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Figure 1
Schematic of test setup for bioaerosol testing of carbon ?lters
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Figure 2
Examnle of Ranid Heating/Disinfection of Activated Carbon Fiber Composites
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CARBON FIBER FILTERS FOR AIR
FILTRATION

air. This ?lter Would comprise a single small, lightWeight,
self-contained system rather than a complex multi
component and/or multi-stage system to remove the various
contaminants. Such a ?lter Would not only be more reliable
than a complex system, but it Would also be far more

TECHNICAL FIELD

activated carbon ?ber composites, for removing a broad

portable and economical. In addition, it Would be ef?cient in
its use, permitting a relatively high ?oW rate through the
?lter, as Well as exhibiting a relatively loW pressure drop
through the ?lter system. This Would enable the ?lter not
only to be adopted for home use, but also in a variety of
situations, such as in a factory and manufacturing context,
medical and surgical contexts, and areas Where large num

spectrum of contaminants, including viruses, from air.

bers of people are together for relatively long periods of

The present invention relates to ?lters capable of remov

ing a variety of contaminants, including pathogens, from air
by ?ltration. The ?lters provide effective ?ltration of a broad
range of contaminants at high ?oW rates With relatively loW
pressure drops. In particular, the invention encompasses

10

?lters that comprise activated carbon ?bers, particularly
Additionally, the invention relates to a method of removing
contaminants from air using those ?lters.

15

time, such as hospital or doctor Waiting rooms and airplane
cabins. The ?lters of the present invention meet these needs.

BACKGROUND OF THE INVENTION

Although PCT Published Application No. WO 00/04977,
Jagtoyen, et al., published Feb. 3, 2000, describes carbon

The purity of the air We breathe is critical to our health and
Well being. Yet, that air contains a very broad range of

?lters Which are used to remove a variety of contaminants,

contaminants including, for example, particulates, harmful

including pathogens, from ?uids, that application does not
20

chemicals, organic materials, and microbiological

application, and particularly does not disclose the relatively
high ?oW rates and the relatively small ?ltration paths Which

organisms, such as bacteria, parasites, protoZoa and viruses.
In addition to the health needs of the general public, speci?c
situations, such as factory ?oors, public Waiting areas,

medical and surgical suites, hospital rooms, manufacturing

provide outstanding ?ltration of air utiliZing the present
invention.
25

operations (such as for the manufacture of certain electronic

SUMMARY OF THE INVENTION

components), and airplane cabins, offer particularly dif?cult

The present invention relates to a process for removing

and challenging requirements for air puri?cation and ?ltra
tion systems.
While air ?ltration devices have been developed to
address at least some of these needs, they tend to require a

contaminants, including for example, organic materials and
30

pathogens, from air, comprising passing said air, at a How

35

rate of from about 3 to about 30 lpm, through a ?lter
comprising an activated carbon ?ber composite, said ?lter
having a density of from about 0.35 to about 0.70 g/cc.
Preferred ?lters utiliZed in this process have a burn-off
during activation of at least about 20% and no greater than

trade-off betWeen ?ltration ef?cacy/ef?ciency and the large,
cumbersome and complex nature of the device, i.e., greater

ef?cacy/ef?ciency generally requires greater complexity.
Further, devices Which are used to ?lter out particularly
small components, such as biological components, because
they frequently rely on very small pore siZe, tend to require
loW ?oW rates or have high pressure drops, thereby render
ing the systems relatively inef?cient. Examples of some of
these prior art systems are described beloW.
US. Pat. No. 3,770,625, Wallis, et al., issued Nov. 6,

40

1973, describes the use of activated carbon treated With
sodium hydroxide to remove viruses from ?uids, such as

carbon ?bers (preferably in the form of a composite), said
?lter having a density of from about 0.35 to about 0.70 g/cc,
and at least one Wall of said ?lter having a thickness of no

greater than about 3 inches (preferably no greater than about
2 inches, most preferably no greater than about 1 inch),
through Which at least a portion of the air passes during the
?ltration process. Preferred ?lters have a burn-off during

removing particulates, chemicals and pathogens from liq

activation of at least about 20% and no greater than about

70%, most preferably betWeen about 40% and about 50%.
55

US. Pat. No. 6,063,170, Deibert, issued May 16, 2000,
describes an air ?ltration system, Which includes four sepa
rate units: a pre?lter to remove dust particulates, germicidal
UV lamps to remove bacteria, a medicated Wet ?ltration
system for viruses, and a ?nal carbon ?lter.

can provide excellent ?ltration of a variety of contaminants
at higher ?oW rates and With loWer pressure drops.
The present invention also encompasses a ?lter for

materials and pathogens, from air, comprising activated
45

uids. These ?lters are said to provide good How rates during
the ?ltration process.
US. Pat. No. 5,997,619, Knuth, et al., issued Dec. 7,
1999, describes an air ?ltration system Which includes
HEPA ?lters to remove particulates and ultraviolet irradia
tion to provide a germicidal effect to the ?ltered air.

about 70%, particularly from about 40% to about 50%.
Preferred ?lter shapes are disc ?lters, candle/annular ?lters,
corrugated ?lters or block ?lters. These composite ?lters,
When compared to an analogous ?lter utiliZing free ?bers,

removing contaminants, including for example, organic

Waste Water.

US. Pat. No. 4,828,698, JeWell, et al., issued May 9,
1989, describes a cylindrical ?lter having multiple separate
components made from polypropylene micro?bers for

disclose the air ?ltration ?lters and methods of the present

These ?lters preferably have a structure of a disc ?lter, a
candle/annular ?lter, a corrugated ?lter, or a block ?lter. The
?lters are able to ?lter air effectively (removing a broad

range of contaminants) through a relatively thin Wall thereby

60

alloWing a higher ?oW rate and a loWer pressure drop than
other types of air ?lters.
Finally, the present invention encompasses a process for

US. Pat. No. 6,119,689, Korman, issued Sep. 19, 2000,

removing contaminants, including for example, organic

describes a personal air ?ltration system Which uses a

materials and pathogens, from air, comprising passing said

combination of HEPA and ULPA ?lters sandWiching an

air through a ?lter comprising activated carbon ?bers
(preferably in the form of a composite), said ?lter having a
density of from about 0.35 to about 0.70 g/cc, such that at
least a portion of the air passes through a Wall in said ?lter

electrostatic ?lter. The system is primarily aimed at ?ltering
out particulate materials.
There is a need for a simple ?lter capable of simulta

neously removing a broad spectrum of contaminants from

65

having a thickness of no greater than about 3 inches

US 6,702,875 B2
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(preferably no greater than about 2 inches, most preferably
no greater than about 1 inch).

This could be achieved by using tWo separate activated
carbon ?lters in the adsorption unit. When one unit has been
on line for a certain amount of time, the gas How is sWitched
to the other ?lter While a current is passed through the
contaminated ?lter to heat it to 100° C. for a feW minutes to

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of the test set-up used in the

disinfect it and prevent groWth of bacteria/viruses. This is
particularly important in applications Where the ?lters treat
air in hospitals, surgery suites and for biological Warfare,

examples.
FIG. 2 is an example of the rapid heating/disinfecting
properties of the activated carbon ?ber composites of the
present invention.

such as adsorption of anthrax. This is a safe Way to remove
10

DETAILED DESCRIPTION OF THE
INVENTION
15

(i.e., ratio of length to diameter). In general, an aspect ratio
4:1 being especially preferred. Smaller ratios can sometimes
be used in Which case the carbon is termed an “activated
20

25

polymers, pitches, epoxy resins, adhesives and coal
poWders, as Well as others Well knoWn in the art, including
phenolic resins. These binders can be introduced in a ?uid
medium, as Well as by solids mixing. An activated carbon
?ber composite Will be monolithic and, in that Way, may

30

provide post-processing handling bene?ts relative to free
?bers.
As used herein, a “?lter” is any article of manufacture

containing activated carbon ?bers and/or particulates to
enable their function in removing contaminants, such as
organic materials and pathogens, from air. Such a ?lter may

