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REMOVAL OF BIOLOGICAL PATHOGENS
USING SURFACTANT-MODIFIED ZEOLITE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is related to, and claims a benefit of
priority under 35 U.S.C. 119(e) and/or 35 U.S.C. 120 from,
copending provisional U.S. Ser. No. 60/431,878, filed Dec.
9, 2002, the entire contents of which are hereby expressly
incorporated by reference for all purposes.

The government may own rights in the present invention
pursuant to grant number CX827-370-01-0 from the EPA to
UTEP.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the field of
water treatment. More particularly, it provides a variety of
compositions and methods for use in the removal of bio-
logical pathogens from water using Surfactant-Modified
Zeolite (SMZ).

II. Description of Related Art

It is known that septic tanks, sewage effluents, and
landfills can release microbial and viral pathogens into
groundwater. Microbial contamination of drinking water is
a serious problem with global significance (Pillai, 1998). In
many countries around the world, including the United
States, groundwater serves as a primary drinking water
source. In the United States, groundwater provides approxi-
mately 40% of the water supply used for public consumption
(Solley et al., 1985). In other countries such as Denmark,
approximately 98% of the drinking water supply is obtained
from groundwater (Czako, 1994). Groundwater is suscep-
tible to fecal contamination from a variety of sources
including leaking sewer lines, leaking septic tanks, infiltra-
tion of surface water contaminated by human and animal
wastes, and careless disposal of septic wastes. It is estimated
that between 1971 and 1994, there were as many as 342
disease outbreaks in the United States that were associated
with contaminated groundwater (Rose and Yates, 1998).
Microbial pathogens were shown to be responsible for
almost 30% of these outbreaks (Cothern, 1992; Craun and
Calderon, 1996).

Due to technological and other limitations, the causative
agents for a majority of these disease outbreaks are still
unknown, although clinical features suggest a viral etiology
for most of these cases (CDC, 1993). Enteric pathogens can
survive for extended periods of time in groundwater and can
also migrate significant distances in groundwater (Keswick
et al., 1982; Schaub and Sorber, 1979; Idelovitch et al.,
1980; Rehmann et al., 1999; Woessner et al., 2001 Dowd et
al., 1998). Adding to this concern, enteric viruses and certain
bacterial pathogens such as Shigella spp. have relatively low
infectious doses. Rose et al. (1997) have reported that the
probability of infection resulting from one Hepatitis A or
Rotavirus particle or Shigella cell are 42%, 27%, and 0.06%
respectively. Inexpensive solutions for removing biological
pathogens from water are urgently needed. The recent threat
of bioterrorism and concerns for the safety of drinking water
supplies further add to this urgency.

SUMMARY OF THE INVENTION

According to an aspect of the invention, there is provided
a method for removing biological pathogens from a fluid or
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a fluid-based gel by passing the fluid through a filter utilizing
a surfactant-modified zeolite (SMZ). A water filter, water
treatment facility, and an air filter may utilize this method.
According to another aspect of the invention, there is
provided a method for removing air-borne pathogens that
comprises drawing air through a fluid layer or a fluid-based
gel layer. The fluid or fluid-based gel is then filtered using
SMZ. The method can be implemented by an air filter.

The biological pathogens include bacteria, viruses, pro-
tozoa, parasites, and microbes. The fluid may be forms of
water, such as drinking water, ground water, well water, or
waste water. The SMZ can be in granular form, combined
with a binder material, and/or can be formed into a solid
structure. The solid structure can be in the form of any shape
suitable for inclusion into a filtration device. The filtration
device can be a potable water filter, a point of use water
filter, a water bottle filter, or a filter packet that is to be
placed into a body of water such as a well or small pond.

According to another aspect of the invention, there is
provided a water well comprising a well casing, a well
screen, a filter pack made from surfactant-modified zeolite
(SMZ) surrounding the well screen or in an alternative
configuration such that water must pass though the filter
pack before extraction from the casing, and a pump. The
SMZ is in granular form and the SMZ particles are larger
than openings in the well screen, or contained in a package
(e.g., a mesh bag) having openings smaller than the SMZ
particles. The well screen may be a screened section of pipe,
holes drilled in the well casing, or other manner of allowing
water to enter the casing.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifi-
cation and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific
embodiments presented herein.

FIG. 1 is a schematic which shows anion exchange and
organic partitioning on surfactant-modified zeolite (SMZ).

FIG. 2 shows the effect of various permeable barriers on
virus and bromide concentrations in a model aquifer. W1 is
the monitoring well upgradient of the barrier, and W2 the
monitoring well downgradient of the barrier. Bromide con-
centrations are given on the primary y-axis; virus concen-
trations are given on the secondary y-axis.

FIG. 3 is a profile of a constructed wetland with injection
well and down gradient well.

FIG. 4 shows the results of field deactivation tests.
(pfu=plaque forming units; cfu=cell forming units; dashed
lines==interpreted breakthroughs) The high virus removal
efficiency of the SMZ filter pack can be shown by comparing
it to the Fe-coated sand filter pack (FIG. 4A) and by
comparing virus concentrations from the effluent well with
water from the constructed outflow (FIG. 4B). The SMZ
filter pack also removed 100% of E. co/i in the water (FIG.
4C). Sorption and inactivation tests revealed that the virus
removal can be attributed mostly to sorption, and to a lesser
degree, to inactivation due to surfactant in water (FIG. 4D).

FIG. 5 shows MS-2 and E. coli concentrations at the down
gradient well measured during an iron-oxide-coated sand
run and a control run. During the iron-oxide-coated sand
run, the well was pumped at a rate of 12 ml/s, while it was
only used as a monitoring well during the control run.
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FIG. 6 shows MS-2 and E. coli concentrations at the
constructed outflow and pumping well during the first SMZ
run.

FIG. 7 shows MS-2 concentrations as measured at the
pumping well during the iron-oxide-coated sane run and the
two SMZ runs.

