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Aluminum oxide-hydroxide nanofibers, 2 nm in diameter and approximately 250 nm
long, are electroadhesively grafted onto glass microfibers, therefore forming a macroscopic assembly of alumina nanofibers on the second solid in highly organized matter.
The assembly can be viewed as a straight cylinder with rough surface and charge
density of approximately 0.08 C/m2. This creates a significant electric field with
negligible screening (ka ≪ 1) in the region close to the surface of the assemblies.
This field attracts nano- and micron-size particles from as far as 0.3 mm in less than a
few seconds, many orders of magnitude greater than the conventional Derjaguin–
Landau–Verwey–Overbeek theory that predicts only nanometer-scale effects arising
from the presence of the surface. The strong electric field on the surface is then able to
retain particles such as micron-size powdered activated carbon as well as much smaller
particles such as fumed silica nanoparticles of 10–15 nm in diameter, viruses, atomically thick sheets of graphene oxide, latex spheres, RNA, DNA, proteins, and dyes.
Keywords: alumina nanofibers; electric double layer; electrostatic adsorption

1. Introduction
Electrically driven motion of solid particles in liquid electrolytes has been studied for
more than a century in the field of colloid science. Electrokinetic phenomena are
associated with the electric double layer (EDL) on charged surfaces of particles immersed
in electrolyte solutions. Gouy and Chapman developed a diffuse layer (DL) theory [1,2].
Stern extended that theory by proposing a model in which the interfacial layer is divided
in two parts [3], which can be further divided by the inner Helmholtz plane and the outer
Helmholtz plane [4]. It has been shown [5] that the Stern model is a good effective model
away from the surface, but cannot be taken literally near the surface. Static double DL are
electroneutral, meaning that the surface charge σ0 is exactly compensated by the countercharge. The latter consists of two parts, one in the stagnant layer, σi and one in the
‘electrokinetically active’ part, σek. In most cases, σi closely coincides with the non-diffuse
Stern layer, part of the double layer. The σek can be determined from electrokinetics (e.g.,
from measuring zeta potential, ζ [4]) and σ0 can be determined from titration of surface
groups [6] and their difference can be used to obtain σi. Often σek is much less than σ0,
e.g., in the case of SiO2 [7].
In the case of a flat DL, there is only one parameter, the Debye length, 1/k, while in
the case of a spherical or cylindrical DL, there is an additional geometric parameter, the
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radius of the particle, a. A vast majority of aqueous dispersions satisfy the ka ≫ 1
condition (thin DL) where the DL depth is much thinner than the particle radius while
the ka ≪ 1 condition (thick DL) where the DL depth is much larger than the particle
radius. Theoretical treatments have been suggested for the thin DL (ka > 10) and for the
thick DL (ka < 1) that include DL overlap [8]. At high electrolyte ionic strengths (>1 M),
the Debye length becomes comparable with the size of the ions, implying that the DL
collapses onto the particle surface. However, there are indications that in some cases, the
DL still exists even at ionic strengths greater than 1 M [8].
Colloid stability is often predicted by the Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory [9,10], which was developed for smooth, homogeneous particles with
ideal geometries and with no DL overlap. The electrostatic repulsive part of the
potential between surface and solution is thought to drop off as e−rk, where r is the
distance from the surface and k is the inverse of the Debye length of the solution [11].
For example, in a 100 mM/dm3 electrolyte solution, the Debye length is 1 nm [12],
and a 2 × 104-fold potential drop is expected at a very short distance (~10 nm) from
the surface. Moreover, the majority of the colloids have irregular geometries with
rough surface [13] and heterogeneous composition. Despite the success of DLVO
theory, numerous investigators have modified the DLVO theory to include factors
not accounted for in the DLVO model, e.g., when live biological cells suspended in
concentrated solutions of inorganic electrolytes around some cells (leukocytes, especially tumor cells) form haloes, i.e., circular spaces free from background cells
(erythrocytes, yeast cells, and colloidal particles of Indian ink). In the medium made
up of erythrocytes, the haloes form in 5–10 min as a result of the background cells
drawing apart from the central halo-forming cell at a distance of 10–100 μm and more
[14]. In the medium made of the Indian ink particles, the haloes form in 2–4 s and
attain a thickness of about 10–20 μm [14]. Rivera et al. observed field patterns
characteristic of repulsion and attraction [15] as well as dipolar and quadripolar nature.
Theoreticians such as Pohl, the inventor of dielectrophoresis [16], Derjaguin, the
leading author of DLVO theory [9], and others have suggested three theoretical
models, presumably to explain these experiments. Review articles by Dukhin et al.
[17], Murtsovkin [18], and Bazant et al. [19] discussed in detail these unusual
interaction mechanisms that are only specific for live biological cells.
Sogami suggested a different interpretation of colloidal forces [20]. The Sogami–Ise
theory [21] claims that the attraction between colloidal particles comes from the
influence of intervening ions. The Sogami potential contains both short-range repulsion
and long-range attraction. This gives the attraction a longer reach than that in DLVO
theory. The most conclusive findings were the observations of void structures of on the
order of 25–50 μm in highly purified dispersion of latex particles [22–25] and longrange exclusion zones of latex microspheres on the order of 100 μm from the gel
surface [26,27]. Recently, Sogami argued that the colloid dispersion is homogeneous
with respect to variable T (Sogami–Ise theory [21]), and it is not with respect to volume,
V (DLVO theory), which is not a suitable thermodynamic variable [28]. The screened
Coulombic potential of pure repulsion obtained from the Helmholtz free energy in the
DLVO theory was replaced by a new screened electric potential with a long-range
attractive tail derived from the generalized Gibbs free energy, which is identified with
the total sum of chemical potentials [28]. In this article, we report on long-range
attractive forces extending from an alumina (aluminum oxide-hydroxide (AlOOH))
nanofiber surface.
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2. Materials and methods
2.1. Alumina nanofiber electropositive filter
A novel water purification filter is in the process of development over the past 10
years [29]. The filter’s active component is an alumina monohydrate nanofiber with an
external surface area from 200 to 650 m2/g [29]. It has been identified as crystalline
pseudoboehmite (AlOOH) using X-ray diffraction [30]. Figure 1 shows transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) images of the
alumina nanofibers bonded to a glass microfiber prepared as described in Example 4
in Ref. [29].
The isoelectric point (IEP or pI) of alumina raw fibers is approximately 11.1 [31].
Micron-size and nanosize particles were readily held by electrostatic forces while forming
the nonwoven paper-like sheet [29]. For instance, a 30 × 30-cm2 handsheet was prepared
containing 28 weight percent (wt%) of fumed silica with average particle size of ~10 nm
[30]. The fumed silica that is very difficult to filter from aqueous mixtures was rapidly
clarified to form a clear suspension. The resulting handsheet had a low differential
pressure drop of 10 kPa at flow velocity of 0.7 mm/s that is not characteristic of filtered
colloidal silica. When examined under the electron microscope, we noted that the silica
nanoparticles were clinging to the alumina nanofibers (Figure 2(a)). Handsheets
(30 × 30 cm2) were also formed containing atomically thick sheets of graphene oxide
(up to 40 wt%), 50 nm titanium dioxide (12 wt%), and RNA (5 wt%). The result was a
nanoengineered media that could retain and utilize the function of virtually any submicron
or nanosize particle [30]. A practical application was focused on integrating powdered
activated carbon (PAC) with average particle size of ~8 μm into the nonwoven structure
(Figure 2(b)). Activated carbon has a large amount of its surface area within micro-pores
of about 0.2–2 nm in diameter [32]. At the same time, the dimensions of the pore have a
significant impact upon diffusion rates of adsorbed molecules through the granule.
Generally, diffusion rates are determined by the mean free path length of the molecules
being adsorbed. The smaller the pores the longer is the mean free path length and the
slower the diffusion rates [33]. By substantially reducing the particle’s size, one could
reduce the length through the tortuous mesopore and micropore structures, thereby
increasing the adsorption rate.