35

40

preferably at least about 99.999%, and still more preferably
at least about 99.9999%. In addition to this VRI capability,
the ?lters are also preferably capable of removing at least
about 99.999% of bacteria (i.e., the ?lter Will have a Bacteria
Removal Index (BRI) of at least about 99.999%).
Furthermore, the ?lter preferably Will be capable of remov

Finally, the ?lters are effective in removing particulates and
organic materials from the air.

tion and siZe exclusion. Thus, these terms do not refer to

mechanisms that merely “kill” pathogens (e.g., heating,

Activated Carbon Fibers
Carbon ?bers are produced commercially from rayon,

phenolics, polyacrylonitrile (PAN), or pitch. The pitch type
is further divided into ?ber produced from isotropic pitch
precursors, and those derived from pitch that has been
pretreated to introduce a high concentration of carbonaceous
55

mesophase. High performance ?bers, i.e., those With high
strength or stiffness, are generally produced from PAN or

mesophase pitches. LoWer performance, general purpose
?bers are produced from isotropic pitch precursors. The
60

general purpose ?bers are produced as short, bloWn ?bers
(rather than continuous ?laments) from precursors such as

65

ethylene cracker tar, coal-tar pitch and petroleum pitch
prepared from decant oils produced by ?uidiZed catalytic
cracking. Applications of isotropic ?bers include: friction
materials; reinforcements for engineering plastics;
electrically-conductive ?llers for polymers; ?lter media;

carbons. Metal impregnation of ?lters, i.e., With Cu, Co, Ni,
Ag, or Fe can be used to enhance the adsorptive capacity for

certain chemical and biological Warfare agents.
The activated carbon ?lters can be disinfected and regen

That is, the ?lter has a Virus Removal Index (VRI) of at least
about 99%. Preferably, the ?lter has a VRI of at least about

?lter has a Parasite Removal Index (PRI) of at least about
99.9%). Preferably, the ?lter has a PRI of at least about
99.99%, and more preferably at least about 99.999%.

“?ltration” refer to removal mechanisms, including those
With respect to pathogen removal, via either or both adsorp

erated in-situ by rapidly heating them to at least about 60°
C., preferably at least about 100° C., While they are off-line.

These terms refer to various types of microorganisms that
can be characteriZed as bacteria, viruses, parasites, protoZoa
and germs.
Other terms used herein are de?ned in the speci?cation
Where discussed.
The ?lters of the present invention comprise activated
carbon ?bers and/or particulates, such that the ?lter is

ing at least about 99.9% of parasites and protoZoa (i.e., the

embodiments for the ?lter of the present invention are
described beloW. Also as used herein, the terms “?lters” and

certain functional groups on the carbon surfaces that attract
viruses and bacteria or the incorporation of metals on the

logical organism” and “pathogen” are used interchangeably.

99.9%, more preferably at least about 99.99%, even more

the ?bers. When the ?lter comprises free ?bers that are not

chemical treatment, or UV treatment). While the present
?lters are effective in terms of removing pathogens from the
air, Without requiring the use of materials that kill the
pathogens, it Will be recogniZed that it may be desirable in
certain circumstances to include in the ?lters, for example,
chemical treatments that aid in the puri?cation of the air
source. This could, for example, have applications for
adsorption of chemical Warfare agents such as CNCl and
others.
The chemical treatment could include incorporation of

the use of a binder. The avoidance of employing such a

capable of removing from air at least about 99% of viruses.

be as simple as the ?bers and an enclosure means to retain

bound together in the form of a composite, it is apparent that
such an enclosure must be capable of preventing loss of
?bers during operation, as Well as maintaining the desired
inter-?ber netWork during use. Several representative

30 seconds, rapidly increasing the temperature from 30° to

binder may facilitate production of the ?lter in that there
may be feWer processing steps and less energy consumption
involved.
As used herein, the terms “microorganism”, “microbio

means that activated carbon ?bers or particulates are bound

together using a binder. Such binders include resins, other

the ?lter for 150 seconds. Then, a current Was turned on for

60° C. in 30 seconds.
As used herein, the term “free ?bers” means that the
individual activated carbon ?bers are not bonded together by

of at least about 2:1 is preferred, With a ratio of at least about

carbon particulate” Which normally has an aspect ratio of
about 1:1. The smaller the aspect ratio, the higher the density
and pressure drop of the composite Will be.
As used herein, an “activated carbon ?ber composite”

human being having to handle the ?lter. The composites
have some internal resistivity Which alloWs rapid heating
When a current is applied. An example of a heating cycle is
shoWn in FIG. 2. In this experiment CO2 Was adsorbed on

As used herein, an “activated carbon ?ber” means acti

vated carbon in a form having a relatively high aspect ratio

biological contaminants and destroy them in situ Without a

paper and panels; hybrid yards; and as a reinforcement for
concrete. More recently, interest has developed in activated

US 6,702,875 B2
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forms of isotropic carbon ?bers, Where high surface areas
can be produced by partial gasi?cation in steam or other
oxidizing gases. Activated carbon ?bers have novel proper

P-3200 milled-activated carbon ?bers; 3.2 mm length
C-6 chopped activated carbon ?bers; 6 mm length
Osaka Gas Chemicals Renoves® Series—AD’ALL acti

ties that make them more attractive than conventional forms

vated carbon ?bers are 18 pm in diameter With various

(poWders or large siZe carbons) for certain applications.

speci?c surface areas ranging from 1,000 to 2,500 m2/g.
They come in various lengths, including the folloWing (the

While porosity can be generated in most types of carbon

speci?c surface areas are noted parenthetically):
A15 milled AD’ALL activated carbon ?bers; 700 pm

?bers, loW modulus ?bers produced from isotropic pitch are
particularly suited for activation because of their unique
structure, Where the random packing of small crystallites
alloWs the development of an extensive pore structure.
Activated carbon ?bers can be characteriZed by their

length (1,500 m2/g)
10

length (2,000 m2/g)
A15 chopped AD’ALL activated carbon ?bers; 6 mm

length (1,500 m2/g)

length, diameter, porosity, speci?c surface area, and elemen
tal composition. Length is meant to describe the distance

A20 chopped AD’ALL activated carbon ?bers; 6 mm

from end to end of a ?ber. The diameter refers to the mean 15

diameter of a ?ber. Porosity is characteriZed by the mean
pore volume Within the ?ber. Speci?c surface area is a
measure of the ?ber surface area, including the area Within
the pores, per unit of mass of ?ber. For the present invention,

activated carbon ?bers Will preferably have: speci?c surface

A20 milled AD’ALL activated carbon ?bers; 700 pm

length (2,000 m2/g)
A10 random length AD’ALL activated carbon

random lengths (1,000 m2/g)
A15 random length AD’ALL activated carbon

random lengths (1,500 m2/g)
20

A20 random length AD’ALL activated carbon

random lengths (2,000 m2/g)

areas in a range of from about 100 to about 4,000 m2/g, more

preferably from about 500 to about 3,000 m2/g, still more

A25 random length AD’ALL activated carbon ?bers;

preferably from about 1,000 to about 2,500 m2/g; diameters

random lengths (2,500 m2/g)

in a range of from about 5 to about 50 pm, more preferably
Applicants believe that certain physical properties com
from about 10 to about 25 pm, still more preferably from 25 mon to both the composite and noncomposite structures
about 15 to about 20 pm; and mean pore siZes from about 2.5
described herein provide the surprising pathogen removal

A to about 300 nm, more preferably from about 5 A to about
200 nm, still more preferably from about 10 A to about 100
nm. The ?bers can be solid or holloW. Activated carbon
?bers have a narroW, submicron range of surface features not

properties of the present invention. For example, bulk den
sity is commonly used in the art to describe carbon contain
ing structures. The ?lters of the present invention Will have
30

found in other activated carbon forms such as granules,

poWders, pellets, or other irregular shapes impregnated With
carbon.
The manufacture of activated carbon ?bers is described
thoroughly in the literature and such ?bers are available
commercially from several sources. As discussed, in

preferably about 0.35 to about 0.4 g/cm3. In having calcu
lated the bulk density and knoWing the dimensions of the
activated carbon ?ber, one can determine the average inter
35

critical parameter Which controls the removal of microor

ganisms. Optimal interstitial spacing is achieved When the
activated carbon ?bers are compressed along the longitudi

other ?brous carbon surfaces in an inert atmosphere. The
raW materials from Which the starting ?bers are formed are

40

nal or How axis of the ?lter.

