wo 2013/151704 A1 [N 00000000 O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/151704 A1

10 October 2013 (10.10.2013) WIPOIPCT
(51) International Patent Classification: (74) Agents: LIU, CIiff et al.; Foley & Lardner LLP, 975 Page
CO2F 1/467 (2006.01) C25B 9/02 (2006.01) Mill Road, Palo Alto, California 94304 (US).
C25B 11/03 (2006.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/US2013/030975 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. . BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(22) International Filing Date: DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
13 March 2013 (13.03.2013) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(25) Filing Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
) ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(26) Publication Language: English NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
(30) Priority Data: RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
61/619,343 2 April 2012 (02.04.2012) Us e ZTXI;I/ TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
(71) Applicant: THE BOARD OF TRUSTEES OF THE LE- S
LAND STANFORD JUNIOR UNIVERSITY [US/US]; (84) Designated States (uniess otherwise indicated, for every
1705 El Camino Real, Palo Alto, California 94306 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventors; and UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicants : CUIL Yi [CN/US]; ¢/o The Board of Trustees TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
of The Leland Stanford Junior University, 1705 El Camino EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Real, Palo Alto, California 94306 (US). LIU, Chong MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
[CN/US]; c/o The Board of Trustees of The Leland Stan- TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ford Junior University, 1705 El Camino Real, Palo Alto, ML, MR, NE, SN, TD, TG).
California 94306 (US). JEONG, Sangmoo [KR/US]; c/o Published:

The Board of Trustees of The Leland Stanford Junior Uni-
versity, 1705 El Camino Real, Palo Alto, California 94306
(US). BOEHM, Alexandria [US/US]; c¢/o The Board of
Trustees of The Leland Stanford Junior University, 1705 El
Camino Real, Palo Alto, California 94306 (US).

with international search report (Art. 21(3))

(54) Title: WATER STERILIZATION DEVICES AND USES THEREOF

100
\

l /104

102~

QoM

b Coo

108

FIG. 1

(57) Abstract: A water sterilization device includes: (1) a conduit; (2) a first porous electrode housed in the conduit; (3) a second
porous electrode housed in the conduit and disposed adjacent to the first porous electrode; and (4) an electrical source coupled to the
first porous electrode and the second porous electrode to apply a voltage difference between the first porous electrode and the second
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WATER STERILIZATION DEVICES AND USES THEREOF

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
61/619,343 filed on April 2, 2012, the disclosure of which is incorporated herein by reference

in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to sterilization of fluids. More particularly,

the invention relates to water sterilization devices and uses thereof.

BACKGROUND

[0003] The removal of bacteria and other pathogens from water is an important
process, not only for drinking and sanitation but also industrially as biofouling is a
commonplace and serious problem. Conventional approaches for water sterilization include
chlorination and membrane-based approaches. Unfortunately, both of these types of
approaches suffer from certain deficiencies.

[0004] Chlorination is typically a slow process, involving incubation times up to
an hour or more to allow Cl ions to adequately dissipate through water to be treated. Also,
chlorination can yield hazardous oxidation byproducts, including carcinogenic species, and
chlorination equipment can be capital intensive, both from the standpoint of deployment and
maintenance.

[0005] Conventional membrane-based approaches typically operate based on size
exclusion of bacteria, which can involve a high pressure drop across a membrane and
clogging of the membrane. Moreover, conventional membrane-based approaches can be
energy intensive, and can suffer from low flow rates across a membrane.

[0006] It is against this background that a need arose to develop the water

sterilization devices and related methods and systems described herein.

SUMMARY
[0007] One aspect of the invention relates to a water sterilization device. In one

embodiment, the device includes: (1) a conduit; (2) a first porous electrode housed in the
1
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conduit; (3) a second porous electrode housed in the conduit and disposed adjacent to the first
porous electrode; and (4) an electrical source coupled to the first porous electrode and the
second porous clectrode to apply a voltage difference between the first porous electrode and
the second porous electrode. The conduit is configured to provide passage of a fluid stream
through the first porous electrode and the second porous eclectrode, and an inactivation
efficiency of pathogens in the fluid stream is at least about 99%, such as at least about 99.9%
or at least about 99.95%.

