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(57) ABSTRACT 

An antimicrobial composition for use in water, air, and other 
fluid treatment applications is provided. The composition 
includes a biguanide dihydrate compound, Such as a chlo 
rhexidine dihydrate, which exhibits broad spectrum antimi 
crobial activity. 
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FIG. 6A 
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FIG. 7A 
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BROAD SPECTRUMANTIMICROBAL 
PURIFICATION MATERALS AND METHODS 

FOR PURIFYING FLUIDS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This is a continuation of U.S. application Ser. No. 
1 1/539,422, filed Oct. 6, 2006, which claims the benefit of 
U.S. Provisional Application No. 60/820,437, filed Jul. 26, 
2006. These applications are incorporated herein by reference 
in their entirety. 

BACKGROUND OF THE INVENTION 

0002 This invention is generally in the field of antimicro 
bial materials useful in the purification of fluids, purification 
devices including antimicrobial materials, and methods of 
making and using Such antimicrobial materials. 
0003. There is a general need for devices and methods to 
eliminate microorganisms from fluids for various applica 
tions, including the provision of safe or potable drinking 
water and breathable purified air. Many different methods are 
currently used for the purification of fluids. Representative 
examples include distillation, ion-exchange, chemical 
adsorption, filtering, and retention. Oftentimes, a number of 
different techniques must be combined to provide complete 
purification of fluids. These techniques can be costly, energy 
inefficient, and require significant technical expertise. Unfor 
tunately, many low cost purification techniques do not 
adequately treat or remove harmful biological contaminants, 
bacteria, and viruses. 
0004. The Environmental Protection Agency (EPA) has 
set forth minimum standards for acceptance of a device pro 
posed for use as a microbiological water filter. Common 
coliforms, represented by the bacteria E. coli and Klebsiella 
terrigena, must show a minimum 6-log reduction (99.9999% 
of organisms removed) from an influent concentration of 
1x10 per 100 mL of water. Common viruses, represented by 
poliovirus 1 (LSc) and rotavirus (Wa or SA-11), which show 
a resistance to many treatment processes, must show a mini 
mum 4-log reduction (99.99% of organisms removed), from 
an influent concentration of 1x107 per 100 mL of water. 
Cysts, such as those represented by Giardia muris or Giardia 
lamblia, are widespread, disease-inducing, and resistant to 
most forms of chemical disinfection. A device claiming cyst 
removal must show a minimum 3-log reduction (99.9% of 
cysts removed) from an influent concentration of 1x10° per L 
or 1x107 per L. 
0005. It is known to use strong oxidants, such as phenols 
and hypochlorites, to effectively negate the potential threat of 
all microorganisms in water; however, these agents must be 
removed from water before consumption. Known biocompat 
ible antimicrobial agents generally destroy only select micro 
organisms rather than a broad spectrum of microorganisms, 
thereby requiring the use of multiple biocompatible antimi 
crobial agents to effectively negate the potential threat of all 
microorganisms. 
0006. One conventional biocompatible antimicrobial 
agent is known as chlorhexidine. Chlorhexidine is a 1,6-di(4- 
chlorophenyl-diguanido) hexane having the chemical for 
mula: 
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NH NH NH NH 

HN N N1 NN N NH 
H H H H 

C C 

The IUPAC name for chlorhexidine is N.N"Bis(4-chlorophe 
nyl)-3,12-diimino-2,4,11,13-tetrazatetradecanediimideam 
ide. Chlorhexidine has a high level of antibacterial activity, 
low mammalian toxicity, and a strong affinity for binding to 
skin and mucous membranes. It has been used as a topical 
antiseptic for application to areas such as skin, wounds, and 
mucous membranes. Chlorhexidine also has been used as a 
pharmaceutical preservative and as a disinfectant for inani 
mate Surfaces. 
0007. Historically, chlorhexidine has been used only in its 
salt soluble forms. Chlorhexidine salts, however, have an 
extremely bitter taste that must be masked in formulations 
intended for oral use. In addition, chlorhexidine salts are 
ineffective for applications requiring insoluble materials. 
0008 Chlorhexidine's antimicrobial activity is directed 
mainly toward vegetative gram-positive and gram-negative 
bacteria. It is ineffective against bacterial spores, except at 
elevated temperatures. Acid-fast bacilli are merely inhibited 
and not inactivated by aqueous solutions of chlorhexidine. At 
relatively low concentrations, chlorhexidine is bacteriostatic, 
while at higher concentrations, chlorhexidine is rapidly bac 
tericidal. Chlorhexidine's fungicidal activity is subject to spe 
cies variation. Although chlorhexidine and its known deriva 
tives exhibit some antimicrobial activity, they unfortunately 
may not be effective against abroad spectrum of microorgan 
ism types. 
0009. Other water soluble antimicrobial chemical agents 
are known in the art. Representative examples of Such con 
ventional materials include Soaps/detergents, Surfactants, 
acids, alkalis, heavy metals, halogens, alcohols. phenols, oxi 
dizing agents and alkylating agents. Most of these agents 
chemically alter (e.g., by an oxidation reaction, etc.) the cel 
lular structure of microbes to inactivate them. These agents 
may have undesirable side-effects on the affected area of 
contamination (skin, clothes, paint, etc.) with often deleteri 
ous side-effects (discoloration and oxidation). 
0010. Accordingly, there remains a need for an inexpen 
sive and biocompatible antimicrobial agent that will effec 
tively inactivate a broad spectrum of microorganisms. There 
is also a need for a practical purification material comprising 
a biocompatible antimicrobial agent for purifying fluids. 
Desirably, the purification material would significantly 
exceed the minimum EPA requirements for designation as a 
microbial water purifier such that it is suitable for consumer 
and industry point-of-use applications. 

SUMMARY OF THE INVENTION 

0011. A novel antimicrobial compound, purification 
materials, and methods are provided herein. In a particular 
embodiment, an antimicrobial material comprises a com 
pound of the formula 
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0012 wherein R comprises a straight chained, branched, 
or cyclic alkyl, alkenyl, alkynyl, or aryl group; 
0013 wherein R and R, independent of one another, 
comprise a hydrogen, halogen, hydroxyl, amino, amido, alky 
lamino, arylamino, alkoxy, aryloxy, nitro, acyl, alkenyl, alky 
nyl, cyano, Sulfo, Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, 
Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, phosphoryl, 
phosphino, thioester, thioether, anhydride, oximno, 
hydrazino, carbamyl, phosphonic acid, phosphonato, or a 
straight, chained, branched, or cyclic alkyl, alkenyl, alkynyl, 
aryl, heteroaryl, or heterocyclic group; and 
0014 wherein X and y, independent of one another, are 
numbers between 1 and 3000. 

0015. In a particular embodiment, the antimicrobial mate 
rial comprises chlorhexidine dihydrate, a compound of the 
formula 

Nelle-N Nelle-N 
O y y N(CH)6 y s Ol N.G.N Ne.N. 

C ei'en eit'en C 

wherein R is methyl, RandR are chloro-phenyl, X is 6, and 
y is 1. 
0016. In another particular embodiment, an antimicrobial 
material comprises a compound of the formula 

OO OO 

Rs R6 
N10 ©NN 

NH--R4-1. HN 
H H y y 

0017 wherein Ra comprises a straight chained, branched, 
or cyclic alkyl, alkenyl, alkynyl, or aryl group; 
0018 wherein Rs and R, independent of one another, 
comprise a hydrogen, halogen, hydroxyl, amino, amido, alky 
lamino, arylamino, alkoxy, aryloxy, nitro, acyl, alkenyl, alky 
nyl, cyano, Sulfo, Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, 
Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, phosphoryl, 
phosphino, thioester, thioether, anhydride, oximno, 
hydrazino, carbamyl, phosphonic acid, phosphonato, or a 
straight chained, branched, or cyclic alkyl, alkenyl, alkynyl, 
aryl, heteroaryl, or heterocyclic group; and 
0019 wherein x' and y', independent of one another, are 
numbers between 1 and 3000. 
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0020. In a particular embodiment, the antimicrobial mate 
rial comprises chlorhexidine base, a compound of the formula 

OG) OG) OS OG) 

