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ABSTRACT 

 
A 2 nanometer alumina fiber is combined with a microglass fiber to produce a non-

woven filter.  Its pore size is 2 microns, yet it is functionally rated at 0.03 microns.   Data 
are presented showing dirt holding capacity and filtration efficiency for particles from 0.001 
to 7 microns.  The filters have high retention for micron size silica dust, bacteria, virus, 
DNA/RNA, tannin and latex spheres.    
 
INTRODUCTION AND BACKGROUND 
 

Clean water is crucial for drinking and 
in many industrial processes.  The 
contaminants in fresh water include 
suspended particulates such as clay, silt, 
finely divided natural organic matter, 
inorganic matter, plankton and microscopic 
organisms.  Waterborne pathogens have 
caused significant disease outbreaks of 
acute gastroenteritis in the United States 
and continue to pose a significant problem.  
The causes are usually traced to various 
viruses, bacteria, or protozoa.  Pathogens 
are generally attached to larger particles and 
effective filtration of turbidity has been 
correlated with low bacterial counts and low 
incidences of viral disease. 

Industrial streams have an even 
greater diversity of particles than naturally 
occurring water.   They may include 
colloidal metal oxides, silica, free metal 
particles, dispersed polymers, dyes and 
chemical by-products.   Filtration is the 
preferred method of removing them from 
water.   

Fibrous or depth filters, generally 
non-woven, remove particles principally by 
the mechanisms of interception and 
impaction.   The removal efficiency is 
optimized when the fiber and particles have 
the same diameter, but fibers much below 
0.25 microns diameter are not commercially 
available.  Moreover, non-woven media 
prepared from sub-micron fibers have a 

high pressure drop and tend to clog 
prematurely.   

Typically, wound fiber filters have a 
pore size rating down to about 1 micron, 
with filtration efficiencies ranging up to only 
about 95 percent. Pleated microglass or 
polymeric filter media are better suited for 
filtering particles smaller than about 1 
micron, and some of these filters are rated 
as Absolute (>99%) filters.    

Polymeric membranes are surface 
filters and sieve particles by passing the 
fluid through various pore size openings.   
Microporous (1.0 -0.1µm), ultraporous (0.1-
.01 µm) nanoporous (5-0.5 nm) and reverse 
osmosis (<1 nm) membranes have a high 
pressure drop, requiring large filter areas 
and high pumping force.  Smaller systems 
use back up reservoirs to compensate for 
low flow.   Membranes are also prone to 
fouling and require frequent back-washing.
 Reverse osmosis membranes, with 
the smallest of pores, are most susceptible 
to fouling and require prefilters to remove 
sub-micron particles and extend their life.   
 
ELECTROPOSITIVE FILTERS BASED ON 
NANO ALUMINA FIBERS - An alternative 
to impaction and sieving is electrokinetic 
adsorption, where the media is charged and 
particles opposite to that charge are 
attracted and adsorbed. Most colloidal 
particles are negatively charged as a result 
of differences in electrical potential between 
the water and the particles. Asbestos filters 



(which are electropositive) had been used 
for more than a century and efforts to find 
an asbestos substitute have not been 
successful. Membranes have been 
modified to provide some electropositive 
functionality, but none appear to have 
attained the capability of asbestos filters.  

Nano alumina fibers two nanometers 
in diameter (Figure 1) are produced by a 
low cost process.  They are tens to 
hundreds of nanometers long and are 
heavily aggregated.  Most of the measured 
surface area (300-500 m2/g) is on the fibers’ 
external surface.  X-ray diffraction shows 
the nano alumina fibers are principally 
boehmite (AlOOH).     

   

 
Figure 1 – Nano alumina fiber 
 

The nano alumina fibers are bonded 
to microglass fibers to produce a non-
woven (NanoCeram®) media having a pore 
size of approximately 2 microns, with the 
largest pores about seven microns. 

The fuzz attached to the microglass 
fibers in Figure 2 is the nano alumina. The 
large pore size results in a low pressure 
drop while also allowing access to sub-
micron particles, rather than having them 
accumulate on the surface.   
 

