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(57) ABSTRACT 

Disclosed is a ?lter comprised of activated carbon ?bers, 
Wherein said ?lter has a Virus Removal Index (hereafter 
“VRI”) of at least about 99%, as measured in accordance 
With the test method described in the speci?cation. The ?lter 
may comprise unbound ?bers, or the ?bers may be bound 
With a binder to form a composite of ?bers. Also disclosed 
is a method of removing viruses from a liquid, the method 
comprising contacting the liquid With a ?lter comprising 
activated carbon ?bers Wherein said ?lter has a VRI of at 
least about 99%. Also described is an article of manufacture 
comprising: (a) a ?lter comprising activated carbon ?bers, 
Wherein said ?lter has a VRI of at least about 99%; and (b) 
instructions Which inform a user that the ?lter may be used 
to remove viruses from a liquid. 
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CARBON FIBER FILTERS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation of application Ser. No. 
09/347,223, ?led Jul. 2, 1999 Which is a continuation-in-part 
patent application Which claims the bene?t of (1) US. 
Provisional Patent Application Serial No. 60/091,593 ?led 
Jul. 2, 1998; (2) US. patent application Ser. No. 08/935,631 
?led Sep. 23, 1997, Which claims priority to US. Provisional 
Patent Application Serial No. 60/027,193, ?led Sep. 30, 
1996, entitled “Preparation of Monolithic Carbon Fiber 
Composite Material”; (3) US. patent application Ser. No. 
08/747,109, ?led Nov. 8, 1996, entitled “Activated Carbon 
Fiber Composite Material and Method of Making” Which 
depends from US. patent application Ser. No. 08/358,857, 
?led Dec. 19, 1994, entitled “Activated Carbon Fiber Com 
posite Material and Method of Making”; and (4) US. 
Provisional Patent Application Serial No. 60/ 132,309, ?led 
May 3, 1999 by M. E. Tremblay et al., entitled “Filters for 
Removal of Pathogens from Liquids”, the substances of 
Which are incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention relates to ?lters capable of 
removing various contaminants, including pathogens, from 
?uids (air and liquids) by ?ltration. In particular, it relates to 
?lters that comprise activated carbon ?bers for removing a 
broad spectrum of contaminants, including viruses, from 
liquids. Additionally, the invention relates to a method of 
removing contaminants from liquids. 

BACKGROUND OF THE INVENTION 

[0003] Water may contain many different kinds of con 
taminants including, for example, particulates, harmful 
chemicals, and microbiological organisms, such as bacteria, 
parasites, protoZoa and viruses. In a variety of circum 
stances, these contaminants must be removed before the 
Water can be used. For example, in many medical applica 
tions and in the manufacture of certain electronic compo 
nents, extremely pure Water is required. As a more common 
example, any harmful contaminants must be removed from 
Water before it is potable, i.e., ?t to consume. Despite 
modern Water puri?cation means, the general population is 
at risk, and in particular infants and persons With compro 
mised immune systems are at considerable risk. 

[0004] In the US. and other developed countries, munici 
pally treated Water typically includes one or more of the 
folloWing impurities: suspended solids, bacteria, parasites, 
viruses, organic matter, heavy metals, and chlorine. Break 
doWn and other problems With Water treatment systems 
sometimes lead to incomplete removal of potential patho 
gens. For example, cryptosporidiasis, a type of Waterborne 
microbiological contamination, Was brought to national 
attention in April of 1993 When the Water supply of the city 
of MilWaukee, Wis. became contaminated With Cryptospo 
ridium part/um cysts resulting in 400,000 cases of the 
disease and over 100 related deaths. 

[0005] In other countries there are deadly consequences 
associated With exposure to contaminated Water, as some of 
them have increasing population densities, increasingly 
scarce Water resources, and no Water treatment utilities. It is 
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common for sources of drinking Water to be in close 
proximity to human and animal Waste, such that microbio 
logical contamination is a major health concern. As a result 
of Waterborne microbiological contamination, an estimated 
six million people die each year, half of Which are children 
under 5 years of age. 

[0006] In the US, the National Sanitation Foundation 
(NSF), based on Environmental Protection Agency (EPA) 
studies, introduced standards that must be met for drinking 
Water. The purpose of these standards is to establish mini 
mum requirements regarding the performance of drinking 
Water treatment systems that are designed to reduce speci?c 
health related contaminants in public or private Water sup 
plies. Established in 1997, Standard 53 requires that the 
effluent from a Water supply source exhibit 99.95% removal 
of parasites against a challenge. Established in 1991, Stan 
dard 55 requires that the effluent from a Water supply source 
exhibit 99.99% removal of viruses and 99.9999% removal 
of bacteria against a challenge. One microorganism for each 
class of pathogen is used to demonstrate that the ?lter system 
is adequately treating for the respective pathogens. As a 
representative microorganism for parasites/protoZoa, 
Cryptosporidium parvum is used. Because of the prevalence 
of Escherichia coli coli, bacterium) in Water supplies, 
and the risks associated With its consumption, this micro 
organism is typically used as the bacterium. Also, MS-2 
bacteriophage is typically used as the representative micro 
organism for virus removal because its siZe and shape (i.e., 
about 25 nm and spherical) make it a particularly difficult 
microorganism to be removed from liquids, relative to other 
viruses. Thus, a ?lter’s ability to remove MS-2 bacterioph 
age demonstrates its ability to remove other viruses. 

[0007] Therefore there is a need for a ?lter capable of 
simultaneously removing a broad spectrum of contaminants. 
This ?lter Would comprise a single, small, lightWeight, 
self-contained system rather than a complex multi-compo 
nent and/or multistage system to remove the various con 
taminants. Such a ?lter Would not only be more reliable than 
a complex system, but it Would also be far more portable and 
economical. Thus, it could be utiliZed as a simple device on 
faucets in domestic settings Where Well Water or Water from 
a municipal source is used. In another application, such a 
device could be utiliZed in lesser developed regions of the 
World on a faucet or container for storing drinking Water, 
Where communal Water sources are shared, but little is done 
to treat the Water for contamination. A small, inexpensive, 
easy-to-use, Water ?lter Would be of great humanitarian and 
economic value. In certain applications, the ?lter should 
present a loW resistance to the How of Water so that in 
locations Where electricity necessary to drive a pump may be 
unavailable, the ?lter may simply be connected betWeen 
upper and loWer containers of Water, or betWeen the holding 
container and a drinking receptacle. In certain embodiments, 
the ?lter should also have suf?cient structural integrity to 
Withstand signi?cant pressures if, for example, a source of 
pressure is available to drive the liquid through the ?ltering 
apparatus (e.g. mechanical pump, faucet pumped Water, 
etc.). 
[0008] Despite centuries of a Well-recognized need and 
many development efforts, activated carbon in its various 
forms has never been shoWn to reliably remove pathogens 
from Water or enjoyed Wide-spread commercial use for 
pathogen removal per se. Many attempts have been made 
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over the years to apply activated carbon to pathogen removal 
Without notable success. In the US, the patent literature 
re?ects that improved activated carbon materials and Water 
treatment structures have been sought for Water puri?cation 
since at least the 1800’s. For example, US. Pat. No. 29,560 
(Belton, issued Aug. 14, 1860) teaches that an adsorptive 
carbon can be made by combining peat, cut out of the bog, 
With chalk in Water to make a paste, folloWed by molding 
and ?ring. US. Pat. No. 286,370 (Baker, issued Oct. 9, 
1883) teaches that arti?cial bone black blocks made from a 
slurry of ?nely poWdered charred bones and magnesia can 
be used to good effect in Water ?lters. 

[0009] The prior art teaches aWay from using activated 
carbon alone, by teaching that a supplemental means must 
be used for pathogen removal, such as the use of biocides, 
pasteuriZation (heating), electricity, distillation or high-en 
ergy radiation such as UV or X-rays. 