N16YN16YN1 nN.10YN10NN 
H H H H 

C C 

wherein R is methyl, Rs and Rare chloro-phenyl, x' is 6, and 
y' is 2. 
0021. In another aspect, methods are provided for making 
and using an antimicrobial material. In a particular embodi 
ment, a method for inactivating microorganisms in a fluid is 
provided, comprising the steps of contacting a fluid in need of 
treatment with an antimicrobial material, wherein said con 
tact is effective to inactivate at least one microorganism in the 
fluid. In particular embodiments, the fluid comprises water, a 
beverage, air, or a physiological fluid and the at least one 
microorganism comprises bacteria, fungi, virus, protozoa, or 
a combination thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0022 FIG. 1 is a cross-sectional view illustrating one 
embodiment of a filtration device containing a block filter 
which includes a purification material described herein. 
0023 FIGS. 2A and 2B are schematic views of one 
embodimentofapurification material in the form of a sheet or 
film. 
(0024 FIG. 3 is a FTIR spectrum of chlorhexidine dihy 
drate. 
0025 FIG. 4 is a TGA thermogram of chlorhexidine base. 
0026 FIG. 5 is a TGA thermogram of chlorhexidine dihy 
drate. 
0027 FIGS. 6A and 6B are "H NMR plots of chlorhexi 
dine. 
0028 FIGS. 7A and 7B are "H NMR plots of chlorhexi 
dine dihydrate. 
(0029 FIG. 8 is a SEM image of 1000 magnification of 
chlorhexidine. 
0030 FIG. 9 is a SEM image of 1000 magnification of 
chlorhexidine dihydrate. 
0031 FIG. 10 is a SEM image of 1000 magnification of 
chlorhexidine dihydrochloride. 
0032 FIG. 11 is a DSC thermogram of chlorhexidine 
base. 
0033 FIG. 12 is a DSC thermogram of chlorhexidine 
dihydrate. 

DETAILED DESCRIPTION OF THE INVENTION 

0034 Novel antimicrobial compounds have been discov 
ered, and purification materials and methods have been devel 
oped therefrom. In one embodiment, the antimicrobial com 
pound is produced by reacting a chlorhexidine compound 
(e.g., chlorhexidine diacetate) with sodium hydroxide (or 
another base) to form chlorhexidine dihydrate. Chlorhexidine 
dihydrate is an insoluble biguanide compound. It has an 
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amorphous structure, which is in contrast to crystalline chlo 
rhexidine base. Its surface energy is significantly less than 
many other materials, which beneficially allows water or 
another fluid to flow through it more easily than through other 
materials. Chlorhexidine dihydrate advantageously has a 
melting temperature far below its decomposition tempera 
ture, which allows it to be molded into different physical 
shapes without degrading the compound's chemical or struc 
tural integrity. Significantly, it has been found that chlorhexi 
dine dihydrate has broad spectrum antimicrobial activity. 
Chlorhexidine dihydrate has been found to negate bacteria 
and many other kinds of microorganisms in an aqueous fluid. 
0035. The chlorhexidine dihydrate disrupts the microor 
ganisms in a principally surface-dependent manner, advanta 
geously without depleting the Supply of the chlorhexidine 
dihydrate. That is, chlorhexidine dihydrate's antimicrobial 
functionality is effectively catalytic. The treatment is a zero 
order reaction; no chlorhexidine dihydrate is consumed dur 
ing treatment of a contaminated fluid. In contrast, the rate of 
reaction for chlorhexidine or its previously known conven 
tional derivatives is second-order, as the reaction depends on 
both the concentration of chlorhexidine and the active sites of 
microorganisms. Conventional chlorhexidine is reacted and 
consumed. In contrast, chlorhexidine dihydrate is particularly 
Suitable for use in purification/treatment devices and systems 
due to its insolubility, amorphous structure, low Surface 
energy, catalytic nature, and broad spectrum antimicrobial 
activity. While not wishing to be bound by any theory, it is 
believed that other insoluble compounds that are of a cationic 
nature will exhibit a similar broad spectrum antimicrobial 
activity as the biguanide dihydrates and biguanide bases pro 
vided herein. In addition, it is believed that insoluble tri 
guanide and tetra-guanide hydrates and bases or will exhibit 
similar broad spectrum antimicrobial activity using the same 
mechanism as the biguanide dihydrates and biguanide bases 
provided herein. 
0036. As used herein, the term “water insoluble” refers to 
Substantial insolubility in aqueous fluids, particularly aque 
ous fluids having a pH in the range of about 3 to about 11, such 
as between about 4 and about 9, and particularly in the range 
of 6.0 to 8.0. 

0037. As used herein, the term “antimicrobial activity” 
refers to the property or capability of a material to inactivate 
microorganisms. Non-limiting examples of microorganisms 
include bacteria, fungi, and viruses. This “inactivation” ren 
ders the microorganism incapable of reproducing and there 
fore incapable of infecting other organisms and occurs by 
disruption of the bacteria, fungi or protozoa membrane, or by 
denaturization of the protein such as that which forms the 
protective capsid for viruses. As used herein, the term “broad 
spectrum antimicrobial activity” refers to the property or 
capability of a material to inactivate numerous different, or 
Substantially all, types of microorganisms including bacteria 
(and its corresponding spores), fungi, protozoa and viruses. 
An antimicrobial agent that inactivates only a select group of 
microorganisms (e.g., either only gram positive cells or only 
gram negative cells) does not have broad spectrum antimicro 
bial activity. 
0038. The present purification compositions and treat 
ment methods are not based on a chemically reactive agent. 
Rather, the present compositions and methods are based only 
on physical/mechanical contact between the purification 
material and the fluid to be treated. The microorganisms can 
be inactivated without separation from the fluid. That is, 
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inactivation of the microorganisms is a physical phenomenon 
and need not (but optionally could) include removal of the 
skeletal remains of the inactivated microorganisms from the 
fluid, e.g., by filtration. 
0039. The Antimicrobial Compositions 
0040. The present antimicrobial compositions and devices 
may be further understood with reference to the following 
description and accompanying FIGS. 1-12. The compounds 
of the present purification materials generally include bigu 
anide hydrates and biguanide bases having broad spectrum 
antimicrobial activity, as well as tautomers of the same. While 
not wishing to be bound by any theory, it is believed that the 
broad spectrum antimicrobial activity of the biguanide dehy 
drates and biguanide bases is due to the compounds cationic 
nature. Generally, microorganisms have cell membranes 
composed of lipids and proteins. When the microorganisms 
are exposed to the biguanide dihydrates and biguanide bases, 
the microorganisms experience a change in Surface charge in 
the cell membrane sufficient to disrupt the cell membrane and 
render the microorganisms incapable of reproduction. 
0041. In one embodiment, the composition includes a 
biguanide hydrate having the chemical formula (Formula I): 

wherein R comprises a straight chained, branched, or cyclic 
alkyl, alkenyl, alkynyl, or aryl group which may be further 
Substituted with any moieties such as hydrogen, halogen, 
hydroxyl, amino, amido, alkylamino, arylamino, alkoxy, ary 
loxy. nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, Sulfato, mer 
capto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfamoyl, phos 
phonyl, phosphinyl, phosphoryl, phosphino, thioester, 
thioether, anhydride, oximno, hydrazino, carbamyl, phospho 
nic acid, phosphonato, or any other viable functional group; 
R, and Rs, independent of one another, comprise a hydrogen, 
halogen, hydroxyl, amino, amido, alkylamino, arylamino, 
alkoxy, aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, 
Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfa 
moyl, phosphonyl, phosphinyl, phosphoryl, phosphino, 
thioester, thioether, anhydride, oximno, hydrazino, carbamyl. 
phosphonic acid, phosphonato, or a straight chained, 
branched, or cyclic alkyl, alkenyl, alkynyl, aryl, heteroaryl, or 
heterocyclic group, which may be further substituted with 
any moieties Such as hydrogen, halogen, hydroxyl, amino, 
amido, alkylamino, arylamino, alkoxy, aryloxy, nitro, acyl, 
alkenyl, alkynyl, cyano, Sulfo, Sulfato, mercapto, imino, Sul 
fonyl, Sulfenyl, Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, 
phosphoryl, phosphino, thioester, thioether, anhydride, 
oximno, hydrazino, carbamyl, phosphonic acid, phospho 
nato, or any other viable functional group; and X and y, inde 
pendent of each other, are numbers from 1 to 3000. In certain 
embodiments, y is a number from 1 to 4, and X is a number 
from 1 to 100, from 1 to 20, from 1 to 10, or from 1 to 8. 
0042. Once skilled in the art will appreciate that in select 
ing Suitable or viable Substitutions, the functional group 
should not eliminate or Substantially impair the broad spec 
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trum antimicrobial activity of the compound, and should not 
impair the chemical stability of the compound. 
0043. In one particular embodiment, the biguanide 
hydrate of Formula I comprises chlorhexidine dihydrate, hav 
ing the chemical formula 

Nelle-N Nelle-N 
Criter Ol NG.N NG.N. 

