcestershire, United Kingdom).
he zetameter was used for electrophoretic mobility and particle
ize measurements.

. Critical field strength and current

The critical field (Ec) for a specific particle can be represented
y the following equation:

c = J

μEM
(1)

here J is the permeate flux of the solvent and μEM is the elec-
rophoretic mobility of the particle. This equation has been used
o calculate the critical field strength of water containing silica,
il particles and humic substances [17–19]. By replacing mobil-
ty (μEM) with zeta potential (ζ) in Eq. (1) and substituting J
ith the steady state permeate flow velocity vw, the following

quation can be obtained:

c = 6πηvw/f (α)

εζ
(2)

here ε is the dielectric constant, ζ the zeta potential,
= κR, κ = 2.32 × 109

√
2I (i.e., the reciprocal thickness of

he electrical double layer), I the ionic strength and R

s the particle radius. For α < 1, f(α) = 1, and for α > 1,
(α) = ((3/2) − (9/2)α−1 + (75/2)α−2 − 330α−3). Note that the
bove f(α) expression is obtained under two assumptions: (i)
he ion atmosphere is undistorted by the external field and

F
a
S
a
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ii) the surface potential is low (e.g., <25 mV) that allows the
se of Debye-Hückel approximation. The f(α) function that
elates the zeta potential to κR is in fact the Henry’s equa-
ion. When κR → 0, Eq. (2) reduces to the Hückel limit (i.e.,

c = 6πηvw/εζ) whereas when κR → ∞, it reduces to the
elmholtz-Smoluchowski limit (i.e., Ec = 4πηvw/εζ). Many

olloidal particles of interest are present in systems of interme-
iate κR-values; therefore, Henry’s equation plays an important
ole in determining critical voltages under these situations.

It should be emphasized that the Ec term in Eq. (2) was derived
rom the forces that are directly acting on the particle. Thus, this
c is different from the voltage actually applied to a system
ecause the drop in voltage at the electrode/solution interface is
nknown [20,21]. Therefore, one has to calculate the real electric
eld (i.e., Ec) from the unambiguous values of the current (i),

he cell dimension, and the conductivity (λ) of the solution [18].
lternatively, the current itself can be treated as a parameter that
oes not need further normalization. One can obtain the critical
urrent (ic) from the critical voltage through the relationship,
c = ic/Aλ, where A is the surface area of the electrode and λ is

he conductivity. By substituting this relationship to Eq. (2), the
ritical current can be written as

c = Aλ

[
6πηvp/f (α)

εζ

]
(3)

. Results and discussion

.1. Characterization of particles

Fig. 2 shows the pH-dependent electrophoretic mobility (EM)
f alumina (�-Al2O3) and silica (SiO2) used in this study. Fig. 3
ig. 2. Electrophoretic mobility of alumina (Al2O3) and silica (SiO2) particles
s a function of pH. Experimental conditions: (i) Al2O3 = 1 × 10−4 g/L and
iO2 = 1.5 × 10−4 g/L, (ii) NaOH (0.1 M) or HCl (0.1 M) was added for pH
djustment, (iii) ionic strength values at each pH are listed in Table 1.
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field applied. From Fig. 4, it is evident that a steady state con-
centration in the permeate stream was reached after 40 min.
Therefore, in subsequent experiments, only samples at 40 min
were collected and used to calculate the removal efficiency, η,
ig. 3. Particle size distribution as a function of pH. The experimental conditions
ere the same as those of Fig. 2.

as found to be 8.0, which agreed well with those reported
n the literature [6,22]. Results of the particle size analysis
nder various pH values (Fig. 3) show that the average parti-
le size of alumina reached a maximum value (increase by a
actor of 15-fold increase, e.g., from ca. 200 nm to 3 �m) at
H 8.0. This was expected as coagulation always occurs at pH
alues near the pHzpc. This is evident by a unity polydisperse
ndex at pH 8.0 during size measurements. When the polydis-
erse index reaches one, the particle size distribution is multi-
ispersed, which is indicative of particle coagulation. As the pH
ncreases further from 8.0, the �-Al2O3 particles become much
egatively charged which will render the particles re-dispersed
e.g., re-stabilized). As a result, the particle size decreases
apidly. As for the silica particle, its pHzpc is 2.0 [6], and
hus the particle was negatively charged in the entire pH range
ested (Fig. 2). Therefore, coagulation did not occur with silica,
nd the size measurements remained rather unchanged at ca.