[0008] In another embodiment, the device includes: (1) a conduit including an
inlet to provide entry of untreated water and an outlet to provide exit of treated water; (2) a
porous eclectrode housed in the conduit and disposed between the inlet and the outlet, the
porous clectrode including an electrically conductive mesh and a coating at least partially
covering the electrically conductive mesh; and (3) an electrical source coupled to the porous
electrode.

[0009] Other aspects and embodiments of the invention are also contemplated.
The foregoing summary and the following detailed description are not meant to restrict the
invention to any particular embodiment but are merely meant to describe some embodiments

of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a better understanding of the nature and objects of some embodiments
of the invention, reference should be made to the following detailed description taken in
conjunction with the accompanying drawings.

[0011] Fig. 1 illustrates a water sterilization device implemented in accordance
with an embodiment of the invention.

[0012] Fig. 2 illustrates a water filtration system implemented in accordance with
an embodiment of the invention.

[0013] Fig. 3 illustrates a water sterilization device implemented in accordance
with another embodiment of the invention.

[0014] Fig. 4 illustrates a water sterilization device implemented in accordance
with yet another embodiment of the invention.

[0015] Fig. 5 illustrates schematics of one-dimensional silver nanowire
(“AgNW”)-assisted electroporation. A) Conductive electrode without nanowire structure

with a spaced apart counter electrode. Smaller arrows show an electric field. B) Conductive
2
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clectrode with AgNW. Larger arrows show the electric field strength enhanced by AgNW.
C) Bacteria in water flow in a vicinity of AgNW. D) Bacteria are electroporated and
inactivated due to the strong electric field.

[0016] Fig. 6 illustrates schematics and images of sponge-based porous structures.
A) Schematics of water sterilization device operation. B) Polyurethane sponge before
coating. C) Polyurethane sponge after coating with carbon nanotubes (“CNTs”). D)
Polyurethane sponge after coating with CNTs and AgNWs. E) Scanning Electron
Microscopy (“SEM”) image showing porous framework of polyurethane sponge before
coating. F) SEM image showing polyurethane sponge uniformly coated with CNTs. The
inset is a SEM image showing surface of polyurethane sponge after coating with CNTs. G)
SEM image showing polyurethane sponge uniformly coated with AgNWs after coating with
CNTs. Insetis a SEM image showing AgNWs on sponge surface.

[0017] Fig. 7 illustrates bacteria disinfection performance. A) Comparison of
membrane structure differences between gram positive and gram negative bacteria. B)
Schematic of bacteria viability assessment procedures. C) to F) Disinfection efficiency of
Escherichia coli, Salmonella typhimirium, Bacillus subtilis, and Enterococcus faecalis under
five different voltages. FError bar represents a standard deviation of three replicate
measurements of cell concentrations.

[0018] Fig. 8 illustrates bacteriophage MS2 disinfection performance. A)
Schematic of virus viability assessment procedures by a double layer plaque assay. B)
Disinfection efficiency of MS2 under five different voltages. Error bar represents a standard
deviation of three replicate measurements of virus titer.

[0019] Fig. 9 illustrates electroporation evidence with SEM images, dye staining
results, and disinfection with alternating currents. A) SEM image showing morphology of
Escherichia coli without any treatment. B) SEM image showing pores formed on several
different Escherichia coli surfaces after treatment at about 20 V. C) High magnification
SEM showing more than one pore formed on Escherichia coli surface after treatment at about
20 V. D) Microscope images of both bright field and fluorescent on Enterococci samples
after treatment at voltages of about 0 V, about 10 V, and about 20 V. E) Statistical data
showing the percentage of Enterococcus stained immediately after treatment accompanied

with viability results of both immediately after treatment and 2 h after treatment. F)
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Disinfection efficiency of Escherichia coli with about 10 V of applied alternating voltage at
different frequencies.

[0020] Fig. 10 illustrates an evaluation of silver’s bactericidal effect. A) Silver
ion and total silver concentration in effluent water at five different voltages of about 0 V,
about 5 V, about 10 V, about 15 V, and about 20 V, as measured by Inductively Coupled
Plasma-Mass Spectrometry. B) Growth comparison: growth curves of Escherichia coli
without any treatment, Escherichia coli treated at about 10 V, and Escherichia coli treated
with about 100 parts per billion (“ppb”) silver ion. The inset is a picture of liquid mediums
of the above three samples after 24 h culture. C) Picture showing Escherichia coli cultured
using both filtered de-ionized water (left) and unfiltered de-ionized water (right) on agar
plates. Both plates are about 10,000 times dilutions of original samples.