C eife eSite. C 

wherein R is methyl, RandR are chloro-phenyl, X is 6, and 
y is 1. 
0044. In another embodiment of the biguanide hydrate of 
Formula I, R and R, independent of one another, are elec 
tron-withdrawing groups. 
0045. In still other embodiments of the biguanide hydrate 
of Formula 1, RandR are independently aryls, are indepen 
dently Substituted aryls, or are independently phenyls. In 
another embodiment of the biguanide hydrate of Formula I, 
R, and Rs are independently substituted phenyls. The inde 
pendently Substituted phenyls may have ortho, para, or meta 
substitutions. The independently substituted phenyls may be 
identical to or different from one another. 
0046. In still another embodiment of the biguanide 
hydrate of Formula 1, R and Rs are independently substi 
tuted halo phenyls. The independently substituted halo phe 
nyls may have ortho, para, or meta Substitutions. The inde 
pendently substituted halo phenyls may be identical to or 
different from one another. 
0047. In various other examples of the biguanide hydrate 
of Formula I, R and R may independently be substituted 
halogens, Substituted amines, Substituted amides, Substituted 
cyanos, or Substituted nitros. 
0048. In another embodiment, the composition comprises 
a biguanide base having the chemical formula (Formula II): 

OC) 
R6 

GNN 
NH--R4-1. HN 

H/ 

wherein Ra comprises a straight chained, branched, or cyclic 
alkyl, alkenyl, alkynyl, or aryl group, which may be further 
Substituted with a hydrogen, halogen, hydroxyl, amino, 
amido, alkylamino, arylamino, alkoxy, aryloxy, nitro, acyl, 
alkenyl, alkynyl, cyano, Sulfa, Sulfato mercapto, imino, Sul 
fonyl, Sulfenyl, Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, 
phosphoryl, phosphino, thioester, thioether, anhydride, 
oximno, hydrazino, carbamyl, phosphonic acid, phospho 
nato, or any other viable functional group; Rs and R, inde 
pendent of one another, comprise a hydrogen, halogen, 
hydroxyl, amino, amido, alkylamino, arylamino, alkoxy, ary 
loxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, Sulfato, mer 
capto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfamoyl, phos 
phonyl, phosphinyl, phosphoryl, phosphino, thioester, 
thioether, anhydride, oximno, hydrazino, carbamyl, phospho 
nic acid, phosphonato, or a straight chained, branched, or 
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cyclic alkyl, alkenyl, alkynyl, aryl, heteroaryl, or heterocyclic 
group, which may be further Substituted with a hydrogen, 
halogen, hydroxyl, amino, amido, alkylamino, arylamino, 
alkoxy, aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, 
Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfa 
moyl, phosphonyl, phosphinyl, phosphoryl, phosphino, 
thioester, thioether, anhydride, oximno, hydrazino, carbamyl. 
phosphonic acid, phosphonato, or any other viable functional 
group; and Xandy", independent of one another, are numbers 
from 1 to 3000. In certain embodiments, y' is a number from 
1 to 4, and x' is a number from 1 to 100, from 1 to 20, from 1 
to 10, or from 1 to 8. 
0049. In one particular embodiment, the biguanide base of 
Formula II comprises a chlorhexidine base having the chemi 
cal formula 

OO OG) OG OG 

N16Y-N16YN1 nN.10YN10NN 
H H H H 

C C 

wherein in R is methyl, Rs and R are chloro-phenyl, x' is 6, 
and y' is 2. 
0050. In another embodiment of the biguanide hydrate of 
Formula II, Rs and R are independently electron-withdraw 
ing groups. 
0051. In various other embodiments of the biguanide 
hydrate of Formula II, Rs and R are independently aryls, are 
independently Substituted aryls, are independently phenyls. 
In one particular embodiment of the biguanide hydrate of 
Formula II, RandR are independently substituted phenyls. 
The independently Substituted phenyls may have ortho, para, 
or meta substitutions. The independently substituted phenyls 
may be identical to or different from one another. 
0052. In another particular embodiment of the biguanide 
hydrate of Formula II, Rs and R are independently substi 
tuted halo phenyls. The independently substituted halo phe 
nyls may have ortho, para, or meta Substitutions. The inde 
pendently substituted halo phenyls may be identical to or 
different from one another. 

0053. In various other examples of the biguanide hydrate 
of Formula II, Rs and R are independently substituted halo 
gens, Substituted amines, Substituted amides, Substituted 
cyanos, or Substituted nitros. 
0054 The term “alkyl, as used herein, unless otherwise 
specified, refers to a saturated Straight, branched, or cyclic, 
primary, secondary, or tertiary hydrocarbon of C1 to C20, and 
specifically includes methyl, ethyl, propyl, isopropyl, butyl, 
isobutyl, t-butyl, pentyl, isopentyl, neopentyl, hexyl, and iso 
hexyl. The term includes both substituted and unsubsituted 
alkyl groups. Moieties with which the alkyl group can be 
Substituted are selected from the group consisting of hydro 
gen, halogen, hydroxyl, amino, amido, alkylamino, ary 
lamino, alkoxy, aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, 
Sulfo, Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, 
Sulfamoyl phosphonyl, phosphinyl, phosphoryl, phosphino, 
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thioester, thioether, anhydride, oximno, hydrazino, carbamyl. 
phosphonic acid, phosphonato, or any other viable functional 
group. 

0055. The term “alkenyl', as referred to herein, and unless 
otherwise specified, refers to a straight, branched, or cyclic 
hydrocarbon of C2 to C10 with at least one double bond. The 
alkenyl groups can be optionally Substituted in the same 
manner as described above for the alkyl group and can also be 
optionally substituted with a substituted or unsubstituted 
alkyl group. 
0056. The term “alkynyl', as used herein, and unless oth 
erwise specified, refers to a C2 to C10 straight or branched 
hydrocarbon with at least one triple bond. The alkynyl groups 
can be optionally Substituted in the same manner as described 
above for the alkyl groups and can also be optionally Substi 
tuted with a substituted or unsubstituted alkyl group. 
0057 The term “aryl', as used herein, and unless other 
wise specified, refers to any functional group or Substituent 
derived from an aromatic ring. Non-limiting examples 
include phenyl, biphenyl, and napthyl. The term includes 
both substituted and unsubstituted moieties. The aryl group 
can be substituted with one or more moieties as described 
above for the alkyl groups or a substituted or unsubstituted 
alkyl group. 
0058. The term “heteroaryl” or “heteroaromatic”, as used 
herein, refers to an aromatic or unsaturated cyclic moiety that 
includes at least one Sulfur, oxygen, nitrogen, or phosphorus 
in the aromatic ring. Non-limiting examples are furyl, 
pyridyl, pyrimidyl, thienyl, isothiazolyl, imidazolyl, tetra 
Zolyl pyrazinyl, benofuranyl, benothiophenyl, quinolyl, iso 
quinolyl, benzothienyl, ixobenzofuryl, pyrazolyl, indolyl, 
isoindolyl, benimidazolyl, purinyl, carbazolyl, oxazolyl, 
thiazolyl, isothiazolyl, 1,2,4-thiadiazolyl, isoxazolyl pyro 
lyl, quinazolinyl, pyridaZinyl, pyrazinyl, cinnolyl, phthalazi 
nyl, quinoxalinyl, Xanthinyl, hypoxanthinyl, and pteridinyl. 
The heteroaryl or heteroaromatic group can optionally be 
substituted with one or moieties as described above for the 
alkyl group or a Substituted or unsubstituted alkyl group. 
0059. The term “heterocyclic” refers to a saturated non 
aromatic cyclic group which may be substituted, and wherein 
there is at least one heteroatom or non-carbon atom, Such as 
oxygen, Sulfur, nitrogen, or phosphorus in the ring. The het 
erocyclic group can be substituted in the same manner as 
described above for the heteroaryl group. 
0060. The term “aralkyl', as used herein, and unless oth 
erwise specified, refers to an aryl group as defined above 
linked to the molecule through an alkyl group as defined 
above. The term alkaryl, as used herein, and unless otherwise 
specified, refers to an alkyl group as defined above linked to 
the molecule through an aryl group as defined above. The 
aralkyl oralkaryl group can be optionally substituted with one 
or more moieties selected from the group consisting of 
hydroxyl, carboxy, carboxamido, carboalkoxy, acyl, amino, 
halo, alkylamino, alkoxy, aryloxy, nitro, cyano, Sulfo, Sulfato, 
phospho, phosphate, or phosphonato. 
0061 The term “halo', as used herein, specifically 
includes chloro, bromo, iodo, and fluoro. 
0062. The term “alkoxy’, as used herein, and unless oth 
erwise specified, refers to a moiety of the structure —O-alkyl, 
wherein alkyl is as defined above. 
0063. The term “acyl', as used herein, refers to a group of 
the formula C(O)R', wherein R' is an alkyl, aryl, heteroaryl, 
heterocyclic, alkaryl or aralkyl group, or Substituted alkyl, 
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aryl, heteroaryl, heterocyclic, aralkyl or alkaryl, wherein 
these groups are as defined above. 
0064 Methods of Making the Compounds 
0065. The starting materials may be commercially avail 
able or may be synthesized or prepared according to methods 
known in the art. In one embodiment, the antimicrobial com 
pound is made by reacting a biguanide compound (e.g., chlo 
rhexidine diacetate in aqueous solution) with a base. Such as 
Sodium hydroxide. The biguanide compounds have the 
chemical formula (Formula III): 