45

While not Wishing to be bound by theory, applicants
believe that the surprising ability of the present ?lters to
remove small pathogens, particularly viruses, is due to the:
1) inter-?ber spacing that results from the packing of the
activated carbon ?bers, and the resulting ?oW mechanics

conditions; and 2) fast adsorption kinetics and large adsorp
tion capacity exhibited by the activated carbon ?bers, When
compared to granular or poWder activated carbon. It is

higher surface areas. For example, activated carbon ?bers

produced from petroleum pitch are commercially available
from Anshan East Asia Carbon Fibers Company, Inc.
(Anshan, China) as Carbo?ex® pitch-based activated car
bon ?ber materials, and Osaka Gas Chemicals Company,
Ltd. (Osaka, Japan) as Renoves A® series—AD’ALL acti
vated carbon ?bers. The starting materials are a heavy
petroleum fraction from catalytic cracking and a coal tar
pitch, respectively, both of Which must be puri?ed to remove

stitial spacing betWeen ?bers. It is discovered that interstitial

spacing betWeen ?bers (also called inter-?ber spacing) is the

general, carboniZed ?bers are made by carboniZing poly
acrylonitrile (PAN), phenol resin, pitch, cellulose ?ber or
varied, and include pitch prepared from residual oil from
crude oil distillation, residual oil from naphtha cracking,
ethylene bottom oil, lique?ed coal oil or coal tar by treat
ment such as ?ltration, puri?cation, distillation, hydrogena
tion or catalytic cracking. The starting ?bers may be formed
by various methods, including melt spinning and melt bloW
ing. CarboniZation and activation provide ?bers having

a bulk density of from about 0.35 to about 0.7 g/cm3,
preferably from about 0.35 to about 0.5 g/cm3, still more

50

believed that the initial attachment of microorganisms, in
particular bacteria and viruses, onto the activated carbon

?bers is governed by the folloWing interactions: 1) classical
long-range colloidal (DLVO) and LeWis acid-base
2)
short-range surface polymer and appendage; and 3) strong
short-range (i.e., 0.1 to 0.2 nm).
55

The classical long-range DLVO colloidal forces include
the electrostatic (EL) and van der Waals (vdW) dispersion,

?nes, ash and other impurities. Pitch is produced by

and depend on the surface characteristics of the microor

distillation, thermal cracking, solvent extraction or com

ganisms and ?bers, and the distance betWeen them. The
electrostatic and vdW forces are applicable at separation

bined methods. Anshan’s Carbo?ex® pitch-based activated
carbon ?ber materials are 20 pm in diameter With a speci?c

surface area of about 1,000 m2/g. They come in various

lengths including:
P-100 milled-activated carbon ?bers; 100 pm length
P-200 milled-activated carbon ?bers; 200 pm length
P-400 milled-activated carbon ?bers; 400 pm length
P-600T milled-activated carbon ?bers; 600 pm length

60

distances above 2 nm. BeloW 2 nm, the AB forces (i.e.,

electron-donor/electron-acceptor interactions) are dominant.
Note that the AB forces include the typical hydrophobic
forces. The surface polymer interactions are based on the

fact that the microorganisms contain polymers (e.g.,

lipopolysaccharides (LPS), extracellular polysaccharides
(EPS), and surface proteins in Gram-negative bacteria; and
proteins in viruses) and appendages (e.g., ?mbriae in

US 6,702,875 B2
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Finally, the fast adsorption kinetics and large adsorption

bacteria) in their outer shells. Finally, the strong short range

capacity exhibited by the activated carbon ?bers has been

forces are based on chemical bonds, such as covalent (i.e.,
strong bonds With a requirement of about 40 to 200 kT to

shoWn to exist for various chemicals, such as benZene,
chlorine, toluene, acetates etc. HoWever, it has not been
shoWn before that such characteristics of the activated
carbon ?bers are applicable to microorganisms and in par
ticular to viruses.
In its ?rst aspect, the ?lters of the present invention

break) and hydrogen bonds (i.e., Weaker bonds With a
requirement of about 4 to 16 kT to break).
Some of the above forces are attractive and the rest are

repulsive. For example, the electrostatic forces are typically
repulsive, since most of the surfaces are negatively charged
(except for modi?ed surfaces as Well as some unmodi?ed

clay structures and asbestos). The vdW dispersion forces are
typically attractive, Whereas the AB forces can be either
attractive or repulsive. Similarly, the surface polymer inter
actions can be either attractive, When the polymers have high
af?nity (i.e., adsorb) for the carbon ?ber surface, or

10

repulsive, When the surface polymers interact sterically With

15

other polymers, pitches, epoxy resins, adhesives and coal

the carbon ?ber surface.
According to the DLVO-AB model, adhesion of micro
organisms onto carbon ?ber surfaces is possible in an

attractive primary (irreversible) or secondary (typically
reversible) energy minimum. A typical secondary minimum

poWders, as Well as others Well knoWn in the art, including
phenolic resins. These binders can be introduced in a ?uid
medium as Well as by solids mixing. Thus, in one embodi
ment a selected carbon ?ber is prepared to a given average
length and is mixed in a Water slurry With a carboniZable

organic poWder. The desired monolithic con?guration is
20

occurs at separation distances on the order of 10 nm, and
includes an energy Well of about 5 kT.

The above described initial attachment is folloWed by
subsequent steps that improve the attachment and are based
on the excretion of various polymeric substances (e.g.

comprise an activated carbon ?ber and/or carbon particulate
composite Which is prepared in accordance With methods
knoWn in the art. For example, such methods of binding
activated carbon ?bers together include the use of resins,

then molded from the slurry. The resulting green form is
dried and removed from the mold. The composite is then
cured and carboniZed under an inert gas. Once carboniZed,

the composite is readily machined to the ?nal desired
dimensions. The composite material is activated to develop

extracellular polysaccharides—EPS) by bacteria during

the pore structure of the ?bers before or after machining.
Another option is to use preactivated ?bers and to form, cure

their metabolic cycle. This excretion is believed to cause
strengthening of the attachment as Well as an increase in the

?lter to mild secondary activation to produce the ?nal

25

and optionally carboniZe, and further optionally subject the

product.

attachment sites for microorganisms that folloW them.

Furthermore, fast adsorption of large quantity of nutrients by

30

A carbon composite ?lter of the present invention
includes a composite of carbon ?bers and/or particulates and
binder having a cured density prior to activation of from
about 0.25 to about 0.85 g/cc, more preferably from about
0.3 to about 0.75 g/cm; an activated density folloWing

35

activation of from about 0.35 to about 0.70 g/cm, more
preferably from about 0.35 to about 0.50 g/cm; and a
burn-off off during activation of at least about 20%, at most
up to about 70%, and preferably betWeen about 40% and
about 50%. Still more preferably, the composite has a void
volume of from about 63% to about 95%, preferably from

the activated carbon ?bers facilitates the adsorption of
microorganisms, as the latter are seeking nutrient-rich envi
ronments.