[0010] Additionally, the US. EPA has taught against the 
use of activated carbon alone for pathogen removal, stating 
that “activated carbon [even] With silver does not eliminate 
all bacteria in Water and cannot remove protoZoa and 
viruses.” (See 59 Federal Register 223, Nov. 21, 1994.) As 
an example of the use of separate pathogen removal means, 
US. Pat. No. 4,828,698 (JeWell et al., issued May 9, 1989) 
teaches the use of a microporous membrane having pore 
siZes from 0.02 pm to 0.5 pm for microbiological control. 
US. Pat. No. 4,576,929 (ShimaZaki et al., issued Mar. 18, 
1986); US. Pat. No. 5,705,269 (Leiberman, issued Jan. 6, 
1998); and US. Pat. No. 5,607,595 (Hiasa et al., issued Mar. 
4, 1997) teach the use of silver, organic pesticides, and 
periodic heating to supplement activated carbon use. US. 
Pat. No. 3,770,625 (Wallis et al., issued Nov. 6, 1973) 
teaches that viruses can be removed from a liquid using 
activated carbon forms (granular, poWdered or pelleted) 
treated With a sodium containing hydrolyZing composition, 
such as sodium hydroxide, after an acid Wash. The ’625 
patent further teaches that the method did not provide 
stand-alone treatment stating “it is frequently desirable to 
have ?ltration doWnstream of the activated charcoal to 
remove any sluffed-off adsorbing medium.” US. Pat. No. 
5,762,797 (Patrick et al., issued Jun. 9, 1998) discloses the 
use of a separate nonWoven, Which is treated With an 
antibacterial material, to effect treatment of the bacteria. 
German Patent Publication No. 3,020,615 (Beauman et al., 
published Dec. 11, 1980) discloses the addition of silver 
containing compounds to effect antibacterial activity. More 
recently, activated carbon ?bers have been employed in 
Water puri?cation/?ltration devices. See, e.g., US. Pat. No. 
4,576,929 (ShimaZaki, issued Mar. 18, 1986), US. Pat. No. 
5,705,269 (Pimenov et al., issued Jan. 6, 1998), and Euro 
pean Patent No. EP 366,539B1 (Kaneko, published Mar. 25, 
1998). While these and other prior art references have 
previously utiliZed activated carbon, including activated 
carbon ?bers, in Water ?lters, it is evident that the activated 
carbon is being employed to remove organic matter. Thus, to 
the extent that certain prior art references disclose the use of 
activated carbon to treat a Water source With respect to 

pathogen removal, including viruses, such approaches 
require the use of additional treatment steps or they require 
a relatively complex assembly of components. 

[0011] Based on the foregoing, an object of the present 
invention is to provide an improved ?lter for removing 
contaminants from a ?uid source, particularly a Water 
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source. A speci?c object includes providing a Water ?lter 
comprising activated carbon ?bers Which removes a broad 
spectrum of contaminants, including very small microorgan 
isms such as MS-2 bacteriophage to much larger pathogens 
such as E. coli bacteria. The removal of such pathogens 
using the present ?lter is at a level not previously demon 
strated by the prior art. Such a ?lter Will preferably present 
a loW resistance to the How of liquid through the apparatus, 
and Will remove the contaminants from a substantial volume 
of Water before becoming saturated. In certain embodiments, 
the ?lter Will also preferably be relatively portable. 

[0012] Another object of the present invention is to pro 
vide a method of removing pathogens from ?uids, particu 
larly Water, using the ?lters of the present invention. 

[0013] Another object of the invention is to provide an 
article of manufacture comprising the ?lter of the present 
invention and information indicating that the ?lter may be 
used to remove pathogens, including viruses, from liquids. 

[0014] Still another object of the present invention is to 
provide a process for preparing an activated carbon ?ber 
composite (ACFC) that has high capacity for adsorption of 
pathogens. 

[0015] Yet another object of the invention is to provide a 
?lter constructed using activated carbon ?bers that removes 
organic and some metal contaminants from a ?uid stream 
With greater ef?ciency and effectiveness. 

[0016] Still another object of the present invention is to 
provide an ACFC ?lter that may be utiliZed as a respirator 
?lter for the removal of organic and other toxic vapors as 
Well as airborne viruses and bacteria. 

[0017] Yet another object of this invention is to provide an 
ACFC ?lter/absorber that may be utiliZed in removing 
contaminants such as organics, disinfection by-products, 
lead, chlorine, viruses and bacteria from drinking Water at 
heretofore unattainable ef?ciency. 

[0018] Additional objects, advantages and other novel 
features of the invention Will be set forth in part in the 
description that folloWs and in part Will become apparent to 
those skilled in the art upon examination of the folloWing or 
may be learned With the practice of the invention. The 
objects and advantages of the invention may be realiZed and 
obtained by means of the instrumentalities and combinations 
particularly pointed out in the appended claims. 

SUMMARY OF THE INVENTION 

[0019] The present invention relates to a ?lter comprising 
activated carbon ?bers, Wherein said ?lter has a Virus 
Removal Index (hereafter “VRI”) of at least about 99%, as 
measured in accordance With the Test Method described in 
Section IX beloW. 

[0020] In one aspect, the ?bers of the ?lter are bound 
together by use of a binder to form an activated carbon ?ber 
composite (ACFC). In a second aspect, the ?lters Will 
comprise “free” activated carbon ?bers, that is ?bers that are 
not bound together via a binder. 

[0021] The invention also relates to a method of removing 
viruses from a liquid, the method comprising the steps of 
contacting the liquid With a ?lter comprising activated 
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carbon ?bers wherein said ?lter has a VRI of at least about 
99%. The invention further relates to an article of manufac 
ture comprising: 

[0022] (a) a ?lter comprising activated carbon ?bers, 
Wherein said ?lter has a VRI of at least about 99%; 
and 

[0023] (b) information that informs a user that the 
?lter may be used to remove viruses from a liquid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The accompanying draWings, incorporated in and 
forming a part of the speci?cation, illustrate several aspects 
of the present invention and together With the description 
serve to eXplain the principles of the invention. In the 
draWings: 
[0025] FIG. 1 is a perspective vieW of an ACFC ?lter 
useful either in removing contaminants including but not 
limited to organics, disinfection by-products, lead, chlorine, 
viruses, bacteria and Cryptosporidium parvum from drink 
ing Water or as a respirator ?lter for the removal of organic 
and toXic vapors as Well as airborne viruses and bacteria; 

[0026] FIG. 1a is a schematic of a composite ?lter illus 
trating the derivation of the inter-?ber spacing value for the 
composite; 
[0027] FIG. 2 is an electron micrograph of the ?lter of the 
present invention shoWing the activated carbon ?bers and 
interstices; 
[0028] FIG. 3 is a graphical illustration shoWing the 
removal of viruses from Water comparing the performance 
of the drinking Water ?lter of the present invention With a 
granular activated carbon ?lter presently in commercial use; 

[0029] FIG. 4 is a graphical illustration shoWing the 
adsorption of MS-2 bacteriophage on a prior art granulated 
activated carbon (GAC) ?lter versus several activated car 
bon ?ber composite ?lters of the present invention having 
different densities; 

[0030] FIG. 5 is a graphical representation shoWing the 
adsorption of E. coli on activated carbon ?ber composite 
?lters of the present invention produced by different meth 
ods and having different densities; 

[0031] FIG. 6 is a graphical illustration demonstrating the 
log removal of E. coli over activated carbon ?ber composite 
?lters of the present invention undergoing different burn-off 
during processing; 
[0032] FIG. 7 is a cross sectional vieW of a plurality of 
activated carbon ?bers of a ?lter of the present invention. 
The ?bers have varying diameters. 

[0033] FIG. 8 is a cross sectional vieW of tWo activated 
carbon ?bers of a ?lter of the present invention. Also 
depicted are the respective paths taken by tWo pathogens 
?oWing through the ?lter. 

[0034] Reference Will noW be made in detail to the present 
preferred embodiments of the invention, eXamples of Which 
are illustrated in the accompanying draWings. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] I. De?nitions 

[0036] As used herein, an “activated carbon ?ber” 
(“ACF”) means activated carbon in a form having a rela 
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tively high aspect ratio, i.e., ratio of length to diameter. For 
purposes of the present discussion, activated carbon in a 
form Where its aspect ratio is at least about 4: 1 is a “?ber”. 