NH NH 

R25 R36 
N N 

H NH--R4-1. HN 
y,y' H yy' 

wherein Ra comprises a straight, chained, branched, or 
cyclic alkyl, alkenyl, alkynyl, or aryl group which may be 
further Substituted with any moieties such as hydrogen, halo 
gen, hydroxyl, amino, amido, alkylamino, arylamino, alkoxy, 
aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, Sulfato, 
mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfamoyl, 
phosphonyl, phosphinyl, phosphoryl, phosphino, thioester, 
thioether, anhydride, oximno, hydrazino, carbamyl, phospho 
nic acid, phosphonato, or any other viable functional group; 
R, and Rs independent of one another, comprise a hydro 
gen, halogen, hydroxyl, amino, amido, alkylamino, ary 
lamino, alkoxy, aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, 
Sulfo, Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, 
Sulfamoyl phosphonyl, phosphinyl, phosphoryl, phosphino, 
thioester, thioether, anhydride, oximno, hydrazino, carbamyl. 
phosphonic acid, phosphonato, or a straight, chained, 
branched, or cyclic alkyl, alkenyl, alkynyl, aryl, heteroaryl, or 
heterocyclic group, which may be further substituted with 
any moieties Such as hydrogen, halogen, hydroxyl, amino, 
amido, alkylamino, arylamino, alkoxy, aryloxy, nitro, acyl, 
alkenyl, alkynyl, cyano, Sulfo, Sulfato, mercapto, imino, Sul 
fonyl, Sulfenyl, Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, 
phosphoryl, phosphino, thioester, thioether, anhydride, 
oximno, hydrazino, carbamyl, phosphonic acid, phospho 
nato, or any other viable functional group; X (X") and y (y). 
independent of each other, are numbers from 1 to 3000. In 
certain embodiments, y (y) is a number from 1 to 4, and X (X") 
is a number from 1 to 100, from 1 to 20, from 1 to 10, or from 
1 to 8. 
0066. Where the biguanide compound has at least four 
carbon-nitrogen double bonds (e.g., y22), hydrogen bonding 
results in the formation of a heterocyclic structure having the 
chemical formula of Formula IV: 

wherein R comprises a straight, chained, branched, or cyclic 
alkyl, alkenyl, alkynyl, or aryl group which may be further 
Substituted with any moieties such as hydrogen, halogen, 
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hydroxyl, amino, amido, alkylamino, arylamino, alkoxy, ary 
loxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, Sulfato, mer 
capto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfamoyl, phos 
phonyl, phosphinyl, phosphoryl, phosphino, thioester, 
thioether, anhydride, oximno, hydrazino, carbamyl, phospho 
nic acid, phosphonato, or any other viable functional group; 
R, and Rs, independent of one another, comprise a hydrogen, 
halogen, hydroxyl, amino, amido, alkylamino, arylamino, 
alkoxy, aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, 
Sulfato, mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfa 
moyl, phosphonyl, phosphinyl, phosphoryl, phosphino, 
thioester, thioether, anhydride, oximno, hydrazino, carbamyl. 
phosphonic acid, phosphonato, or a straight chained, 
branched, or cyclic alkyl, alkenyl, alkynyl, aryl, heteroaryl, or 
heterocyclic group, which may be further substituted with 
any moieties Such as hydrogen, halogen, hydroxyl, amino, 
amido, alkylamino, arylamino, alkoxy, aryloxy, nitro, acyl, 
alkenyl, alkynyl, cyano, Sulfo, Sulfato, mercapto, imino, Sul 
fonyl, Sulfenyl, Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, 
phosphoryl, phosphino, thioester, thioether, anhydride, 
oximno, hydrazino, carbamyl, phosphonic acid, phospho 
nato, or any other viable functional group; X and y, indepen 
dent of each other, are numbers from 1 to 3000. 
0067. While not wishing to be bound by any theory, it is 
believed that the reaction between the biguanide compounds 
and base involves two different reaction mechanisms, largely 
depending upon the pH of the reaction conditions. It is 
believed that under more basic conditions, the base reaction 
of the biguanide compound proceeds by the following mecha 
nism to form a biguanide base. 

NH NH NH NH 

- - - - - HN N N1 NN N NH 
H H H H 

Rs R6 

NaOH, water 

NH NH NH NH 

R4 11. NN N NH 
| ÖH H ÖH H H ÖH H ÖH 
Rs R6 

n1 N- N- R N- N Rs R6 
NH2 NH H2N HN 

|N. 
ce oo ce oe 

1 - - - - HN1 g\N1 GNN1 NN1 genN1cy NH 
H H H H 

Rs R6 
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0068. In the second reaction mechanism, it is believed that 
the biguanide compound (e.g., chlorhexidine diacetate) 
reacts with a dilute base to form a hydrated biguanide. Gen 
erally, hydrolysis of a biguanide would lead to the formation 
of ketone functionalities; however, elimination of the NH 
groups from the biguanide is either retarded or does not occur 
under mildly basic conditions, most likely due to strong 
intramolecular hydrogen bonding. Accordingly, it is believed 
that the soluble biguanide compound that undergoes hydroly 
sis has the above-described heterocyclic structure and forms 
a hydrated biguanide by the following mechanism. 

N N N GE) GE) 

R1 YY NR 
N 

GE) YR, 
a 

1 s 
N(0. N. () N 
6NeYEIG v'Ya 

oil. Water 
GE) GE) GE) GE 

R1 YY NR1 Y. YR, 
n N GDN Nags N 

0069. Of course, a reaction occurs with the solubilizing 
agent and the base (e.g., acetic acid) that made the chlorhexi 
dine soluble such as chlorhexidine diacetate, chlorhexidine 
gluconate, or other soluble form of chlorhexidine). 
0070 Embodiments also include the compounds compris 
ing the reaction intermediates of the foregoing chemical reac 
tions. 
(0071 Purification Materials and Devices 
0072 The antimicrobial compositions described here are 
provided in a form to contact a fluid in need of treatment. For 
example, the purification material or device may include one 
or more of the antimicrobial biguanide hydrates orbiguanide 
bases, presented in a manner to facilitate contact with the fluid 
in need of treatment. In one embodiment, the purification 
material or device is designed to allow, or force, fluid flow 
through a porous structure that includes or consists of the 
antimicrobial composition. 
0073. The purification material may be in essentially any 
structure or form that provides sufficient contact with the fluid 
to be treated. For example, the structure may be in a loose 
granular or particulate form, or the structure may be in a 
unitary form in various geometric configurations. Such as 
sheets, films, disks, rectangular blocks, closed cylinders, cyl 
inders having one or more apertures (or bores) extending 
therethrough, and the like. 
0074. In one embodiment, the purification material is in 
the form a porous unitary structure. The structure can be made 
by compression molding a particulate form of the antimicro 
bial composition. The compression molding advantageously 
and desirably can be molded at ambient temperature condi 
tions, that is, without input of heat. (Applying heat above the 
melting temperature would fuse the material into a perfectly 
continuous, consistent and nonporous structure.) The heatless 
pressure causes the particles to aggregate together, or fuse 
into a monolithic structure, with no loose particles while 
retaining its porosity. Desirably, the purification material has 
a melting temperature far below its decomposition tempera 
ture, allowing it to be molded into different physical shapes 
without jeopardizing the compound's chemical or structural 
integrity. 
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0075. In one example, the structure of the purification 
material is a compression molded disk, and a purification 
device made from the disk further includes one or more layers 
of a porous Support material disposed adjacent to one or both 
sides of the disk of antimicrobial material. For example, the 
porous Support material may include a polymeric material 
attached to the disk to help maintain the structural integrity of 
the compression molded disk. In one case, the polymeric 
Support material is a hydrophylic polypropylene 
(POREXTM), and the disk of purification material is sand 
wiched between two layers of the porous hydrophylic 
polypropylene. In operation, fluid would flow through the 
Support layers and through the disk of purification material. 
0076 Those familiar with the art of fluid treatment will 
understand that the pore size and physical dimensions of the 
purification material may be manipulated for different appli 
cations. In addition, changes in these variables will alter flow 
rates and back-pressure. Similarly, those skilled in the art will 
recognize that variations in the composition of the purifica 
tion material will likewise effect the material properties of the 
purification material. 
0077. In still another embodiment, the present antimicro 
bial compositions may be coated on an inert carrier Substrate. 
For example, the substrate could be in the form of glass or 
ceramic beads (e.g., spheres or other shapes) or other loose 
packing objects which increase the active/available Surface 
area of the antimicrobial material. 