FIG. 8 shows E. coli concentrations as measured at the
pumping well during the iron-oxide-coated sand run and the
two SMZ runs.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

1. Contamination of Water and Other Fluids

Contamination of fluids occurs whenever foreign sub-
stances are introduced into the fluid. In the case of water, this
can happen in various ways. Through industrial processes,
various byproducts of production facilities can seep into
water sources. Biological contamination occurs with
improper sanitary habits, especially prevalent in Third
World countries, where a river or lake may provide water for
consumption as well as serving as a bathing facility and
bathroom. These practices can introduce various parasites,
bacteria, and viruses into the drinking water supply.

The major factors controlling pathogen fate and transport
in ground water are attachment and detachment, inactiva-
tion, advection, and dispersion (Gerba et al., 1991; Bales et
al., 1991; Harvey, 1991). Enteric mammalian viruses do not
multiply in groundwater. However, virus survival or persis-
tence within aquifers has been shown to be highly site
specific and virus specific (Dowd and Pillai, 1997; Gerba et
al., 1981; Hurst et al., 1980; Yates et al., 1985). Under
certain environmental conditions, some enteric bacteria such
as E. coli can persist and even multiply in the environment
(Solo-Gabriele et al., 2000; Gagliardi and Karns, 2000).
Advection and dispersion which depend on the hydraulic
properties of the aquifer are complex processes in which
several interactions between the pathogens and porous
medium particles are involved. Forces responsible for the
attachment and detachment of pathogens include electro-
static attraction and repulsion, van der Waals forces, and
hydrophobic effects (Jin et al., 2002; Schulze-Makuch et al.,
2002b; Dowd et al, 1998; Schijven et al., 2000). Brownian
movement and straining, which depend on the size of the
pathogen and the medium particles, can also contribute to
the attachment of viruses and bacteria onto porous media.

1I. BIOLOGICAL PATHOGENS

Biological pathogens are entities such as viruses, bacteria,
protozoa, parasites, and various other microbes. Viruses
possess a protein coat that results in a surface charge that
varies with pH. The isoelectric point (pH,,,) of a virus
particle is used to describe its net charge in the groundwater
environment. The pH,,_, is a specific pH value at which the
virion has a net neutral charge. If the pH of water is greater
than the pH,,_, of a certain virion (or particle) in water, the
surface of the virus particle is negatively charged. The
surface is positively charged if the pH of water is lower than
the pH,_, of the virion. At typical ground water pHs, most
virions have a net negative surface charge. Due to their net
positive charges, materials with high isoelectric points may
be suited as geological barriers to virus migration.

Pathogenic bacteria and viruses tend to be negatively
charged in the pH range of most groundwaters. This is a
characteristic that aids in the filtration of fluids containing
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biological pathogens. Naturally-occurring and modified
materials having net positive surface charges may be suited
as barriers to pathogen migration and as filtration materials.
Iron-oxide-coated sand (ICS) may serve as a suitable barrier
material due to its high pH,,, (8.5). Some clay minerals have
large specific surface areas and can be modified with cat-
ionic surfactants to exhibit a positive surface charge (Dentel
etal., 1998; Li and Bowman 1998a, 2001); however, the low
hydraulic conductivities of most clays limit their suitability
as filters or other permeable barrier configurations for prac-
tical applications. Zeolites share many of the surface prop-
erties of clay minerals (high specific surface areas and cation
exchange capacities), but can be prepared in a wide range of
grain sizes. Some workers have used surfactant-modified
zeolites (also known as tailored zeolites) to remove heavy
metals and organic contaminants from water (Cadena and
Bowman, 1994; Bowman et al., 2000). Cationic surfactants
are used to reverse the surface charge of zeolite from
negative to positive. Thus, this treatment may optimize the
zeolite’s ability to adsorb negatively charged pathogens in
groundwater.

III. SURFACTANT-MODIFIED ZEOLITES

The present invention overcomes deficiencies in the art by
providing a variety of compositions and methods for use in
the removal of biological pathogens from a fluid or a
fluid-based gel using Surfactant-Modified Zeolites (SMZ).
SMZs are created by treating zeolites with a surfactant, such
as hexadecyltrimethylammonium (HDTMA), which con-
verts the negative surface charge of the zeolites to the
positively charged surface of the SMZ. This development of
an inexpensive means for blocking the transmission of
bacteria, viruses, parasites, and other microbes to humans
can significantly reduce disease outbreaks associated with
contaminated groundwater and also alleviate concerns
regarding bioterrorist threats to drinking water supplies.

SMZs for filtering are made by a method of intimate
mixing and binding of materials to create a pollutant adsorp-
tion/degradation filter material. This method mixes at least
one adsorbent material (for example, natural zeolite) with at
least one surface-altering material (for example, a surfac-
tant). The resultant SMZ can be used directly for pathogen
control. Depending upon the application the SMZ is to be
used for, a binder (for example, an aluminosilicate binder)
may also be added to the mixture. This mixture is processed
to form porous, highly permeable pellets, blocks, or other
shaped forms to produce a durable filter product which is
stable in fluids. The adsorbent material is modified with
surfactant prior to or after the processing. Other components
may be added or the processing modified to vary the density,
porosity, or permeability of the filter product or to improve
the adsorption and pathogen destruction properties of the
product.

Surfactant-modified zeolite (SMZ), in contrast to surfac-
tant-modified clay minerals, has excellent hydraulic prop-
erties. In addition to effectively adsorbing nonpolar organic
contaminants, SMZ has great affinity for inorganic oxyan-
ions such as chromate, arsenate, sulfate, selenate (Bowman
et al., 1995) and heavy metal cations such as lead (Bowman
et al., 1997). Thus, SMZ can be used to remove multiple
contaminants simultaneously and its economical cost makes
it attractive for adsorption filters. Many different surfactants
may be used, including hexadecyltrimethylammonium,
octadecyltrlmethylammonium, and 4-methylpyridinium.
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The advantage of using SMZ as a filter is its low cost as
well as the instantaneous adsorption of multiple types of
contaminants.