(a)

(b)

Figure 1. (a) TEM image of alumina nanofibers bonded to glass microfiber; (b) SEM image shows
a carpet of alumina nanofibers completely covering the glass microshaft.
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(a)

(b)

Figure 2. (a) Silica nanoparticles deposited on alumina nanofiber/lyocell microfiber; (b) SEM
image of PAC in alumina nanofiber/glass microfiber.

2.2. Mulch preparation
For the purpose of this study, the alumina nanofiber content was optimized at 40 wt%
(R = 0.4) to 60 wt% of glass microfibers (1 − R) so that the alumina nanofibers cover
densely the available surface on the 0.6-μm glass microfiber scaffolding. No other fibers
or binders were added to the mulch. Since the crystalline structure of nanofibers was
identified as pseudoboehmite (AlOOH) [30], the 40 wt% of the alumina nanofibers was
obtained by mixing the aluminum and glass microfibers in deionized reverse osmosis
(DI RO) water in a proportion of 27 g of Al powders to 60 g of glass microfibers to
obtain 40 g of AlOOH nanofibers deposited onto 60 g of glass microfibers. The solid
load in the prepared mulch was M/V = 6 g/L where M is the mass of the assemblies
dispersed in water. The total surface area of alumina nanofibers, SAlOOH, can be
estimated as:
SAlOOH ¼ NAlOOH πdAlOOH lAlOOH ﬃ

4RM
dAlOOH ρAlOOH

(1)

4RM
2
lAlOOH ρAlOOH
πdAlOOH

(2)

where
NAlOOH ﬃ

RD2glass Lglass ρglass
2
ð1  RÞdAlOOH
lAlOOH ρAlOOH

¼

Dglass, Lglass, and ρglass are the diameter, length, and density of the glass microfiber,
respectively, and dAlOOH, lAlOOH, and ρAlOOH are the diameter, length, and density of the
nanofiber.
Unit cell parameters for crystalline boehmite are [34] as follows: a = 0.2768 nm,
b = 1.2227 nm, and c = 0.3700 nm. Assuming that alumina nanofibers grow by the
longest side b of the cell oriented along the length of nanofiber, an estimation shows that
25 cells with a and c sides form a layer within a 2 nm diameter from which 13 cells (or
~50% of all cells) lie on the outside boundary layer. The average length of alumina
nanofiber is 250 nm, therefore 20 layers with b side oriented along the length of the fiber.
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The positive charge of the Al3+ ions situated close to the surface of each nanofiber is
3∙e∙13∙20 = 780∙e, where e is an elementary charge with total charge, QAlOOH, on the
assembly and on the top layer
QAlOOH ¼ 780e  NAlOOH ¼ M  1:6  1020 e=g ¼ M  25:4 C=g