 
Figure 2 - TEM of glass/nanoalumina 
 

Aggregates of nano fibers such as 
shown in the right sector of Figure 2 
increase pressure drop so they are 
controlled by limiting the ratio of nano 
alumina to microglass.  The result is a flow 
rate capacity tens to hundreds of times 
greater than membranes.   For instance, a 
1.5 millimeter thick nano alumina-
microglass fiber composite can sustain a 
flow velocity of 1.5 cm/sec (5.4 L/cm2/hr) at 
0.7 bar. 

Table 1 shows zeta potential values 
as a function of nano alumina.   In water, 
zeta potential is developed very close to the 
surface of a solid, caused by the charge 
distribution on the surface.  As compared to 
a pure microglass media that is 
electronegative (-35 mV), the 
microglass/nano alumina mixture  becomes 
highly electropositive when the nano 
alumina exceeds 15 weight percent.  It is 
then capable of adsorbing > 6 LRV (log 
retention value) of MS2 virus (a 
bacteriaphage).   

 The preferred ratio of nano  
alumina to microglass (0.6 µm) is 4:6.  
Beyond that ratio, nano alumina fibers 
aggregate in the pores of the filter causing 
an increase in pressure drop.  Additional 
fibers including cellulose and a polymeric 
fiber are added to increase flexibility and 
strength so that the media can be pleated. 



Table 1 - Zeta potential of nano 
alumina/microglass  
Nano alumina  

content, wt-% 
 Zeta 
potential,mV 

MS2 % 
removal 

0 -35 8 
5 -12 29 
10 7 94 
15 23 >99.9999 
25 32 >99.9999 
40 29 >99.9999 
50 23 >99.9999 
 
RETENTION OF MICRON SIZE 
PARTICLES – Earlier [1] we had reported 
on the filtration efficiency and dirt holding 
capacity of filters when challenged by 
micron size particles, using A2 fine test dust 
(A2FTD), originally known as Arizona test 
dust.  It is used as a surrogate for turbidity 
when testing filters for EPA certification [2] 
of drinking water filters.  It is primarily silica 
and has an average particle size of 5 
microns.  A pleated filter cartridge 2.5” 
diameter X 5” long was challenged by a 
continuous stream of 250 NTU 
(Nephelometric turbidity units) of A2FTD at 
1.5 gallons/min. (Fig. 3) The object was to 
develop a high volume sampler for virus, 
capable of operating in a very muddy river.  
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     Figure 3- Fine dust test of cartridge 
 
At 90 minutes (141 gallons) it had filtered 
out 119 grams of dust while producing an 
effluent with less than 0.01 NTU, at which 
point the test was terminated without 
breakthrough.  The filter had maintained a 

separation greater than 99.996% 
throughout the test. 

The high dirt loading prompted a 
search for comparable performance data 
for other media that were also  challenged 
by A2 FTD.   In a recent paper Shields [3] 
compared filters of sub-micron microglass, 
meltblown polymer and membranes.   He 
developed data comparing filtration 
efficiency, clean water flowrate and dirt 
holding capacity (DHC) for three different 
pore size ratings (0.2, 0.5 and 1 µm) for 
each media.  Flow capacity of the 
microglass media was 17, 21 and 25 
ml/min/cm2 respectively for the 0.2 µm, 0.5 
µm and 1.0 µm pore size ratings.  (The 
author did not provide the head pressure). 
The microglass media had flow capacities 
significantly greater than meltblown or 
membranes for each of the pore size 
ratings he tested. The nano 
alumina/microglass media (0.8 mm thick) 
has a clean water flux of 90 ml/min/cm2, 
several times greater than the microglass. 