[0037] As used herein, an “activated carbon ?ber compos 
ite” (“ACFC”) means that activated carbon ?bers are bound 
together via use of a binder. Such binders include resins, 
other polymers, pitches, epoXy resins, adhesives and coal 
poWders, as Well as others being Well knoWn in the art, in 
addition to phenolic resins. These binders can be introduced 
in a ?uid medium as Well as by solids miXing. Such an 
ACFC Will be monolithic and thus may provide post 
processing handling bene?ts relative to free ?bers. 

[0038] As used herein, a “?lter” is any article of manu 
facture containing activated carbon ?bers to enable their 
function in removing pathogens from liquid. Such a ?lter 
may be as simple as the ?bers and an enclosure means to 
retain the ?bers. When the ?lter comprises free ?bers that are 
not bound together in the form 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. Various representative 
embodiments for the ?lter of the present invention are 
described beloW. 

[0039] As used herein, the terms “?lters” and “?ltration” 
refer to removal mechanisms, including those With respect 
to pathogen removal, via either or both of adsorption and 
siZe exclusion. Thus, these terms do not refer to mechanisms 
that merely “kill” pathogens (e.g., heating, chemical treat 
ment and UV treatment). While the present ?lters provide 
surprising pathogen removal Without the use of materials 
that kill the pathogens, it Will be recogniZed that it may be 
desirable in certain circumstances to include, for eXample, 
chemical treatments that aid in puri?cation of the liquid 
source. 

[0040] As used herein, the term “free ?bers” means that 
the individual ACFs are not bonded together by use of a 
binder. The avoidance of employing such a binder may 
facilitate production of the ?lter, in that there may be feWer 
processing steps and less energy consumption. 

[0041] As used herein, the terms “liquid” and “Water” are 
used interchangeably. 

[0042] As used herein, the terms “microorganism”, 
“microbiological organism” and “pathogen” are used inter 
changeably. These terms refer to various types of microor 
ganisms that can be characteriZed as bacteria, viruses, para 
sites, protoZoa, and germs. 

[0043] Other terms used herein are de?ned in the speci 
?cation Where discussed. 

[0044] II. Pathogen Removal Properties 

[0045] The ?lters of the present invention comprise acti 
vated carbon ?bers, Wherein the ?lter is capable of removing 
from a liquid (preferably Water) source at least 99% of 
viruses. That is, the ?lter has a Virus Removal IndeX (VRI) 
of at least 99%. Preferably, the ?lter Will have a VRI of at 
least about 99.9%, more preferably at least about 99.99%, 
even more preferably at least about 99.999%, still more 
preferably at least about 99.9999%. Typically, the ?lters Will 
have a VRI of from about 99.99% to about 99.9999%. In 
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addition to this VRI capacity, the ?lters Will also preferably 
be capable of removing at least about 99.9999% of bacteria; 
i.e., the ?lter Will have a Bacteria Removal Index (BRI) of 
at least 99.9999%. Preferably, the ?lter Will have a BRI of 
at least about 99.99999%, more preferably at least about 
99.999999%. Typically, the ?lter Will have a BRI of from 
about 99.9999% to about 99.999999%. Furthermore, the 
?lter Will preferably be capable of removing at least 99.9% 
of parasites/protoZoa; i.e., the ?lter Will have a Parasite 
Removal Index (PRI) of at least about 99.9%. Preferably, the 
?lter Will have a PRI of at least 99.99%, more preferably 
99.999%. Typically, the ?lter Will have a PRI of from about 
99.9% to about 99.999%. 

[0046] The methods of the present invention relate to the 
use of a ?lter of the present invention to remove from a 

liquid (preferably Water) source at least about 99% of 
viruses. Preferably, the method Will remove at least about 
99.9999% of bacteria and 99.9% of parasites. More prefer 
ably, the method Will remove from a Water source at least 
about 99.9%, more preferably at least about 99.99%, still 
more preferably at least about 99.999% of viruses, and most 
preferably at least about 99.9999% of viruses. Typically, the 
method Will remove from about 99.99% to about 99.9999% 
of viruses from the Water source. 

[0047] The article of manufacture of the present invention 
comprises: 

[0048] (a) a ?lter comprising activated carbon ?bers, 
Wherein said ?lter has a VRI of at least about 99% 
(preferably the VRI Will be at least about 99.9%, 
more preferably at least about 99.99%, still more 
preferably at least about 99.999%, and most prefer 
ably at least about 99.9999%; and typically from 
about 99% to about 99.9999%); and 

[0049] (b) information that informs a user that the 
?lter device may be used to remove pathogens, 
especially viruses, from a Water source. 

[0050] It is evident that the ?lter devices and methods of 
the present invention alloW the treatment of Water in excess 
of the standards set forth by the EPA in the US. In addition, 
applicants have found that the ?lters of the present invention 
may be used for long periods of time Without becoming 
exhausted in terms of the ability to continue to remove 
pathogens from the source stream. The use of such ?lters 
therefore obviously Would improve the health risk situation 
in many countries, based on the fact that the population in 
general Would have less exposure to the various pathogens, 
particularly viruses. Perhaps more importantly, in those 
geographies Where contamination of the source Water is 
signi?cantly Worse than that observed in developed coun 
tries, the bene?ts provided by the present invention are 
magni?ed. For example, the ability to remove pathogens at 
such a high level for such a long period of usage (i.e., before 
they reach failure because of saturation With the various 
pathogens) alloWs for the puri?cation, in terms of making 
Water potable Without undue health risk, of highly contami 
nated Water. 

[0051] III. Activated Carbon Fibers 

[0052] Carbon ?bers are produced commercially from 
rayon, phenolics, polyacrylonitrile (PAN), or pitch. The 
pitch type is further divided into ?ber produced from iso 
tropic pitch precursors, and those derived from pitch that has 
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been pre-treated to introduce a high concentration of car 
bonaceous 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 general purpose ?bers are produced as short, bloWn 
?bers (rather than continuous ?laments) from precursors 
such as ethylene cracker tar, coal-tar pitch, and petroleum 
pitch prepared from decant oils produced by ?uidiZed cata 
lytic cracking. Applications of isotropic ?bers include: fric 
tion materials; reinforcements for engineering plastics; elec 
trically conductive ?llers for polymers; ?lter media; paper 
and panels; hybrid yards; and as a reinforcement for con 
crete. 

[0053] More recently, interest has developed in activated 
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 
ties that make them more attractive than conventional forms 
(poWders or large-siZe carbons) for certain applications. 
While porosity can be generated in most types of carbon 
?ber, 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. 

[0054] Activated carbon ?bers can be characteriZed by 
their length, diameter, porosity, speci?c surface area, and 
elemental composition. Length is meant to describe the 
distance from end to end of a ?ber. The diameter refers to the 
mean 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 
areas in a range of from about 100 to about 4000 m2/g, more 
preferably from about 500 to about 3000 m2/g, still more 
preferably about 1000 to about 2500 m2/g; diameters in a 
range of from about 5 to about 50 pm, more preferably about 
10 to about 25 pm, still more preferably about 15 to about 
20 pm; and mean pore siZes from about 2.5 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, sub-micron range of surface features not found in 
other activated carbon forms such as granules, poWders, 
pellets, or other irregular shapes impregnated With carbon. 