A number of advantages are realized in the preparation of
the surfactant-modified zeolite using the present technique,
including the selection of raw materials in terms of size,
shape and composition, as well as in the ease of manufac-
turing. It is well known that available surface area is the key
to the reactivity of adsorptive materials. Following this
logic, the selection of finely ground raw materials is superior
to larger sizes. However, finer or smaller aggregates result in
reduced hydraulic conductivity or permeability of the prod-
uct. To overcome this limitation, the finely ground material
can be agglomerated or pelletized. In this fashion, not only
can the permeability of the product be greatly improved, but
so can the strength of the individual pellets. Strength is
important for increased resistance to mechanical abrasion or
dissolution of the material in service.

While the pelletization of zeolite materials can be accom-
plished by a number of conventional techniques, a major
concern is the reduction in the overall reactivity or adsorp-
tive ability of the agglomerated pellets due to the particular
techniques and/or binder system used to form the pellets. In
order to fully utilize the benefits afforded by the combination
of ingredients in the proposed invention (surfactant and
zeolite) the diffusion ability of the contaminants in question
should not be limited or unduly interfered with. Conse-
quently, an ideal binder system, if needed, would be one in
which a pellet with maximum adsorption capacity is
achieved with maximum macroporosity for minimum dif-
fusion resistance to the critical ingredients while at the same
time providing sufficient strength to withstand the normal
handling, abrasion, and dissolution associated with its use in
service. If the binder used in the pelletizing process seals the
surface of the pellet thereby preventing access to the sur-
rounding contaminated environment, the effectiveness of the
adsorption properties is also severely limited. In addition, if
the binder used acts as an inert filler to bond the reactive/
adsorption materials together, then the overall useable con-
tent is also reduced. For example, if 20% by volume of an
inert binder phase is required to bond the reactive/adsorption
material, then the overall availability of the reactive/adsorp-
tive material is reduced by this same 20%. In the present
technique, all of these shortcomings are overcome by using
an inorganic binder system that is itself an adsorptive
material capable of adding to the overall effectiveness of the
pelletized agglomerate.

In addition to using natural zeolite as the adsorbent,
synthetic zeolite could be used. The surfactant is a cationic
surfactant, and can be, for example, hexadecyltrimethylam-
monium, octadecyltrimethylammonium, methyl-4-phe-
nylpyridium, phenyltrimethylammonium, benzyltrimethy-
lammonium, and other cationic surfactants having a
molecular weight greater than 125. Activated carbon or
charcoal could also be added to the mixture prior to the step
of binding the constituents.

One of the preferred methods used in the present inven-
tion utilizes a sodium aluminosilicate hydrogel binder sys-
tem to achieve a highly porous binder phase capable of
contributing to the adsorptive capacity of the final pellet.
The amorphous sodium aluminosilicate hydrogel has ion
exchange characteristics similar to the zeolite portion of the
pellets. This hydrogel is formed by the controlled blending
of soluble silicate and aluminate materials that when mixed
in the proper portions will gel in a controlled, reproducible
amount of time, binding any ingredients added to these
solutions prior to mixing. A foaming agent, such as alumi-
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num metal powder, could also be added to the binder portion
to increase permeability and hydraulic conductivity of the
filter article. In particular, if a sodium aluminosilicate hydro-
gel binder system is utilized, the aluminum metal powder
can be added prior to gelation, resulting in the evolution of
hydrogen gas that causes the pellets to foam prior to setting
of the material.

IV. Filtering Fluids Using SMZ

Passing typical ground water that contains biological
pathogens, which may carry a negative surface charge,
through inexpensive SMZ filters can result in the adhesion
of'the pathogens to the positively-charged SMZ filter and the
removal of the pathogens from the drinking water. SMZs
have the desirable characteristics of possessing a large
surface area and remaining rigid in water, which provides an
advantage over the use of clay minerals which swell in water
and can limit the efficient flow of water.

In one embodiment of the invention, SMZ can be pre-
pared from zeolite alone, or be combined with a binder, such
as a polymeric or oligomeric material, to form a solid
structure that can be molded or pressed into any desirable
shape, e.g., a shape suitable for inclusion into the housing of
a filtration device. In another embodiment of the invention
a filtration device is provided for fluid inflow and outflow,
and contains one or more chambers for contact of the fluid
with the purification material. The filtration device may be
a household water filter, a filter fitted on to the end of a
faucet, or a water bottle filter for use during a trip. The
filtration device may also be one that is placed in or around
a well or other body of water for the purpose of removing
biological pathogens from a water source.

For example, SMZ can be used to prepare a filter pack for
wells. Filter packs are made of granular materials whose
particle size is typically in the range of sand particles to
gravel particles. The filter packs are placed around the well
screen during the construction of the well. Methods of
installation of filter packs are known in the art and not
detailed here. The filter pack filters the ground water as it
enters the well, removing items such as dirt, bacteria, and
microbes.

SMZ filters can be used in industrial applications such as
filtering fluids used in cooling systems. Fluids used as a
coolants in industrial systems often pass through towers,
ponds, or other process equipment where microorganisms
can come into contact with the fluid, obtain nutrients, and
propagate. The microbial growth in the fluid can progress to
a state whereby process equipment becomes clogged or
damaged and requires extensive chemical treatment to
destroy the microbes. The use of SMZ filters to remove the
microbes before they can propagate substantially will reduce
the cost and possible dangers associated with chemical
treatment programs.

SMZ filters, in conjunction with a fluid layer, can also be
used to filter bacteria, viruses and other biological pathogens
out of the air. The air containing the bacteria and viruses
would be pulled into the fluid layer, due to a lower pressure
difference on the fluid layer side of the filter, is passed on to
the SMZ filter material for sorption, and the purified fluid is
conducted away from the higher pressure side of the filter.
An industrial example using the air purifying embodiment
previously disclosed would be the purification of recycled
air in transport systems (such as commercial airliners, or
buses, or trains, or ships, or trailers, or food trailers, auto-
mobiles, or vans, or trucks, or SUVs, or cars). In addition,
the material of the current invention can be used to increase
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indoor air quality in homes or offices in conjunction with the
air circulation and conditioning systems already in use
therein. The purification system disclosed for air could also
be used to purify other gases, such as anesthetic gases used
in surgery or dentistry (e.g., nitrous oxide), gases used in the
carbonated beverage industry (e.g., carbon dioxide), gases
used to purge process equipment or to remove particles from
surfaces (e.g., nitrogen, carbon dioxide, argon), etc.