Figure 4 shows Shield’s data for the 
dirt holding capacity (DHC) of fine test dust 
by the different media.  Superimposed over 
that data is the DHC for the nano alumina 
filter, calculated from the cartridge test 
described above.    It’s DHC of 574 mg/in2 
is almost twenty times greater than the 
microglass when compared at a pore size 
rating of 1 µm and far greater than that if 
compared to the smaller pore size ratings.    
.    
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Figure 4 – Dirt holding capacity as a 
function of pore size rating 



EXPERIMENTAL 
 

Test dusts are available in three 
grades, medium (7 µm), the A2 FTD (5 µm) 
and an ultra fine grade (4 µm).  An attempt 
was made to see if there were any 
differences in filtration efficiency for the 
three dust grades.  Test samples 25 mm 
diameter were challenged by the three dust 
mixtures at a concentration of 250 NTU and 
a flowrate of 13 ml/min..  A LaMotte 2020 
turbidometer (detection limit of 0.01 NTU) 
was used to measure the NTU of the 
influent and also monitor the effluent for 
breakthough.   No breakthrough was noted, 
and each filter test was terminated because 
of high pressure drop.  There was not much 
difference in the retention of the three dust 
grades.  The measured dirt holding capacity 
was 98, 128 and 118 mg/cm2 respectively 
for the medium, fine and ultrafine dust 
grades.  The retention for each grade was 
greater than 99.996% throughout the test.   
 
MONODISPERSE LATEX SPHERES -  
Latex spheres are used as surrogates for 
different particles when testing filters.  For 
instance, 4 µm latex spheres are used as a 
surrogate for Cryptosporidium, a protozoa 
that has caused serious gastrointestinal 
events.  Discs 25 mm in diameter and 0.8 
mm thick (flowrate = 40 ml/min) were 
challenged with solutions containing 
spheres of 4.3, 1.0, 0.5 and 0.03 µm, (Duke 
Scientific, Palo Alto, CA).  Figure 5 shows 
the turbidity of the effluents for each particle 
size. With the exception of the smallest 
particle, no measurable turbidity was 
detected in the effluent, and the tests were 
terminated because of clogging.  The 
smallest particle (0.03 µ) however showed 
a breakthrough at 20 ml.   
 
BACTERIA – Bacteria sizes range from 
about (0.32-35) x (0.82-0.96) mm (B. 
diminuta, [4]) to several microns.  Klebsiella 
terrigena (KT), a relatively small bacteria 
(~0.5 µm) is used to challenge filters in an 
EPA protocol [2] for drinking water filters.     
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Figure 5 –Retention of latex spheres 
 

Figure 6 shows a breakthrough 
curve when 25 mm, 0.8 mm thick discs 
were challenged by a solution of 3.2·108 
CFU/ml of KT.  The KT in various aliquots 
of effluent was measured by the 
heterotrophic plate count 
method [5].  
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Figure 6 – KT  breakthrough 
 

Figure 7 shows a breakthrough 
curve when 25 mm, 0.8 mm thick discs 
were challenged by a solution of 2.4·108 
CFU/ml of E. coli. The bacteria 
breakthrough curves, typical of dynamic 
adsorption curves, suggest that the bulk of 
the adsorption occurs in the depth of the 
filter rather than on its surface. 
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Figure 7 – E. coli  breakthrough 
 
VIRUS - MS2 bacteriaphage (0.025 µm) is 
frequently used as a surrogate for 
pathogenic virus.  Figure 8 shows a 
breakthrough curve derived by challenging 
25 mm, 1.5 mm thick discs with a 
concentration of 4.8·107 PFU (plaque 
forming units)/ml. of MS2 phage at a 
flowrate of 40 ml/min    The MS2 
enumeration was done by the plaque 
forming unit (PFU) assay using agar 
overlay method [6].   The filter showed 
breakthrough before significant pressure 
drop increases were noted. 
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Figure 8 – MS-2 breakthrough curve 
 
RNA AND DNA – Three different DNA 
solutions, calf thymus, E. coli and salmon 
sperm  (500 µg/ml in 50 ml), were used to 
challenge three each 25 mm diameter nano 
alumina/microglass filters. Water (100 ml) 
was passed through each of nine filters, 

followed by 15 ml of the DNA solution at a 
flow rate of 1 ml/ sec. The effluents were 
measured using a TKO 100 fluorometer.  
 In every case the effluent contained less 
than 10 µg/ml of DNA with an average of 
4.1 µg/ml (>99% removal).   

