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Non-Woven Electrostatic Media for
Chromatographic Separation of Biological Particles

Fred Tepper, Leonid Kaledin, and Tatiana Kaledin

Argonide Corporation, Sanford, Florida, USA

Abstract: Nano alumina fibers, 2 nm in diameter and approximately 0.25 mm long
are electroadhesively grafted to a microglass fiber. A non-woven media is formed
by conventional wet-laid paper making technology. The media has a high affinity
for virus, DNA=RNA, proteins, endotoxins, and antigens. A model was devel-
oped using data from adsorption of 30 nm latex spheres and was verified with
MS2 coliphage.

The media is capable of separating equal size a3 and MS2 viruses. The
process may be used for concentration and separation of biological particles, at
high rates of flow and at pressures less than�1 bar over ambient.

Keywords: DNA, Electrostatic adsorption, Filtration, Protein, RNA, Virus

INTRODUCTION

Non-woven media are often referred to as depth filters, because a particle
has to traverse hundreds of pores before passing through the filter. They
can be pictured as a series stack of filters, providing redundancy in depth.
A defect at one level is compensated by layers beneath as compared to
membranes, where a point defect can result in substantial increases in
leakage.
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Electroadhesive adsorption is a mechanism that is less dependent
upon pore size than is the case with membranes or with typical depth
filters. For decades, asbestos, an electropositive fiber, was used in non-
woven filters until concerns about its carcinogenicity surfaced. Since then
there have been many attempts to find a substitute electropositive filter.
Membranes have been surface modified to provide some electropositive
functionality, but because of their limited surface area, the benefits pro-
vided by such functionality are marginal. A non-woven filter format is
best suited for separation via electroadhesion. The Cuno Corporation
is the leader in such technology.

Electroadhesion utilizes the difference in charge that may exist
between a membrane surface (or fiber) and a particle in an aqueous solu-
tion, where a charge is built up by the double layer effect. The zeta poten-
tial is a measure of the driving force between the particle and the fixed
surface, acting to attract or repel the two. Most bacteria and most other
particles are electronegative in water. The zeta potential tends to become
more electronegative as the particle size decreases. The presence of salts
and=or a moderate pH can adversely affect the electroadhesive function
of commercially available electropositive media.

A novel water purification filter has been in development over the
past eight years. The filter’s active component is a nano alumina mono-
hydrate fiber (AlOOH), only 2 nm in diameter. The isoelectric point of
raw fibers is approximately 11.1.[1] Particles with an electronegative
charge are attracted and retained by the nano alumina.

The nano alumina has been extensively used for decades as an adju-
vant in vaccines[2] where the nano alumina serves as a carrier of antigens.
Greater than 2 billion injections have been injected into human muscle
tissue and countless more into domestic animals. The AlOOH (also
known as Alhydrogel) is dissolved by citrate ion,[3] and is carried to the
kidney where the aluminum is eliminated.

Figure 1 shows the TEM image of the nano alumina bonded to a
microglass fiber. The nano alumina appears as a fuzzy layer on the micro-
glass core. Polymeric fibers, primarily polyester plus cellulose, are added
to the microglass=nano alumina composite for improved formability
and pleatability. The nano alumina fiber content is optimized at 35 weight
percent, so that the nano alumina fibers completely occupy the available
surface of the 0.6 mm microglass fiber scaffolding, thus increasing the
density of exposed electropositive charges that would collect electronega-
tive particles. Early in the development of the media, the zeta potential for
a 35 wt% sheet was in the range ofþ30 mV. As the manufacturing process
became more refined, the zeta potential increased to aboutþ50 mV.

The filter media is about 0.8 mm thick, resulting in approximately
400 pores that a particle must transit before exiting as filtrate. The com-
bination of a dense attracting field and a tortuous path before exiting,
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increases the retentivity of a particle so that it is equivalent or better than
an ultraporous membrane, yet the flowrate is equivalent to a 2 mm depth
filter; the large density of positive charges results in a high capacity for
retaining sub-micron or nanosize particles.