[0055] The manufacture of activated carbon ?bers is 
described thoroughly in the literature and such ?bers are 
available commercially from several sources. As discussed 
above, in general, carboniZed ?bers are made by carboniZing 
polyacrylonitrile (PAN), phenol resin, pitch, cellulose ?ber 
or other ?brous carbon surfaces in an inert atmosphere. The 
raW materials from Which the starting ?bers are formed are 
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 
higher surface areas. For example, activated carbon ?bers 
produced from petroleum pitch are commercially available 
from Anshan East Asia Carbon Fibers Co., Inc. (Anshan, 



US 2003/0136728 A1 

China) as Carbo?ex® pitch-based Activated Carbon Fiber 
materials, and Osaka Gas Chemicals Co., Ltd. (Osaka, 
Japan) as Renoves A® series-AD’ALL activated 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 ?nes, ash and other 
impurities. Pitch is produced by distillation, thermal crack 
ing, solvent extraction or combined 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 such as: 

[0056] P-200 milled activated carbon ?bers: 200 pm 
length 

[0057] P-400 milled activated carbon ?bers: 400 pm 
length 

[0058] P-600 T milled activated carbon ?bers: 600 
pm length 

[0059] P-3200 milled activated carbon ?bers: 3.2 mm 
length 

[0060] C-6 chopped activated carbon ?bers: 6 mm 
length 

[0061] Osaka Gas Chemicals’ Renoves A® series 
AD’ALL activated carbon ?bers are 18 pm in diameter With 
various speci?c surface areas ranging from 1,000 to 2,500 
m2/g. They come in various lengths, including (the speci?c 
surface areas are noted parenthetically): 

[0062] A-15-MilledAD’ALL activated carbon ?bers: 
700 pm length (1500 mZ/g) 

[0063] A-20-MilledAD’ALL activated carbon ?bers: 
700 pm length (2000 mZ/g) 

[0064] A-15-Chopped AD’ALL activated carbon 
?bers: 6 mm length (1500 m2/g) 

[0065] A-20-Chopped AD’ALL activated carbon 
?bers: 6 mm length (2000 m2/g) 

[0066] A-10-Random lengths AD’ALL activated car 
bon ?ber: random lengths (1000 m2/g) 

[0067] A-15-Random lengths AD’ALL activated car 
bon: random length (1500 m2/g) 

[0068] A-20-Random lengths AD’ALL activated car 
bon: random length (2000 m2/g) 

[0069] A-25-Random lengths AD’ALL activated car 
bon: random length (2500 m2/g) 

[0070] 
[0071] While the present invention is directed in one 
respect to ACFCs and in a second respect to ?lters that 
comprise free ACFs, Applicants believe that certain physical 
properties common to both provide the surprising pathogen 
removal properties of the present invention. For example, 
bulk density is commonly used in the art to describe carbon 
containing structures. The ?lters of the present invention 
Will have a bulk density of from about 0.15 to about 0.8 
g/cm3, preferably from about 0.16 to about 0.6 g/cm3, still 
more preferably about 0.2 to about 0.4 g/cm3. In having 
calculated the bulk density and knoWing the dimensions of 
the activated carbon ?ber, one can determine the average 
interstitial spacing betWeen ?bers. It is discovered that 

IV. Physical Properties 
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interstitial spacing betWeen ?bers (also called inter-?ber 
spacing) is the critical parameter Which controls the removal 
of microorganisms. Optimal interstitial spacing is achieved 
When the activated carbon ?bers are compressed along the 
longitudinal or How axis of the ?lter. 

[0072] While not Wishing to be bound by theory, Appli 
cants 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 
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). 

[0073] The classical long-range DLVO colloidal forces 
include the electrostatic (EL) and van der Waals (vdW) 
dispersion, and depend on the surface characteristics of the 
microorganisms and ?bers, and the distance betWeen them. 
The electrostatic and vdW forces are applicable at separation 
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 bacte 
ria) in their outer shells. Finally, the strong short range forces 
are based on chemical bonds, such as covalent (i.e., strong 
bonds With a requirement of about 40 to 200 kT to break) 
and hydrogen bonds (i.e., Weaker bonds With a requirement 
of about 4 to 16 kT to break). 

[0074] 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 disper 
sion forces are typically attractive, Whereas the AB forces 
can be either attractive or repulsive. Similarly, the surface 
polymer interactions can be either attractive, When the 
polymers have high af?nity (i.e., adsorb) for the carbon ?ber 
surface, or repulsive, When the surface polymers interact 
sterically With the carbon ?ber surface. 

[0075] According to the DLVO-AB model, adhesion of 
microorganisms onto carbon ?ber surfaces is possible in an 
attractive primary (irreversible) or secondary (typically 
reversible) energy minimum. A typical secondary minimum 
occurs at separation distances on the order of 10 nm, and 
includes an energy Well of about 5 kT. 

[0076] 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. 
extracellular polysaccharides—EPS) by bacteria during 
their metabolic cycle. This excretion is believed to cause 
strengthening of the attachment as Well as an increase in the 
attachment sites for microorganisms that folloW them. Fur 
thermore, fast adsorption of large quantity of nutrients by the 
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activated carbon ?bers facilitates the adsorption of micro 
organisms, as the latter are seeking nutrient-rich environ 
ments. 

[0077] 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 (see FIG. 8). 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 
(see pathogen A in FIG. 8). 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 (see pathogen B in FIG. 8). 

[0078] 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 attach 
ment to ?bers and removal from Water. When this inter-?ber 
distance, c (see FIG. 8), is relatively large, then the majority 
of pathogens do not come 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 Water, and thus behave as pathogen B in 
FIG. 8. 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 men 
tioned above. HoWever, the shear conditions at these small 
gaps are high, and it is expected that Where the inter-?ber 
distance is too small, 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 behave like pathogens A in FIG. 8 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 Water. 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. 

[0079] Finally, the fast adsorption kinetics and large 
adsorption capacity exhibited by the activated carbon ?bers 
has been 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. 

[0080] V. Filters Comprising Activated Carbon Fiber 
Composites (ACFC’s) 
[0081] As discussed above, the present invention is 
directed to ?lters comprising activated carbon ?ber com 
posites and free activated carbon ?bers. The discussion in 
this Section V relates to the activated carbon ?ber compos 
ites (ACFCs). In Section VI beloW, the free activated carbon 
?ber ?lters of the present invention are discussed in detail. 

[0082] In the ?rst aspect, the ?lter comprises an ACFC 
Which is prepared in accordance With the methods set forth 
in co-pending US. patent application Ser. Nos. 08/747,109 
and 08/935,631, the full disclosures of Which are incorpo 
rated herein by reference. Other methods of preparing a 
bonded ?ber composite are not to be excluded. For example, 
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such binding methods include the use of resins, other 
polymers, pitches, epoxy resins, adhesives and coal poW 
ders, as Well as others being Well knoWn in the art, in 
addition to phenolic resins. These binders can be introduced 
in a ?uid medium as Well as by solids mixing. Thus, in one 
embodiment, 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 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 
desired ?nal dimensions. The composite material is then 
activated to develop the pore structure of the ?bers before or 
after machining. Another option is to use pre-activated ?bers 
and to form, cure and optionally carboniZe and further 
optionally subject to mild secondary activation to produce 
the ?nal product. 

[0083] A carbon ?ber composite ?lter of the present 
invention includes a composite of carbon ?bers and binder 
having a cured density prior to activation of from about 0.1 
to about 0.7 g/cm3 and more preferably from about 0.36 to 
about 0.55 g/cm3; an activated density folloWing activation 
of from about 0.05 to about 0.55 g/cm3 and more preferably 
from about 0.076 to about 0.495 g/cm3; and a burnoff during 
activation of betWeen 0 and about 90% and more preferably 
from about 21 to about 45%. It is also preferred that the ratio 
of cured density to activated density be from about 1.1 to 1 
to about 4.7 to 1. Still more preferably, the composite has a 
void volume of from about 63 to about 95% and most 
preferably from about 71 to about 81%, as Well as a mean 
inter-?ber spacing of from about 30 to about 302 pm and 
most preferably from about 42 to about 73 pm. 

[0084] Still more speci?cally describing this aspect of the 
invention, the carbon ?bers in the ACFC block are charac 
teriZed by a micropore volume of from 0 to about 0.78 cc/g 
and more preferably from about 0.37 to about 0.51 cc/g; and 
a BET surface area of from 0 to about 1890 m2I/g and more 
preferably from about 600 to about 1500 m2/g. 