4 nm.

ig. 4. Transient turbidity measurements of the concentrate and perme-
te streams. Experimental conditions: (i) Al2O3 = 1 × 10−4 g/L, (ii) ionic
trength = 5 × 10−6 M as 1:1 electrolyte, (iii) pH 4.1.

F
(
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.2. Effects of applied currents and pH

Fig. 4 shows the transient turbidity in concentrate and per-
eate streams at an applied current of 20 mA during the elec-

rofiltration of alumina particles. Within the initial 10 min, the
urbidity in the permeate stream dropped rapidly from 35 to
10 NTU. The turbidity then gradually decreased to near zero at

he 60th minute. On the other hand, the turbidity in the concen-
rate stream increased considerably to >50 NTU within 60 min.
he opening of the membrane cloth was 3 �m, which was nearly
5-fold that of the average primary diameter of the alumina par-
icles (approximately 0.2 �m). In theory this membrane served
ittle purpose in retaining the particles as far as solid–liquid sep-
ration is concerned, but in reality it still retained particles to
ubstantial degrees via its tortuous path. However the particle
emoval process was mainly dependent on the movement of par-
icles to the concentrate stream via electrostatic force. No other
ffects including cake formation and polarization can influence
he hydrodynamic behaviors of particle under the electrostatic
ig. 5. Particle removal efficiency as a function of current at various pH values.
a) Al2O3, (b) SiO2. Experimental conditions: (i) Al2O3 = 1 × 10−4 g/L and
iO2 = 1.5 × 10−4 g/L, (ii) ionic strength values at each pH are listed in Table 1.
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hich was determined by the following equation:

= C0 − Cf

C0
× 100% (4)

here C0 is the influent turbidity and Cf is the turbidity of the
ermeate stream. Fig. 5 shows the removal efficiency of alumina
nd silica particles at various pH values and electric currents.
ithout the presence of a dc voltage (or at zero current), the

emoval of particles was low, as expected.
It must be mentioned that the polarity of the electrodes were

witched accordingly dependent of the pH value of the suspen-
ion as to promote the electrophoretic separation of the filter
ystem. Fig. 5(a) also shows the general trend of the removal
fficiency. When the applied current increased, resulted from
n increase in the applied electrostatic force exerted on the alu-
ina, the removal efficiency increased, which in turn increased

he solid rejection. This increase in particle removal efficiency
s valid at all pH values studied as shown in Fig. 5(a). When the
H was below pHzpc of alumina (i.e., pH < 8.0), a >95% particle
emoval was achieved at >20 mA. However, when the pH values
ere greater than the pHzpc (i.e., pH > 8.0), higher currents were
eeded to achieve >90% removal. For example, at pH 8.5 it needs
current of 100 mA to achieve a 100% particle removal. When

he pH was 9.1, the current of greater than 180 mA was neces-
ary for a particle removal of 90%. At this particular pH, i.e.,
.1, the removal efficiency did not increase significantly as the
urrent increased from 160 to 180 mA, and a complete removal
as not reached at 180 mA, which was close to the maximum
ower output of our system. To understand how pH affects the

pplied currents as described above, it is necessary to know con-
uctivity values at each pH. The initial pH of the dilute colloidal
olution was 4.0, which was correspondent to a conductivity of
�S/cm. Note that NaOH was added to raise the pH value, which

able 1
omparison of experimental and calculated critical currents

H λ (�S/cm) I (M)a Experimental
ic (mA)