[0021] Fig. 11 illustrates an experimental set-up with a water sample treated by
sponge-based porous structures at a rate controlled by a peristalsis pump.

[0022] Fig. 12 illustrates disinfection efficiency of Escherichia coli treated at
about 10 V in phosphate buffer solutions of different pH’s compared to DI water.

[0023] Fig. 13 illustrates a schematic of water sterilization device operation using
dielectric-coated porous structures.

[0024] Fig. 14 illustrates schematics and images of copper oxide nanowire
(“CuONW”)-based electrodes. A) Schematic of CUONW synthesis procedure. B) Pictures
showing electrode before synthesis (copper mesh) and after synthesis (CuONW mesh). C)
Schematic of CuUONW-based electrodes during operation. D) to F) SEM images of CuONW-
based electrode.

[0025] Fig. 15 illustrates bacteria disinfection performance of CuONW-based
electrodes. A) Disinfection efficiency of Escherichia coli by CuONW-based and copper
oxide nanoparticle (“CuONP”)-based electrodes at five different voltages. B) SEM image of
CuONW-based clectrode. C) SEM image of CuONP-based clectrode. D) to E) Disinfection
efficiency of Salmonella typhimirium and Enterococcus faecalis by CuONW-based
electrodes at five different voltages.

[0026] Fig. 16 illustrates bacteriophage MS2 disinfection performance of
CuONW-based electrodes. A) Disinfection efficiency of MS2 by CuONW-based electrodes

at five different voltages. B) Transmission Electron Microscopy (“TEM”) image of untreated
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MS2. C) TEM image of MS2 after treatment by CuONW-based electrodes at about 5 V. D)
TEM image of MS2 after treatment by CuONW-based electrodes at about 10 V.

[0027] Fig. 17: A) and B) Sterilization performance for Escherichia coli and
Enterococcus faecalis in DI water and lake water by CuONWs-based electrodes at five
different voltages. C) Total copper concentration in effluent of DI water and lake water
samples at five different voltages. D) Simulation results of an electric field in a vicinity of a
single CuUONW with an applied voltage of about 10 V.

[0028] Fig. 18 illustrates a schematic of water sterilization device operation using
silicon nanowire-based electrodes.

[0029] Fig. 19 illustrates bacteria disinfection performance of silicon nanowire-

based electrodes.

DETAILED DESCRIPTION

Definitions

[0030] The following definitions apply to some of the aspects described with
respect to some embodiments of the invention. These definitions may likewise be expanded
upon herein.

[0031] As used herein, the singular terms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus, for example, reference to an
object can include multiple objects unless the context clearly dictates otherwise.

[0032] As used herein, the term “set” refers to a collection of one or more objects.
Thus, for example, a set of objects can include a single object or multiple objects. Objects of
a set also can be referred to as members of the set. Objects of a set can be the same or
different. In some instances, objects of a set can share one or more common characteristics.

[0033] As used herein, the term “adjacent” refers to being near or adjoining.
Adjacent objects can be spaced apart from one another or can be in actual or direct contact
with one another. In some instances, adjacent objects can be coupled to one another or can
be formed integrally with one another.

2% &<

[0034] As used herein, the terms “couple,” “coupled,” and “coupling” refer to an
operational connection or linking. Coupled objects can be directly connected to one another

or can be indirectly connected to one another, such as via an intermediary set of objects.
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[0035] As used herein, the terms “‘substantially” and “‘substantial” refer to a
considerable degree or extent. When used in conjunction with an event or circumstance, the
terms can refer to instances in which the event or circumstance occurs precisely as well as
instances in which the event or circumstance occurs to a close approximation, such as
accounting for typical tolerance levels or variability of the embodiments described herein.

2% ¢

[0036] As used herein, the terms “expose,” “exposing,” and “exposed” refer to a
particular object being subject to some level of interaction with another object. A particular
object can be exposed to another object without the two objects being in actual or direct
contact with one another. Also, a particular object can be exposed to another object via
indirect interaction between the two objects, such as via an intermediary set of objects.