(3)

layer
Qtop
AlOOH ¼ 75e  NAlOOH ¼ 2:4  M C=g

(4)

and with the linear λ0 and surface σ0 charge density values
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λ0 ¼

layer
2:4πD2glass ρglass
Qtop
AlOOH
¼ 2:8μC=m
¼
Lglass
4ð1  RÞ


σ 0 ¼ QAlOOH =SAlOOH  0:08 C m2

(5)

(6)

where ρglass = 2.5 g/cm3. The estimated σ0 value is in good agreement with an experimental value of ~2–10 μC/cm2 of boehmite nanoparticles with a surface area of 124 m2/g
in a solution of 10–2 M NaCl at pH in the range from 6 to 8 [35].
The length of dried assemblies was determined by plotting a discrete density distribution histogram of assembly lengths with the use of an optical microscope. The median
length lassembly was determined at the 50% point of the cumulative curve, and the width of
the distribution was determined as ratios of the length at 16% and 84% on the cumulative
of all microglass fibers, lglass, linked together to form
curve [36]. Lglass is the total lengthsP
a straight cylinder, that is, Lglass ¼
lglass . The median length lassembly of the assemblies
(lglass = lassembly) for the above prepared mulch was found to be 168þ192
108 μm. Assuming
that each of the NanoCeram® assemblies surrounded by a volume of water with a cross
section of A × A and length lglass, the resulting size of the cross section does not depend on
the length of lglass:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π  V  ρglass
V
Dglass
¼
A¼
4ð1  RÞ  M
Lglass

(7)

where A = 14 μm for M/V = 6-g/L loading. The mulch was divided into several parts,
diluted with DI RO water at ratios of 1:20 and 1:250, and pH was adjusted with either
HCl or NaOH by using Oakton pH2700 pH-meter. Table 1 presents the results.

2.3. Latex beads
Monodispersed polystyrene latex microspheres (beads) coated with sulfate groups with a
mean diameter of 30 ± 5 nm were obtained from Duke Scientific Corporation. According
to the manufacturer, the spheres have a net negative charge in aqueous solution. Particles
were used as supplied by the manufacturer and resuspended in DI RO water whose
conductivity is less than 0.1 μS/cm as measured by an Oakton ECTestr 11 conductivity
meter. The charge is provided by a mixture of sulfate and hydroxyl groups on the latex
surface with zeta potential of approximately −82 mV [37].
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Solid load
(g/L)
6

0.3
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Characteristics of alumina nanofiber mulches.
Dilution
λm
factor pH (mS/cma)
1:1

1:20

1:250

9
7
5
3
9
7
5
3
9
7
5

5.8
5.8
6.3
12.1
0.94
0.46
0.50
1.3
0.238
0.118
0.056

Ionic strength
(Na+ or Cl−)
(mM)
50
50
50
100
2.5
2.5
2.5
5
0.2
0.2
0.2

1/k Average distance between
(nm)b two assemblies, 2A (μm)c
1.4
1.4
1.4
1.0
6.3
6.3
6.3
4.4
22
22
22

28
28
28
28
125
125
125
125
443
443
443

kad
0.7
0.7
0.7
1.0
0.16
0.16
0.16
0.23
0.045
0.045
0.045

Note: aConductivity of the medium; bDebye length. For 1:1 electrolyte, the double-layer thickness, 1/k, is
estimated according to Ref. [12] (see text for details); cEquation (7); da is the radius of the alumina nanofiber
(~1 nm).

2.4. Virus and bacteria isoelectric points
The pH value at which the net surface charge switches its sign is referred to as the
isoelectric point and is a characteristic parameter of a virus in equilibrium with its
environmental water chemistry. The IEP value of MS2 bacteriophage in different environments based on averaging of 10 measurements shows a mean IEP value of 3.5 ± 0.6
and with the discrepancy in IEP (ΔIEP) of 1.8 from 2.2 to 4.0 [38]. Two recent studies by
Duek et al. [39] and Chrysikopoulos et al. [40] determined the alteration of the IEP by a
change in water chemistry (e.g., ionic strength or ionic composition) with IEP of the
former case in the range from less than 2 at ionic strengths of 0.0 and 2.6 mM to IEP of
4.4 in the latter case that was measured in double distilled water. In the case when clean
colloidal particles are suspended in absolute pure water, the point of zero charge (PZC),
which is characteristic to the particle’ surface, can be determined. The IEP and the PZC do
not necessarily differ in the presence of monovalent ions; however, the PZC is very
difficult to measure experimentally [38].
MS2 (ATCC 15,597-B1) and fr (ATCC 15,767-B1) bacteriophages are icosahedral in
shape with a diameter of 26–27 [39] and 19 nm [41], respectively. The IEP of fr
bacteriophage is 8.9–9.0 [41]. In this study, MS2 bacteriophage was chosen because it
is often used as a surrogate for human enteric viruses and fr bacteriophage was chosen
because it is electropositive in aqueous suspensions at pH in the range from 3 to 9.
The Escherichia coli bacterium is Gram-negative, rod-shaped, with a cell IEP of 3.5
and zeta potential of ζ ~ −35 mV that is fairly insensitive to pH from pH 6 to pH 9 [42].
The zeta potential of MS2 (ζMS2 ~ −(33–38) mV [40]) is similar to that of E. coli.