Calculated
ic (mA)

lumina
4.1 3.0 5.0 × 10−6 15 16
5.3 3.5 6.0 × 10−6 25 19
6.1 4.3 9.0 × 10−6 25 23
8.5 9.7 2.0 × 10−5 90 n/ab

9.1 26.8 5.5 × 10−5 >180c 217

ilica
3.8 8.6 1.0 × 10−5 40 46
5.0 3.1 4.0 × 10−6 20 17
6.1 5.3 2.1 × 10−5 40 29
8.1 10.7 4.3 × 10−5 60 58
8.8 30.8 12.3 × 10−5 120 166

a Ionic strength (I) was calculated using the equation Λ = 1000λ/N, where (i)
is the equivalent conductance (S cm3/eq) and was calculated by Λ = λ+ + λ−

ith λ+ and λ− being the equivalent conductance of the cation and the anion.
+ for H+ and Na+ and λ− for OH− and Cl− are 350, 50, 199, and 76 S cm3/eq,
espectively [23]. (ii) N is the normality of the solution, which is equal to I in
:1 salt solution of NaCl.
b Particle aggregation occurred at this pH, therefore the critical current was
ot available.
c Electrodes were switched at this pH.
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n turn also brought about an increase in conductivity. Table 1
ists conductivity readings at different pH values. At pH 9.1, the

easured conductivity was 26.8 �S/cm, which was nearly 10
imes that at pH 4.1. This implies that a much higher current is
eeded to maintain the electric field as suggested from Eq. (3).
ote that the critical current is the minimum current for 100%
article removal. Therefore, one can experimentally determine
he value of the critical current by estimating the specific current
t 100% removal. For example, from Fig. 5(a) one can determine
hat the critical current was around 15 mA for alumina at pH 4.1
ince a near 100% removal was observed at that current. Analo-
ously, critical currents at other pH can be obtained by the same
anner and their results are summarized in Table 1. Also, it must

e mentioned that in the absence of applied electric field, i.e.,
embrane functions as a filter alone, the percentage of particle

emoval ranged between 5 and 40% dependent on pH. As the
H value is near the pHzpc, the extent of particle aggregation
ncreased and the particle removal by filtration alone increased.
his clearly indicates that the membrane does serve to some
xtent as a filter in retaining the particles.

Fig. 5(b) shows the removal efficiency of silica at various pH
alues and voltages. Since the pH range studied was greater than
he pHzpc of the silica, the degree of aggregation was insignif-
cant. At zero currents, only about 15–25% of particle removal
as observed over the pH range studied, which was in contrast

o 5–40% removal efficiency exhibited by alumina. Note that
he initial pH of the colloidal solution was 5.0. Strong acid or
ase addition was necessary to adjust the solution pH to other
alues other than 5.0. The addition of strong acid or base can
odify the conductivity of the solution thereby affect the critical

urrent. From Fig. 5(b), the critical currents were around 25, 50,
0, 80, and 180 mA at pH 5.0, 6.1, 3.8, 8.1, and 8.8, respectively.
s indicated in Fig. 3, the particle size of silica was relatively
niform in the pH range studied. Therefore it was the intrinsic
onductivity that led to the difference in critical current. Only a
mall critical current was needed to achieve complete removal
f silica particles at low conductivity. It is noted that the critical
urrent at pH 6.1 was close to that at pH 3.8 (note that the con-
uctivity of the solutions at pH 6.0 and 3.8 was close to each
ther, (5.3 �S/cm versus 8.6 �S/cm)). Since much more NaOH
as added at pH 8.1 and 8.8, than as 5.0 and 6.1, the critical

urrent increased accordingly.