In terms of the mechanics of the How of pathogens in the
?lter, it is believed that the distance betWeen tWo adjacent
?bers, c, is critical in achieving attachment of pathogen to
the ?bers. In general, pathogens might How close to the
surface of a ?ber so that the overall attractive force Would
cause them to attach to the surface. On the other hand,

pathogens might How far aWay from the ?ber surface so that
the overall attractive force cannot “pull” them toWards the
?ber surface for attachment.
In terms of the effect of the inter-?ber distance (also called
spacing) on pathogen attachment onto the ?ber surfaces, it
is believed that there is an optimum range of inter-?ber
distances that is necessary for pathogen attachment to ?bers

40

about 71% to about 81%; as Well as a mean inter?ber

spacing of from about 30 pm to about 302 pm, more

preferably from about 42 pm to about 73 pm. In general,
45

de?ned ranges are preferred since they provide acceptable
pressure drops.

and removal from Water. When this inter-?ber distance c is

relatively large, then the majority of pathogens do not come

Still more speci?cally, the carbon ?bers in the activated
?ber composite block are characteriZed by a micropore
volume of from about 0.2 to about 0.9 cc/g, more preferably

close to the ?ber surface for the forces mentioned above to
cause attachment to the surfaces. As a result, the majority of

pathogens do not get removed from the incoming air stream.
On the other hand, When this inter-?ber distance is relatively
small, then the majority of pathogens come close to the
surface of the ?bers and experience the forces mentioned
above. HoWever, the shear conditions at these small gaps are

from 0.3 to 0.8 cc/g; and a BET surface area of from about

500 to about 3,000 m2/g, more preferably from about 800 to

about 1,600 m2/g.
55

high, and it is expected that the shear forces are high enough
to overcome the attractive forces betWeen pathogen and
carbon surfaces. In these conditions there might be some

pathogens that do get attached to the ?bers. HoWever, it is

expected that due to high shear forces these pathogens might
experience dislodging at some later point in time. As a result,
the majority of pathogens do not get removed from the
incoming air stream. Therefore, there is an optimum range
of inter-?ber spacing that strikes a balance betWeen shear
forces, attractive and repulsive forces. This balance ensures

that pathogens get removed during their How in the carbon
?ber ?lters.

higher densities provide better removal of contaminants and
densities greater than the stated ranges used. HoWever, the

60

An activated carbon ?ber composite material having a
rigid, open, monolithic structure With a high permeability,
and good control over the composite’s overall porosity, may
be made in the folloWing manner. The composite of the
present invention is comprised generally of carbon ?bers
and a binder. The composite is strong and permeable,
alloWing air to easily ?oW through the material. At the same
time, When activated, the carbon ?bers provide a porous
structure of adsorption. Synthesis of the carbon ?ber com

posites generally comprises mixing a selected carbon ?ber
and a binder, for example, a carboniZable organic poWder
65

such as a phenolic resin, With Water to form a slurry. The

desired monolith con?guration is molded from this slurry.
The resulting green form is dried and removed from the
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mold. The composite is cured prior to carboniZation under

carboniZation is conducted for up to three hours under

an inert gas. The composite material is then activated to

nitrogen at 650° C. to pyroliZe the resin binder.
Acomposite formed by the above process de?nes voids or
interstitial spaces betWeen the ?bers Which alloW free How
of air through the material and ready access to the carbon
?ber surface. Further, the individual carbon ?bers are held in
place by the pyrolyZed resin binder and thus cannot move or
settle due to the How of air through the material. The
carboniZed bulk or cured density of the composite material
is typically from about 0.2 to about 0.9 g/cc, more preferably
from about 0.3 and about 0.55 g/cc.
FolloWing its manufacture, the monolithic carbon ?ber
composite is activated. Activation of the carbon ?bers is
accomplished by reaction With steam, carbon dioxide or by
chemical activation. The resulting chemical reaction
removes carbon and develops pores in the carbon ?bers; the
pores are classi?ed by their diameter: micropores (less than

develop the porous structure of the ?bers. Alternatively,
carboniZation and activation may be completed in a single
step. A composite may be readily machined to the desired
?nal con?guration either before or after activation. Com
posites can be made from preactivated ?bers, so that no or

less activation may be necessary after forming.
The ?lters of the present invention may take on any of the

shapes commonly used for air ?ltration systems. HoWever,

10

one of the bene?ts of the present invention is that relatively

thin layers of the activated carbon composites (or free ?bers)
can be used to achieve both good How rates of the air

through the ?lter, and effective ?ltration of the air. Thus,
preferred shapes for the ?lters of the present invention
include disk shape ?lters, candle shape ?lters, (i.e., an

15

annular ring of ?lter material), corrugated shape ?lters and

20 nm), mesopores (20—50 nm) and macropores (greater
than 50 nm).

block shape ?lters. Such ?lters should include at least one

Wall, through Which the air passes during the ?ltration
process, having a thickness of no greater than about 3 inches,

preferably no greater than about 2 inches, most preferably,
no greater than about 1 inch. Thus, for example, the thick
ness of a disk ?lter (With the air ?oW passing through that
thickness) of the present invention could be about 1 inch or
less. It is this ability to utiliZe such thin ?lters, thereby
providing excellent ?oW rates and small pressure drops,
Without compromising the effectiveness of the ?ltration of
the air, Which characteriZes the present invention. In using
the ?lters of the present invention, typical ?oW rates of air
through the ?lter range from about 3 to about 30 lpm. The
pressure drop across such ?lters typically is from about 5 to
about 60 inches of Water, preferably from about 5 to about
25 inches of Water. In some applications, the ?lter may be

20

tion conditions are 800—950° C. With the steam at a partial

pressure of 0.1—0.9 atmospheres, for a duration of about
25

60%, to provide a composite With good virus, bacteria and
30

35

?lters in Which the carbon ?bers are impregnated With

mixtures of materials (e.g., metals) Which enhance removal
of speci?c agents (e.g., chemical or biological agents) by the
40

Particles of iron (e.g., magnetite), molybdenum or silver
may be added to the ?lter structures to enhance their removal
of bacteria.
In one embodiment of the present invention, an isotropic
pitch precursor is formed such that the resultant ?bers de?ne
a diameter of approximately 10—25 pm. The ?bers can be in

parasite removal characteristics in addition to a high capac

ity for the adsorption of other airborne contaminants. The
activation conditions can be varied by changing the activa
tion gas, its concentration, the ?oW rate, temperature, the
furnace con?guration and the optional presence of a catalyst

The ?lters of the present invention include impregnated

?lter.

1—26 hours, preferably 1—3 hours. The burn-off is calculated
from the initial and ?nal Weights of the composite. For the
present invention, the burn-off is preferably at least about
20%, and further preferably no more than about 80%, most
preferably burn-off is in the range from about 40% to about

used together With a pump to assist movement of air across

the ?lter, thereby rendering pressure drop less relevant.

In a preferred embodiment, the composite is steam acti
vated in a steam/nitrogen atmosphere. The preferred activa

to in?uence total surface area and pore siZe distribution.
Further, the use of a post-activation treatment can be imple

mented. For example, further heating in a controlled gas
atmosphere or the introduction of chemicals could affect the
pore siZe distribution and surface chemistry of the ?nished
composite. Once carboniZed or activated, the composite can
be machined to any desired shape, forming a monolithic

carbon composite.
The composite ?lters of the present invention are char
acteriZed by an extremely open structure. In fact, such ?lters

a stabiliZed, carboniZed or activated condition and are cut to

frequently have a ratio of interstitial area to activated carbon
?ber area in their cross-section of from about 3:1 to about
20:1. The result is a porous ?lter replete With extensive

an average length of approximately 200 pm, but that can
range from about 100 to about 1,000 pm. The chopped ?bers

bacteria, organics and other contaminants, present at loW

45

tortuous pathWays running through its body. Viruses,

are then mixed in a Water slurry With a binder, such as a 50 concentration, must folloW these pathWays as the air stream

phenolic resin. The binder can be any binder knoWn in the
art, such as a thermosetting resin adhesive or pitch.

passes through the ?lter. Generally, bacteria are larger than

In a preferred forming method, the slurry is transferred to
a molding tank (circular) of any cross-section to make