As used herein the specification, “a” or “an” may mean
one or more. As used herein in the claims, when used in
conjunction with the word “comprising”, the words “a” or
“an” may mean one or more than one. As used herein
“another” may mean at least a second or more.

As used herein the specification, “zeolites” refers to
naturally-occurring or synthetic aluminosilicates with open,
cage-like structures and high internal and external cation
exchange capacities. As used herein the specification, “fluid”
and “fluids” refer to both liquids and gases.

V. EXAMPLES

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques
discovered by the inventor to function well in the practice of
the invention, and thus can be considered to constitute
preferred modes for its practice. However, those of skill in
the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the spirit and scope of the invention.

Example 1

Methodology and Approach

Iron-oxide coated sand (ICS), untreated zeolite (UZ), and
surfactant-modified zeolite (SMZ) were tested for their
suitability as permeable barriers to inhibit virus migration.
Sand grains coated with ferric oxyhydroxides were prepared
by adding anhydrous FeCl; solution to the sand and pre-
cipitating iron oxyhydroxides at high pH with the addition of
NaOH. After several days of coating followed by rinsing
through a 500-um sieve to remove colloidal and fine par-
ticulates of iron oxide, the sand was dried at 95° C. over-
night. The iron coating increased the pH,,, of the sand
(consisting of a mix of quartz and feldspar minerals) from an
average of 4 to about 8.5, reflecting the change to a positive
surface charge.

In this study, a clinoptilolite-dominated zeolite (St. Cloud
Mining Co., Truth or Consequences, New Mexico) was
selected from the more than 40 naturally-occurring zeolite
minerals. About 70% clinoptilolite by weight, the zeolite had
a specific surface area of 15 m*/g, a particle size of 1.4-2.4
mm, and a bulk density of 0.9 g/cm?®. The zeolite surface
area is about two orders magnitude larger than that of the
sand used here.

Due to isomorphic substitution by aluminum in the sili-
cate crystal lattice, zeolites possess a net negative surface
charge, which limits their capacity for adsorbing viruses.
However, the surface charge can be reversed by treatment
with long-chain cationic surfactants. For this study, the
untreated zeolite (UZ) was modified by spraying a 30%
aqueous solution (by weight) of hexadecyltrimethylammo-
nium chloride (HDTMA-CI) onto the zeolite, thoroughly
mixing the slurry for 5 min, and drying the resultant sur-
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factant-modified zeolite (SMZ) at 250° C. for 10 min, to
yield SMZ with an HDTMA content of 140 mmol/kg.
HDTMA is a bulk-production surfactant used in hair con-
ditioners and mouthwash. HDTMA quantitatively
exchanges with charge-balancing inorganic cations on the
external zeolite surface and forms a stable surfactant bilayer.
Bilayer formation reverses the zeolite surface charge from
negative to positive and creates a hydrophobic environment
at the zeolite surface (Bowman et al., 2000). The anion
exchange and the organic partitioning properties of SMZ
promote bacteria and virus adsorption. The surface of SMZ
is shown schematically in FIG. 1.

The permeable barrier materials were tested both in the
laboratory and in the field. The SMZ was found to be stable
in water with ionic strength greater than 5 mM. Thus, the
ionic strength of the water was controlled to be between 5
mM and 15 mM for both the lab and field experiments.
Bacteriophages were used instead of enteric viruses due to
the biological hazards of the latter. Bacteriophages serve as
good surrogates for investigating behavior of human enteric
viruses in the environment because of their similarities in
dimensions, reported similarities in behavior to enteric
viruses, and relatively low assay costs (Sobsey et al., 1995;
Dowd et al., 1998; Nasser and Oman, 1999). Particularly
suited are MS2 and phix174. MS2 has a pH,,, of 3.9 and a
diameter of 24 nm, while phix174 has a pH,,_, of 6.6 and a
diameter of 27 nm. The host bacteria for MS2 was E. coli F.
amp, while for phix174, it was E. coli ATCC 13706,
respectively. The titer of the phages in the water samples was
tested within three days using the double-agar-layer method
(Adams, 1959). Bromide was used as a water tracer and its
concentrations were measured using capillary electrophore-
sis.

Laboratory Experiments

A model Plexiglas aquifer (109 cmx40 cmx2 cm) was
used for the laboratory experiments. The model aquifer was
filled with sieved play sand (grain size: 90% 0.5-1.0 mm,
10%<0.5 mm). The mineralogical composition of the sand
was 70% quartz sand, 10% feldspar, and 20% volcanic rock
fragments with an elemental composition similar to feldspar.
The porosity of the sediment was 0.48, and the hydraulic
conductivity was 1.3x10~> m/s. Ten piezometers for injec-
tion and sampling were aligned with equal spacing along the
main flow line through the model aquifer. The experimental
runs were completed under room temperature (20-25° C.),
which match ground-water temperatures in shallow aquifers
near the Mexico-USA border. The hydraulic gradient was
controlled by manipulating the water levels in the inlet and
outlet reservoirs. Before each experimental run, the model
aquifer was flushed with 5 pore volumes of de-ionized water
and background samples for pH, bromide and phages were
collected from the injection well and sampling ports. MS2
and phix174 (10° pfu/ml) and bromide (1000 mg/1, as NaBr)
were injected together into the aquifer. Water samples were
collected from the sampling ports based on predictions of a
finite-difference computer model that was used to simulate
bromide migration rates. The samples were stored under 4°
C. until analysis. The model aquifer results included one
control run (without a barrier), one run with UZ as a barrier,
one with ICS as a barrier, and two runs with SMZ as
permeable barriers.