0078. This purification material or device may be used 
alone, or in combination with other materials and devices 
known in the art of fluid treatment. For instance, the purifi 
cation material or device may be used in a process in series 
with a filtration device, for example as a pretreatment to 
remove larger-scale particulate matter and/or as a post treat 
ment to filter out skeletal remains of inactivated microorgan 
isms. As another example, the fluid may be treated using 
methods, materials, and systems known in the art to remove 
other organic or inorganic matter or solutes. Suitable filter 
media for pre-filtration are described for example in U.S. Pat. 
Nos. 6,187,192: 6,180,016; 6,957,743; 6,833,075; and 6,861, 
002; and in U.S. patent application Ser. Nos. 10/276.274 and 
10/467,679. 
0079. One embodiment of a fluid treatment device com 
prising the present antimicrobial compositions in illustrated 
in FIG. 1. A housing 11 is mated with a cap 12 having an 
inflow orifice 13 and an outflow orifice 14. A water supply 
conduit is joined to the inflow orifice 13, to deliver non 
treated water into the device, and a water discharge conduit 16 
is joined to the outflow orifice 14, to conduct treated water 
from the device. Water passes into the housing 11 and is 
forced through the porous purification material 17, which is in 
the shape of hollow cylinder with an axial bore 18, by the 
pressure of the water flow. The treated water then passes into 
the axial bore 18 which connects to the outflow orifice 14. 

0080 FIGS. 2A-2B show two embodiments where the 
purification material described herein is in the form of a sheet 
or film. A purification material 1 can be used with normal 
flow-through of a fluid 2 through the purification material 1 
(FIG. 2A). Alternatively, a purification material 1 can be used 
with cross-flow of a fluid 3 across the purification material 1 
with fluid 2 flowing through the purification material 1 (FIG. 
2B). The cross-flow fluid 3 sweeps across the surface of the 
purification material 1, which may decrease the level of par 
ticulate matter deposited thereon. 
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I0081. Applications of the Antimicrobial Materials 
I0082. The compounds and treatment devices described 
herein have numerous possible applications. Advanta 
geously, the treatment devices are of a nonsoluble and non 
consumable catalytic nature, and are capable of inactivating a 
broad spectrum of microorganisms. Generally, the com 
pounds and purification materials can be used in applications 
where it is desirable to reduce and/or eliminate microorgan 
isms in a fluid. 
I0083. In a particular embodiment, the antimicrobial com 
pounds embodied in the present invention are incorporated 
into treatment devices for water purification. Such treatment 
devices may be installed at the point of use. This may elimi 
nate the need for chlorination of water supplies to protect 
against contamination of microorganisms. 
I0084. In another embodiment, the purification material 
can be portable for obtaining potable drinking water at any 
time or place. These devices would be especially desirable in 
undeveloped third-world countries where one of the largest 
needs is potable drinking water. 
I0085. The purification material and method are particu 
larly useful in those applications where the required reduction 
in the concentration of microbiological contaminants signifi 
cantly exceeds the EPA standards for microbiological water 
purification devices. In a particular embodiment of the inven 
tion, the purification material comprises a biguanide hydrate 
or biguanide base, described in detail herein. In the method 
corresponding to this particular embodiment, the microbio 
logical contaminants are inactivated when the fluid is forced 
through the purification material by a difference in pressure 
on the influent and effluent sides or by a vacuum on the 
effluent side of the purification material. 
I0086. In addition to functioning as a purifier for drinking 
water, the material of the present invention can also be used to 
purify water used for recreational purposes, such as water 
used in Swimming pools, hot tubs, and spas, allowing the 
chlorine normally required to eliminate living microorgan 
isms to be either reduced or completely eliminated. 
I0087. Because the material of the invention efficiently 
inactivates microorganisms in aqueous Solutions, it also has 
numerous applications in the pharmaceutical and medical 
fields. For example, the material of the invention can be used 
to inactivate microorganisms in physiological fluids or in 
devices, e.g., at-home dialysis machines. 
I0088. In one particular embodiment, the present antimi 
crobial compositions and devices can be used for low-tem 
perature sterilization techniques, eliminating the need for 
techniques requiring elevated temperatures and pressures, 
Such as pasteurization. This would prove especially useful for 
both the food and beverage industries. 
I0089. In another embodiment, the present antimicrobial 
compositions and devices can be used in hospital or industrial 
areas requiring highly purified air having extremely low 
amounts of microorganisms, e.g., intensive care wards, oper 
ating rooms, clean rooms used for care of immunosuppressed 
patients, or industrial clean rooms for manufacturing elec 
tronic and semiconductor equipment. The purification mate 
rials also can be used for residential air-purification. Such 
applications would be especially useful for individuals who 
Suffer from heightened reactivity to air-borne microorgan 
isms, such as fungi. In yet another embodiment, the purifica 
tion material can may be used to protect individuals from 
air-borne microorganisms in the event of a bioterrorist attack. 
0090. In one particular application, the present antimicro 
bial compositions may be incorporated into a device designed 
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to eliminate pathogenic protozoa (e.g., of the genus Plasmo 
dium and phylum Apicomplexa) that cause diseases such as 
malaria. Malaria is typically transmitted to humans through 
mosquitoes and remains a leading cause of death in undevel 
oped countries. Mosquitoes are infected with the protozoa 
from water reservoirs and lakes where the mosquitoes breed. 
Eliminating the protozoa from the breeding habitats of the 
mosquitoes could virtually eliminate outbreaks of malaria. 
0091 Numerous other applications exist for which the 
present antimicrobial compositions and purification materi 
als can be used. Representative examples include the treat 
ment of water used in cooling systems, fermentation applica 
tions and cell culture, and inactivation of microorganisms in 
gases (e.g., anesthetics, carbon dioxide used in carbonated 
beverages, gases used to purge process equipment, etc.). 
0092. In each of these applications, the method of using 
the present antimicrobial compositions and purification 
materials is relatively simple: The fluid to be treated is 
brought into physical contact with the antimicrobial compo 
sitions. Typically, the fluid will be forced from one side of the 
porous purification material through to the other side of the 
purification material due to a pressure drop across the purifi 
cation material. 
0093. The pressure driven flow can be conducted using 
conventional fluid pumps or gravity fed. 
0094. The devices, systems, and methods described above 
will be further understood with reference to the following 
non-limiting examples. 

EXAMPLE1 

Elemental Analysis of Chlorhexidine Hydrate 

0095 Chlorhexidine (CHNOCl), obtained commer 
cially, was reacted with sodium hydroxide to form chlorhexi 
dine dihydrate (actual: CH-NoCl2.1.3H2O, theoretical: 
CHNoCl2.H2O). Approximately 100 g of a starting 
material chlorhexidine diacetate was dissolved in 1300 mL of 
warm deionized water at approximately 50° C.6 Mpotassium 
hydroxide (KOH) was added drop-wise with stirring. A pre 
cipitate formed immediately and continued to form upon 
addition of base until the solution reached a pH of 11. The 
precipitate was filtered and washed six times with warm, 50° 
C., deionized water, and then dried in an oven at 60° C. to 
produce approximately 78 g of chlorhexidine dihydrate. 
These compounds were analyzed using energy dispersive 
X-ray spectroscopy (EDX), Fourier transform infrared spec 
troscopy (FTIR), thermogravimetric analysis (TGA), and 
proton nuclear magnetic resonance (HNMR). 
0096 EDX 
0097. Chlorhexidine and chlorhexidine dihydrate were 
analyzed using EDX, a technique well known to those of skill 
in the art. Table 1 provides both the theoretical and actual 
elemental composition of chlorhexidine and chlorhexidine 
dihydrate obtained from the EDX analysis. 

TABLE 1. 