(i.e., large interstices/pathWays) of the present invention that

cylinders or blocks, or annular to make tubes. The mold has
a screen at the bottom. The slurry is ?ltered through this
screen by applying an overpressure of air or applying a

the pores in the activated carbon and it is the open structure

alloWs entry of the bacteria inside the composite providing
55

vacuum on the drainage side of the screen. In most cases, an

acceptable rate of ?ltration is achieved by relying upon the
hydraulic head of slurry. Of course, other molding methods

60

access to the surfaces of the activated carbon ?bers that
de?ne the boundaries of those interstices/pathWays on Which
the bacteria are effectively trapped. It should also be appre
ciated that the binder only binds the ?bers and particles at
the intersection of one ?ber With another. Accordingly, most
of each ?ber’s surface pores are maintained accessible for

can be utiliZed (e.g., pressure forming or any of the other

adsorption of organics, viruses and other contaminants.

various forming methods practiced in the plastics industry).
The resulting green form is partially dried, preferably in

While the viruses are also generally too large to become

air at approximately 50° C. The form is then removed from
the mold and the green form is cured (at, for example, 130°

extensive external carbon ?ber surfaces that de?ne the
tortuous pathWays characteristic of the composite structure.

C. in air) to produce a cured monolithic body. The resulting
composite is then carboniZed under an inert gas. Preferably,

entrapped in the pores, they do become entrapped on the
65

Accordingly, the ?ltering ef?ciency provided by the acti
vated carbon ?ber composite ?lters of the present invention
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is signi?cantly enhanced over any activated carbon ?lter
generally available in the art.

be a signi?cant bene?t. Further, movement can result in

channeling that results in inefficient adsorption. Avoidance
of this channeling problem is also a signi?cant bene?t of this
aspect of the present invention.

The method of making of the composites is alternatively
to miX 100 micron activated carbon ?bers With surface areas

from 200—2000 m2/g (burn-offs from 20—75%) With the
phenolic resin binder or other binders and Water. The ratio of
resin to ?ber varies from 1:32 to 2:1 preferably 1:16 to 1:4.
The slurry is poured into a mold, Which is evacuated to
remove eXcess Water. The ?lter cake is ejected and cured at
200° C. for about 3 hours. The composite is then activated
in steam for 1—10 hours to activate the resin, or alternatively
just carboniZed at 800° C. in nitrogen, or yet another
alternative is to leave the resin in the cured state.

This method of manufacture results in composites With
better structural properties since there is no cracking of the
composite due to nonuniform activation throughout the

10

In summary, numerous bene?ts result from employing the
15

air stream easily, quickly, With high ?oW rates and With a
loW pressure drop. The composite ?lter has a unique open
internal structure and a large reactive surface for adsorption

more ef?cient than for composites made from nonactivated
?bers, Which need more activation after manufacture With
20

In another method of making the composites, the ?bers

and/or particulates are dry miXed With poWdered phenolic
resin binder (10—15 micron particles). The curing and acti

achieved in a relatively short contact time and With loW
pressure energy requirements. Further, no channeling or
25

no release of Water.

It should also be appreciated that the present invention
comprises methods of removing contaminants from an air
stream. While the term “contaminants” as used herein is

focused on pathogens, it also includes particulate matter and

30

organic materials (e. g., vapors, odors) Which may be present
in air. In one aspect, the method comprises passing the air
stream, at a ?oW rate of from about 3 to about 30 lpm,
preferably from about 3 to about 20 lpm, through a ?lter
comprising an activated carbon composite, said ?lter having
a density of from about 0.35 to about 0.70 g/cc (preferably
from about 0.35 to about 0.50 g/cc, most preferably from
about 0.35 to about 0.40 g/cc). The bene?t of this method is

35

based on the fact that for a given ?lter structure, a carbon

composite, When compared to a similarly shaped agglom
eration of free ?bers and particulates, provides cleansing of

40

candle ?lter).
50

Further and optionally, the carbon ?bers may be selected
from a range of diameters so that When placed together, the

interstitial spacing betWeen the ?rst, and larger, diameter
?bers Will closely conform to the second, and smaller,
55

taminants may be effectively removed from an air stream by
passing that stream through a thin Wall of the ?lters of the

diameter ?bers, and so that the successively smaller diam
eter ?bers Will closely conform With the remaining intersti
tial space betWeen the various selected larger ?bers. By this
selection of ?ber diameters and lengths, the siZe, form and
surface area of the interstitial space can be substantially
controlled and made uniform at a smaller scale than Would

present invention, thereby alloWing a higher ?oW rate and
60

be possible than if a single ?ber diameter is used.
Additionally, the activated carbon ?bers may be combined
With other materials, of different shapes, to control intersti
tial spacing. Such materials may be carbonaceous or non

carbonaceous. Further, the activated carbon ?bers may be
treated With a bacteriostatic agent, such as closely bound

little or no movement Within the adsorbent bed such as might
occur in a bed of granular carbon. Since movement may

result in attrition and the production of carbon ?nes that may
pass through the bed and carry contaminants, as Well as clog
the pores of the bed, the elimination of this movement can

including, but not limited to, hydraulic pressure across a

Additionally, the activated carbon ?bers can be shaped into
an annular shape to take advantage of radial ?oW (i.e., a

(preferably no greater than about 2 inches, more preferably
no greater than about 1 inch). The bene?t provided by this

loWer pressure drops than Would be required With the more
conventional thicker ?lters of the prior art.
Advantageously, When the carbon ?bers are rigidly
bonded in a composite monolithic body, there is, during use,

cylinder and applying linear force along the aXis of the
cylinder, thus compressing the ?bers. It is to be understood
that the air to be treated is made to How along the aXis of the
cylinder Which is also the aXis of compression. The aXial
compression described is but one means of compressing
?bers and other means of compression may be used

and a hydraulic press. It is to be further understood that the
cylinder could as Well be any other shape such as a boX or
45 a cone Which lends itself to aXial compression of the ?bers.

?lter having a thickness of no greater than about 3 inches

embodiment of the process is based on the fact that con

bypass of contaminants Will occur even in a very thin ?lter

bed since the ?lter is a monolithic body With ?bers ?rmly
held or bound in position.
In another embodiment of the present invention, the ?lter
used to remove pathogens from the air stream comprises free
activated carbon ?bers, rather than a composite structure.
One process for building a free activated carbon ?ber
?lter capable of removing pathogens from an air stream
comprises placing activated carbon ?bers into a holloW

membrane, opposed knuckles on a roller pressing against the
?bers placed in a holloW form, a levered pressing element,

the air stream at higher ?oW rates and With a loWer pressure

drop. In a second embodiment, the method for removing
pathogens from an air stream comprises passing the air
stream through a ?lter comprising activated carbon ?bers
and/or particulates (preferably in the form of a composite),
said ?lter having a density of from about 0.35 to about 0.70
g/cc (preferably from about 0.35 to about 0.50 g/cc, most
preferably from about 0.35 to about 0.40 g/cc), such that at
least a portion of the air stream (i.e., at least about 50%,
preferably at least about 75%) passes through a Wall in said

Which alloWs for more efficient and rapid removal of con
taminants than is attainable With conventional ?lters of

granular activated carbons. This ef?cient adsorption is

vation steps are the same as When Water is used in the

mixture, eXcept that the curing Will be faster since there is

activated carbon composites of the present invention in the
air ?ltration process. A composite ?lter is provided that is
useful for ?ltering a broad range of contaminants out of an

structure. Hence the virus and bacteria removal can be even

the possibilities of microcracks appearing.

In addition to the carbon ?ber composites, the ?lters of the
present invention may include, in addition to ?bers, carbon
particulates and ?nes, as long as they are bonded together
and meet the spacing, void volume and density criteria
de?ned herein. In fact, in certain circumstances, the com
posites may be made up solely of carbon particulates and
?nes, as long as they are bonded together and meet the
spacing, void volume and density criteria de?ned herein.