Separate laboratory studies were conducted to distinguish
adsorption versus inactivation of MS2 coliphage by SMZ.
For the adsorption study, defined numbers of coliphages
were added to aqueous suspensions of SMZ in separate
tubes. The tubes were periodically removed and centrifuged
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to separate the adsorbed phages from those in suspension,
and the numbers of suspended phages were enumerated. For
the inactivation studies, SMZ was equilibrated with water
(1:2 mass:volume) in the absence of coliphage. The equili-
brated water was separated from the SMZ and inoculated
with coliphage in separate tubes. Coliphage inactivation
over time was determined for these SMZ-free samples. The
sorption and inactivation studies both were conducted by
mixing at room temperature for 120 min using a rotary
laboratory shaker.

Field Experiments

The field experiments were conducted at a site where
sewage effluent was discharged from a septic system into a
constructed submerged wetland. The constructed wetland
had dimensions of 7.62 m by 3.05 m and was filled with pea
gravel with a grain size of 0.95 cm (FIG. 3). The gravel
depth ranged from 30.5 cm to 39.6 cm from the influent to
the effluent side (1% slope). Twenty-five milliliters of MS2
at a concentration of about 10'° pfu/ml and 2 ml of E. coli
at a concentration of 107 cf/ml were diluted in 3.785 L of
deionized water enriched with 300 mg/[. NaCl solution to
prevent osmotic shock. A 1 ml water sample from each
container was collected to measure concentrations before
injection. 40 g of NaBr were diluted in 3.785 L in a separate
container of water and used as a conservative tracer. MS2,
E. coli, and bromide were then injected together into the
ground water at the influent side of the wetland. A well at the
downgradient side of the wetland was used to monitor
effluent concentrations. Effluent concentrations were also
measured at the outflow of the constructed wetland.

The first field test was conducted without any barrier
material. The effluent well was used solely as monitoring
well (no pumping took place). In the tests using ICS and
SMZ as barrier material, the effluent well was pumped at a
rate of 12 ml/s to mimic a water supply well used for
domestic use. With this rate of extraction, approximately %3
of the discharged water from the wetland went through the
effluent well and % of the water through the constructed
outflow. The permeable barrier materials were used as filter
packs for the effluent well. The filter pack had a thickness of
about 10 cm with an average residence time of the water in
the filter pack of about 2 minutes. This design allowed
evaluation of the efficiencies of ICS and SMZ in removing
viral and bacterial concentrations from the septic ground
water by comparing (1) ICS and SMZ results to the control
run without any barrier, and (2) comparing the water analy-
sis results from the effluent well to that of the outflow of the
constructed wetland (no interaction with permeable barrier
material).

Results

The data from the model aquifer experiments are sum-
marized in FIG. 2. Untreated zeolite failed to remove the
more negatively charged MS2 to a significant extent. Fe-
oxide coated sand did remove phix174 and MS2 to a large
extent. SMZ completely removed both viruses as well as
bromide.

In the field tests, Fe-oxide coated sand did not perform
well as a filter pack material. Compared to ICS, SMZ
removed about 100 times more viruses (FIG. 4A). The high
efficiency of SMZ can also be shown by comparing the
water withdrawn from the effluent well with water from the
outflow. SMZ removed at least 99% of the viruses in the
water (FIG. 4B). In addition, the SMZ removed 100% of E.
coli present in the water (FIG. 4C), while the ICS did not
show any effect on E. coli concentrations.
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The sorption and inactivation tests indicate that virus
titers declined significantly because of the combined effects
of sorption and inactivation by SMZ (FIG. 4D). While most
of the viruses were removed by sorption, the inactivation of
viruses (in the presence of SMZ-derived HDTMA) within
120 minutes is significant considering that under the field
conditions, the viruses could have been exposed to dissolved
surfactant for even longer periods of time. Natural inacti-
vation, on the other hand, was shown to be insignificant for
the time scale of these experiments (FIG. 4D).

Discussion

Based on both laboratory and field results, surfactant-
modified zeolite (SMZ) performed very well in removing
viruses from the ground water. The only concern is the
non-selectivity of SMZ, e.g. the removal of both viruses and
negatively charged ions such as bromide, which may limit
the applicability of SMZ in high-salinity waters and in
long-term applications. ICS removed viruses very efficiently
in the lab experiments and on a selective basis, but failed to
remove a significant amount of viruses in the field tests.
Untreated zeolite is not a suitable material for removing
viruses because of its net negative surface charge. ICS
performed surprisingly poorly in the field tests. Virus and E.
coli concentrations were even higher than during the control
run, most likely due to the different hydraulic conditions
when the effluent well was used as pumping well. The reason
for the poor performance of ICS in the field test can mostly
be attributed to the attachment of viruses and bacteria to
organic matter in the septic effluent. Viruses and bacteria
attached to organic matter would not sorb onto hydrophilic
ICS, but can be removed by the hydrophobic surfactant
coating of the zeolite. Also, other particles or chemical
species present in the wetland may have preferably inter-
acted with the iron coating.

Based on the sorption and inactivation results, most of the
virus removal by SMZ can be attributed to sorption. This
observation is also consistent with model aquifer tests
conducted without permeable barriers, where both irrevers-
ible and reversible sorption occurred at significant levels
(Schulze-Makuch et al., 2002). The presence of reversible
sorption in the field tests can be inferred from the delayed
breakthroughs for both ICS and SMZ compared to the
bromide migration rate. The retardation factors of MS2 in
ICS and SMZ in the field tests were 1.3 and 1.7, respectively.
Aside from irreversible and reversible sorption, virus inac-
tivation by surfactant in aqueous solution appears also to be
a significant process. It was observed that a minor amount of
the surfactant coating detached and dissolved into the water
and thus probably removed a significant percentage of the
viruses in the field test. Natural inactivation, on the other
hand, appears to be negligible on the time scales considered
here. However, eventually the attached viruses are deacti-
vated, probably on a time scale of tens of days (Keswick et
al., 1982).