Theoretical and actual elemental compositions 

Chlorhexidine Chlorhexidine dihydrate 

Element Theoretical Actual Theoretical Actual 

C 52.28% 52.14% 49.77% S.O.32% 
H 5.98% 5.90% 6.57% 6.25% 
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TABLE 1-continued 

Theoretical and actual elemental compositions 

Chlorhexidine Chlorhexidine dihydrate 

Element Theoretical Actual Theoretical Actual 

N 27.27% 27.36% 26.39% 26.49% 
C 14.03% 14.15% 13.35% 12.96% 
O 3.92% 3.98% 

0.098 FTIR 
0099 FTIR was used to compare the characteristic peaks 
of different functional groups in chlorhexidine dihydrate and 
chlorhexidine. Chlorhexidine had peaks at 3513,3473,3410, 
3371 cm', characteristic of N-H stretching, and peaks at 
1635 and 1595 cm', characteristic of aromatic and aliphatic 
guanidine absorptions (ArNHC(=N H)NHAr) and ((CH) 
NC(=N-H)C(CH)). The chlorhexidine dihydrate spec 
trum of FIG.3 had peaks at 3458 and 3406 cm', character 
istic of N—H stretching. The decreased frequencies likely 
were attributable to hydrogen bonding. The chlorhexidine 
dihydrate spectrum also had a broad band between 3300 
2850 cm that was characteristic of an intermolecular OH 
hydrogen-bonded bridge (typically appearing between 3405 
and 2936 cm). Chlorhexidine dihydrate also had the aro 
matic guanadine peak at 1605 cm. The decreased fre 
quency, again, likely was attributable to hydrogen bonding. 
O100 TGA 
0.101) TGA was used to determine the moisture content of 
chlorhexidine base (FIG. 4) and chlorhexidine dihydrate 
(FIG.5). As shown by the derivative weight loss curve of FIG. 
5, there was a loss of a small molecule (presumably water) at 
100° C. and a mass decrease of 4.700% at 120.07° C. for 
chlorhexidine dihydrate. The mass loss likely corresponded 
to the 3.98% oxygen from the EDX analysis, which equates to 
4.5 wt % water present in the chlorhexidine dihydrate. 
0102) H NMR 
(0103) Proton nuclear magnetic resonance (HNMR) spec 
troscopy was used to analyze the structure of chlorhexidine 
dihydrate. The H NMR spectrum of chlorhexidine (FIG. 6) 
had peaks at 8.5, 7.25, 7.0, 3.3, 3.15, 1.9, 1.6, 1.4, and 1.25 
ppm. The "H NMR spectrum of chlorhexidine dihydrate 
(FIG. 7) had peaks at 8.5, 7.2, 6.9, 3.3, 3.15, 1.85, 1.6, 1.35, 
and 1.25 ppm, similar to that of chlorhexidine. The intensi 
ties, however, were different. Specifically, the peak at 8.5 ppm 
was significantly less intense in the chlorhexidine dihydrate 
spectrum. The peaks at 8.5, 1.85, and 1.35 ppm showed no 
spin-spin coupling and were therefore in rapid equilibrium in 
the deuterated methanol solvent (tautomerization). The water 
appeared to preferentially stabilize some of the tautomers of 
chlorhexidine. 

EXAMPLE 2 

Structural Analysis of Chlorhexidine and Its Deriva 
tives 

0104 Scanning electron microscope (SEM) images were 
taken of chlorhexidine (FIG. 8), chlorhexidine dihydrate 
(FIG. 9), and chlorhexidine hydrochloride (FIG. 10) using 
techniques well known to those skilled in the art. 
0105. A loose porous granular form of the chlorhexidine 
dihydrate had a particle size range of 3 to 180 um and a mean 
particle diameter of 35.35um, as measured using a Beckman 
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Coulter LS Particle Size Analyzer. In contrast, the chlorhexi 
dine had a very narrow particle size range. The broad particle 
range of chlorhexidine dihydrate is due to the significant 
amorphous and semicrystalline fractions of the mass, 
whereas pure chlorhexidine is 100% crystalline. 
0106. A block of the same material was subjected to pres 
sure to partially fuse the particles into a continuous block with 
no loose particles, but remained porous. It typically would be 
undesirable to heat the material above its melting temperature 
because the particles would fuse completely into a continuous 
and nonporous block of material, drastically reducing the 
surface area of the material available for contacting a fluid to 
be treated. 
0107 The morphology of chlorhexidine dihydrate and 
chlorhexidine were evaluated using X-Ray Diffraction spec 
troscopy. 

EXAMPLE 3 

Porosity and Bulk Density of Chlorhexidine Dihy 
drate, Chlorhexidine, and Chlorhexidine Hydrochlo 

ride 

0108. The material properties of chlorhexidine dihydrate, 
chlorhexidine, and chlorhexidine hydrochloride were ana 
lyzed to compare their dry bulk density and porosity to water. 
0109 Bulk Density 
0110. The materials were loosely packed into tared 50 ml 
graduated cylinders and agitated with a Vortex mixer to fur 
ther pack the materials in the cylinders. The weight of the 
material was determined and then divided by the volume of 
material to determine the bulk density. The calculated bulk 
densities are shown in Table 2. The larger value for the dihy 
drate is due to the significantamorphous fraction of the mate 
rial that is not present in the pure chlorhexidine. The amor 
phous particles are Smaller than crystals and fill the Voids 
between crystals, allowing for a greater packing density of 
particles. 

TABLE 2 

Bulk density of chlorhexidine and its derivatives 

Material Bulk Density (g/cc) 

Chlorhexidine dihydrate O.70 
Chlorhexidine O.64 
Chlorhexidine hydrochloride O.15 

0111 Porosity 
0112 To measure the porosity of the materials to water, 
samples were placed in a 3/4" inner diameter plastic tube fitted 
with a plug with a hole in the middle. A wire mesh, on top of 
the plug, prevented the powder from passing through the plug. 
Deionized water was passed through the sample until the 
material was sufficiently packed and a second wire mesh was 
positioned on top of the sample. Water was added to the tube 
to a height of 25 centimeters above the plug of material. This 
height was maintained to plus or minus one cm in order to 
maintain a constant pressure. The porosity was calculated by 
calculating the volumetric flow rate (volume/time), multiply 
ing by the cross-sectional area (2.775 cm), and dividing by 
the thickness. Accordingly, the rate should increase propor 
tionally with increases in the cross section and decreases in 
the thickness. The plug thickness, Volume of water, time, and 
porosity are shown in Table 3. 
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TABLE 3 

Porosity of chlorhexidine and its derivatives 

Thickness Volume of water Time Porosity 
Sample (cm) (mL) (min) (mL cm/min/cm) 
Chlorhexidine 1.9 79.0 15.25 7.55 
dihydrate 
Chlorhexidine 1.1 27.5 19.25 3.60 

0113 Chlorhexidine hydrochloride was not able to be 
tested because of the small particulate size. 

EXAMPLE 4 

Characterization of Chlorhexidine and Chlorhexidine 
Dihydrate 

0114 Chlorhexidine and chlorhexidine dihydrate were 
evaluated to characterize the phase transitions and to deter 
mine the melting points, density, Solubility, and Surface 
energy of the materials. Chlorhexidine was obtained com 
mercially and chlorhexidine dihydrate was prepared as in 
Example 1. 
0115 DSC 
0116. Differential scanning calorimetry (DSC) was used 
to characterize the phase transitions of chlorhexidine base 
and chlorhexidine dihydrate. The DSC curves of chlorhexi 
dine base and chlorhexidine dihydrate are illustrated in FIGS. 
11 and 12, respectively. 
0117 Melting Point 
0118. The melting point was taken using a Melt-Temp 
apparatus (Laboratory Instruments Inc.). Chlorhexidine dihy 
drate melted at a temperature in the range of about 80° C. to 
about 86°C., consistent with the DSC analysis. Upon recrys 
tallization of the chlorhexidine dihydrate (using a solubizing 
mixture of chloroform and methanol, filtration, and drying of 
the chlorhexidine dihydrate in a dessicator under vacuum), 
the chlorhexidine dihydrate melted at temperature in the 
range of about 131° C. to about 133°C., indicating that the 
amorphous fraction had been removed and the compound 
dehydrated to essentially the neat form of chlorhexidine. The 
melting point of chlorhexidine was at a temperature in the 
range of about 133° C. to about 136° C. 
0119) 
I0120 Chlorhexidine and chlorhexidine dihydrate were 
melted on a glass slide heated on a hot plate. These glassy 
materials easily fractured into large chunks. One of these 
chunks from each sample was used to determine the density 
of the material. Using a binary solvent system consisting of 
chlorobenzene (density=1.102 g/cc) and carbon tetrachloride 
(density=1.492 g/cc), the chunk of material was Suspended. 
The solution was adjusted until the particle remained hover 
ing in mid solution without floating to the Surface or sinking 
to the bottom. The resulting solution was weighed in a 10 mL 
volumetric flask and the density was calculated. The proce 
dure was repeated at least 4 times for each sample. The 
densities are shown in Table 4. 