Figure 2 shows a filter media that had been immersed in a concen-
trated solution of T4 phage for four hours and was washed with ethanol.
This phage has an ovoid head approximately 60 nm across and 90 nm
long.[4] A tail extends out about 200 nm. Note that the phage particles
are crowded onto the media and appear to be tightly attached even after
a 5 minute wash with ethanol. There is a growing consensus that coli-
phages can be used as indicator organisms for the presence of human
pathogenic viruses,[5–9] much in the same way as coliforms are used to
indicate the possible presence of bacterial pathogens.

This paper describes the development of an adsorption model. The fit
of experimental virus adsorption data suggests a more extensive model
that would describe both adsorption=desorption, aka, a mass transfer
model that would be similar to those describing liquid chromatography.
Data are provided where two nearly identically sized coliphages, a3 and
MS2, are separated by displacement with a beef extract containing
solution, or by elution with sodium carbonate. The data suggest that
the media could be used for concentration and separation of biological

Figure 1. TEM image of nanoalumina bonded to microglass fibers.
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particles, at high rates of flow and at pressure drops less than�1 bar over
ambient. The resulting benefits would be substantial reduction in the cost
and complexity in the downstream process liquid chromatographic
separation of biological substances.

EXPERIMENTAL

Media Characteristics

X-ray diffraction patterns have identified the monohydrated nano alu-
mina as predominantly pseudoboehmite (AlOOH). TEM’s show the
fibers to be 2 nm in diameter and approximately 0.25 mm long, that are
electroadhesively grafted to a microglass fiber. The surface area, com-
puted from the external surface of the 2 nm fiber, is about 600 m2=g,
and its BET surface area ranges between 200 and 550 m2=g. This suggests
that most of the surface area is external and accessible to particles and
macromolecules, as compared to granular sorbents, where most of the
surface area is within internal pores and unavailable to particles and large
macromolecules. The pore size of the media (NanoCeram1 or NC) can
be varied from about 1 to 30 mm, although a 2–3 mm pore size was
selected for purifying drinking water. The media has a rapid dynamic
response for adsorbing bacteria, virus, and nucleic acids from biological

Figure 2. T4 phage attached to nano alumina=microglass fiber.
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solutions. Typically, 5 LRV (logarithm reduction value) of bacteria and 4
LRV of viruses are retained by a pleated 0.8 mm thick layer at
25 L=m2=min at a DP of 0.4 bar. Most bacteria are large enough to be
mechanically filtered, but smaller particles such as virus, protein, and
nucleic acids are retained principally by electroadhesion.

The media can be modified by addition of ultra fine or nano size
particles to the formulation. This innovation has resulted in a media con-
taining powdered activated carbon (PAC, average particle size�8
microns). This PAC media has a high dynamic adsorption efficiency as
compared to granular carbon media. It has been commercialized and
has been certified under NSF=ASI Standard 53 as being safe for use in
purifying drinking water.[10]

Media containing silica (�15 nm), nano titanium dioxide (�10 nm),
and RNA have been integrated into the nano alumina media to produce
other media with alternative adsorption properties.

Streaming and Zeta Potentials

Zeta potential (f) is an important and reliable indicator of the surface
charge on the media and is a useful tool for the prediction of its adsorp-
tion efficiency for various particles. Zeta potential cannot be measured
directly, but must be deduced from experimental data with the use of
an appropriate model. The zeta potential can be determined by standard
electrokinetic methods such as streaming potential.[11] Streaming poten-
tial is the electric potential that is developed when a liquid is forced
through a network of pseudo capillaries within the matrix of the media.
The fluid flow across the porous medium creates a potential that could be
measured by using a pair of electrodes.

The streaming potential apparatus was similar to that described in
Ref. [11]. The streaming potential was measured by means of a pair of
Ag=AgCl electrodes located on both part of the filter at pH�7. The solu-
tion of a known conductivity as measured by Oakton ECTestr Pure
(Fisher Scientific, resolution 0.1 mS=cm) is placed in a pressurized vessel
and pressure is applied to the vessel and, therefore, to the filter. The
streaming potential is found by applying at a given time an over pressure
(DP, bar) to the vessel and measuring resulting potential difference
(D/�Es, V) on both sides of the filter disc. The Es and DP values are
measured at �1 mV and �0.03 bar, respectively, for virgin NC filters
and filters loaded with fumed silica (Cab-O-Sil) and RNA as a function
of pressure drop for water with conductivities of 1.3, 1.8, and 20.2 mS=cm.