The most intriguing result is the complete removal of E.
coli by SMZ during the field tests. The surfactant used to
prepare SMZ, hexadecyltrimethylammonium (HDTMA), is
bactericidal in aqueous solution even at low concentrations.
However, if sorbed, E. coli may still stay alive for an
unknown period of time, because the toxicity of HDTMA to
the organisms is greatly reduced or eliminated if the surfac-
tant is bound to zeolite (Fuierer et al., 2001).

Example 2

The objective here was to evaluate two different types of
reactive media under realistic field conditions in regard to
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their removal capabilities for viruses and bacteria, namely
iron oxide coated sand (ICS) and surfactant modified zeolite
(SMZ), both for short term and long term applications. The
underlying hypothesis was that a feasible barrier would have
practical applications for protection of drinking water wells,
or in the construction of filter beds to treat water from septic
tanks and animal waste lagoons.

Materials and Methods

The bacterium E. coli and the virus MS2 were used as
tracer organisms to simulate the behavior of enteric patho-
gens in groundwater. These organisms have been used
extensively by other investigators to study the fate and
persistence of enteric pathogens in groundwater. Male spe-
cific coliphages such as MS2 serve as surrogates for inves-
tigating enteric virus behavior in the environment because of
their reported similarities in dimensions and behavior to
enteric viruses, relatively low assay costs, and reduced
infection hazard (Sobsey et al., 1995; Yates and Jury, 1996;
Nasser and Oman, 1999; Dowd et al., 1998).

The E. coli strain used in this study was E. coli ATCC
13706 and was grown in Tryptic Soy Broth (TSB). For the
field studies, the bacterial cells were prepared as overnight
cultures in TSB at 37° C. The cells were pelleted by
centrifugation, washed twice in 0.1% peptone, and finally
resuspended as a high titer preparation in 100 ml of 0.1%
peptone. The titer was determined prior to field injection.
High titer preparations of the bacteriophage MS2 were
prepared using FE. coli Famp (USEPA, 2000) as the host
bacterial strain and the double agar layer method (Adams,
1959). E. coli Famp is a host strain that USEPA (United
States Environmental Protection Agency) recommends for
the detection of male specific coliphages. The high titer
preparations were filter sterilized (0.2 um) prior to injection.
The groundwater samples from the field study were ana-
lyzed for E. coli using the 3M E. coli PetriFilm™ (Minne-
apolis, Minn.). 0.1 ml of the undiluted sample was placed on
the PetriFilm and the film incubated overnight at 37° C. Blue
to reddish blue colonies with gas bubbles that were charac-
teristic of £. coli were enumerated for calculating the E. coli
titer in the samples. In some instances the sample was
diluted and aliquots of the dilutions were plated on the
PetriFilm™. The ground-water samples were analyzed for
the bacteriophage MS2 using the double agar overlay
method. The ground-water samples were initially diluted in
0.1% peptone solution. One milliliter aliquots of these
dilutions were added to 1 mL of the host bacterium (£. coli
Famp) and 3 ml of overlay agar. This mixture was added to
pre-poured TSA plates and the plates were incubated at 37°
C. for 24 hours. The resulting plaques that formed on these
plates were enumerated and used for calculating the titer
(PFU/mL) in the samples. Positive and negative controls
were routinely run with all samples. Bromide concentrations
in the groundwater samples were measured using a bromide
electrode with a detection limit of 0.8 mg/L.

Barrier Materials

The field experiments were conducted using iron-oxide
coated sand (ICS) and surfactant-modified zeolite (SMZ) as
barrier materials. Pure sand was used as a control. Sand and
gravel grains coated with ferric oxyhydroxides were pre-
pared by adding anhydrous FeCl, solution and precipitating
iron oxyhydroxides at high pH with the addition of NaOH
(Loveland et al., 1996). The sand and gravel were then dried
at 95° C. overnight after several days of coating. The sand
was rinsed through a 1000-pm sieve to remove fine particu-
lates of iron oxide, and the gravel was rinsed 10 times using
tap water to remove particulates of iron oxide. The grain size
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distribution was 80% gravel by weight with a diameter
ranging from 4 to 24 mm and 20% sand with a diameter
ranging from 0.25 to 1 mm. The iron coating increased the
surface pH® of the sand, which consisted of a mix of quartz
and feldspars, from less than 7 to about 8.5. The SMZ used
in the field experiments possessed the same characteristics
as that of the SMZ used and described in Example 1.

Field Experiment Design

The field experiments were conducted at a submerged-
flow constructed wetland at a Texas A&M University Sys-
tem facility in El Paso. The field site consisted of a house,
septic system, and a constructed submerged wetland. Sew-
age effluent was pumped from the septic system into the
submerged wetland. The wetland is 7.62 m by 3.05 m in area
and filled with pea gravel with a grain size of 0.95 cm. The
gravel depth ranges from 30.5 cm to 39.6 cm from the
influent to the effluent end with a 1% slope along the long
axis of the wetland (FIG. 3). Before the field tests were
initiated, water samples from the constructed wetland were
analyzed for E. coli and male-specific coliphages. For each
of the following tests, a total concentration of about 2.5x
10" plaque-forming units (pfu) of MS-2 and about 2x10”
cell-forming units (cfu) of E. coli were prepared in separate
3.785 L containers of deionized water containing 300 mg/L
of NaCl to prevent osmotic shock. Forty grams of NaBr to
serve as a water tracer was diluted in another 3.785 L
container of deionized water. The MS-2, E. coli and NaBr
solutions were then injected together into a well at the up
gradient end of the constructed wetland. A well at the down
gradient end of the wetland was used to monitor effluent
concentrations (FIG. 3). The well had a diameter of 10 cm
and was screened from 25 to 40 cm below the ground
surface. Effluent concentrations were also measured at the
outflow of the constructed wetland. The distance between
the injection well and the down gradient well was 6.5 m.