[0037] As used herein, the term “nanometer range” or “nm range” refers to a
range of dimensions from about 1 nm to about 1 ym. The nm range includes the “lower nm
range,” which refers to a range of dimensions from about 1 nm to about 10 nm, the “middle
nm range,” which refers to a range of dimensions from about 10 nm to about 100 nm, and the
“upper nm range,” which refers to a range of dimensions from about 100 nm to about 1 pum.

[0038] As used herein, the term “micrometer range” or “pwm range” refers to a
range of dimensions from about 1 pm to about 1 mm. The um range includes the “lower um
range,” which refers to a range of dimensions from about 1 pm to about 10 um, the “middle
um range,” which refers to a range of dimensions from about 10 um to about 100 um, and the
“upper um range,” which refers to a range of dimensions from about 100 um to about 1 mm.

[0039] As used herein, the term “aspect ratio” refers to a ratio of a largest
dimension or extent of an object and an average of remaining dimensions or extents of the
object, where the remaining dimensions are orthogonal with respect to one another and with
respect to the largest dimension. In some instances, remaining dimensions of an object can
be substantially the same, and an average of the remaining dimensions can substantially
correspond to either of the remaining dimensions. For example, an aspect ratio of a cylinder
refers to a ratio of a length of the cylinder and a cross-sectional diameter of the cylinder. As
another example, an aspect ratio of a spheroid refers to a ratio of a major axis of the spheroid
and a minor axis of the spheroid.

[0040] As used herein, the term “nanostructure” refers to an object that has at

least one dimension in the nm range. A nanostructure can have any of a wide variety of
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shapes, and can be formed of a wide variety of materials. Examples of nanostructures
include nanowires, nanotubes, and nanoparticles.

[0041] As used herein, the term “nanowire” refers to an elongated nanostructure
that is substantially solid. Typically, a nanowire has a lateral dimension (e.g., a cross-
sectional dimension in the form of a width, a diameter, or a width or diameter that represents
an average across orthogonal directions) in the nm range, a longitudinal dimension (e.g., a
length) in the um range, and an aspect ratio that is about 5 or greater.

[0042] As used herein, the term “nanotube” refers to an eclongated, hollow
nanostructure.  Typically, a nanotube has a lateral dimension (e.g., a cross-sectional
dimension in the form of a width, an outer diameter, or a width or outer diameter that
represents an average across orthogonal directions) in the nm range, a longitudinal dimension
(e.g., a length) in the um range, and an aspect ratio that is about 5 or greater.

[0043] As used herein, the term “nanoparticle” refers to a spheroidal
nanostructure. Typically, each dimension (e.g., a cross-sectional dimension in the form of a
width, a diameter, or a width or diameter that represents an average across orthogonal
directions) of a nanoparticle is in the nm range, and the nanoparticle has an aspect ratio that is

less than about 5, such as about 1.

Water Sterilization Devices

[0044] Embodiments of the invention relate to the sterilization of water or other
fluids using a porous structure that can effectively inactivate bacteria, viruses, protozoa, and
other undesired organisms. Certain embodiments incorporate nanostructures in a porous
support to yield an electrically conductive and high surface area structure for the active, high-
throughput inactivation of pathogens in water. Other embodiments incorporate coatings or
films in a porous support to yield similar or further improved performance. Notably, unlike
conventional membrane-based approaches, a porous structure described herein need not rely
on size exclusion of pathogens, which can involve a high pressure drop and can lead to
clogging, but instead combines components spanning multiple length scales into a framework
that inactivates bacteria passing through the porous structure. In some embodiments, the use
of such a porous structure leads to a gravity-fed, biofouling-resistant device that can

inactivate pathogens at faster flow rates than conventional membrane-based approaches while
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consuming less energy. In addition, such improved performance can be achieved with short
incubation times and without requiring the use of chemical additives as in chlorination.