[0085] In accordance With yet another aspect, an apparatus 
for removing viral pathogens (e.g. polio virus and viruses 
transmitted in fecal material) includes an ACFC material 
capable of adsorbing from Water at least about 2.0><1011 
plaque forming units (PFU) of model bacteriophage MS-2 
per gram of carbon at a concentration of 2.67><107 PFU of 
bacteriophage MS-2/ml. Said ?lter may also be described as 
an ACFC that removes at least about 99.99% and more 
preferably at least about 99.9999% of model bacteriophage 
of MS-2 from drinking Water loaded With up to 5.6><107 PFU 
of bacteriophage MS-2/ml When ?oWing through a column 
of substantially 1.0 in. diameter and 3.5 in. length at a How 
rate of at least 7-67 column volumes per hour for at least 
tWenty minutes. Thus, the ?lter provides at least 4 logs of 
removal of virus for up to 10 hours. When loading an 
in?uent containing 6.25><108 PFU/ml of MS-2, the carbon 
?ber composite can remove at least 99.9999% of MS-2 
bacteriophage for at least 15 hours. 

[0086] The ACFC containing ?lter of the present inven 
tion may also be de?ned by its novel and unique bacteria 
removal properties. Accordingly, the ?lter includes an ACFC 
that removes greater than about 99.99% and more preferably 
about 99.9999% of E. coli bacteria from drinking Water 



US 2003/0136728 A1 

loaded With up to 1.3><106 E. coli bacteria per ml When 
?owing through a column of substantially 1.0 in. diameter 
and 3.5 in. length at a How rate of at least 8.3 column 
volumes per hour for one hour. In addition, the ?lter may be 
de?ned as including an activated carbon ?ber composite that 
removes at least 99.999% of E. coli bacteria from drinking 
Water loaded With up to 1.4><106 E. coli bacteria per ml When 
?oWing through a column of substantially 1.0 in. diameter 
and 3.7 in. length at a How rate of at least 65 column 
volumes per hour for 9.5 minutes. When challenged With an 
in?uent ofE. coli of 6.2><108 of E. coli/ml the removal of E. 
coli is as high as 99.99999%. 

[0087] E. coli is a standard bacterium used in testing of 
bacteria removal from Water and Was used for most of the 
testing of the ACFC containing ?lters. To illustrate that the 
removal data for E. coli translates to other bacteria, a test has 
been done for adsorption of the bacteria Aeromonas hydro 
phila. A. hydrophilia has been shoWn to be an opportunistic 
pathogen in immunocompromised hosts and it has also been 
demonstrated to cause enteritis in normal hosts. The symp 
toms caused by A. hydrophilia include vomiting and diar 
rhea. It is found Widely in fresh and brackish Waters and is 
usually transmitted through drinking contaminated Water. 
The experiment described in the next paragraph demon 
strates that the ACFC containing ?lters’ capacity for 
removal of A. hydrophilia is better or equal to their removal 
of E. coli. It Was established that the activated carbon ?ber 
composite can remove at least 99.99999% of A. hydrophilia 
When 750 ml of solution loaded With 2.44><108 colony 
forming units (CFU) of A. hydrophilia per ml Was passed 
through a 2 in. long cylindrical ?lter comprised of an ACFC 
(see Example 22). 
[0088] Still other objects of this aspect of the invention 
Will become apparent to those skilled in this art from the 
folloWing description Wherein there is shoWn and described 
a preferred embodiment of this invention, simply by Way of 
illustration of one of the modes best suited to carry out the 
invention. As it Will be realiZed, this aspect of the invention 
is capable of other different embodiments and its several 
details are capable of modi?cation in various, obvious 
aspects all Without departing from this aspect of the inven 
tion. Accordingly, the descriptions Will be regarded as 
illustrative in nature and not as restrictive. 

[0089] A novel method is hereby provided for making an 
ACFC material having a rigid, open, monolithic structure 
With high permeability. Further, the processing method 
alloWs the control of the composite’s overall porosity. 

[0090] The ACFC of the present invention is comprised 
generally of carbon ?bers and a binder. The composite is 
strong and permeable, alloWing ?uids to easily ?oW through 
the material. At the same time, When activated, the carbon 
?bers provide a porous structure for adsorption. 

[0091] Synthesis of the carbon ?ber composite generally 
comprises mixing a selected carbon ?ber and a binder, for 
example a carboniZable organic poWder 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 mold. The composite is 
cured prior to carboniZation under an inert gas. The com 
posite material is then activated to develop the pore structure 
of the ?bers. Alternatively, carboniZation and activation may 
be completed in a single step. The composite may be readily 
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machined to the desired ?nal con?guration either before or 
after activation. And composites can be made from pre 
activated ?bers, so that no or less activation may be neces 
sary after forming. 

[0092] In one embodiment of this aspect 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 a stabiliZed or carboniZed condition 
and are cut to an average length of approximately 200 pm, 
but can range from 100-1000 pm. The chopped ?bers are 
then mixed in a Water slurry With a binder such as a phenolic 
resin. The binder can also be any binder knoWn in the art 
such as a thermosetting resin adhesive, pitch, or other 
binders and adhesives knoWn in the art. 

[0093] In a preferred forming method the slurry is trans 
ferred to a molding tank of any cross section (circular, to 
make 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 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 can be utiliZed (e.g. pressure forming or 
any of the other various forming methods practiced in the 
plastics industry). 

[0094] The resulting green form is partially dried, prefer 
ably in air at approximately 50° C. The form is then removed 
from the mold and the green form is cured (at e.g. 130° C. 
in air) to produce a cured monolithic body. The resulting 
composite is then carboniZed under an inert gas. Preferably, 
carboniZation is conducted for up to three hours under 
nitrogen at 650° C. to pyroliZe the resin binder. 

[0095] The composite formed by the above process 
de?nes voids or interstitial space betWeen the ?bers Which 
alloW free How of ?uid 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 gases/ 
liquids through the material. The carboniZed bulk or cured 
density of the composite material is typically betWeen 
substantially 0.1 to 0.7 g/cm3 and more preferably substan 
tially betWeen 0.36 and 0.55 g/cm3. 

[0096] 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 reactions 
remove carbon and develop pores in the carbon ?bers, Which 
are classi?ed by diameter: micropores (less then 2 nm), 
mesopores (2-50 nm) and macropores (greater than 50 nm). 

[0097] In the preferred embodiment, the composite is 
steam activated in a steam/nitrogen atmosphere. The pre 
ferred activation conditions are: 800-950° C., steam at a 
partial pressure of about 0.1-0.9 atmospheres and for dura 
tions of about 1-3 hours. Burnoff is calculated from the 
initial and ?nal Weights. For the present invention, approxi 
mately 0-90% and more preferably about 21-45% burnoff is 
performed to provide a composite With good virus, bacteria 
and cyst (parasite) removal characteristics in addition to a 
high capacity for the adsorption of other Waterborne con 
taminants. Speci?cally, the resultant ?bers in the composite 
de?ne a micropore volume of preferably substantially 0.37 
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0.51 cc/g, a loW mesopore volume and no macropores. The 
voids, or interstitial spaces, that are present in the composite 
provide free access to the ?ber pores, thereby producing a 
synergistic bene?cial effect leading to enhanced adsorption 
capacity and efficiency. The carbonized and activated com 
posite has a density of betWeen substantially 0.05-0.55 
g/cm and more preferably about 0.076-0.495 g/cm3. 

[0098] The activation conditions can be varied by chang 
ing the activation gas, its concentration, the How rate, the 
temperature, the furnace con?guration and the optional 
presence of a catalyst to in?uence total surface area and pore 
siZe distribution. Further, the use of post activation treat 
ments can be implemented. For eXample, further heating in 
a controlled gas atmosphere or the introduction of chemicals 
could affect the pore siZe distribution and surface chemistry. 
Once carboniZed or activated the composite can be 
machined to any desired shape, forming a monolithic carbon 
?ber composite. 