The first field test, a control run, was conducted without
any reactive medium. The down gradient well was used
solely as monitoring well (no pumping). In the tests using
ICS and SMZ as barrier materials, the reactive media were
used as filter packs with a thickness of about 10 cm around
the well screen of the down gradient well. The ICS and SMZ
filter packs were installed from ground surface to the bottom
of the screen at 40 cm. For the tests with barriers the down
gradient well was pumped at a rate of 12 ml/s to mimic a
domestic water supply well. With this rate of pumping,
approximately %3 of the discharged water from the wetland
was extracted by the well and %5 of the water was discharged
through the outflow. The average residence time of the water
in the filter pack was calculated to be about 2 minutes. This
experimental design allowed evaluation of the efficiencies of
ICS and SMZ in removing viral and bacterial concentrations
from the septic ground water by comparing (1) ICS and
SMZ results to the control run without any reactive medium,
and (2) comparing the water analysis results from the
pumping well to those of the outflow of the wetland, where
no interaction with reactive material occurred. The control
run and tests with ICS and SMZ as filter packs were run
within a week of one another. A subsequent test was con-
ducted after the SMZ filter pack had been in place for more
than five months, in order to evaluate the long-term patho-
gen removal efficiency of the SMZ. The second SMZ barrier
test was conducted under the same conditions as the first
test. Along with pathogen and bromide concentrations, dis-
solved oxygen, electrical conductivity, redox-potential, pH,
temperature and flow rate were monitored during the field
experiments. Table 1 displays the aforementioned field
parameters measured during experimentation.
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TABLE 1
Discharge
Dissolved Electrical Redox Temper- rate at
oxygen conductivity Potential pH ature well
Field Test (mean, mg/L) (range, mS/cm) (mean, mV) (mean) Mean, ° C. (ml/s)
Control Run- 0.4 1.04-1.96 NA 7.15 26.3 0
14 Aug. 2001
ICS Run-18 35 0.98-1.05 -13.0 7.34 26.0 12
Aug. 2001
SMZ-20 Aug. 2.7 0.97-2.85 -18.0 7.31 25.9 12
2001 Run
SMZ-24 Jan. 33 0.72-0.80 -19.8 7.03 14.5 12
2002 Run
15

In Table 1, values are given as geometric means except for
electrical conductivity, which is given as a range. The high
electrical conductivity of the SMZ—20 Aug. 2001 run may
be due to some initial surfactant release response of the
SMZ.

Results

Iron-oxide coated sand (ICS) proved not to be efficient for
the removal of either E. coli or MS2 from the septic ground
water. In fact, E. coli and MS2 concentrations were higher
in the effluent of the pumping well than in the control run
(FIG. 5); probably due to incomplete mixing in the wetland
during the ICS experiment that allowed the removal of most
of the injected material by the pumping well. The experi-
ments using SMZ as a barrier were conducted under the
same conditions as the ICS field experiment. Thus, the
measured E. coli and MS2 concentrations during the ICS
field experiments were used as a baseline for evaluating the
efficiency of the SMZ barrier. The first SMZ field experi-
ment was conducted on Aug. 20, 2001, and showed that the
SMZ barrier removed at least 99% of the MS2 and 100% of
E. coli compared to the measured concentrations at the
wetland outflow (FIG. 6). In fact, not a single E. coli was
detected in effluent from the pumping well using SMZ as
filter pack material. A removal efficiency of at least 99% for
MS?2 is also supported when comparing the effluent concen-
trations from the pumping well of the SMZ run with the ICS
run (FIG. 7).

When repeating the MS2/F. coli experiment more than 5
months later, SMZ showed little efficiency for MS2 removal
(FIG. 7). After 5 months, the SMZ barrier did, however, still
remove 100% of E. coli from the ground water (FIG. 8).
Even after 5 months, the SMZ filter pack still showed
retardation of the Br tracer (data not shown), indicating that
at least part of the surfactant bilayer was still intact.

Discussion

Surfactant-modified zeolite worked extremely well as a
barrier to E. coli transport both while fresh and after nearly
14 year in use. No single E. coli bacterium could be cultured
from the pumping well effluent. This long-term efficiency of
SMZ observed for E. coli removal was not observed for
bacteriophage MS2, however. While the SMZ removed
more than 99% of the viruses when fresh, no significant
removal of viruses could be substantiated 5 months later.
Clearly, the surface properties of the SMZ changed during
the intervening time period.

Earlier experiments have shown that the HDTMA bilayer
formed on the zeolite surface slowly washes off over time
(Li et al., 1998; Li et al., 2002). Other research showed that
SMZ is not toxic to organisms found in sewage, and that
contaminant-degrading organisms can be cultured in the
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presence of SMZ (Li et al., 1998; Fuierer et al., 2001).
Recent experiments conducted by Pillai (2002) indicated no
effect of pure zeolite on E. coli growth and no such effects
were found to be reported in the literature. Thus, one
possible cause for the decrease in MS2 removal during the
5-month interval was a change in SMZ surface properties
due to partial HDTMA wash off; in contrast to some toxicity
effect of the HDTMA. As the HDTMA content on the
surface decreases, the SMZ begins to lose its anion exchange
characteristics (i and Bowman, 1998b). This decrease in
anion exchange activity would have the strongest effect on
MS2 retention, given MS2’s small size and hydrophilic
nature. In contrast, the much larger, polyanionic E. coli
could still be retained by the residual positive charge on the
SMZ, perhaps along with hydrophobic interactions with the
bound HDTMA.. Bacteria such as E. co/i exhibit significant
hydrophobic properties, as well as having a cell membrane
structure composed of surfactant-like lipids (Gammack et
al., 1992). It appears that the combination of electrostatic
and hydrophobic interactions of E. coli with SMZ remained
sufficiently strong after 5 months to still allow effective E.
coli removal by the SMZ filter pack.