It has been long recognized[12] that in the capillary flow situation the
apparent zeta potential (f) is a function of bulk conductivity of filtered
liquid (kb) while the true zeta potential (ftrue) is a function of bulk
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conductivity of filtered liquid (kb) as well as surface conductance effect
due to the capillary tube material (ks).

The manufactured NC media has a zeta potential typically in the
range ofþ50 mV at pH 7 (see Table 1). Approximately 5% RNA (torula
yeast, Sigma-Aldrich) was added to the slurry in forming hand sheets pre-
pared using a method similar to that described in the standard TAPPI
method.[13] Streaming potential measurements showed that the hand
sheet had become electronegative (f¼�5.7 mV).

Zeta Potential and Virus Retention

Table 2 shows the affect of increasing the ratio of nano alumina to micro-
glass on the zeta potential as well as on the retention of MS2 (icosahedral
virus with diameter 27.5 nm,[14] (ATCC1 15597-B1TM) and PRD-1 (the
smallest dimension is 66 nm between opposing faces and the largest is
74 nm between opposing vertices,[15] ATCC 824) coliphages. The filters
in these experiments were�1.6 mm thick and the flow rate was 10 mL=
cm2=min. Note that pure microglass fiber, which is electronegative, is
very ineffective for filtering MS2 virus. As the ratio of nano alumina
increases, the charge becomes positive. At about 15 weight percent
(wt%) alumina, virus retention becomes very high. At about 50 wt%
nano alumina, the surface of a 0.6 mm glass fiber is saturated with nano
alumina fibers.

Table 1. Zeta potential and surface conductance of different NanoCeram media

Weight %
NanoCeram
on glass Additive

Weight
% of

additive

Pore
size,
mm

True zeta
potential,

mV

Surface
conductance

ks, nS

40 0 2 29a�5 0.4�0.2
38 0 2 54b�6 1.3�0.7
26 PACc, APSd�8 mm 32 3 47b�5 3.8�1.7
29 Fumed silicae APSd

�15 nm
28 2 56a�6 2.1�1.0

29 TiO2 APSd�5 nm 29 2 31a�4 3.8�1.7
30 TiO2 APSd�5 nm 20 2 35a�4 2.8�1.4
35 RNA from

Torula yeast
5 2 �5.7a�4 0.04�0.04

adata for laboratory handsheet.
bdata for manufactured material.
cpowder activated carbon.
daverage particle size.
eCab-O-Sil.
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Table 3 shows the retention of the filter media for MS2 phage as
compared to a competitors electropositive media, which has been used
for virus filtration applications for several years. A filter disc of the
NC media was compared to a double layer of the competitor’s media,
so as to have a similar basis weight. Each filter was continuously chal-
lenged with MS2 solution. Ten milliliter aliquots were collected from
solutions passed through 25 mm discs at a rate of 160 L=m2=min and were
assayed for phage by a conventional soft agar overlay method.[16] Note
that the NC media maintained a high level of phage retention at pH
9.2 and also in the presence of 30 g=L of dissolved salt, while the compe-
titive media was almost transparent to the phage under these conditions.

Table 3. MS2 removal by electropositive media

Challenge water MS2 removal,%

Media
Thickness

(Mm)

Basic
weight
(g=m2) pH

TDSa

(g=L)
MS2b

(PFU=mL)
0–10
(mL)

60–70
(mL)

130–140
(mL)

NC
Filter

0.8 220 7.2�0.1 0 6 � 105 99.5 99.5 99.8

9.2�0.1 0 5 � 105 99.0 96.2
7.2�0.1 30 5 � 105 99.4 98.6
9.2�0.1 30 4 � 105 97 90

Other
electro-
positive
filter

0.8c 210c 7.2�0.1 0 6 � 105 99.3 92 62
9.2�0.1 0 3 � 105 60 13
7.2�0.1 30 5 � 105 4 6
9.2�0.1 30 4 � 105 0 0

aTotal Dissolve Solids (TDS) – sea salts.
bMS2 input concentration; Plaque Forming Units (PFU).
cfor double layer.