[0099] In accordance With another embodiment of this 
aspect of the present invention, one part by Weight of carbon 
?bers having a diameter betWeen 5 and 100 pm and a length 
betWeen 0.1 and 0.4 mm; betWeen 0.05 and 1 and more 
preferably betWeen 0.2 and 0.5 part by Weight poWdered 
binder (e.g., one-step phenolic resin, tWo-step phenolic 
resin, pitch, other thermosetting resins, coal eXtracts, coals 
that soften); and 5-50 parts by Weight Water are miXed in 
order to create a slurry. Such a slurry has betWeen 5-50 cc 
of Water per gram of carbon ?bers. For eXample, for carbon 
?bers 700 pm in length and 17 pm in diameter, betWeen 8-10 
L of Water per kilogram of ?bers may be used. For shorter 
or fatter ?bers, less Water is needed. Advantageously, a 
relatively loW concentration of Water reduces the forming 
time of the green monolith thereby speeding production. 
Further, it reduces the tendency of the carbon ?bers to layer, 
thereby producing a more random or isotropic composite 
material With enhanced physical characteristics. These 
include, but are not limited to, the ability to better Withstand 
stress during heat treatment and activation and also a 
reduced tendency to delaminate. 

[0100] The miXing is completed in a miXing tank. In the 
miXing tank, the binder and the ?bers are added into a vorteX 
formed by an agitator. Preferably, the binder is ?rst miXed 
With a minimum amount of Water to a thick paste to ensure 
good homogeneity. The total amount of Water used deter 
mines the anisotropy of the ?nal composite. For minimal 
anisotropy the amount of Water used should only be just 
above the minimum practical amount to produce a pourable 
or pumpable slurry. For maXimum anisotropy, the amount of 
Water used may be approximately that required to give a 
concentration of 2 Weight percent ?ber in Water. 

[0101] The slurry is transferred to a molding vessel soon 
after it is made. The molding vessel can be of virtually any 
cross section (e.g. circular to make rods or blocks, annular 
to make tubes). The mold has a screen of stainless steel or 
other rigid material clamped at its bottom. The slurry can be 
?ltered through this screen by applying an overpressure of 
air or a vacuum to its underside. In most cases, an adequate 
rate of ?ltration is achieved merely by relying upon the 
hydraulic head of the slurry. 

[0102] The resulting green form is deWatered. In a pre 
ferred embodiment, this is partially achieved by passing air 
through the form. Once deWatered by about 50% by Weight, 
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the form is removed from the mold. This is accomplished by 
unclamping the ?lter screen and applying a small pressure 
(eg 5 psi) either mechanically or pneumatically. This is 
often best done by horiZontal displacement to avoid distor 
tion of the relatively Weak green composite. The green form 
is then dried and cured to produce a cured monolith. The 
drying and curing is completed in an oven to a temperature 
dependent upon the binder in use (eg to at least 1500 C. in 
air for phenolic resins; 500° C. in nitrogen for coal). It 
should be appreciated that the rate of heat transfer to the 
composite controls the time for drying and curing, but 
temperatures above 300° C. must not be used in air if 
burning of the ?bers is to be avoided. Typically, small 
specimens may be heated to 200° C. at 5° C./min. The 
composite is then carboniZed and activated by heating it 
typically to 850° C. for one hour in an atmosphere of 50% 
steam and 50% nitrogen or at 950° C. in carbon dioXide. 
Other knoWn means of activation may also be utiliZed. 

[0103] Activation conditions can be varied by changing 
the activation gas, its concentration, the How rate, the 
temperature, the physical con?guration of the furnace, the 
gas ?oW distribution and the optional presence of a catalyst 
to in?uence total surface area and pore siZe distribution. 
Further, the use of post activation treatments can be imple 
mented. For eXample, further heating in a controlled atmo 
sphere or the introduction of chemicals could affect the pore 
siZe distribution and surface chemistry. Once carboniZed or 
activated, the composite can be machined to any desired 
shape. In this Way it is possible to form a monolithic carbon 
?ber composite ?lter capable of ?tting the available space in 
any eXisting puri?cation system. 

[0104] In accordance With an important aspect of the 
present invention, the composite formed by the above pro 
cesses includes voids, or interstitial spaces, betWeen the 
?bers Which alloW free How of ?uid through the material and 
ready access to the carbon ?ber surface. Further, the indi 
vidual carbon ?bers are held in place by the pyrolyZed resin 
binder and thus cannot move or settle due to the How of 
gases or liquids through the material. 

[0105] The ACFCs preferably include a void volume 
betWeen substantially 63.2-94.7% and most preferably 
betWeen substantially 70.9-81.1%. Void volume is deter 
mined by the equation: 

v[,=1-vf 

[0106] Where Vo=composite void volume 

[0107] Vf=volume fraction of ?bers in composite 

[0108] 
[0109] pc=cured density of composite 

and Where 

[0110] Vc=unit volume of composite 

[0111] pt=density of ?ber=1.9 g/cm3. 

[0112] This alloWs derivation of the folloWing: 

Vr=(Pc*Vc)/Pr 
VQ=Vc—Vt=VC—(P°*Vc)/Pr 
VO/VC=1—PC/Pr 

[0113] In addition, the carbon ?ber composites also pref 
erably include a mean inter-?ber spacing of betWeen about 
30.3-302 pm and more preferably betWeen about 42.4 and 
73.1 pm. This parameter indicates on average hoW far apart 



US 2003/0136728 A1 

the ?bers are in the composite and, therefore, hoW Wide the 
interstitial spaces are betWeen the ?bers. 

[0114] The inter-?ber spacing is derived by assuming that 
the composite has a model cubic structure: that is, the most 
dense con?guration that may be achieved in an isotropic 
?ber composite. Fiber spacing a is set to be the distance 
betWeen the centers of tWo closest ?bers (see FIG. 1a). Fiber 
radius r is an average of 15 microns for, for example, pitch 
based carbon ?bers. By considering one unit cell of dimen 
sion a><a><a, the folloWing equations are derived for inter 
?ber spacing Sf. Where 

[0115] Vf=volume fraction of ?bers in unit cell 

[0116] Vc=volume of unit cell of carbon ?ber com 
posite 

[0117] pc=density of unit cell of carbon ?ber com 
posite 

[0118] pf=density of carbon ?bers =1.9 g/cm3 

[0119] There are tWelve ?bers along the periphery of the 
unit cell. HoWever, only 1A of the volume of each ?ber is 
included in the unit cell. Thus, the volume of ?ber in a unit 
cell is 12* (1A1)arcr2=3 apr2. 

[0120] The volume of ?bers in a unit volume of composite 
is Vfc=(Vc*pc)/pf- Hence 3 a?r2=(\’c*pc)/pf=(a3*pc)/pf from 
Which a2=(3as'cr2pf)/pc and a=((3as'cr2pf)/pc)2. Thus, the 
inter-?ber spacing Sf is 

[0121] The last tWo equations alloW the calculation of 
average inter-?ber spacing at a given composite density, 
assuming a cubic packing of ?bers. 

[0122] Reference is noW made to FIG. 1 shoWing an 
ACFC ?lter 10 constructed in accordance With the previ 
ously described method. As shoWn, the ACFC ?lter 10 
includes a cylindrical body 12 of bonded activated carbon 
?bers. It should be appreciated, hoWever, that the composite 
?lter 10 may be formed in substantially any polygonal shape 
or other foreseeable con?guration desired for the particular 
application for Which the ?lter Will be used. 

[0123] As indicated, the ACFs by de?nition have an aspect 
ratio of at least 4:1. Preferably, the activated carbon ?bers 
utiliZed in the ?lter 10 have an aspect ratio of at least 10:1 
and still more preferably at least 20:1 and are subject to 
approximately up to 90% burn-off and more preferably 
betWeen substantially 21-45% burnoff upon activation. The 
block also has a cured density after carboniZation but before 
activation of betWeen substantially 0.1-0.7 g/cm3 and more 
preferably betWeen substantially 0.36-0.55 g/cm3. FolloW 
ing activation, the composite has an activated density of 
betWeen substantially 0.05-0.55 g/cm3 and more preferably 
betWeen substantially 0.076-0.495 g/cm3. As a result, the 
?lter 10 is characteriZed by an extremely open structure 
(note, electron micrograph in FIG. 2). In fact, the ?lter 10 
has a ratio of interstitial area to activated carbon ?ber area 
in cross section of betWeen substantially 3 to 1 to 20 to 1. 
The result is a porous ?lter 10 replete With extensive 
tortuous pathWays running through its body. Viruses, bac 
teria, organics and other contaminants at loW concentration 
must folloW these pathWays. Generally, bacteria are larger 
than the pores in the activated carbon and it is the open 
structure (i.e. large interstices/pathWays) of the present 
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invention that alloW entry of the bacteria inside the com 
posite alloWing access to the surfaces of the activated carbon 
?bers that de?ne the boundaries of those interstices/path 
Ways on Which the bacteria are effectively trapped. 