Density 
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TABLE 4 

Density of chlorhexidine and chlorhexidine dihydrate 

Density (g cc) 

Chlorhexidine dihydrate 1266.001 
Chlorhexidine 1.270.001 

0121 Solubility 
0122) A sample of material was placed in a small vial with 
a few mL of solvent. The solution was stirred by shaking for 
several hours and then allowed to sit for a week equilibrating. 
0123. A 1 mL aliquot drawn from the solution using an 
Eppendorfpipette was placed in a weighboat and dried in an 
oven. The dried sample was weighed. Measurements of the 
alcohol and water solvents were taken after three hours of 
mixing and again after a week. At the three hour measure 
ment, it was necessary to centrifuge the sample in order to 
separate the solvent solution from the particulate matter. The 
solubilities are shown in Table 5. 

TABLE 5 

Solubility of chlorhexidine dihydrate 

Chlorhexidine Dihydrate 
Solvent Solubility (mg/mL) 

Water <0.5 (3 days) <0.4 (7 days) 
Methanol 3.6 (3 days) 2.8 (7 days) 
Ethanol 1.7 (3 days) 0.6 (7 days) 
Iso-propanol 0.9 (3 days) 0.4 (7 days) 
MIBK 21.1 (7 days) 
Chloroform 5.6 (7 days) 
Methylene Chloride 5.6 (7 days) 
Ethyl Acetate 10.0 (7 days) 

Note that the reduction in solubility of chlorhexidine dihy 
drate in water is likely due to dissolution without agitation 
and chlorhexidine dihydrate's natural tendency to be 
insoluble in water. For comparison, the solubility of chlo 
rhexidine base is reported to be 0.0008% (Block, S. S. Dis 
infection, Sterilization, and Preservation, Lippincott Will 
iams and Wilkins, New York, 2001) and 0.08% (Merck 
Index). 
0.124. The effect of temperature on the solubility of chlo 
rhexidine dihydrate in water was determined by placing a 
sample of chlorhexidine dihydrate in a 100 mL round bottom 
flask with 50 mL of deionized water. The round bottom flask 
contained a stirbarand was placed in an oil bath on a hot plate. 
The solution was gradually warmed. Aliquots were taken 
every 15°C. The aliquot was taken from the solution using of 
a syringe fitted with a micropore filter (Whatman fiberglass 
filter GF/D, pore size 2.7). The filter separated the solution 
from the suspended material. The solution was dried in a 
weighboat at 60°C. overnight. The temperature dependence 
of solubility is shown in Table 6. 

TABLE 6 

Temperature dependence of chlorhexidine dihydrate solubility in water 

Temperature (C.) Solubility (mg/mL) 

30 
45 

10 
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TABLE 6-continued 

Temperature dependence of chlorhexidine dihydrate solubility in water 

Temperature (C.) Solubility (mg/mL) 

60 O.78 
75 O.92 
90 O.89 

0.125. The material had very limited solubility in both hot 
and cold water; however, chlorhexidine dihydrate had appre 
ciable solubility in hot methanol, chloroform, methylene 
chloride, and ketones. 
0.126 Surface Energy 
0127 Glass slides were cleaned in hot chromic acid, 
deionized water and blown dry. Two slides were treated with 
hexamethyldisilazane to lower their surface energy. Solutions 
of chlorhexidine dihydrate in chloroform/methanol and chlo 
rhexidine in methylene chloride/methanol were prepared. 
The slides were coated using a dip-coater with a dipping 
speed of 2.8 mm/min. The HMDS treated slides produced 
very poorly coated films, indicating that the Surface energy is 
high for these organic materials since the Surface energy of 
HMDS slides is approximately 25 dyne cm. The untreated 
slides produced very uniform thin films. The mean contact 
angles are shown in Table 7. 

TABLE 7 

Surface energy of chlorhexidine and chlorhexidine dihydrate 

Mean Contact Angle (S.D. 

Chlorhexidine 
Solution dihydrate Chlorhexidine 

Water (72.2 dyne/cm) 7.08 (0.26) 10.28 (0.38) 
Water/Ethanol (90:10, 51.3 dyne/cm) 13.08 (0.48) 15.3 (0.53) 
Water/Ethanol (70:30, 36.1 dyne/cm) 18.44 (1.7) 13.5 (7.3) 
Water/Ethanol (50:50, 30.0 dyne/cm) O O 

I0128. The contact angles for pure water were consistent 
with a material with a relatively high Surface energy for an 
organic material. The inability to cast a film on HMDS treated 
glass slides confirmed this. However, the trend of the contact 
angles was atypical for most materials. Typically, angles 
decrease with increased concentration of ethanol because the 
ethanol lowers the Surface tension of the testing solution. 
There appeared to be some sort of chemical interaction that 
was affecting the Surface energy measurement. When ethanol 
was added to a small amount of chlorhexidine dihydrate, the 
material greatly increased in Volume without going into solu 
tion. Similar forces may have been at play with these mate 
rials, affecting the contact angle measurement. 

EXAMPLE 5 

Antimicrobial Activity of Chlorhexidine Dihydrate 
I0129. Columns having a length of 30.48 cm and diameter 
of 0.75 in were packed with particle beds comprising chlo 
rhexidine dihydrate having lengths of 1.9 cm, 2.5 cm, and 4.1 
cm. A 40 mL mixture of inocculum (comprising 35 million B. 
subtilis, 91 million E. coli, 130 million R. terrigena, and 100 
million A. niger) and water was passed by gravity through the 
chlorhexidine dihydrate particle bed. The treated water 
showed significant reductions in contaminants, as shown in 
Table 8. 



US 2008/0306301 A1 

TABLE 8 
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Reduction of bacterial growth using chlorhexidine dihydrate 

Effluent % Effluent % 
Organism Inoculum (1.9 cm) Reduction (2.5 cm) Reduction 

B. subtiis 35 x 10 <1000 99.997 14 x 10 99.6 
E. coi 91 x 10 &1OOO >99.999 &1OOO >99.999 
R. terrigena 130 x 10 &1OOO >99.999 &1OOO >99.999 
A. niger 100 x 10 &1OOO >99.9 8OOO 99.2 
Flow 1.O 2.0 
Time hour minutes 

EXAMPLE 6 

Antimicrobial Activity of Chlorhexidine Base 
0130. A 40 mL mixture of inocculum comprising 6.4 mil 
lion E. coli and water was passed by gravity flow through a 
chlorhexidine base particle bed. It took 54 minutes for the 
fluid to pass through the particle bed. The treated fluid showed 
a greater than 99.999% reduction in E. coli. 

EXAMPLE 7 

Antimicrobial Activity of Chlorhexidine Dihydrate 
Under Pumped Fluid Flow Conditions 

0131 Dechlorinated city of Atlanta tap water was inocu 
lated with a culture of E. coli bacteria and pumped through a 
0.25 inch chlorhexidine dihydrate treatment device at a rate of 
1 to 2L/minup to 80 L. Bacterial recovery was determined by 
Aerobic Plate Count and is shown in Table 9. 

TABLE 9 

Reduction of bacterial growth using chlorhexidine dihydrate 

Total Aerobic Plate Count 
(# colonies/mL) 

Volume of treated inoculated water run 
through device (L) 

Untreated Sample 8.6 x 10 
2O 10 
40 &10 
60 &10 
8O &10 

EXAMPLE 8 

Changes in Organics and Halides from Chlorhexi 
dine Dihydrate 

(0132) Water contaminated with E. Coli(10' colony units) 
was treated with a chlorhexidine dihydrate (6.35 mm thick 
ness) filled cell. The water before and after treatment was 
collected and analyzed to determine the total organic content 
(TOC) of the water samples. In addition, the water was ana 
lyzed for additive materials that may have emanated from the 
treatment cartridge containing chlorhexidine dihydrate. As 
shown in Table 10, the amount of total organic materials did 
not vary significantly and the total organic halides vary very 
slightly with the volume of contaminated water flowed 
through the device. The total halides (TOX) values were very 
small. It is possible that even these small values were the 
result of insufficient filtering by the porous ceramic filters in 
the cartridge that prevent the chlorhexidine dihydrate particu 
late material from entering the fluid stream. 

Effluent % 
(4.1 cm) Reduction 

&1OOO >99.997 
&1OOO >99.999 
&1OOO >99.999 
&1OOO >99.9 
1.5 

hours 

TABLE 10 

TOC and TOX for water treated with chlorhexidine hydrate 

Run 1 Run 2 
Sample, Total Liters Analysis mg/L. mg/L. 