.3. Critical current

Based on conductivity, particle size, and electrophoretic
obility measurements, it is possible to calculate the critical

urrents necessary for total particle separation under various
ize ranges and surface charges (e.g., pH). Table 1 shows the
alculated critical currents for our filtration system. Fig. 6 com-
ares experimental and calculated critical currents of alumina
nd silica under various pH values. Results clearly show good
greements between the theoretical and the experimental data.

s suggested above, the critical current increases as the con-
uctivity increases. For alumina particles, the minimum critical
urrent occurred at ca. pH 4.1, where the conductivity was also
t the lowest level. A near-linear increase of critical current was
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Fig. 6. Critical current as a function of pH exemplified by alumina (200 nm)
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long as the κR is less than one. When the ionic strength was
increased (e.g., between 1 × 10−4 and 1.5 × 10−4 M), particle-
size-dependence of critical current became important. For exam-
ple, at an ionic strength of 2 × 10−4 M for alumina, the critical
nd silica (80 nm) particles. Experimental conditions: (i) J = 90 mL/min, (ii)
l2O3 = 1 × 10−4 g/L and SiO2 = 1.5 × 10−4 g/L, (iii) ionic strength values at

ach pH are listed in Table 1.

bserved as the pH increased from 4.1 to 9.1. For silica particles,
he minimum critical current was at ca. pH 5.0, which was also
he initial pH of the suspension. Note that the conductivity was
t its lowest at the initial pH. Upon the addition of NaOH or
Cl, the conductivity increased accordingly. Consequently the

ritical current increased.
Fig. 7 shows plots of critical current as a function of con-

uctivity for both the alumina and silica. Regardless of particle
ype (alumina or silica), good correlation was observed between
he critical current and the solution conductivity. A linear equa-
ion describing the relationship was obtained, that is ic = 5.18λ,
s shown in the solid line in Fig. 7. Note that according to Eq.
3), the critical current should be zero when the conductivity
s zero. Therefore, the regression line must pass through the
rigin in Fig. 7. At high conductivity values, e.g., >25 �S/cm,

he system was operated close to its maximum power capacity.
ide reactions such as electrode corrosion could have occurred
hich may affect the determination of critical current, which
as a priori requirement of 100% particle removal.

ig. 7. Experimental critical currents as a function of conductivity for alumina
nd silica particles.
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Eq. (3) describes the dependence of critical current on per-
inent factors such as conductivity, particle size, and ionic
trength. To this end, the composition of the electrolyte must
e specified as to relate ionic strength to conductivity. NaCl
alt was used as the electrolyte used in this study; NaCl has an
nionic (Cl−) and cationic (Na+) equivalent conductance of 76.3
nd 50.1, respectively. The theoretical conductivity of the sus-
ension at pH 7 was λ = 0.0945C + 0.55 × 10−7, where C is the
olar concentration of NaCl. The second term on the right side

f the expression represents the conductivity contributed by H+

nd OH− at pH 7.

.4. Engineering implications

Fig. 8 shows the results of the calculated critical current of
lumina and silica as a function of particle size under various
onic strengths and conductivities. A few important observations
ere obvious. For alumina, it is evident that when the conductiv-

ty was below a specific value (e.g., 9.5 �S/cm in this case), the
ritical current remained constant regardless of the particle size.
rom Eq. (3), it is seen that the only term that the particle size (R)
an contribute to the critical current is through the f(α) function,
hich reflects distortion of the electric field surrounding a par-

icle. The κR value was less than unity when the ionic strength
as in the range of <10−4 M. This yielded a f(α) value of one.
herefore, the critical current is independent of particle size as
ig. 8. Calculated critical currents of alumina and silica as a function of particle
ize under various ionic strengths and conductivities. Note: (i) results for silica
nd alumina are plotted in solid and dashed lines, respectively, (ii) calculation
as carried at pH 7 by considering NaCl as the electrolyte.
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urrent was 100 mA at the particle size of <80 nm. However,
hen the particle size increased to >120 nm, the critical current
ropped to 85 mA. Such decrease in critical currents resulted
rom a κR value being greater than one and f(α) becoming κR-
ependent. Higher κR values lead to higher f(α), which produces
maller critical currents. Under such circumstance, the critical
urrent decreases and becomes independent of either the ionic
trength or the conductivity. For example, critical currents of
lumina began to drop at the particle size of ca. 80 nm under all
hree different ionic strength, namely 5 × 10−4, 2 × 10−4 and
.5 × 10−4 M (or conductivity of 47.3, 18.9, and 14.2 �S/cm)
s can be seen from Fig. 8. The drop of critical current with
espect to increase in particle size was much remarkable as the
onductivity (or ionic strength) increased. Also, it is seen that
he silica exhibited smaller critical current drop than alumina
nder otherwise similar conductivity. This is due to the larger
eta potential of alumina than silica as can be inferred from Eq.
3).