65

silver or other bacteriostatic means, to prevent bacterial

colonies from developing on the activated carbon surfaces.
HoWever, to ensure that a ?lter is serving the function of
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removing pathogens by size exclusion and/or adsorption per
the present invention, as opposed to simply “killing” the
pathogens, it is important that the ?lter be tested without
application of chemical agents that provide antibiotic

-continued
t = 31
t = 40

effects.
In one embodiment, the activated carbon ?lter may be

Remove carbon ?lter, replace with new carbon ?lter and

comprised of aligned larger ?bers compressed with a plu

repeat procedure.

rality of smaller ?bers so that the smaller ?bers ?ll in the

interstitial space between the larger ?bers, forming succes
sively smaller and parallel interstitial spaces along the axis
of the ?bers and continuous in the axial ?ber direction
through the entire structure. In this embodiment, it can be
seen that the siZe of the interstitial spaces created is much
smaller than the ?ber members and uniform through the
structure and can readily be controlled by the diameter of the
?bers selected.
In addition to air ?ltration, the ?lters described herein can
be used in air sampler/concentrates apparatus, such as to

monitor indoor air quality (including HVAC system
monitoring), workplace exposure monitoring, clean room

Stop Collison nebulizer
Turn off exhaust pump

The Te?on reference ?lters were analyZed by placing
10

them in a 50 ml conical tube, suspended in 10 ml of
phosphate-buffered saline (PBS), and placed on a Wrist

Action Shaker (Burrell Scienti?c, Pittsburgh, Pa.) for 10
minutes. The liquid suspensions were then analyZed for
MS-2 according to standard microbiological procedures.
15

This resulted in a quanti?able number of plaque forming
units (PFU) for each reference ?lter. This number was used
to determine both the upstream and downstream number of
PFU/Lair for each test. The ef?ciencies for each of the
reference ?lter sets were calculated using the following

20

equation:

monitoring, infectious disease investigations, biological
warfare agent detection.

‘ ‘

PF U/Lair (downstream)

Efficiency: 1 — —

FLU/Lair (upstream)

EXAMPLES
25

The following examples illustrate the ?lters and the

The carbon ?lters tested using this procedure were prepared

processes of the present invention. They are intended only to
be exemplary and not limiting of the scope of the present
invention.
The following describes the procedure used to measure
the ability of the carbon ?lter assemblies of the present

as follows:

Carbon Filter 1

Activated carbon ?bers of approximately 200 micron
30

bed with a ?ber density of 0.37 g/cc. The ?bers were
received in the carboniZed form and activated at 877° C. for
3 hours. The burn-off during activation was 45%. The BET

invention to ?lter MS-2 bacteriophage from an aerosol air
stream. The removal ef?ciencies were calculated by com

paring the amount of viable MS-2 on reference samples
taken upstream and downstream of the carbon ?lter.

surface area of the material is 1202 m2/g. An adsorption
35

FIG. 1 is a schematic of the test set-up used. The ?lter
assemblies were connected to the aerosol test system via 1A1

inch Swagelock ?ttings. MS-2 aerosol was generated using
a 6-jet Collison nebuliZer. The How rate used for testing of

length (Anshan Carbon Fibers, P-200) were packed into a

40

the ?rst three ?lters was 30 lpm and this was decreased to 10

column was made up by packing the ?bers into a PVC
reactor of 1.045 inches diameter and 3.0 inches long. The
weight of ?bers was 14.8 g. The density of the activated
carbon ?ber bed was 0.367 g/cc. A8 micron glass ?lter paper
was put at the end of the reactor to prevent carbon ?nes to
be carried out from the reactor.

lpm for the last three ?lters.

The column was tested for MS-2 bacteriophage adsorp
tion at a high ?ow rate of 30 lpm (44690 column volumes/

Te?on reference ?lter samples were collected at 5, 15 and
25 minutes, and each sample was of a ?ve minute duration

hr) of air spiked with 2.0><105 PFU/ml of MS-2. The removal
of MS-2 was better than 99% (99.3%) for 5 min, then 3 logs
(99.9%) after 15 minutes. It improved to 4 logs (99.995%)

period. A laser aerosol spectrometer (Particle Measuring

after 25 minutes. The adsorption was stopped after 25

Systems, Inc., Boulder, Colo.) was also used to measure the

minutes before saturation was reached. Detailed results and
conditions of the virus adsorption test are shown for

aerosol siZe distribution. The step-by-step procedure used
for the bioaerosol testing is as follows:
Ensure all valves are closed prior to testing of each ?lter

Example 1 in Table 1.
Carbon Filter 2

Activated carbon ?bers of approximately 200 micron

length (Anshan Carbon Fibers, P-200) were packed into a
t = —5 min.

Set exhaust pump to give 10 or 30 Lair - min’1

Take 1 minute LAS measurement from upstream port
t = 0

t = 4:55
t= 5

Turn on Collison nebulizer to 15 psi, verify exhaust still at
10 (30) Lair - min’1
Open upstream and downstream reference ?lter valves
Start pump to pull air through reference ?lters at 5 1 pm,

t = 10

verify exhaust still at 10 (30) Lair - min’1
Take LAS measurement from upstream chamber
Stop sample pump and switch out sampling ?lter holders

t = 14:55

Open reference ?lter valves

t = 15

Start pump to pull air through reference ?lters
Take LAS measurement from upstream chamber
Stop sample pump and switch out sampling ?lter holders
Open reference ?lter valves
Start pump to pull air through reference ?lters
Take LAS measurement from upstream chamber
Stop sample pump

t = 20
t = 24:55

t = 25
t = 30

55

bed with a ?ber density of 0.37 g/cc. The ?bers were
received in the carboniZed form and activated at 877° C. for
3 hours. The burn-off during activation was 46%. The BET

surface area of the material is 1220 m2/g. An adsorption

60
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column was made up by packing the ?bers into a PVC
reactor of 1.045 inches diameter and 2.0 inches long. The
weight of ?bers was 10.3 g. The density of the ?ber bed was
0.370 g/cc. 0.2 g of P-800 ?bers were put at the end of the
reactor to prevent clogging of the 20 micron glass ?lter
paper at the end of the reactor to prevent carbon ?nes from
exciting the reactor.
The column was tested for MS-2 bacteriophage adsorp
tion at a high ?ow rate of 10 lpm (23321 column volumes/

hr) of air spiked with 2.0><105 PFU/ml of MS-2. The removal
of MS-2 was better than 3 logs (99.9%) for 5 min, then 3
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logs (99.9%) after 15 minutes. It Was still 3 logs (99.96%)

adsorption at a high ?oW rate of 30 lpm (44690 column
volumes/hr) of air spiked With 2.0><105 PFU/ml of MS-2.
The removal of MS-2 Was 99.2% for 5 min, then 1 log
(94.3%) after 15 minutes, and 97.8% after 25 minutes. The
adsorption Was stopped after 25 minutes before saturation

after 25 minutes. The adsorption Was stopped after 25
minutes before saturation Was reached. Detailed results and
conditions of the virus adsorption test are shoWn in Table 1.
Carbon Filter 3

Activated carbon ?bers of approximately 200 micron

Was reached. Detailed results and conditions of the virus
adsorption test are shoWn for carbon ?lter 3 in Table 1.
Carbon Filter 6

length (Anshan Carbon Fibers, P-200) Were packed into a
bed With a ?ber density of 0.37 g/cc. The ?bers Were
received in the carboniZed form and activated at 877° C. for
3 hours. The burn-off during activation Was 46%. The BET