[0124] It should also be appreciated that the binder only 
binds the ?bers at the intersections of one ?ber With another. 
Accordingly, most of each ?ber’s surface pores are main 
tained accessible for adsorption of organics, viruses and 
other contaminants. While the viruses are also generally too 
large to become entrapped in the pores, they do become 
entrapped on the extensive external carbon ?ber surfaces 
that de?ne the tortuous pathWays characteristic of the com 
posite structure. Accordingly, the ?ltering ef?ciency pro 
vided by the activated carbon ?ber composite ?lter 10 of the 
present invention is signi?cantly enhanced over any acti 
vated carbon ?lter heretofore available in the art. 

[0125] It should be appreciated that the present invention 
comprises a method of removing contaminants from a ?uid 
stream Whether that ?uid stream is an air stream or a liquid 
stream such as Water. In one aspect, the method comprises 
the step of passing the ?uid stream through an ACFC ?lter 
Wherein the ACFC consists of ?bers With an aspect ratio of 
at least 4: 1, the ?bers have undergone a burnoff of up to 90% 
and more preferably betWeen substantially 21-45% during 
activation; and the ?lter has a cured density of betWeen 
subst3antially 0.1-0.7 g/cm3 and more preferably 0.36-0.55 
g/cm after carboniZation but before activation and an acti 
vated density of betWeen substantially 0.05-0.55 g/cm3 and 
more preferably 0.076-0.495 g/cm3 folloWing activation. 

[0126] Advantageously, since the carbon ?bers are rigidly 
bonded in a composite monolithic body there is no move 
ment Within the adsorbent bed such as might occur in a bed 
of granular carbon. Since movement often results in attrition 
and the production of carbon ?nes that may pass through the 
bed and carry contaminants, the elimination of this move 
ment is a signi?cant bene?t. Further, movement can result in 
channeling that gives inef?cient adsorption. Avoidance of 
this problem is also a signi?cant bene?t of this aspect of the 
present invention. 

[0127] The folloWing examples further illustrate the 
ACFC aspect of the invention, but it is not to be considered 
as limited thereto. The protocol used for testing MS-2 
bacteriaphage and E. coli bacteria adsorption from Water in 
these examples includes: 

[0128] 1.) Connecting sterile, siZe 15, thick-Walled 
Phar-Med tubing, using screW clamps, to in?uent 
and effluent ports of ?lter. 

[0129] 2.) Connecting sterile, siZe 16 Phar-Med tub 
ing to the in?uent port of the ?lter using tabling 
adapters. 

[0130] 3.) Arranging the ?lter in an up?oW con?gu 
ration and securing to a burette clamp. 

[0131] 4.) Feeding siZe 16 tubing through pump 
heads and securing to pumping motor. 

[0132] 5.) Connecting siZe 16 tubing to a source of 
sterile liquid matrix. 

[0133] 6.) Setting desired pumping rate. 

[0134] 7.) Turning on pump. 
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[0135] 8.) Checking ?oW rate. 

[0136] 9.) Pumping a volume of sterile liquid matrix 
through the ?lter that is a minimum of ?ve times the 
volume of the ?lter. 

[0137] 10.) Turning off pump. 

[0138] 11.) Inoculating a second portion of *sterile 
liquid matrix With virus or bacteria that Will produce 
a ?nal concentration of 107 to 105 organisms respec 
tively. 

[0139] 12.) Disconnecting siZe 16 tubing from sterile 
liquid matrix used to Wash the ?lter and connecting 
it to the matrix containing virus or bacterium. (If 
testing for bacteria, continuing to mix bacteria using 
a sterile magnetic stir bar for the entire run.) 

[0140] 13.) Turning on pump. 

[0141] 14.) Directly sampling the inoculated liquid 
matrix and placing into a sterile collection vesicle. 
This is a control. (If the How rate or length of 
?ltration requires refreshment of the virus/bacteria 
matrix, a ?nal control must be taken for the old 
matrix and a beginning control must be taken for the 
neW matrix. Repeat this process for all refreshment 
of matrixes throughout the experiment.) 

[0142] 15.) Collecting samples in sterile collection 
vesicles from ef?uent port of ?lter. (Sample collec 
tion method and time of collection changes as How 
rate changes. For higher ?oW rates, samples Were 
taken from a collection port using a sterile syringe 
and Were taken more often. At loWer ?oW rates, 
samples Were taken directly from the end of the 
effluent hose and taken at greater time intervals.) 

[0143] 16.) Continuing to collect ef?uent samples 
until the desire time of ?ltration is complete. 

[0144] 17.) Taking ?nal control sample. 

[0145] 18.) Turning off pump. 

[0146] 19.) Serial diluting all samples in pre-made 
dilution tubes containing 4.5 ml of IX nutrient broth. 
If the samples are not going to be immediately 
processed 2X nutrient broth should be used. 

[0147] 20.) After serial dilutions have been com 
pleted the samples should be plated using either a 
double layer agar assay (virus) or pour plate assay 
(bacteria). Amounts of sample plated are stated in the 
method protocols. 

[0148] 21.) Plating samples in duplicate to achieve an 
average count for virus or bacteria. 

[0149] 22.) Incubating plates at 37° C. for the periods 
stated in the method protocols. 

[0150] 23.) After incubation, removing plates from 
the incubator and counting those that appear to have 
betWeen 25-300 PFU per plate, on a back lit plate 
counter. Bacteria (in CPU) counting are done in the 
same manner. 

[0151] 24.) Recording the number of virus or bacteria 
counted and the dilution factor at Which they Were 
counted. 
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[0152] 25.) Averaging the plate counts and multiply 
ing them by their corresponding dilution factor and 
dividing by the amount of dilution used per plate. 
This calculation gives the amount of virus or bacteria 
in the original sample. 

Plate 1 Plate 2 Avg. plate Dilution factor dil. per plate PFU/ml 

25 25 25 10E+O3 0.2 1.3E+O5 

[0153] Sample calculation (virus)=((avg. plate*dilution 
factor)/dil. per plate)=PFU/ml in original sample 25. Take 
the log (sample/control) to calculate logs of virus or bacteria 
removed from the ?ltrate by the ?lter or ((control-sample)/ 
control)*100 for percent removal. 

[0154] Examples 1 through 9 relate to adsorption of MS-2 
bacteriophage. 

EXAMPLE 1 

[0155] The column Was cut from a large block of carbon 
?ber composite OR 190. The production method for this 
block, Which gives a layered composite, involves mixing of 
Anshan’s Carbo?ex® P200T pitch-based activated carbon 
?ber (R303T) With Water and DureZ 7716-2-step phenolic 
resin (OxyChem) in a Weight ratio of resin to ?ber of 1:4 in 
a dilute slurry (slurry concentration about 15%). After 
mixing, part of the slurry Was poured into a mold While the 
Water Was draWn through a ?lter at the base of the mold by 
vacuum, and the ?ber-resin mixture adapts to the mold 
shape. The remainder of the slurry Was added in increments, 
providing suf?cient times for Water drainage. After the last 
part of the slurry Was added, vacuum Was applied for 40 
minutes to draW the remaining Water through the cake and 
effect partial drying. The composite Was then ejected from 
the mold, and dried and cured at 200° C., and carboniZed at 
650° C. 

[0156] The carboniZed composite Was then activated in 
steam at 877° C. for 2 hours at a nitrogen ?oW rate of 2 
L/min. and a Water ?oW rate of 153 cc/hour. The burnoff Was 
19%, and the total carboniZation and activation yield loss 
Was 28%. The average BET surface area of the material Was 
800 m2/g. The density of the activated material Was 0.33 
g/cc. 