2.5. Bacteriophages and bacteria preparation
Stocks of MS2 and fr bacteriophages with concentrations of ~1010 particles/mL and ~108
particles/mL, respectively, were stored at 4°C and then diluted in DI RO water with
conductivity less than 0.1 μS/cm.
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Stocks of E. coli (ATCC 15,597), Raoultella terrigena (ATCC 33,257), and
Acholeplasma laidlawii (ATCC 14,089) with concentrations of ~109 particles/mL were
stored at 4°C and then diluted in DI RO water with conductivity less than 0.1 μS/cm.
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3. Results and discussion
3.1. MS2 bacteriophage adsorption by alumina nanofiber assembly
Three milliliters of well mixed mulch was transferred into a 15-mL sterile centrifuge tube
and 3 mL of MS2 suspension was added whose input concentration was ~1.0 × 109 PFU/
mL with a conductivity of ~28 μS/cm. The contents were allowed to dwell either for 30 s
for a 3-g/L loading or for 8 min for 0.15- and 0.012-g/L loadings. The tubes were then
centrifuged for 5 min at 1300 g. The supernatant was serially diluted by a factor of 10 and
analyzed as plaque forming units with the use of the double-layer method [43]. Briefly,
dilutions of each sample were mixed with host cells, plated on nutrient agar, and
incubated overnight. The resulting plaque counts were converted to PFU/mL. Table 2
shows the results that indicate that at 3-g/L loading, water becomes biologically safe with
respect to virus reduction requirement of 4 logarithm (log10) reduction value (LRV) [44]
after a contact time of 30 s and at 0.15-g/L loading after 8 min in a wide pH range from 5
to 9. It should be noted that the mean length of lglass ~ 168 μm is smaller than the average
distance between two neighboring fibers (2A) for solid loadings of 0.15 and 0.012 g/L.

3.2. Electric field extension
We define electric field extension from alumina nanofiber surface to be equal to a distance
that a small particle travels from the farthest point P in the plane of the assembly with
x = 0 at the center and y = r0 to the surface of the assembly during a certain time interval.
Assuming that the assemblies around a particle are arranged in a form of a 3D symmetry
Table 2.

MS2 bacteriophage adsorption by alumina nanofiber assembly.

Solid load
(g/L)

1/k Average distance between Contact MS2 adsorption
λm
kad
two assemblies (μm)
time (min)
(LRV)c
pH (mS/cm)a (nm)b

3

10.7
9
7
5
3
10.7
9
7
5
3
9
7
5

0.15

0.012

2.9
2.9
2.9
3.2
6.1
0.48
0.48
0.24
0.26
0.67
0.133
0.073
0.042

2.0
2.0
2.0
2.0
1.4
8.9
8.9
8.9
8.9
6.3
32
32
32

40
40
40
40
40
177
177
177
177
177
626
626
626

0.5
0.5
0.5
0.5
0.5
8
8
8
8
8
8
8
8

1.9
4.4
5.7
4.6
2.5
0.13
4.0
7.6
5.2
1.7
0.6
0.9
5.4

±
±
±
±
±
±
±
±
±
±
±
±
±

1.0
0.7
1.0
0.8
1.2
0.18
1.4
0.3
0.5
0.3
0.3
0.2
0.6

6.5
6.5
6.5
6.5
9.3
1.5
1.5
1.5
1.5
2.1
0.4
0.4
0.4

Note: aConductivity of the medium; bDebye length (see footnote ‘b’ in Table 1); clogarithm (log10) reduction
value; da is the radius of MS2 bacteriophage.
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Table 3.

Electric field extensiona from alumina nanofiber surface (μm).

Average distance
Ionic
MS2
between two
strength
removal
assemblies
1/k
(Na+ or
Solid load
Resistivity
(LRV)
2A (μm)c
(g/L)
pH
(Ω∙m)
Cl−) (mM) (nm)b
0.15

0.012

9
7
5
3
9
7
5

21
42
38
15
76
137
238

1.25
1.25
1.25
2.5
0.1
0.1
0.1

8.9
8.9
8.9
6.3
32
32
32

177
177
177
177
626
626
626

4.0
7.6
5.2
2.5
0.6
0.9
5.4

±
±
±
±
±
±
±

1.4
0.3
0.5
0.8
0.3
0.2
0.6

Depth of
electric field
extension, r0
(μm)d
kae
84
88
87
76
116
156
308

1.5
1.5
1.5
2.1
0.4
0.4
0.4
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Note: aMeasured with the use of MS2 bacteriophage; bDebye length (see footnote ‘b’ in Table 1); cEquation (7);
d
Equation (8); ea is MS2 radius.