OL TOC 27 
TOX <2 <2 

2OL TOC 36 
TOX 2.6 2.7 

40 L TOC 27 
TOX <2 2.6 

6OL TOC 23 
TOX 3.2 <2 

80 L TOC 2O 
TOX 3.2 <2 

EXAMPLE 9 

Chemical Kinetics of Chlorhexidine Dihydrate 

I0133. The composition of chlorhexidine dihydrate pro 
duced mortality in all microorganisms with a minimum or 
greater mean 10-log reduction upon treatment of an influent 
contaminated water stream with a particle bed of insoluble 
chlorhexidine dihydrate. While it is known that soluble chlo 
rhexidine salts are bactericidal for Some microorganisms, the 
purification materials embodied herein require insoluble anti 
microbial agents. Thus, the previously known chlorhexidine 
salts are unacceptable for use in the purification materials 
embodied herein. 

I0134. The chlorhexidine dihydrate reaction mechanism is 
Zero-order. A Zero-order reaction is independent of material 
concentrations. The reaction rate can be described math 
ematically by the equations 

dCA 
cit 

where C is concentration of material A, Co is the initial 
concentration of material A, t is time and k is the reaction 
constant. Generally, reactions are Zero-order only in certain 
concentration ranges—for example at high concentrations of 
chlorhexidine dihydrate; however, no concentration of chlo 
rhexidine dihydrate has been identified as being of a non-zero 
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order reaction. The chlorhexidine dihydrate reaction rate 
appears to be limited only by the surface area, as described by 
the following expression 

1 dNA 
=k 

surface area di 

wherein N is the number of moles N of material A. The 
equation is based on the assumption that a given thickness 
dimension (dz) of the material remains constant, derived from 
the following series of calculations. 

C=N/V 

dC/dt=d(N/V)/dt 

V-Surface Areathickness (dz) 

1 SAN/ci-Fikaz 

0135 The results of the examples are consistent with this 
belief no chlorhexidine dihydrate was consumed during 
dynamic testing of E. coli colonized in water flowed at a rate 
of 1 to 2 L/min. up to a total of 80 L through a 0.25 inch 
thickness disc of chlorhexidine dihydrate which resulted in a 
100% inactivation of E. coli, as described in Example 6. 
Accordingly, the reaction of chlorhexidine dihydrate appears 
to be of a “catalytic nature. Conversely, typical applications 
involving soluble chlorhexidine gluconate result in its con 
Sumption and approach a second-order reaction. The same is 
true for most other known antimicrobial agents. Thus, chlo 
rhexidine dihydrate is particularly suitable for use as a puri 
fication material. 

0.136 Although the antimicrobial activity of chlorhexi 
dine dihydrate is zero-order, the reaction rate may be 
increased by increasing the collisions between the reaction 
molecules (chlorhexidine hydrate and the microorganisms). 
The “collision factor (Z) between two reactants (A and B) 
is described by the simplified equation 

number of collisions of A with B 
ZAB = 3 

SeC - C 

If Z is increased by a reaction condition, pressure for 
example, then the overall reaction will proceed faster. More 
specifically, if water containing microorganisms is forced 
under pressure to flow through a particle bed of chlorhexidine 
dihydrate, the collision frequency between the microorgan 
isms and the chlorhexidine dihydrate surface will increase, 
thereby increasing the overall rate of inactivation of the 
microorganisms. The biochemical kinetics involving micro 
organisms are essentially the same as Surface driven reac 
tions, wherein the rate constant increases with increases in the 
collision frequency. 
0.137 Although a reaction may be zero-order, the total rate 
of flow of a contaminated fluid through a device will reach a 
point of diminishing returns when the contact (residence) 
time becomes a factor. At this flow rate, the rate of reaction 
becomes time dependent and is described by the following 
expression 
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It is noted that studies to date have identified no point wherein 
the contact time becomes a rate-limiting factor for chlorhexi 
dine dihydrate. 
0.138 Publications cited herein and the materials for 
which they are cited are specifically incorporated herein by 
reference. Modifications and variations of the methods and 
devices described herein will be obvious to those skilled in 
the art from the foregoing detailed description. Such modifi 
cations and variations are intended to come within the scope 
of the appended claims. 
We claim: 
1. An antimicrobial composition comprising a compound 

of the formula 

wherein R comprises a straight chained, branched, or 
cyclic alkyl, or aryl group; 

wherein R and R, independent of one another, comprise 
a hydrogen, halogen, hydroxyl, amino, amido, alky 
lamino, arylamino, alkoxy, aryloxy, nitro, acyl, alkenyl, 
alkynyl, cyano, Sulfo, Sulfato, mercapto, imino, Sulfo 
nyl, Sulfenyl, Sulfinyl, Sulfamoyl, phosphonyl, phosphi 
nyl, phosphoryl, phosphino, thioester, thioether, anhy 
dride, oximno, hydrazino, carbamyl, phosphonic acid, 
phosphonato, or a straight, chained, branched, or cyclic 
alkyl, alkenyl, alkynyl, aryl, heteroaryl, or heterocyclic 
group; and 

wherein X is a number from 1 to 8 and y is a number from 
1 to 4. 

2. The antimicrobial composition of claim 1, wherein R 
comprises a straight chained, branched, or cyclic alkyl, oraryl 
group which is substituted with a moiety selected from the 
group consisting of hydrogen, halogen, hydroxyl, amino, 
amido, alkylamino, arylamino, alkoxy, aryloxy, nitro, acyl, 
alkenyl, alkynyl, cyano, Sulfo, Sulfato, mercapto, imino, Sul 
fonyl, Sulfenyl, Sulfinyl, Sulfamoyl phosphonyl, phosphinyl, 
phosphoryl, phosphino, thioester, thioether, anhydride, 
oximno, hydrazino, carbamyl, phosphonic acid, and phos 
phonato. 

3. The antimicrobial composition of claim 1, wherein R 
and R, independent of one another, comprise a straight, 
chained, branched, or cyclic alkyl, alkenyl, alkynyl, aryl, 
heteroaryl, or heterocyclic group, which is substituted with a 
moiety selected from the group consisting of hydrogen, halo 
gen, hydroxyl, amino, amido, alkylamino, arylamino, alkoxy, 
aryloxy, nitro, acyl, alkenyl, alkynyl, cyano, Sulfo, Sulfato, 
mercapto, imino, Sulfonyl, Sulfenyl, Sulfinyl, Sulfamoyl, 
phosphonyl, phosphinyl, phosphoryl, phosphino, thioester, 
thioether, anhydride, oximno, hydrazino, carbamyl, phospho 
nic acid, and phosphonato. 

4. The antimicrobial composition of claim 1, wherein R is 
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, t-butyl, or 
pentyl. 

5. The antimicrobial composition of claim 4, wherein y is 
1. 
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6. The antimicrobial composition of claim 4, wherein X is 
6. 

7. The antimicrobial composition of claim 5, wherein each 
of R and R is a halo-substituted phenyl. 

8. The antimicrobial composition of claim 7, wherein the 
halo-substituted phenyl is a fluoro-substituted phenyl. 

9. The antimicrobial composition of claim 1, wherein R is 
methyl, each of R and R is a halo-substituted phenyl, and y 
is 1. 

10. The antimicrobial composition of claim 9, wherein the 
composition is in the form of loose granules. 

11. The antimicrobial composition of claim 9, wherein the 
composition is in the form of a porous, compression-molded 
unitary structure. 

12. The antimicrobial composition of claim 1, which is 
water insoluble. 

13. An antimicrobial composition comprising a water-in 
soluble compound of the formula 
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wherein R comprises a straight chained, branched, or 
cyclic alkyl, or aryl group; 

wherein R and R, independent of one another, are elec 
tron-withdrawing groups; and 

wherein X is a number from 1 to 8 and y is a number from 
1 to 4. 

14. The antimicrobial composition of claim 13, wherein R 
and R, independent of one another, are aryls, substituted 
aryls, or phenyls. 

15. The antimicrobial composition of claim 14, wherein R 
and R, independent of one another, are substituted halophe 
nyls. 

16. The antimicrobial composition of claim 13, wherein R 
and R, independent of one another, are substituted halogens, 
Substituted amines, Substituted amides, Substituted cyanos, or 
substituted nitros. 

17. The antimicrobial composition of claim 14, whereiny 
is 1. 

18. The antimicrobial composition of claim 13, wherein R 
is methyl, ethyl, propyl, isopropyl, butyl, isobutyl, t-butyl, or 
pentyl. 

19. The antimicrobial composition of claim 18, whereiny 
is 1. 

20. The antimicrobial composition of claim 19, wherein R 
and R, independent of one another, are aryls, Substituted 
aryls, or phenyls. 

  