Another possible explanation for the decrease in SMZ’s
affinity for MS2 is the blockage of sites by irreversible
sorption of large organic solutes or colloids present in the
sewage effluent. Again, this effect would be more pro-
nounced for MS2 than for E. coli due to their differences in
size and surface characteristics. Although the SMZ’s affinity
for MS2 decreased sharply, the SMZ still retarded bromide
arrival in the pumping well relative to the constructed
outflow. Table 2 displays the peak concentrations and peak
times of bromide breakthrough in the field experiments

TABLE 2
Pumping Pumping Constructed ~ Constructed
Well Peak Well Outflow Peak Outflow
Concentration Peak Time Concentration Peak
Field Test (mg/L) (min) (mg/L) Time (min)
ICS Run - 18 63.1 140 30.8 135
Aug. 2001
SMZ - 20 24.2 180 28.4 175
Aug. 2001
Run
SMZ - 24 34.7 190 43.5 170
Jan. 2002
Run
In the initial SMZ experiment HDTMA may have washed
off at a high enough rate to deactivate MS2. Inactivation by

dissolved surfactant can play a significant role as shown by
laboratory experiments, although most of the inactivation
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could be attributed to direct sorption by SMZ (Schulze-
Makuch et al., 2002a). Although the wash-off rate may have
been high initially, the desorption rate must have decreased
leaving enough HDTMA on the surface to adsorb bromide
and E. coli.

Another possible explanation for the decreased MS2
retention in the second SMZ run is irreversible sorption of
other effluent solutes and particulates over time. Irreversible
sorption would have the effect of blocking some fraction of
pathogen sorption sites on the SMZ. Again, this effect would
be expected to be greater for sorption of MS2 than for the
much larger, multivalent E. coli.

It is generally believed that viruses are inactivated in the
ground-water environment in a matter of days, especially
under the conditions encountered at this field site. One of the
estimates on the higher end was provided by Keswick et al
(1982) who argued that deactivation would occur on a time
scale of 10s of days. In the second SMZ experiment,
however, a significant number of MS2 bacteriophages in
background samples and at early time periods (FIG. 7; t=0
min: 30 pfu/ml, t=1 min: 10 pfu/ml, t=4 min: 10 pfu/ml) was
noted that could only have derived from the previous barrier
experiments conducted 5 months earlier. This indicates that
viruses may be capable of surviving for much longer time
periods in the natural subsurface than previously thought.

Based on the data, no long-term release of E. coli from the
SMZ occurred. Measured E. coli concentrations at early
time periods (including t=0) from the ICS experiment
showed residual E. coli concentrations from the preceding
control run (FIG. 8). Background concentrations of . coli
were also observed at the constructed outflow from both
SMZ runs (FIG. 6; 6 cfu/ml at t=1 min for the second SMZ
run). However, no background concentrations of E. coli
were observed in the pumping well either in the SMZ
experiment of 20 Aug. 2001 or in the second SMZ barrier
experiment conducted more than 5 months later, indicating
that once E. coli was adsorbed to the SMZ no release of
active pathogens occurred. If subsequent tests show that E.
coli is permanently removed from drinking water by SMZ,
this would greatly enhance the usefulness of SMZ for
drinking water protection.

Under natural conditions, pathogen concentrations typi-
cally will be much lower than those used in the field
experiments. Maschinski et al. (1999) studied the reduction
of coliforms in a subsurface constructed wetland system and
detected total coliform concentrations averaging about 104
cfu/ml and fecal coliforms averaging about 103 cfu/ml in the
outlet of a septic system. Pillai and Vega (1999) conducted
a 25 week monitoring study of the septic site used in this
study and detected fecal coliforms averaging about 103
mpn/ml and male specific coliphages averaging about 101
pfu/ml. Thus, the effectiveness and lifetime of an SMZ filter
pack are expected to be at least as great as observed here.

All of the methods disclosed and claimed herein can be
made and executed without undue experimentation in light
of the present disclosure. While the compositions and meth-
ods of this invention have been described in terms of
preferred embodiments, it will be apparent to those of skill
in the art that variations may be applied to the methods and
in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit
and scope of the invention. More specifically, it will be
apparent that certain agents which are both chemically and
physically related may be substituted for the agents
described herein while the same or similar results would be
achieved. All such similar substitutes and modifications
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apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the invention as defined by
the appended claims.
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What is claimed is:

1. A method of removing biological pathogens from a
fluid by passing the fluid through a filter utilizing a surfac-
tant-modified zeolite (SMZ).

2. The method of claim 1, wherein biological pathogens
include bacteria, viruses, protozoa, parasites, spores, molds,
and microbes.

3. The method of claim 1, wherein the fluid is water.

4. The method of claim 3, wherein water is drinking
water, well water, ground water, surface water, or waste
water.

5. The method of claim 1, wherein the SMZ is in granular
form.

6. The method of claim 5, wherein the SMZ is combined
with a binder material.

7. The method of claim 6, wherein the SMZ is formed into
a solid structure.

8. The method of claim 7, wherein the solid structure is in
a form suitable for inclusion into a filtration device.

9. A method of removing biological pathogens from a
fluid-based gel by passing the fluid-based gel through a filter
utilizing a surfactant-modified zeolite (SMZ).
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10. The method of claim 9, wherein biological pathogens
include bacteria, viruses, protozoa, spores, molds, parasites,
and microbes.

11. The method of claim 9, wherein the fluid-based gel is
water-based.

12. The method of claim 9, wherein the SMZ is in
granular form.

13. The method of claim 12, wherein the SMZ is com-
bined with a binder material.

14. The method of claim 13, wherein the SMZ is formed
into a solid structure.

15. The method of claim 14, wherein the solid structure is
in a form suitable for inclusion into a filtration device.

16. The method of claim 15, wherein the filtration device
is a potable water filter.

17. The method of claim 15, wherein the filtration device
is a point of use water filter.

18. The method of claim 15, wherein the filtration device
is a filter packet suitable for placement in a body of water.

19. The method of claim 18, wherein the filtration device
is placed directly in the body of water as a permeable barrier
or a filter pack.

20. The method of claim 19, wherein the filtration device
is placed in or around a water well.
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