[0157] A column Was cut from the composite block using 
a drill press ?tted With a 1 in. diameter core extractor. Five 
pieces of the material, all about 2-3/4 in. long Were stacked 
together in a column to make up a total length of 3.0 in. With 
a column Weight of 12.81 g. 

[0158] Column breakthrough studies Were conducted to 
compare the ACFC of the present invention to a column 
packed With commercially available granular activated car 
bon (GAC) Calgon F-400 (Calgon Carbon Corp., Pittsburgh, 
Pa.). The carbon adsorptive capacities Were evaluated for a 
model bacteriophage, MS-2. Virus removal Was markedly 
more efficient on a Weight basis for ACFC than for the GAC 
(see FIG. 3). The Calgon F-400 column Was packed With 
30><40 mesh GAC, While the ACFC column Was composed 
of molded disks of composite stacked upon each other. The 
inlet concentration of virus to the GAC column Was 2.82>< 
10° PFU/ml, While the inlet concentration to the ACFC 
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column Was increased approximately ten times to 2.67><107 
PFU/ml. The ACFC column clearly outperfomed the GAC 
column. A conservative value of 10% of the average initial 
concentration Was chosen as the breakthrough point. The 
GAC reached breakthrough after about 11.7 hours, While the 
ACFC reached breakthrough after about 25.8 hours. The 
amount of virus adsorbed per gram of carbon Was 6.69><108 
PFU and, 1.39><101O PFU for F-400 and ACFC, respectively. 

[0159] To summariZe in more detail the adsorption results 
for the ACFC ?lter of the present invention, the sample Was 
tested for MS-2 bacteriophage removal at a How rate of 259 
ml/hr (6.66 column volumes/hr) of Water spiked With 2.67>< 
107 PFU/ml of MS-2. The removal of MS-2 Was better than 
3 logs (99.98%) for the ?rst 24 hours, and 2 logs (99.62%) 
until 29 hours. Detailed results of the column studies are 
shoWn in Table 1 (column #1) and as a log removal in Table 
2 (column #1). The results for granular activated carbon 
(GAC) ?lter are shoWn as prior art in Tables 1 and 2. 

EXAMPLE 2 

[0160] The column #2 Was cut from a large block of 
carbon ?ber composite OR 190. The production method for 
this block gives a layered composite and Was identical to the 
procedure used to produce column #1 in Example 1. 

[0161] The carboniZed composite Was then activated in 
steam at 877° C. for 2 hours at a nitrogen ?oW rate of 2 
L/min. and a Water ?oW rate of 153 cc/hour. The burnoff Was 
19%, and the total carboniZation and activation yield loss 
Was 28%. The average BET surface area of the material Was 
800 m2/g. The density of the activated material Was 0.32 
g/cc. 

[0162] A column Was cut from the blocks using a drill 
press ?tted With a 1 in. diameter core extractor. The length 
of the core Was 3.5 in., the outside diameter Was 0.91 in. and 
the Weight Was 11.81 g. 

[0163] The sample Was tested for MS-2 bacteriophage 
adsorption at a How rate of 300 ml/hr (8.12 column volumes/ 
hr) of Water spiked With 3.0><107 PFU/ml. The removal of 
MS-2 Was better than 5 logs (99.999%) for 3 hours, 4 logs 
(99.99%) in the 4th hour, and 3 logs (99.92%) in the 5th hour. 
Detailed results of virus adsorption tests are shoWn in Tables 
1 and 2 (note column #2). 

EXAMPLE 3 

[0164] The column #3 to be tested Was cut from three 
different blocks of carbon ?ber composites OR 193, 198 and 
210. The production method for these blocks, Which gives 
layered composites, involves mixing P200 pitch-based car 
bon ?bers (R303T) With Water and DureZ 7716 2-step 
phenolic resin in a Weight ratio of resin to ?ber of 1:4 in a 
dilute slurry (slurry concentration about 15%). After mixing 
part of the slurry Was poured in a mold shape. The remainder 
of the slurry Was added in increments, providing suf?cient 
times for Water drainage. After the last part of the slurry Was 
added, vacuum Was applied for 40 minutes to draW the 
remaining Water through the cake and effect partial drying. 
The composites Were then ejected from the mold, dried and 
cured at 200° C., and carboniZed at 650° C. 

[0165] The composites Were then activated in steam at 
877° C. for 1.5 hours at a nitrogen ?oW rate of 2 L/min. and 
a Water ?oW rate of 100 cc/hour. The overall burnoff for the 
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three samples Was 29.5, 30.5 and 19.4%. Total carboniZation 
and activation yield losses Were 37.5, 38.5 and 28.4%. The 
BET surface area of the material Was 603-620 m 2/g. 

[0166] A column Was cut from the blocks using a drill 
press ?tted With a 1 in. diameter core extractor. The length 
of the core Was 2.70 in., the outside diameter Was 0.91 in. 
and the Weight Was 6.75 g. The density of material Was 0.237 
g/cc. 

[0167] The sample Was tested for MS-2 bacteriophage 
adsorption at a How rate of 300 ml/hr (8.12 column volumes/ 
hr) of Water spiked With 8.0><106 PFU/ml of MS-2. The 
removal of MS-2 Was better than 3 logs (99.95%) for 6 
hours, and 2 logs (99.72%) in the 7th hour. Detailed results 
of the virus adsorption tests are shoWn in Table 1 and 2 (note 
column #3). 

EXAMPLE 4 

[0168] The column #4 to be tested Was cut from a 4 in. 
diameter cylindrical block of carbon ?ber composite F912. 
The production method for F912 Which gives a layered 
composite Was as folloWs. Three hundred grams of P200 
pitch-based carbon ?bers (R303T) Were mixed With 1500 cc 
of Water, and 75 g of DureZ 7716 2-step phenolic resin Was 
added to the mixture. After mixing for 5 minutes, 400 cc of 
slurry Was poured in a 4 in. diameter cylindrical mold and 
alloWed to settle for 1 min. While Water Was ?ltered off 
before more slurry is poured in increments of 200 cc. Each 
increment is alloWed to settle for 1 min. before adding the 
next. After the last 200 cc Was added, vacuum Was applied 
for 40 min. to draW the remaining Water through the cake 
and effect partial drying. The composite Was then ejected 
from the mold, and dried and cured at 200° C. for 5 hours. 

[0169] The cured composite Was then activated in steam at 
877° C. for 4.5 hours at a nitrogen ?oW rate of 2 L/min. and 
a Water ?oW rate of 100 cc/hour. The burnoff Was 28.1%. 
The BET surface area of the material Was 895 m2/g. 

[0170] Acolumn Was cut from the block using a drill press 
?tted With a 1 in. diameter core extractor. The length of the 
core Was 3.65 in., the outside diameter Was 0.91 in. and the 
Weight Was 14.6 g. The density of material Was 0.375 g/cc. 

[0171] The sample Was tested for MS-2 bacteriophage 
adsorption at a How rate of 330 ml/hr (8.02 column columns/ 
hr) of Water spiked With 8.2><106 PFU/ml of MS-2. The 
removal of MS-2 Was better than 4 logs (99.994%) for 5 
hours, and 2 logs (99.79%) in the 6th hour. Detailed results 
of virus adsorption tests are shoWn in Tables 1 and 2 (note 
column #4). 

EXAMPLE 5 

[0172] This column #5 Was made from the same block of 
material as column #4. After activation, the burnoff of the 
material Was 28.1%. The BET surface area of the material 
Was 895 m2/g. 

[0173] Acolumn Was cut from the block using a drill press 
?tted With a 1 in. diameter core extractor. The length of the 
core Was 3.71 in., the outside diameter Was 0.91 in. and the 
Weight Was 14.8 g. 

[0174] The sample Was tested for MS-2 bacteriophage 
adsorption at a How rate of 330 ml/hr (8.35 column volumes/ 
hr) of Water spiked With 8.2><106 PFU/ml of MS-2. The 
