10

surface area of the material is 1220 m2/g. An adsorption
column Was made up by packing the ?bers into a PVC
reactor of 1.045 inches diameter and 3.0 inches long. The
Weight of ?bers Was 10.7 g. The density of the ?ber bed Was
0.370 g/cc. 1.19 g of multiWalled carbon nanotubes
(MWNT) Were put at the end of the reactor. A micron glass
?lter paper Was placed at the end of the reactor to prevent
carbon ?nes from exciting the reactor.
The column Was tested for MS-2 bacteriophage adsorp
tion at a high ?oW rate of 30 lpm (44690 column volumes/

hr) of air spiked With 2.0><105 PFU/ml of MS-2. The removal
of MS-2 Was 82.6% for 5 min, then 2 logs (99.8%) after 15
minutes. And 99.6% after 25 minutes. The adsorption Was
stopped after 25 minutes before saturation Was reached.
Detailed results and conditions of the virus adsorption test

The production method for this sample is similar to that
for Example 4. It Was made from 28 g of P200 pitch-based
carbon ?bers (R303T), 120 cc of Water and 7 g of DureZ

2-step phenolic resin.
The cured composite Was then activated in steam at 877°
C. for 3.5 hours at a nitrogen ?oW rate of 2 lpm and a Water
15 ?oW rate of 100 cc/hour. The burn-off Was 41%. The BET
surface area of the material Was 1130 m2/g. The density of
material Was 0.346 g/cc.
An adsorption column Was made up from the 2.04 in.

long, 0.960 in. diameter sample. The Weight of the sample
20

Was 8.1 g. The column Was tested for MS-2 bacteriophage

adsorption at a high ?oW rate of 10 lpm (23321 column
volumes/hr) of air spiked With 2.0><105 PFU/ml of MS-2.
25

The removal of MS-2 Was better than 3 logs (99.9%) for 5
min, then 3 logs (99.9%) after 15 minutes. It Was still 3 logs
(99.96%) after 25 minutes. The adsorption Was stopped after
25 minutes before saturation Was reached. Detailed results
and conditions of the virus adsorption test are shoWn in
Table 1.
Carbon Filter 7

are shoWn for carbon ?lter 3 in Table 1.
Carbon Filter 4
The production method for this material Which Was made

directly as a 1 in. diameter, 4 in. long column involved
120 cc of Water and 7 g of DureZ 2-step phenolic resin. After
mixing, the slurry Was poured into a mold made from a 1 in.

The production method for this sample is similar to that
for Example 4. It Was made from 28 g of P100 pitch-based
carbon ?bers (R303T), 120 cc of Water and 7 g of DureZ,

ID PVC tube, Where the ?ber-resin mixture adapts to the

2-step phenolic resin.

mixing 28 g of P200 pitch-based carbon ?bers (R303T) With

mold shape. The mixture Was alloWed to settle for 10
seconds before applying a vacuum for 1 min. to draW the

30
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remaining Water through the cake and effect partial drying.
The composite Was ejected from the mold, and cured at 200°
C. for 3 hours.
The cured composite Was then activated in steam at 850°
C. for 4.5 hours at a nitrogen ?oW rate of 2 lpm and a Water
?oW rate of 100 cc/hour. The burn-off Was 41%. The BET
surface area of the material Was 1130 m2/g. The density of
material Was 0.324 g/cc.
An adsorption column Was made up from the 2.045 in.

long, 0.953 in. diameter sample. The Weight of the sample
Was 8.0 g. The column Was tested for MS-2 bacteriophage

adsorption at a high ?oW rate of 10 lpm (23321 column
volumes/hr) of air spiked With 2.0><105 PFU/ml of MS-2.
The removal of MS-2 Was better than 3 logs (99.9%) for 5
min, then 3 logs (99.9%) after 15 minutes. It Was still 3 logs
(99.96%) after 25 minutes. The adsorption Was stopped after

The cured composite Was then activated in steam at 877°
C. for 3.5 hours at a nitrogen ?oW rate of 2 lpm and a Water
?oW rate of 100 cc/hour. The burn-off Was 53%. The density
of material Was 0.375 g/cc.
An adsorption column Was made up from the 1.98 in.

long, 1.81 in. diameter sample. The Weight of the sample
40

Was 31.25 g. The volume of the column Was 83.3 cc. The

column Was tested for MS-2 bacteriophage adsorption at a
How rate of 3 lpm (36 column volumes/min or 2161 column

volumes/hr) of air spiked With 1.9><10° PFU/ml of MS-2 for
the ?rst 15 minutes, then 1.6><105 PFU/ml for the next ten,
45

then 1.3><105 PFU/ml for the last ten minutes. The removal
of MS-2 Was better than 4 logs (99.99%) for the ?rst 10 min,
then 3 logs (99.9%) after 15 minutes. It Was still 3 logs
(99.96%) after 25 minutes. The adsorption Was stopped after
25 minutes before saturation Was reached. The pressure drop
during this experiment Was 13“ H2O for a How rate of 3 lpm.
Detailed results and conditions of the virus adsorption test

25 minutes before saturation Was reached. Detailed results
are shoWn in Table 1.
Carbon Filter 8
and conditions of the virus adsorption test are shoWn in
Table 1.
The production method for this sample is similar to that
Carbon Filter 5
55 for Example 4. It Was made from 28 g of P100 pitch-based
The production method for this sample is similar to that
carbon ?bers (R303T), 120 cc of Water and 7 g of DureZ

for Example 4. It Was made from 28 g of P200 pitch-based
carbon ?bers (R303T), 120 cc of Water and 7 g of DureZ

2-step phenolic resin.

2-step phenolic resin.
The cured composite Was then activated in steam at 877°
C. for 3.5 hours at a nitrogen ?oW rate of 2 lpm and a Water
?oW rate of 100 cc/hour. The burn-off Was 52%. The density
of material Was 0.375 g/cc.
An adsorption column Was made up from a 1.0 in. tall,

The cured composite Was then activated in steam at 877° 60
C. for 3.5 hours at a nitrogen ?oW rate of 2 lpm and a Water
?oW rate of 100 cc/hour. The burn-off Was 41%. The BET
surface area of the material Was 1130 m2/g. The density of
1.82 in. diameter sample. The Weight of the sample Was
15.63 g. The volume of the column Was 41.7 cc. The column
material Was 0.364 g/cc.
An adsorption column Was made up from the 3.03 in. 65 Was tested for MS-2 bacteriophage adsorption at a How rate

long, 0.949 in. diameter sample. The Weight of the sample
Was 12.2 g. The column Was tested for MS-2 bacteriophage

of 3 lpm (72 column volumes/min or 4320 column volumes/
hr) of air spiked With 5 .4><105 PFU/ml of MS-2 for the ?rst

US 6,702,875 B2
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15 minutes, then 1.6><106 PFU/rnl for the next ten, then

The volume of the column Was 27.84 cc. The density of the
packed bed Was 0.392 g/cc. The column Was tested for MS-2

2.6><106 for the last ten minutes. The removal of MS-2 Was

bacteriophage adsorption at a How rate of 3 lprn (72 column
volumes/min or 4320 colurnn volurnes/hr) of air spiked With
5 .4><105 PFU/rnl of MS-2 for the ?rst 15 minutes, then
1.6><106 PFU/rnl for the neXt ten, then 2.6><106 for the last

better than 4 logs (99.99%) after 10, 20 and 30 minutes. The
adsorption Was stopped after 30 minutes before saturation
Was reached. The pressure drop during this experiment Was

10“ H2O for a How rate of 3 lprn. Detailed results of the virus
ten minutes. The removal of MS-2 Was better than 4 logs
adsorption test are shoWn in Table 1.
(99.99%) after 10, 20 and 30 minutes. The adsorption Was
Carbon Filter 9
stopped after 30 minutes before saturation Was reached. The
P-200 carbon ?bers Were activated in steam at 877° C. for
pressure drop during this experiment Was 24“ H2O for a How
3.5 hours at a nitrogen ?oW rate of 2 lprn and a Water How 10 rate of 3 lprn. Detailed results of the virus adsorption test are
rate of 100 cc/hour. The burn-off Was 40%.
shoWn in Table 1.
TABLE 1
Results of Virus Adsorption Test
Carbon

Bed

Bed

Air FloW Rate

Linear Air FloW

Filter

Depth

Diarn.