Table 2. Zeta potential and virus removal

Weight %
NanoCeram
on glass

True zeta
potential (mV)

MS-2 %
removal

PRD-1 %
removal

0 �35 8 Not done
5 �10 29 Not done

10 7 94 Not done
15 15 >99.9999 >99.99999
25 35 >99.9999 >99.99999
40 29 >99.9999 99.99991
50 23 >99.9999 >99.99999
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Adsorption of Nucleic Acids

Three different DNA solutions (500mg=mL in 50 mL) were prepared using
nuclease free water. The DNA used were: calf thymus (M. W. 6,000,000
ICN Biomedicals Inc., Ohio), E. coli (isolated by procedure of marmur,
ICN Biomedicals Inc., Ohio), and salmon sperm (Fisher Bioreagents, Fair
Lawn, NJ). NC filters discs (25 mm diameter, 1.2 mm thick) were mounted
in filter holders. Water (100 mL) was passed through each of nine filters.
Fifteen milliliters of the DNA solution was then passed through each filter
at a flow rate of 15 mL=cm2=min. The effluent was collected in nuclease free
tubes. The DNA concentrations in filter effluents were measured using a
Hoefer TKO 100 mini fluorometer (Hoefer Scientific Instruments, San
Francisco). In every case the effluent had< 10mg=mL of DNA with an
average of 4.1mg=mL, demonstrating a retention greater than 99% in all
cases.

The filter’s capacity was determined for calf thymus, E. coli, and
salmon sperm DNA to be greater than 88 mg=g, 100 mg=g, and 88 mg=g,
g, respectively, at greater than 99% recovery level and at input concentra-
tion of�500 mg=mL (see Table 4). When BSA (bovine serum albumin)
was passed through the filter prior to the test, DNA capacity was reduced
by a factor of�10. Presumably, the BSA competes for the same sites.

Breakthrough curves were developed for adsorption of RNA derived
from torula yeast (Sigma-Aldrich) in a buffered Tris-EDTA solution

Table 4. Sorption capacity of NanoCeram1 filter media

Adsorbate Source

Influent
concentration

(mg=mL)

Sorption
capacity

to 99% of
retention limit

(mg=g)

Sorption
capacity

to 50% of
retention limit

(mg=g)

DNA Calf Thymus 523 250a 88b

E. coli 610 290a 100b

Salmon sperm 541 250a 88b

RNA Torulla yeast 100 85a 30b 185a 65b

Protein BSAc 85a 30b 1600–3100a,d

Endotoxins E. coli endotoxin
055:B5

48e 3400a 1200b

awith respect to weight of nanofibers.
bwith respect to NanoCeram media.
cbovine serum albumin.
dRef. (1).
eReference Standard Endotoxin=Control Standard Endotoxin (RSE=CSE) ratio
is 10 EU=ng.
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(100 mg=mL at pH 8.0� 0.1). The blue fluorescent DAPI nucleic acid
stain (Molecular Probes, fluoropure grade) was added to RNA solution.
The excitation maximum for DAPI bound to RNA is 358 nm and the
emission maximum is 500 nm. NC filters (25 mm diameter, 1-, 2-, and
4-plies) were challenged by aliquots of 0.3 mL to 15 mL of RNA=DAPI
solution at a flow rate of 20 mL=min. The fluorescent signal was mea-
sured with the use of a Hoefer TKO-100 mini fluorometer. Figure 3
shows that the dynamic capacity is proportional to bed depth. The
capacity for torula yeast RNA was measured as 30 mg=g at an input
concentration of 100 mg=mL.

RESULTS AND DISCUSSION

Sorption Model

From the prospective of the design engineer, prediction of the break-
through curve for a given filter, using only basic kinetic and equilibrium
data is desirable. To extract dynamic information, the experimental
adsorption isotherm(s) must be fitted to the theoretical response curve(s),
calculated with a suitable dynamic model for the system. While the
mechanism of adsorbing these relatively large macroscopic particles is
understood in qualitative terms, we could find no quantitative descrip-
tions of similar processes in the literature for the case where most of the
surface area is external and accessible to particles and macromolecules,

Figure 3. RNA (torula yeast) breakthrough curves.
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as compared to granular sorbents, where most of the surface area is within
internal pores and unavailable to particles and large macromolecules.