[0045] As noted above, one component of a porous structure is a porous support,
which can be characterized in terms of its material composition, its pore size, and its porosity.
Depending on the particular implementation, a porous support can be formed of a material
that is insulating, electrically conductive, or semiconducting, or can be formed of a
combination of materials having a combination of characteristics. In some embodiments, a
porous support includes a fibrous material, namely one including a matrix or a network of
fibers that can be woven or unwoven. Examples of fibrous materials include paper, wood,
and textiles, including those formed of natural fibers, such as cotton, flax, and hemp, and
those formed of synthetic fibers, such as acrylic, polyester, rayon, as well as carbon fiber in
the form of a carbon cloth. Other types of porous supports are contemplated, such as
permeable or semi-permeable membranes, foams, sponges, and meshes formed of metals or
other electrically conductive materials. Examples of sponges include those formed of
cellulose, polyurethane, polyether, polyester, polyvinyl alcohol, and other foamed polymers,
and examples of meshes include those formed of aluminum, copper, nickel, and stainless
steel.

[0046] A pore size of a porous support can be selected based on a typical size of
pathogens to be inactivated. For example, in the case of bacteria, a pore size can be selected
to be greater than a typical size of bacteria to be inactivated, thereby allowing passage of
bacteria with little or no clogging of a porous support. In some embodiments, a porous
support can include pores that are sufficiently sized in the um range, such as at least about 5
um or at least about 10 um and up to about 1 cm or up to about 1 mm, and, more particularly,
a pore size can be in the range of about 5 um to about 1 mm, about 5 um to about 900 um,
about 10 um to about 800 um, about 10 um to about 700 um, about 10 um to about 600 um,
about 100 um to about 600 um, about 200 um to about 600 um, about 300 um to about 600
um, about 10 um to about 500 um, about 100 um to about 500 um, about 200 um to about
500 um, about 300 um to about 500 um, about 10 um to about 400 um, about 20 um to about
400 um, about 30 um to about 300 um, about 40 um to about 300 um, about 50 um to about
300 um, or about 50 um to about 200 um. In the case of other types of pathogens, a pore size
can be suitably selected in accordance with a typical size of those pathogens. For example, in

the case of viruses, a pore size can be selected to be in the nm range, such as at least about
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100 nm and up to about 1 um. There can be a tradeoff between water filtration speed and
pore sizes. In some embodiments, a porous support can include pores that are sized in the um
range, such as at least about 2 um or at least about 5 um and up to about 100 um or up to
about 1 mm. As can be appreciated, pores of a porous support can have a distribution of
sizes, and a pore size can refer to an effective size across the distribution of sizes or an
average or median of the distribution of sizes. The use of a sponge, a mesh, or other porous
support including pores that are sufficiently and uniformly sized can mitigate against
clogging and biofouling of the porous support. In some embodiments, a standard deviation of
a distribution of pore sizes can be no greater than about 80% of an average of the distribution
of sizes, such as no greater than about 70%, no greater than about 60%, no greater than about
50%, no greater than about 40%, no greater than about 30%, no greater than about 20%, and
down to about 10%, down to about 5%, or less. An example of a technique for determining
pore size is the so-called “challenge test,” in which spheroidal particles of known size
distributions are presented to a porous support and changes downstream are measured by a
particle size analyzer. Using the challenge test, a pore size can be determined from a
calibration graph, with the pore size corresponding to an effective cut-off point of the porous
support. In some implementations, this cut-off point can correspond to a maximum size of a
spheroidal particle that can pass through substantially unblocked by the porous support.

[0047] Another characterization of a porous support is its porosity, which is a
measure of the extent of voids resulting from the presence of pores or any other open spaces
in the porous support. A porosity can be represented as a ratio of a volume of voids relative
to a total volume, namely between 0 and 1, or as a percentage between 0% and 100%. In
some embodiments, a porous support can have a porosity that is at least about 0.05 or at least
about 0.1 and up to about 0.95, and, more particularly, a porosity can be in the range of about
0.1 to about 0.9, about 0.2 to about 0.9, about 0.3 to about 0.9, about 0.4 to about 0.9, about
0.5 to about 0.9, about 0.5 to about 0.8, or about 0.6 to about 0.8. Techniques for
determining porosity include, for example, porosimetry and optical or scanning techniques.
The incorporation of nanostructures or other components in a porous support can be carried
out so as to substantially retain an original pore size and an original porosity of the porous
support, and, therefore, the ranges and other characteristics related to a pore size and a

porosity specified above are also applicable for a resulting porous structure.
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[0048] As noted above, other components can be incorporated in a porous support
to impart desired functionality to a resulting porous structure, and, in some embodiments,
such other components correspond to nanostructures. Depending on the particular
implementation, a single type of nanostructure can be incorporated, or two or more different
types of nanostructures can be incorporated to impart a combination of functionalities.