Dens

Through Filter

Through Filter

Pressure Upstream

drop

DoWnstrearn

Concentration

Concentration

MS-2 Removal

("H20) (PFU* Lair-1)

(PFU* Lair-1)

E?iciency (%)

ID

Type

(crn)

(crn)

(g/cc)

(Lair/min)

(Lair/min crn2)

3

?ber

3.00

1.05

0.37

30

5.9

42

5

Comp

3.03

0.95

0.36

30

5.9

42

1

?ber

3.00

1.05

0.37

30

5.9

41

2

?ber

2.00

1.05

0.37

10

2

6

6

?ber

2.04

0.96

0.35

10

2

6

4

Comp

2.05

0.95

0.32

10

2

5

6.9E+03
2.1E+05
2.4E+05
2.8E+05
1.6E+05
2.9E+05
2.0E+05
2.1E+05
1.9E+05
1.4E+05
2.7E+05
1.0E+05
2.4E+05
2.4E+05
3.3E+05
2.7E+05

3.1E+05
2.4E+05
7

Comp

2.00

2.00

0.38

3

0.2

13

8

Comp

1.00

2.00

0.38

3

0.2

10

9

?ber

2.00

1.00

0.22

3

0.6

24

10

?ber

2.00

1.00

0.70

3

0.6

59

1.90E+06
1.56E+05
1.30E+05
5.40E+05
1.64E+06
2.60E+06
8.20E+05
2.90E+06
9.40E+06
3.00E+06
1.18E+07
4.00E+06

1.2E+03
4.7E+02
8.9E+02
2.4E+03
9.2E+03
6.4E+03
1.4E+05
2.3E+02
<1.0E+01
1.5E+02
1.8E+02
4.0E+01
3.7E+02
1.1E+03
8.5E+02
1.2E+03

82.6
99.8
99.6
99.2
94.3
97.8
99.3
99.9
99.995
99.9
99.9
99.96
99.8
99.5
99.7
99.6

1.1E+03

99.7
99.996

<1.0E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01
5.00E+01

99.9974
99.9679
99.9615
99.9907
99.997
99.9981
99.9939
99.9983
99.9995
99.9983
99.9996
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What is claimed is:

An adsorption column was made up from a 2.0 in. tall,

1. Aprocess for removing pathogens from air, cornprising

1.82 in. diameter sample. The Weight of the sample Was 5.06

g. The volume of the column Was 22.9 cc. The column Was 50 passing said air, at a How rate of from about 3 to about 30

lprn, through a ?lter cornprising activated carbon ?bers, said

tested for MS-2 bacteriophage adsorption at a How rate of 3

lprn (72 column volumes/min or 4320 colurnn volurnes/hr)
of air spiked With 5.4><105 PFU/rnl of MS-2 for the ?rst 15
minutes, then 1.6><106 PFU/rnl for the neXt ten, then 2.6><106
for the last ten minutes. The removal of MS-2 Was better 55

than 4 logs (99.99%) after 10, 20 and 30 minutes. The
adsorption Was stopped after 30 minutes before saturation
Was reached. The pressure drop during this experiment Was
24“ H2O for a How rate of 3 lprn. Detailed results of the virus
adsorption test are shoWn in Table 1.
Carbon Filter 10

60

P-200 carbon ?bers Were activated in steam at 877° C. for
3.5 hours at a nitrogen ?oW rate of 2 lprn and a Water ?oW
rate of 100 cc/hour. The burn-off Was 29.9%.
65
An adsorption column was made up from a 2.0 in. tall, 1.0

in. diameter sample. The Weight of the sample Was 19.5 g.

?lter having a density of from about 0.35 to about 0.70
g/crn3, and at least one Wall having a thickness no greater
than about 3 inches through Which at least a portion of the
air passes during use.
2. The process according to claim 1 Wherein the ?lter has
a VRI of at least about 99%.
3. The process according to claim 2 Wherein the ?lter has
a VRI of at least about 99.9%.
4. The process according to claim 3 Wherein the ?lter has
a VRI of at least about 99.99%.
5. The process according to claim 3 Wherein the ?lter has
a void volume of from about 63% to about 95%, and a mean
inter-?ber spacing of at least about 30 urn.
6. The process according to claim 5 Wherein the ?lter has
a void volume of from about 71% to about 81%, and a mean
inter-?ber spacing of from about 42 urn to about 73 urn.
7. The process according to claim 5 Wherein the burn-off
during activation of the ?lter is at least about 20%.

US 6,702,875 B2
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22. The process according to claim 21 Wherein the ?lter

8. The process according to claim 7 wherein the burn-off
during activation of the ?lter is up to about 70%.
9. The process according to claim 8 Wherein the burn-off
during activation of the ?lter is from about 40% to about
50%.
10. The process according to claim 8 Wherein the ?lter has
a micropore volume of from about 0.2 to about 0.9 cc/g, and
a BET surface area of from about 500 to about 3,000 m2g.
11. The process according to claim 8 Wherein the ?lter has

a shape selected from disc, annular/candle, corrugated and

has a void volume of from about 63 to about 95%, and a
mean inter-?ber spacing of from about 30 pm to about 302
pm.

23. The process according to claim 22 Wherein the ?lter
has a void volume of from about 71% to about 81%, and a
mean inter-?ber spacing of from about 42 pm to about 73
pm.
10

block.
12. The process according to claim 11 Wherein the How

path of the air through the composite portion of the ?lter is
no greater than about 2 inches.
13. The process according to claim 8 Wherein the How rate 15
is from about 3 to about 20 lpm.

14. The process according to claim 8 Wherein the ?lter has
a density of from about 0.35 to about 0.50 g/cm3.
15. The process according to claim 8 Wherein the ?lter can

be disinfected and regenerated on-line by heating the com
posite for a short period of time above about 120° C.
16. The process according to claim 15 Wherein the heating
is accomplished by applying an electric current through the

and a BET surface area of from about 800 to about 1,600
20

28. The process according to claim 25 Wherein the ?lter
and block.
29. The process according to claim 28 Wherein said Wall
25

has a thickness of no greater than about 2 inches.

30. The process according to claim 25 Wherein the How
rate of the air is from about 3 to about 20 L/m.
31. The process according to claim 25 Wherein the ?lter

to obtain properties amenable to virus removal.

18. A process for removing pathogens from air, compris
ing passing said air through a ?lter comprising activated
carbon ?bers, said ?lter having a density of from about 0.35

m2/g.
has a shape selected from disc, candle/annular, corrugated

composite.
17. The process according to claim 8 Wherein the ?lter is
comprised of carbon ?bers, carbon particulates and a binder

24. The process according to claim 22 Wherein the burn
off during activation of the ?lter is at least about 20%.
25. The process according to claim 24 Wherein the burn
off during activation of the ?lter is no greater than about
80%.
26. The process according to claim 25 Wherein the burn
off during activation of the ?lter is from about 40% to about
60%.
27. The process according to claim 25 Wherein the ?lter
has a micropore volume of from about 0.3 to about 0.8 cc/g,

30

has a density of from about 0.35 to about 0.50 g/cm3.
32. The process according to claim 29 Wherein said Wall

to about 0.70 g/cm3, such that at least a portion of the air
passes through a Wall in said ?lter having a thickness of no

has a thickness of no greater than about 1 inch.

greater than about 3 inches.
19. The process according to claim 18 Wherein the ?lter

can be disinfected and regenerated on-line by heating the

is a carbon ?ber composite ?lter.
20. The process according to claim 19 Wherein the ?lter
has a VRI of at least about 99%.

21. The process according to claim 20 Wherein the ?lter
has a VRI of at least about 99.9%.

33. The process according to claim 18 Wherein the ?lter

35

composite for a short period of time above about 60° C.
34. The process according to claim 33 Wherein the heating

is accomplished by applying an electric current through the

composite.