(e.g., a sphere with diameter of 2A or a cube with side of 2A), the removal efficiency of
the particle from the suspension could be used to estimate r0:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

3 Cfinal
r0 ¼ A 1 
Cinitial

(8)

where Cinitial and Cfinal are the initial and final concentrations of particles. We chose
MS2 bacteriophage as a model particle to measure r0 as a function pH because its
electrophoretic mobility is fairly insensitive to pH in the range of 4.5 < pH < 9.0 and
because ζMS2 ~ −(36–38) mV [39] that is fairly insensitive to pH from pH 7 to pH 9.5.
Table 3 and Figure 3 present the results, which show that the farthest reach of electric
field to attract and collect MS2 particles at 8-min contact time is 0.3 mm. Moreover, the
depth of electric field extension can be approximated by a linear function of electrolyte
resistivity with the extrapolated value in a high salinity water of about 50 μm, which
explains the MS2 removal efficiency that is greater than 99.9997% at NaCl concentration of 200 g/L by two layers of alumina nanofiber–PAC media with average pore size
of 2 μm and at flow velocity of 0.7 mm/s [45].

3.3. Mechanism
It is apparent that the assembly structure presented in this work possesses a combination
of several unique features:
(1) The screening around the nanofibers becomes negligible (ka ≪ 1) at electrolyte
strengths less than ~10 mM (ka ~ 0.3).
(2) As a result, the entire volume of aqueous suspension becomes electropositively
charged within the alumina nanofiber layer of 250 nm deep that appears as a fuzzy
region on the glass microfiber core (Figure 1(a)).
(3) The entire electropositive volume within the fuzzy region together with the top
ends of the nanofibers further repel the electronegative screening layer around the
entire assembly especially at low ionic strengths.
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Depth of electric field extension (μm)

y = 1.0038x + 49.41
R2 = 0.9571

400

300

200

100

0

0

50

100
150
Resistivity (Ω·m)

200

250

Figure 3. Extension of electric field from alumina nanofiber surface as a function of electrolyte
resistivity.

(4) The resulting polarization field extends far beyond the DL. The near field has a
range of O(1/k) and the far field of O(a) [46], where a is the radius of the
assembly (~0.55 μm).
(5) As a result, the expressions for the potential ψ(r) and for the strength of electric
!
field E ðrÞ acquire the forms of a charged cylinder without countercharge in the
range close to the assembly (near field) estimated at ~6–32 nm (see Table 3 for
0.15- and 0.012-g/L loadings), that is, the Coulomb case, and both functions
decay as 1/r, where r is the distance from the assembly surface. This range is
comparable with the radius of some bacteriophages (e.g., MS2 and fr).
If we place the cylinder on the x axis with the origin on the center, we can determine
the electric field on a point P on the y axis at y = r0 > 0; the magnitude dE of the electric
field (at point P) caused by the charge dQ = λdx on the x axis is given by [47]:
dE ¼

dQ
4πε0 εm r2

(9)

where r = r0∙secθ, θ is the angle at point P between r0 and r, ε0 is the dielectric permittivity
of vacuum, ε0 = 8.8542 × 10–12 C2/J∙m, and εm is a dielectric constant of dispersive
medium with respect to vacuum. Integration from θ1 to θ2 where θ1 is the angle at point P
between r0 and rleft, where rleft is the radius vector from point P to the left side of the
assembly, and θ2 is the angle at point P between r0 and rright, where rright is the radius
vector from point P to the right side of the assembly in the x−y coordinate plane gives:
λ0
Ex ¼ 
4πε0 εm r0

Zθ2
sin θdθ
θ1

(10)
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λ0
Ey ¼
4πε0 εm r0

Zθ2
cos θdθ

(11)

θ1

Thus, the electric field at point P is
~
E ¼ ðEx~i þ Ey~jÞ

(12)

In the limiting cases:
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(1) when a small particle (a ≪ L) is close to the assembly, integrating from
θ1 ¼ π=2ðx ! 1Þ to θ2 ¼ π=2ðx ! 1Þ gives Ex = 0 and
Ey ¼

λ0
2πε0 εm r

(13)

(2) when a small particle at point P (x = 0, y = r0) is at one half of the distance between
assemblies, 2A, integrating from θ1 ¼ π=4ðx ¼ r0 Þ to θ2 ¼ π=4ðx ¼ r0 Þ gives
Ex = 0 and
λ0
Ey ¼ pﬃﬃﬃ
2 2πε0 εm r0

(14)

It is important to note that a particle together with surrounding its ‘screening DL’ is
electroneutral in a suspension, and in the case of nonlinear ‘induced – charge’ electrokinetic phenomena [16–19] such as dielectrophoresis and electrorotation, the part of the
total force and torque applied to the screened particle influences both the EDL movement
and the particle itself. Polarization effect induced on a screened particle by a static
external field created by the nanoassembly in suspension can be described as [48]:
!
ind
!
p screened ¼ γind
screened E

(15)

ind
ind
ind
ind
ind
p particle þ !
p EDL and γind
where !
p screened ¼ !
screened ¼ γparticle þ γEDL are induced dipole
moment of the screened particle and its effective unitless polarizability, respectively. If
the particle is charged, a significant increase in the equilibrium Debye atmosphere results in
an increase of the force acting on it and may become comparable or higher than the force
applied directly to the particle [48]. As a result, the effective polarizability of a screened
particle at ka ≪ 1 can greatly exceed (see Figure 5.7a in Ref. [48].) the maximum
polarizability value γmax(εm, a) = 4πεmε0a3 of a sphere of radius a in a medium with
permittivity εm. More detail estimation of polarizability value γmax(εm, a) that includes
surface and dispersive medium conductivities is given in Ref. [8] (see Equation (2.38)).
The total force acting on a polarized screened particle in a nonuniform electric field is
given as [16]:


!
! !
!ind
ind
p screened  Ñ E ¼ γind
F screened ¼ !
screened E  Ñ E

(16)
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The total torque of electric forces acting on a screened particle with induced dipole
ind
moment !
p screened is expressed as a cross product [48]:
!ind
!
ind
M screened ¼ !
p screened  E

(17)

The dielectric velocity vde
screened is calculated by equating the total force acting on a
polarized screened particle and Stokes viscous force:
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vde
screened



ind
! !
4πem e0 γind
þ
γ
EDL
particle
¼
E Ñ E
6πμa

(18)

where μ is the viscosity of the dispersion medium and a is the particle’s radius.
Substituting Equations (13) and (16) in Equation (18), we obtain the following:

vde
screened

¼

 
ind
2 0
γind
particle þ γEDL a λ

2

12π 2 εm ε0 μr03

(19)

The total polarizability of the screened particle γind
screened as well as polarizabilities of the
ind
particle γind
particle and EDL associated with it γEDL are functions of the ratio of the radius of
the particle, a, to the Debye length 1/k, that is ka, particle zeta potential, ζ, and the εp/εm
ratio and temperature of the medium. For the typical case of aqueous suspension of
dielectric particles (e.g., virus, bacteria, and latex beads) at 25°C, when εp ~ 2, εm ~ 80,
|ζ| = 50 mV [48] (we use here the absolute value of zeta potential |ζ| in accordance with
Equation (5.74) in Ref. [48]) calculated value of γind
screened ~6 for ka ~ 1 (see Figure 5.7a in
Ref. [48]) and γind
screened ,0:5 for ka ~ 5. These total induced polarizabilities of the screened
particles γind
screened allow the explanation of the high removal efficiency for MS2 bacteriophage at pH 3 (Tables 2 and 3) as well as good fr bacteriophage removal efficiencies at
pH in the range from 5 to 9 (see Tables 6 and 7 later) that are below their PZC values of
3.9 and ~8.9–9.0, respectively.
Assuming that λ is equal to the calculated value of λ° =2.8 μC/m (Equation (5)), the
estimated strength of electric field in the near field zone (at ionic strength of 0.1 mM up to
32 nm from the surface of alumina nanofiber, that is, at r0 ~ 0.6 μm) is Ey ~ 107 V/cm.
This value is 1–2 orders of magnitude greater than the typical values for the screened
Stern layer that is assumed to be on the order of ion size [49].

3.4. Electrokinetic motion of MS2 and E. coli in electric field of assembly
Table 4 shows dependence of MS2 and E. coli removal efficiencies by the assemblies at
0.15- and 0.012-g/L loadings vs. contact time. No centrifugation step was performed in
this case. Results indicate that MS2 and E. coli particles have similar average velocities at
two different loadings of 0.15 and 0.012 g/L in the electric field created by the assemblies.
Moreover, the calculated and experimental values of average velocities for MS2 bacteriophage are similar as well.
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Table 4.

Dependence of MS2 and E. coli removal by assembly vs. contact time at pH 7.

MS2 or
E. coli

Solid
load
(g/L)

MS2

0.15

47

0.012

147

0.15

32

0.012

99

E. coli
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1/k
vcalc.
Rm
a
b
b
c
(Ω∙m) (nm) ka γ (μm/s)d
8.9 1.5 2
32

53

0.4 5

149

Contact
time,
tcont. (s)
2
8
30
2
8
30
120
2
8
30
2
8
30

vexp
MS2 or E. coli
r0
e
removal (LRV) (μm) (μm/s)f
4.5
4.7
5.2
0.4
0.5
0.6
0.9
0.8
2.2
2.6
0.24
0.9
1.2

±
±
±
±
±
±
±
±
±
±
±
±
±

0.2
0.3
0.1
0.2
0.1
0.2
0.7
0.4
0.7
0.8
0.13
0.8
0.5

86
86
87
83
100
116
156
41
72
76
53
156
188

43
42

21
27

Notes: aResistivity of the dispersive medium; bDebye length (see footnote ‘a’ in Table 1);
c ind
d
e
ind
γscreened ¼ γind
particle þ γEDL ; Equation (19); distance that MS2 or E. coli travels from the farthest point P in the
plane of the assembly with x = 0 at the center and y = r0 to the surface of the assembly during a certain time
interval; fvexp = r0/tcont.