In another experiment, the capacity 
for DNA and RNA was determined by 
challenging filters with 50 µg/ml of double-
stranded bovine chromosomal DNA 
(isolated in the laboratory), and 40 µg/ml of 
RNA (single-stranded yeast).    The 
measured capacity was approximately 
130 to 187 µg/cm2 for the DNA and 530 to 
895 µg/cm2 in the case of RNA, with the 
variation resulting from different flowrates 
through the filter.   

Breakthrough curves were 
developed for adsorption of RNA derived 
from torula yeast in a buffered TRIS-EDTA 
solution (1 mg/ml at pH=8.0). The blue 
fluorescent DAPI nucleic acid stain was 
added to RNA solution. The excitation 
maximum for DAPI bound to RNA is 358 
nm and the emission maximum is 500 nm.  
Nano alumina  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 flowrate of 20 ml/min.  The 
fluorescent signal was measured with the 
use of a Hoefer TKO-100 fluorometer. 
Figure 9 shows that the dynamic capacity is 
proportional to bed depth.     
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ENDOTOXIN – Several tests were done 
where 25 mm filters were challenged by 
endotoxins.   Retention for two layers (1.5 
mm thick) was greater than 99.95%, as 
measured by the LAL method.   
 
MODELING THE ADSORPTION 
PROCESS - A model has been developed 
describing the retention of MS2 (25 nm) 
and 30 nanometer latex spheres.  The 
inputs to the equation are particle 
concentration, flowrate, bed thickness and 
pH.  The output is a breakthrough curve, 
similar to the adsorption of sorbates by 
granular adsorbents such as activated 
carbon or activated alumina.  The model 
was developed using experimental 
breakthrough curves for 0.03 µm latex 
spheres, while varying bed thickness, 
flowrate and concentration.  A family of 
curves is shown (Figure 10) while varying 
pH.  Note that the retention is maximized 
between pH 5 and 9. Also, salt water was 
found to have little effect on adsorption of 
virus, bacteria (E. coli), or latex spheres. 
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Figure 10 – Latex (0.03 µm) adsorption vs pH 
 

These data showed a good fit to both 
Langmuir and Freundlich adsorption 
isotherm relationships, and by using plug 
flow theory and eliminating some negligible 
effects, a dynamic flow equation was 
developed.  The model is similar to those 
describing dynamic adsorption of soluble 
components by solid adsorbents.   Figure 

11 shows computed dynamic adsorption 
capacity as LRV (log retention value) for (2-
4)·107  PFU of MS2, for various thicknesses 
of media, and for two different flowrates.  
The close correlation of experimental data 
and computed values demonstrate the 
utility of the model.  It has been useful in 
projecting filter capacity and in optimizing 
the design of filter configurations.      
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Efforts have been made to recycle 
the filters by backflushing them with water, 
a variety of different oxidants as well as 
moderate alkaline solutions, but with no 
success.  It appears that the retention is 
irreversible, suggesting that there are 
strong forces holding the particles 

TANNINS - Tannins are polyphenolic 
complex compounds with molecular 
weights ranging 500 to >20,000.   The 
higher molecular weight structures tend to 
form colloidal solutions.  Figure 12 shows a 
breakthrough curve for a tannin (Alfa Aesar, 
stock #36410, MW=1700) that was used to 
challenge a 25 mm diameter.  Breakthrough 
was measured by both a turbidometer as 
well with an adsorption spectrophotometer 
(Genesis-10 UV).   Both analytical methods 
showed equivalent break points.   