A model was developed that describes the adsorption of virus and
other particulates by the electropositively or electronegatively charged
depth filter media and applied to the case of the new filter media. The sur-
face area derived via BET adsorption for the nano alumina closely
matched the calculated surface area assuming a 2 nm diameter. Helium
adsorption showed less than 10% porosity. This indicates that the large
surface area of the nano alumina fibers (up to�500 m2=g) is on the sur-
face and available for adsorption, like flagella, as seen in Figure 1. This
permitted us to reduce the complexity of the diffusion solutions as
compared to one for a porous solid, where there is complexity owing
to particle migration below the surface, through micro- and macropores.
Although the expressions for the breakthrough curves derived from
different models are algebraically different, the numerical difference is
quite small and it became a common practice to use the simpler linear
driving force models to further simplify the algebraic solutions.[17]

We chose a general analytical solution (see Refs. [17–19]) by assuming
that: (i) the nature of equilibrium relationship is linear; (ii) the nature of
equilibrium is isothermal, i.e., heat transfer resistance can be neglected;
(iii) the concentration level of the adsorbable component is relatively
low such that it does not influence basic properties of the carrier liquid,
e.g., viscosity, conductivity, etc.; (iv) the flow model is an ideal plug flow
system when the axial dispersion term�DL@

2c=@z2 can be neglected,
thereby, reducing the mass balance equation to a first order hyperbolic
equation;[17] (v) the kinetic model assumes negligible mass transfer resis-
tance due to the fact that instantaneous equilibrium can be assumed at all
points because of the open character of the filter media. Under these
assumptions, the analytical solution for a breakthrough curve is given
by the following asymptotic equation (see e.g. Ref. [17]):

cþb ¼
1

2
1� erf

ffiffiffiffiffi
zþ
p

�
ffiffiffiffiffiffi
hþ

p� �� �
for zþ � hþ for zþ >> 1 ð1Þ

where cb
þ¼ cb=c0 is dimensionless concentration

c0 is challenge concentrationcb is bulk concentration
hþ is a dimensionless value of corrected time h defined as t-z � e=v
zþ is a dimensionless value of z
z is depth of the media
e is porosity of the media
v is flow velocity
erf is the error function
Equation (1), therefore, allows prediction of a breakthrough curve

for large values of zþ from constants derived from experimental
measurements of the dynamic adsorption isotherms. To characterize
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the adsorption process of small particles by a given depth filter media, a
specific model can be constructed in the following way: (i) measure
dynamic adsorption isotherms for a given thickness of media for at least
three input particle concentrations at the same flow rate, pH, amount of
total dissolved solids (TDS), etc.; (ii) fit dynamic adsorption isotherm
to Eq. (1), which allows determination of the value of zþ and filter
capacity; (iii) fit the capacity values to the Freundlich and=or Langmuir
isotherm.

Adsorption of Monodisperse Latex Beads

First we tested the above model using adsorption data of 30 nm monodis-
perse polystyrene latex beads at challenge concentrations between 1012 to
1013 particles=mL, over a pH range of 5–10 and at one specific flux of
1.6 mL=cm2=min through a 3.7 cm2, 1.6 mm thick NC disc. The particle
removal efficiency of the media sample can be calculated directly from
the inlet and effluent turbidity values. These tests use relatively high con-
taminant challenge levels to reduce the time to breakthrough. We found
that in the case of 30 nm latex beads, Equation (1) accurately describes
breakthrough curves at a residence time greater than about 0.1 second
through the filter. Table 5 presents values of zþ and filter capacity for
30 nm latex beads obtained from the fits of the breakthrough curves.

Table 5. Values derived from latex bead breakthrough curves

Input concentration,
beads=mL pH

Filter capacity,
1014 beads zþ

1 � 1012 5 0.83 27
7 0.96 26
9 1.17 49
9.5 0.55 36

10 0.31 26
4 � 1012 5 1.24 30

7 1.44 30
9 1.32 33
9.5 0.76 16

3 � 1012 10 0.81 16
1 � 1013 5 1.45 10

7 1.45 20
9 2.25 16
9.5 1.4 15

10 1.5 23
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Filter capacity values of Table 5 were then compared to the
Langmuir expression:[20]

c=q ¼ 1=ðb � qmÞ þ 1=qm � c ð2Þ

where qm is the maximum adsorbed phase concentration when all
the adsorption sites are occupied and b¼ ka=kd where ka and kd are
the adsorption and desorption coefficients. The fit of experimental
data to the Langmuir isotherm for pH’s between 5 and 9 was found
to be within 1 s of the average, while the qm for pH 10 was> 3r from
the average (see Table 6).