[0049] A nanostructure can be characterized in terms of its material composition,
its shape, and its size. Depending on the particular implementation, a nanostructure can be
formed of a material that is insulating, electrically conductive, or semiconducting, or can be a
heterostructure formed of a combination of materials having a combination of characteristics,
such as in a core-shell or multi-layered configuration. Techniques for forming nanostructures
include, for example, attrition, spray pyrolysis, vapor phase growth, vapor-liquid-solid
growth, colloidal synthesis, electrospinning, hot injection, laser ablation, and solution-based
synthesis. In some embodiments, a porous structure provides sterilization via an electrical
mechanism, with a high surface area of a porous support and nanostructures along with an
induced electric field in the vicinity of the nanostructures providing effective bacterial
inactivation. In the case that the porous support is insulating, at least a subset of the
nanostructures can be electrically conductive or semiconducting to impart electrical
conductivity to the porous structure. For example, a nanostructure can be formed of a metal,
a metal alloy, a metal silicide, a metal nitride, a metal sulfide, a metal carbide, a
semiconductor, an electrically conductive polymer, a doped form of a metal oxide, or a
combination of such materials, and, more particularly, a nanostructure can be formed of
copper, gold, nickel, palladium, platinum, silver, zinc, aluminum, titanium, iron, carbon (e.g.,
in the form of graphene or nanotube) or another Group IVB element (e.g., silicon or
germanium), a Group IVB-IVB binary alloy (e.g., silicon carbide), a Group 1IB-VIB binary
alloy (e.g., zinc oxide), a Group IIIB-VB binary alloy (e.g., aluminum nitride), or another
binary, ternary, quaternary, or higher order alloy of Group IB (or Group 11) elements, Group
IIB (or Group 12) elements, Group IIIB (or Group 13) elements, Group IVB (or Group 14)
elements, Group VB (or Group 15) elements, Group VIB (or Group 16) elements, and Group
VIIB (or Group 17) elements. In the case that a porous support is electrically conductive,
nanostructures that are electrically conductive or semiconducting optionally can be omitted.

[0050] In addition to, or in place of, sterilization via an electrical mechanism,

sterilization can be achieved through the use of a material having an intrinsic activity towards

10
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inactivating bacteria, viruses, or other pathogens. For example, at least a subset of
incorporated nanostructures can be formed of a material or a combination of materials having
intrinsic antimicrobial activity, such as silver (or another noble metal), copper, nickel, or
another bactericidal material. The use of nanostructures formed of a metal such as silver can
serve a dual purpose of imparting an electrical conduction functionality as well as a
bactericidal functionality to a resulting porous structure.

[0051] A nanostructure can have any of a variety of shapes, such as spheroidal,
tetrahedral, tripodal, disk-shaped, pyramid-shaped, box-shaped, cube-shaped, cylindrical,
tubular, wire-shaped, branch-shaped, and a number of other geometric and non-geometric
shapes. Examples of nanostructures include fullerenes, copper nanowires, nickel nanowires,
silver nanowires, germanium nanowires, silicon nanowires, silicide nanowires, metal oxide
nanowires (e.g., zinc oxide nanowires, copper oxide nanowires, and iron oxide nanowires),
metal carbide nanowires, carbon nanotubes (e.g., single-walled carbon nanotubes and multi-
walled carbon nanotubes), and core-shell nanowires (e.g., a shell formed of copper, nickel, or
silver surrounding a core formed of another material). In some embodiments, at least a
subset of incorporated nanostructures corresponds to high aspect ratio nanostructures, such as
nanotubes, nanowires, or a combination of nanotubes and nanowires. High aspect ratio
nanostructures can have large surface areas for stronger and direct coupling to a framework
of a porous support, without requiring chemical strategies to provide such coupling. In
addition, the use of high aspect ratio nanostructures can increase the occurrence of junction
formation between neighboring nanostructures, and can form an efficient charge transport
network by reducing the number of hopping or tunneling events, relative to the use of
nanoparticles. However, it is contemplated that nanoparticles can be used in combination
with, or in place of, high aspect ratio nanostructures.