METANIL YELLOW– Metanil yellow is a 
water-soluble dye with a MW of 
approximately 375.  Its dimensions are 
about 2 nm long and 1 nm wide.  It has 



been used [7] as a test contaminant for 
challenging charge-modified media, since 
its retention is not dependent on 
mechanical straining effects. 
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Figure 13 shows that the nano 
alumina/microglass media adsorbs metanil 
yellow.  Moreover its adsorption pattern 
closely follows the model developed above 
for small particulates such as virus.   
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RETENTION OF TURBIDITY IN 
MUNICIPAL WATER – Even though 
municipal water is mandated by EPA to be 
less than 1 NTU delivered at the site of the 
plant, most contain considerable 
particulates, many of which can interfere 
with industrial processes.  A pleated 
cartridge 2.5” diameter X 5” long was 
challenged by local (Seminole County, FL) 

municipal tap water (Fig 14).  The turbidity 
of the water ranges between 1 and 1.4 
NTU, most of which passes through a 
conventional 1 micron filter.   The SDI (silt 
density index) could not be measured 
because the turbidity was high enough to 
rapidly clog the 0.45 µm membrane used in 
the SDI protocol.  This turbidity level would 
be problematic in many industrial 
processes.  The NTU of the water was 
continuously measured during the 
experiment.   
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Figure 14 – Turbidity removal from tap water 
 
The filter was able to control the turbidity of 
the effluent to less than 0.01 NTU for 
approximately 7000 gallons without any 
prior prefiltering.  The pressure drop 
increased throughout the test.  After 7000 
gallons, both the pressure drop and the 
turbidity would spike and then recover, 
suggesting that small openings developed 
in the filter media were subsequently filled 
by new particles.   
 
DISCUSSION  
 

Electropositive filters consisting of 
nano alumina on microglass have a pore 
size of 2 µm, with flow capacity equivalent 
to or greater than non-woven fibrous filters.  
Micron size particles are retained to a 
capacity higher than with microglass, 
polymeric or membrane filters, and with a 
retention efficiency exceeding 99.996%. 
The filtration efficiency for one only 0.8 mm 
thick falls from about 99.999 to 99% 



respectively for 0.5 µm and 25 nanometer 
size particles.  The smaller the particle, the 
more likely it will follow the flow stream, by-
passing surfaces that would attract and 
retain it.  The higher the flow velocity, then 
the more likely it is for the smaller particle to 
slip through.   However, as can be seen in 
Figure 11, higher filtration efficiency (e.g.- 
>99.999%) of virus size particles can be 
attained by thickening the filter.  Multi-layer 
filters can be readily assembled by 
wrapping the media around a perforated 
plastic core.  

The functional characteristics of the 
filter can be viewed from another 
perspective.  Table 2 shows the capacity of 
the filter in terms of the number of particles 
retained per unit area to breakthrough.  The 
capacity of dust was computed assuming 
the composition was quartz and also using 
the mean value of particle size provided by 
the supplier.   

 
Table 2 – Number of particles/cm2 to 
breakthrough (computed) 

Notes: a) quartz mineral; b) mode value; c) 
single-size monodispersed polystyrene latex 
beads; d) bacteria; e) bacteriophage; f) capacity 
value was determined for 4 layers. 
 

Note that the number of the particles 
collected by the filter increases substantially 
with smaller particles.   In the case of latex 
spheres, the capacity for 30 nanometer 
particles is more than four orders of 
magnitude greater than with  4.3 micron 
particles.  Particles of DNA and molecules 
of metanil yellow are retained to an even 
greater extent. 

The filtration of particles by this filter 
media is similar in character to the 
adsorption of soluble components by 
granular sorbents.  The breakthrough 
curves for this media appear to be near 
ideal, and are reproducible from sample to 
sample.  We believe this is due to the fact 
that the adsorption process is simple, 
occurring on the surface of the nano fiber.  
It is not complicated by diffusion through a 
complex microporous structure as exists 
with granular sorbents.   By gathering 
minimal data on capacity for a particular 
particle, the model developed for this filter 
can be used to quantitatively describe its 
retention, so long as the particle is  small 
enough to enter the depth of the filter.    

The data provided in the study 
shows that the nano alumina/microglass 
composite media fills an important niche in 
filtration technology.  That is where the 
particle size is below the capability of 
conventional fibrous depth filters.  The 
filters also provide considerable 
improvement over membranes insofar as 
flow capacity, dirt holding capacity and 
filtration efficiency.  Their use is suggested 
for filtering colloids and in producing 
ultrapure water, particularly for prefilters 
used to extend the life of reverse osmosis 
devices.   
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