The fit of experimental data of Table 5 to the Freundlich empirical
isotherm (see Equation (3)) for pH’s between 5 and 9 was found to be
within 1 r of the average (compare values of log K and 1=n for different
pH’s), while the values of log K and 1=n for pH 9.5 and 10 was> 3 r
outside from their average values (neglecting data for pH 9.5 and 10, see
Table 7):

q ¼ K � c1=n ð3Þ

where K and n – are constants.
The Freundlich relationship is useful in that it develops a parameter K

(Equation (3)) that is a measure of sorption capacity and a parameter (1=n)
that is a measure of adsorption strength.[20] Within the accuracy of the
experiment, the highest capacity and strongest bond for latex beads was
obtained at pH from 5 to 9, with considerable divergence from average
values for a pH of 9.5 and higher (see Table 7). These conclusions are similar
to those derived from the Langmuir isotherm analysis (see Table 6).

Table 6. Langmuir isotherm parameters

pH qm=1014, beadsa b � 1012, mL=beadsa

5�0.1 1.59�0.04b 1.0�0.2
7�0.1 1.52�0.06 2.3�1.2
9�0.1 2.66�0.88 0.42�0.39

9.5�0.1 1.81�0.68 0.28�0.18
10�0.1 2.54�0.22 0.15�0.01

Average valuec 1.59�0.08 0.91�0.15

aparameter values were obtained by fitting the experimental data to
Langmuir equation (2).
bstandard deviation (1r).
caverage value calculated from the first three entries (neglecting pH
9.5 and 10).
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Adsorption of MS2 Viruses

The model was also tested via Equation (1) with MS-2 virus at different
flow rates and different virus input concentrations at neutral pH 7.
Model parameters q and zþ were determined by fitting procedure for
each individual breakthrough curve and then those parameters were
correlated to the following equations assuming Freundlich empirical
isotherm (see Equation (3)) and neutral pH 7.

q ¼ 5:9 � 107ðPFUÞ � ðzmðmmÞ=z0Þ � C0:323 ð4Þ
zþ ¼ 88ðmm�1 �min�0:5Þ � zmðmmÞ � ðvðmm=minÞÞ�0:5 ð5Þ

where zm is thickness of the media
C is MS2 concentration (PFU=mL)
z0¼ 1.6 mm
Equations 1, 4, and 5 permit calculation of breakthrough curves

at pH 7 for MS2 input concentrations in the range from 103 PFU=mL
to 1010 PFU=mL and at residence times (¼ zm=v) greater than about
0.1 sec.

The model was also tested via Equations (1, 4, 5) with MS2 virus at
two different flow rates. In the first series the challenge solution consis-
ted of 40 mL of�1.9 � 107 MS2=mL, flowing at a constant flow velocity
of�10 cm=min, through a 25 mm diameter filter disc. The thickness’
tested were 0.4 mm (one ply), 0.8 mm (two plies), 1.2 mm (three plies),
or 1.6 mm (four plies) filters. In the second series, the challenge solution
was 40 mL of�1 � 106 PFU=mL MS2 virus, flowing at a constant
flow velocity of 40 cm=min. Figure 4 compares experimentally derived
LRV with projected performance from the model, as a function of

Table 7. Freundlich isotherm parameters

pH log Ka K 1=n

5.0�0.1 10.98�0.41b 9.5 � 1010 0.25�0.03b

7.0�0.1 11.74�0.98 5.5 � 1011 0.19�0.08
9.0�0.1 10.81�1.7 6.5 � 1010 0.27�0.13
9.5�0.1 9.00�1.5 1.0 � 109 0.39�0.12

10.0�0.1 5.3�1.1 2.0 � 105 0.69�0.09
Average valuec 11.08�0.14 12 � 1010 0.244�0.010

aparameter values were obtained by fitting the experimental data to Freundlich
equation (3).
bstandard deviation (1r).
caverage value calculated from the first three entries (neglecting data for pH 9.5
and 10).
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bed thickness, for the two different flow rates of 10 & 40 mL=cm2=min.
The close agreement suggests that the model can be used with differ-
ent solutes. One we tested was RNA, where we also found good
conformance.