From Fig. 8, one can actually separate nano- to sub-micron
articles by applying a specific current across the filter mem-
rane. For example, at an ionic strength of 2 × 10−4 M, the
ritical current of alumina particles was 85 and 100 mA, respec-
ively, for particle size of 120 and 80 nm. By applying a current
f 85 mA, it is possible to separate these two groups of particles
nto two different streams. Since the critical current of the 80-nm
lumina particle was 100 mA, only the 120-nm alumina can be
ollected in the concentrate, leaving the 80-nm alumina parti-
les in the permeate. However, it should be noted that the ionic
trength must exceed a certain value for successful separation
s is predicted by the κR value.

Also, it is possible to separate particles of the same size but
ifferent absolute surface charge, e.g., alumina and silica parti-
les. Generally, the separation is more favorable at higher ionic
trength than at lower ionic strength (or conductivity). From
ig. 2, it can be seen that silica has a larger absolute surface
harge than alumina over the pH range studied, i.e., 3.0–10.0.
n a solution containing both alumina and silica particles at the
ame particle size it is possible to separate these two different
articles into two different streams at a specific current and ionic
trength. For example, at an ionic strength of 5 × 10−4 M, the
ritical current of the alumina and the silica particles at a size
f 80 nm was approximately 260 and 190 mA, respectively. By
pplying a current slightly larger than 190 mA or slightly smaller
han 260 mA, e.g., 200 mA, the silica particles can be collected
n the concentrate whereas the alumina particles will be trans-
orted to the permeate, with a successful separation of these two
roups of particles. However, when the ionic strength is small,
he separation may become limited. As seen from Fig. 8, at an
onic strength of 2 × 10−4 M, both the silica and the alumina had
imilar critical current when the size was greater than 150 nm.
herefore, one cannot separate the alumina and the silica that has
article size larger than 150 nm. On the other hand, the separa-
ion of these two particles is achievable when the size is smaller

han 150 nm.

The above conductivity limitation can be resolved by redesign
f the electrode assembly. Increasing the impedance of the elec-
rode by coating the electrode surface with layers of dielectric
on Technology 54 (2007) 170–177

aterials, e.g., ceramic, can easily solve the problem of having
o operate the device under low ionic strength. Once the conduc-
ivity is known, the critical currents of interest can be calculated
s above.

. Conclusions

It is evident that low-pressure electrofiltration with large pore-
ize membrane offers a viable alternative for the separation of
ano-particles. Synthetic nano-alumina and nano-silica parti-
les can be separated readily from solution at specific critical
urrents. When the pH is close to the pHZPC of the particle in
uestion, particle aggregation occurs, which will cause signifi-
ant membrane clogging. The observed critical currents agreed
ell with theoretical predictions. Although pH plays an impor-

ant role in electrofiltration, the conductivity primarily controls
he critical current. The conductivity and the critical current are
inearly correlated. For the device studied, an empirical criti-
al current to conductivity ratio of 5.18 (mA to �S/cm) was
btained. Computation of the critical current as a function of
article size reveals that the separation of particles is feasi-
le. Particles having similar surface charge can be separated
nly within a limited size range. Generally, adjusting the ionic
trength/conductivity can separate particles of similar surface
harge in a limited particle size range. Particles of different sur-
ace charge can be separated completely without conductivity
djustment. Addition of salt to increase the conductivity can
nhance the separation efficiency via increasing the critical cur-
ent difference.
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