[0052] For example, a porous structure can include nanowires, such as silver
nanowires, having an average or median diameter in the range of about 1 nm to about 200
nm, about 1 nm to about 150 nm, about 10 nm to about 100 nm, about 20 nm to about 100
nm, about 30 nm to about 100 nm, or about 40 nm to about 100 nm, an average or median
length in the range of about 500 nm to about 100 um, about 800 nm to about 50 um, about 1
um to about 40 um, about 1 um to 30 um, about 1 um to about 20 um, or about 1 um to

about 10 um, and an average or median aspect ratio in the range of about 5 to about 2,000,
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about 50 to about 1,000, about 100 to about 900, about 100 to about 800, about 100 to about
700, about 100 to about 600, or about 100 to about 500.

[0053] As another example, a porous structure can include nanotubes, such as
carbon nanotubes, having an average or median diameter (e.g., outer diameter) in the range of
about 1 nm to about 200 nm, about 1 nm to about 150 nm, about 10 nm to about 100 nm,
about 20 nm to about 100 nm, about 30 nm to about 100 nm, or about 40 nm to about 100
nm, an average or median length in the range of about 500 nm to about 100 um, about 800
nm to about 50 um, about 1 um to about 40 um, about 1 um to 30 um, about 1 um to about
20 um, or about 1 um to about 10 um, and an average or median aspect ratio in the range of
about 5 to about 2,000, about 50 to about 1,000, about 100 to about 900, about 100 to about
800, about 100 to about 700, about 100 to about 600, or about 100 to about 500.

[0054] Incorporation of nanostructures in a porous support can be carried out in a
variety of ways. For example, nanostructures can be formed and then dispersed in an
aqueous solution or a non-aqueous solution to form an ink. Surfactants, dispersants, and
other additives to adjust rheology also can be included. Next, the ink including the dispersed
nanostructures can be applied to a porous support using any of a number of coating
techniques, such as spraying, printing, roll coating, curtain coating, gravure coating, slot-die,
cup coating, blade coating, immersion, dip coating, and pipetting, followed by drying or other
removal of the solution. It is also contemplated that nanostructures can be formed in sifu on a
porous support, such as by exposing surfaces of the porous support to a precursor solution. It
is further contemplated that nanostructures can be applied to a porous support in the form of a
paste.

[0055] Coupling between nanostructures and a porous support can rely on
mechanical entanglement of the nanostructures within pores of the porous support, adhesion
characteristics of an ink relative to a framework of the porous support, surface charges of the
framework, functional groups of the framework, or a combination of these mechanisms. In
some embodiments, coupling between nanostructures and a porous support can involve the
formation of chemical bonds, including covalent bonds and non-covalent bonds, such as van
der Waals interactions, hydrogen bonds, bonds based on hydrophobic forces, bonds based on
n-m interactions, and bonds based on electrostatic interactions (e.g., between cations and
anions or dipole-dipole interactions). It is contemplated that nanostructures can be

functionalized or otherwise treated to promote the formation of chemical bonds.

12



WO 2013/151704 PCT/US2013/030975

[0056] In addition to, or in place of, nanostructures, a set of coatings or films can
be incorporated in a porous support to impart desired functionality to a resulting porous
structure. Depending on the particular implementation, a single coating can be incorporated,
or two or more coatings can be incorporated to impart a combination of functionalities.

[0057] A coating can be characterized in terms of its material composition and its
thickness. Depending on the particular implementation, a coating can be formed of a material
that is insulating, electrically conductive, or semiconducting, or can be formed of a
combination of materials having a combination of characteristics. Techniques for applying a
coating include, for example, chemical deposition (e.g., plating, chemical solution deposition
(or sol-gel deposition), and chemical vapor deposition (such as plasma enhanced chemical
vapor deposition)), physical deposition (e.g., thermal evaporation, sputtering, pulsed laser
deposition, cathodic arc deposition, and electrospray deposition), atomic layer deposition,
reactive sputtering, and molecular beam epitaxy. In some embodiments, sterilization occurs
via an electrical mechanism, and, in the case that a porous support is insulating, at least one
coating can be electrically conductive or semiconducting to impart electrical conductivity to a
resulting porous structure. For example, a coating can be formed of a metal, a metal alloy, a
metal silicide, a semiconductor, an electrically conductive polymer, a doped form of a metal
oxide, or a combination of such materials, and, more particularly, a coating can be formed of
materials as listed above for the case of nanostructures.