3.5. Electrophoretic mobility of MS2
The electrophoretic mobility, μ, is defined as a ratio of field-induced particle velocity, v, to
the homogeneous field strength, Eext, in the liquid at a large distance from the particles. In
the present case, we can define an average static electrophoretic mobility hμi as:
hμi ¼

hvi
hEi

(20)

It should be noted that dielectrophoretic velocity vde
screened is a quadratic function of the
strength of electric field (Equation (18)).
From the data given in Table 4 for flow velocity and the electrophoretic mobility in
aqueous solution of μ ≈ 3 μm/s/V/cm at ionic strength of 3 mM (approximately −2.5 log
[Na+]) [50], we can estimate average strength of the electric field hEi in the solution as
~14 V/cm at r0/2 = 43 μm (Table 4). This value is in a good agreement with the
electrophoretic velocity calculated with the use of Helmholtz–Smoluchowski equation
for electrophoresis [51]:
ve ¼

εm ε0 ζ
E
μ

(21)

where ζ is the zeta potential. The average strength of electric field in aqueous solution at
25°C with ve of 86 μm/s (Table 4) and ζ(MS2) = −40.4 ± 3.7 mV [39] at pH 7 can be
estimated at 15.2 V/cm. This good agreement in the electrophoretic velocities obtained
from data for electrophoretic mobility [50] and from Helmholtz–Smoluchowski equation
for electrophoresis [51] indicates that the characteristic time scale for attracting and
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adsorbing of MS2 and E. coli particles in aqueous suspensions of the assemblies at 0.15and 0.012-g/L loadings is about 2 s, which is consistent with formation times of haloes
(2–4 s) by the Indian ink particles [14].

3.6. Viruses, bacteriophages, and bacteria adsorption by alumina nanofiber
nonwoven media
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Table 5 shows virus, bacteriophage, and bacteria removal efficiencies by a single layer of
alumina nanofiber media by either a pleated cartridge or a 25-mm-diameter disk at flow
velocity in the range from 0.7 to 1.4 mm/s. Initial removal efficiencies by 0.8-mm-thick
media reported in Table 6 are high for viruses, bacteriophages, and bacteria. Most bacteria
and most other contaminants encountered in nature are electronegatively charged in water
[52]. A notable exception is fr bacteriophage that is electropositive at pH less than about
8.9–9.0 [41]. Yet, the initial removal efficiency for the fr at pH 7 is high as well, i.e.,

Table 5.

Bacteriophage, bacteria, and virus removal efficiencies by alumina nanofiber media at pH 7.

Organism
Virus

Bacteriophage
Bacteria

Species

Size (μm)

Initial removal efficiency (%)

Poliovirus 1
Echovirus 1
Coxsackievirus B5
Adenovirus
MS2
fr
E. coli
Raoultella terrigena
Acholeplasma laidlawii

0.025–0.030
0.050–0.080
0.027
0.070–0.090
0.027
0.020
0.5e–2f
(0.3–1)e∙(0.6–6)f
(<0.2)e∙(~0.5)f

>99.92 ± 0.01a,b
>99.98 ± 0.00a,b
>99.991 ± 0.01a,b
>99.997 ± 0.00a,b
>99.9999c,d
>99.9999c,d
>99.99999c,d
>99.99999c,g
99.95 ± 0.05c,d

Note: aRef. [53 © [American Society for Microbiology]. Reproduced by permission of American Society
for Microbiology.]; bwith the use of VS2.5-5 cartridge (available from Argonide Corporation); cpresent
work; d25-mm-diameter, 0.8-mm-thick filter disk (available from Argonide Corporation); ediameter;
f
length.

Table 6.

Bacteriophage fr adsorption by alumina nanofiber assembly at pH 7.

Average distance
Solid load
Conductivity 1/k between two assemblies,
2A (μm)b
(g/L)
pH
(mS/cm)
(nm)a
3

0.15

10
9
7
5
9
7
6
5

4.0
3.5
3.5
3.6
0.34
0.32
0.32
0.33

2.0
2.0
2.0
2.0
8.9
8.9
8.9
8.9

40
40
40
40
177
177
177
177

fr removal
efficiency
(LRV)
−0.12 ± 0.12
2.0 ± 0.2
4.2 ± 0.3
4.1 ± 0.3
0.14 ± 0.10
0.26 ± 0.16
0.27 ± 0.06
0.39 ± 0.03

r0
(Equation
(15)) (μm)c kad
0.0
15.7
19.2
19.1
9
16
17
23

±
±
±
±
±
±
±
±

1.5
0.7
0.2
0.2
6
9
4
2

4.8
4.8
4.8
4.8
1.1
1.1
1.1
1.1

Note: aDebye length (see footnote ‘a’ in Table 1); bEquation (7); cdistance that fr travels from the farthest point P
in the plane of the assembly with x = 0 at the center and y = r0 to the surface of the assembly in 8 min; da is the
radius of fr.
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Table 7.

fr bacteriophage removal efficiencies by alumina nanofiber media as a function of pH.
Initial removal efficiency (%)

pH

Conductivity (μS/cm)

One layer

Two layers

3
5
7
8
9
10
11

495
41
34
74
70
80
1180

99.9 ± 0.2
>99.99994
>99.99994
>99.99992
>99.9999
99.994 ± 0.004
37 ± 16

99.999 ± 0.003
>99.99994
>99.99994
>99.99992
>99.9999
>99.9999
97 ± 45

ζ potential (mV)
−4a
16
47
46
26
23a
~0a

±
±
±
±

2a
9a
6a
4a
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Note: apresent work.

>99.9999% [54] with a single layer of the media at a flow velocity 0.7 mm/s. Results of
Tables 6 and 7 show good adsorption of fr bacteriophage in electric field of assembly
dispersed in aqueous solution.