The fit of experimental data with the model suggests that adsorption
has near ideal conformance with mass transfer equations at residence
times through the filter greater than 0.1 second. This suggests that a mass
transfer equation could be developed that describes the chromatographic
process, and that such a model would be applicable to particles other
than virus.

Separation of Viruses

We elected to demonstrate feasibility of chromatographic use by separat-
ing two small coliphage viruses MS2 and a3 (ATCC1 13706-B2) that
have nearly identical particle size of, respectively,�27 nm[12] and
�25 nm.[21] Both viruses are uncapsided. We also chose to use conven-
tional culture to assay the viruses in eluted fractions. With live viruses,
we would be assured that the particle was not affected in transit through
the separation process.

Figure 4. Experimental LRV compared to projected performance from the
model.
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We tried two types of eluents. The first was a solution of 3% beef
extract, 0.25% glycine, and at a pH of 9.3. This solution had been devel-
oped earlier for extracting virus from electropositive media. Protocols are
being developed by EPA[22] and others for assay of norovirus, adeno-
virus, polio, and bird flu using this or similar eluents. The second eluent
was a 0.025 M sodium carbonate solution (pH�10).

NC discs, 25 mm in diameter, were loaded with a mixture of approxi-
mately equal quantities of MS2 and a3 viruses at input concentrations
from 100 to1000 phage particles=mL at a flow rate of 10 mL=min.
Elutions were performed by passing 0.25–2.5 mL aliquots of beef extract
solution through a stack of 1, 6, and 12 layers of the same filter media at
a flow velocity of 1 cm=min in the same flow direction as the adsorption
step. Results are shown in Figures 5–7.

Figures 5–7 show that the separation of the two viruses improves
with increasing thickness of the media. Separation is effected at flow velo-
cities of 1 cm=min and at less than 1 bar that are small fractions of that in
HPLC separation. Further separation of virus would occur if more than
12 layers were used.

A solution of 0.025 M Na2CO3 was prepared by dissolving sodium
carbonate in reverse osmosis purified water and then filtering the solution
through a 0.45 mm membrane. As with beef extract elution experiments, a
single disc and stacks of 3 and 6- layers discs (25 mm in diameter) were

Figure 5. a3 and MS2 viruses eluted through 1 layer of NC disc at flow velocity
1 cm=min.
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Figure 7. a3 and MS2 viruses eluted through 12 layers of NC discs at flow velo-
city 1 cm=min.

Figure 6. a3 and MS2 viruses eluted through 6 layers of NC discs at flow velocity
1 cm=min.
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loaded with mixtures of MS2 and a3 viruses at input concentrations in
the range of 100 to 500 agent particles=mL, and at a flow rate of
10 mL=min. Elutions were performed by passing 0.5 mL aliquots of eluent
at a flow rate of 5 mL=min in the same flow direction as the adsorption
step. The data (not shown) indicate that the degree of separation of two
viruses improves with increasing thickness of the media, similar to that
eluted with beef extract=glycine. However, pressure drop during the
elution step with sodium carbonate was consistently higher than in the
case of beef extract=glycine eluent. It is likely that at high pH�10 some
portion of the NC fibers was lifted from the microglass and the NC fibers
were traveling downstream of the media resulting in its partial clogging.

Elution of RNA With Na2CO3

NC discs (25 mm diameter, 0.8 mm thick) were loaded with 5 mL of RNA
(torula yeast, Sigma, Catalog # R6625) solution at input concentrations
of 500 mg=mL and at a flow rate of 10 mL=min. Elutions were performed
by passing 2 mL aliquots of 0.01 M, 0.025 M, and 0.5 M solutions of
Na2CO3 at a flow rate of 5 mL=min and at a pressure drop of approxima-
tely�4 psi. The flow direction was opposite to that of the adsorption
experiments. The blue fluorescent DAPI nucleic acid stain (Molecular
Probes, fluoropure grade) was added to the RNA in the effluent. The
excitation maximum for DAPI bound to RNA is 358 nm and the
emission maximum is 500 nm. It is known, that the DAPI stain while

Figure 8. RNA (torula yeast) eluted with reverse flow by Na2CO3 from one disc.
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bound to dsDNA increases the resulting fluorescence signal by a factor of
20. Similar behavior is noted when the DAPI stain is bound to the RNA
molecules. The fluorescent signal was measured with the use of a Hoefer
TKO-100 fluorometer. Results are reported in Figure 8 at a resolution
of 2 mL.

The data show that there is a sharp peak at about 1 mL, during
the elution of RNA from NanoCeram media that does not depend on
the concentration of Na2CO3 with a maximum at 1 mL per 3.7 cm2 of
filtration surface area.

CONCLUSIONS

This paper demonstrates how the strong inherent electropositive charge
properties of nano alumina fiber media can be used in separation of
viruses and other suspended particulates. The media adsorbs submicron
particles predominately on the basis of their charge, rather than by phy-
sical entrapment based on particle size. The media has a high dynamic
response for adsorption, allowing purification within a very shallow
bed, and doing so at a pressure below 1 bar over ambient and at flow
rates an order of magnitude or greater than can be achieved with an
ultraporous membrane.

The adsorption step is repeatable. This facilitated the development of
a model that describes the adsorption process as a function of particle
concentration, bed thickness, and flow velocity. The model has proven
useful in developing dynamic adsorption data for a new particle, by
obtaining its isotherm for a given matrix.

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. Alternatively, sodium carbonate solution has also been
effective as an eluent, although it is suspected that the nano alumina
structure is adversely affected.

The media can also be modified by adding functionality or grafting
various nanoparticles to it. Callender et al.[23] describes the attachment
of ligands to boehmite (AlOOH) fibers using the carboxy group. He
synthesized ‘‘water soluble’’ carboxylate-alumoxane precursors from inex-
pensive boehmite feed stock. Carboxylate-alumoxanes, [Al(O)x(OH)y

(O2CR)z]n, were synthesized by the reaction of boehmite, [Al(O)(OH)]n,
with acetic acid (CH3CO2H), methoxyacetic acid (HO2CCH2OCH3), or
(methoxyethoxy)acetic acid (HO2CCH2OCH2CH2OCH3). We have
treated the nano alumina (boehmite) with glacial acetic acid to produce
a surface that exhibited hydrophobic properties.

Another alternative is the grafting of a biological particle onto the
sheet during its formation, as is described above for RNA. Such particles
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might be an antibody or an aptamer that could target various small mole-
cules, proteins, nucleic acids, or virus.

Nanosize inorganic oxides can be added to the sheet to alter its sorp-
tion characteristics. Figure 9 shows silica particles approximately 10 nm
that cover the nano alumina. The loading of the silica in the micrograph
was 28 wt%. The silica is electronegative at pH> 2 and it had been antici-
pated that when added to the nano alumina, its zeta potential would tend
to be more negative. On the contrary, the zeta potential (see Table 1) was
found to become more electropositive (þ56 mV). Such a media would
have far more surface area than silica beads used in HPLC. Moreover,
the diffusion effects within such a structure would be significantly limited
because the electrostatic fields project out into the pore space by about as
much as 0.3–0.5 microns as predicted by Equation (6) (see Ref. [12]) at low
ionic strengths of aqueous solutions.

d ¼ 0:303nm=ðionic strengthÞ1=2 ð6Þ

The experimental results also suggest that the nano alumina media
can be used for clarification of solutions from cell debris, nucleic acids,
and for sterilization. The data also suggest that the media should effec-
tively remove viruses from blood plasma proteins, recombinant proteins

Figure 9. Nanosilica deposited on nano alumina=microglass fiber.
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from cell culture media, and monoclonal antibodies. Such separations
can occur in ionic solutions. The media is suggested for purification of
virus and proteins, where a high dynamic binding capacity is combined
with flow velocities an order or two greater than is achievable with mem-
brane separation, and at low back pressure. Chromatographic separa-
tions at pressure drops less than�1 bar over ambient, in thin beds and
with high flow rates, appear feasible.
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