3.7. Latex beads adsorption by alumina nanofiber assembly
Figure 4(a) shows SEM images of 30-nm latex beads partially covering alumina nanofiber
media. In this case, a single drop of latex beads dispersion was deposited onto a dry
media. Figure 4(b) shows significant change in latex beads morphology while the
suspension of latex beads was either filtered through the wet media or adsorbed by the
assemblies in the mulch. This remarkable change in morphology is a consequence of
polarization effect induced by the external field created by the assembly in aqueous
solution (see Equation (15)). In the former case, it appears that there was not enough
time for the beads to acquire additional charge via the polarization effect because the
media were originally dry and there was not enough torque to rotate the bead (see
Equation (17)). This change in latex beads morphology was further studied by secondary
ion mass spectrometry run in the event-by-event bombardment/detection mode [55,56].

(a)

(b)

Figure 4. (a) SEM image of 30-nm latex beads partially covering assembly; (b) SEM image of 30nm latex beads that changed morphology from spherical to flake-like.
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It should be noted that no such a polarization effect was evident while filtering E. coli
bacteria by alumina nanofiber media from dry airstream. However, the same media
remove E. coli bacteria from an airstream with 99.9992% efficiency [31] at relative
humidity close to 100% due to the polarization effect induced by the E. coli bacteria in
the wet media.
If one assumes that negatively charged surface of a 30-nm latex bead is exposed to
NAlOOH, the number of nanoalumina fibers than the total positive electric charge ‘seen’ by
the latex bead (see Equation (3)) is:
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QAlOOH , 780  e  NAlOOH

(22)

From Figure 2, we can assume that NAlOOH is approximately equal to 20, and nanoalumina
fibers are evenly distributed on the surface of a half sphere around a latex sphere with
radius R = lAlOOH and Qbead ~ 100∙e, then the force acting on the bottom of the 30-nm
bead can be estimated as:
Fz ¼ Ez Qbead ¼

σ 0AlOOH Qbead
 4:6  1010 N
4ε0 εm

(23)

where a thin half sphere, uniformly charged with charge density σ0, creates the electric
field at the center of the sphere of σ0/4πε0εm with the z-component coinciding with the
symmetry axis of the half sphere. Differential pressure acting on the negatively charged
bottom part of a soft latex bead is:
ΔP ¼

Fz
2Fz
¼
¼ 320; 000 Pa,3:2 bar
Sbead =2 πD2bead

(24)

This differential pressure acting on the negatively charged bottom part of a soft latex bead
appears to be enough to transform spherical particle into a flake. No organic solvents were
used during the remarkable change in the morphology of latex particles seen in Figure 4.
It should be noted that alumina nanofiber media adsorb 30-nm-diameter latex beads with
even greater efficiency from methyl and ethyl alcohols and their mixtures. For example,
the capacity of 25-mm-disk for removal of 30-nm-diameter latex beads at an input
concentration of 1013 particles/mL is 1.45 × 1014 beads [57] in water suspension. This
compares to 1.0 × 1015 beads in ethyl alcohol and greater than 1.5 × 1015 beads in a 50%/
50% mixture of methyl/ethyl alcohol.

4. Conclusions
This article demonstrates how strong electropositive charge properties of alumina nanofiber assemblies dispersed in polar liquids and nonwoven media can be used as a means of
collecting and separating submicron and micron particles such as viruses, bacteriophages,
bacteria, and latex spheres. The assembly creates a strong electric field that extends as far
as 0.3 mm from alumina nanofiber surface into an aqueous dispersive medium. This is
many orders of magnitude (>4) greater than that predicted by the DLVO theory.
The nonwoven media adsorb submicron particles predominately on the basis of a
combination of their inherent charge and acquired induced polarization charge, rather than
by physical entrapment based on particle size. The media have a high dynamic response
for adsorption, allowing purification within a very shallow bed and at flow rates at an
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order of magnitude greater than that can be achieved with an ultraporous membrane. A
given particle can be eluted by replacement with one that is more adherent. For instance,
viruses can be lifted off the media by replacement with beef extract. The media are
suggested for purification of virus and proteins, where a high dynamic binding capacity is
combined with high flow velocities at low differential pressure. Chromatographic separations of a range of submicron particles of biological relevance such as viruses, chromosomes, DNA, RNA, and macromolecules at pressure drops less than 1 bar over ambient,
in thin beds with high flow rates appear feasible.
Strong electron field emission from the alumina nanofiber/microglass assembly was
measured, and we speculate that it might be similar to that of electron field emission from
carbon nanotubes [58]. It is a quantum effect where under a sufficiently high external
electric field, electrons near the Fermi level can tunnel through the energy barrier and
escape to the vacuum level.
After more than a century of the research in the field of colloid science pioneered by
Helmholtz in 1853, interactions between charged colloidal particles are still a very
puzzling matter. A high-level quantum mechanical research is needed to resolve the
controversy between the DLVO and the Sogami theories. Whatever the mechanism of
attraction and adsorption of nanosize and micron-size particles by alumina nanofiber
assembly presented in this work, the long-range phenomena are novel and striking and
may have important implications not only for surface science but also for physics and life
sciences.
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