[0058] In some embodiments in which sterilization occurs via an electrical
mechanism, at least one coating can be insulating to provide a barrier function. Such an
insulating coating can be conformally disposed to substantially cover an active surface of a
porous support, thereby allowing a separator to be omitted between the coated porous support
and an adjacent electrode. In addition, such an insulating coating can impede current leakage
towards (or from) the adjacent electrode that can otherwise dissipate power and reduce
inactivation efficiency towards pathogens. By mitigating power dissipation, a desired
inactivation efficiency can be achieved with reduced power and energy requirements. For
example, a coating can be formed of a dielectric material, a ceramic, or a combination of such
materials, and, more particularly, a coating can be formed of a metal oxide (e.g., zinc oxide
(or ZnO), aluminum oxide (or Al,O3), or zirconium oxide (or ZrO,)), a nonmetal oxide (e.g.,

silicon dioxide (or Si0,)), a carbide, a boride, a nitride, or a silicide.
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[0059] A thickness of a coating can be selected based on balancing a combination
of considerations, such as providing a barrier function while retaining an adequate electric
field and retaining ease and low cost of manufacturing. In some embodiments, a thickness of
a coating can be in the nm range or the um range, such as at least about 3 nm or at least about
10 nm and up to about 100 um or up to about 10 um, and, more particularly, a coating
thickness can be in the range of about 3 nm to about 10 um, about 10 nm to about 10 um,
about 100 nm to about 10 um, about 200 nm to about 10 um, about 300 nm to about 10 um,
about 400 nm to about 10 um, about 500 nm to about 10 um, about 500 nm to about 5 um,
about 600 nm to about 5 um, about 700 nm to about 5 um, about 800 nm to about 5 um,
about 900 nm to about 5 um, or about 900 nm to about 3 um. As can be appreciated, a
coating can have a distribution of thickness across a porous structure, and a thickness of the
coating can refer to an effective thickness across the porous structure or an average or median
of the distribution of thickness. An example of a technique for determining a thickness of a
coating involves visual inspection of cross-sectional samples at one or more locations across
a porous structure. Another example of a technique for determining a thickness of a coating
involves correlating or estimating the thickness based on a corresponding thickness of a
coating when applied to a reference wafer or another reference substrate under the same
processing conditions.

[0060] In embodiments in which sterilization is achieved via an electrical
mechanism, a porous structure can have a sheet resistance that is no greater than about 1,000
Q/sq, no greater than about 500 €/sq, no greater than about 400 €/sq, no greater than about
300 ©/sq, no greater than about 200 €/sq, no greater than about 100 £/sq, no greater than
about 50 €)/sq, no greater than about 25 €/sq, or no greater than about 10 €/sq, and down to
about 1 €/sq, down to about 0.1 €/sq, or less. Another characterization of a porous structure
is its resistivity, which in some embodiments is no greater than about 1,000 Q-cm, no greater
than about 500 Q-cm, no greater than about 400 Q-cm, no greater than about 300 Q-cm, no
greater than about 200 Q-cm, no greater than about 100 Q-cm, no greater than about 50
Q-cm, no greater than about 25 Q-cm, or no greater than about 10 Q-cm, and down to about 1
Q-cm, down to about 0.1 Q-cm, or less.

[0061] Attention turns to Fig. 1, which illustrates a water sterilization device 100
implemented in accordance with an embodiment of the invention. The device 100 includes a

conduit 102 that provides a passageway for a fluid stream to be treated. In the illustrated
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embodiment, the fluid stream is a stream of water to be sterilized, and the conduit 102
includes an inlet 104, which allows entry of untreated water, and an outlet 106, which allows
exit of treated water.

[0062] The device 100 also includes a porous structure 108, which is housed in
the conduit 102 and is disposed between the inlet 104 and the outlet 106. During operation of
the device 100, a stream of water passes through the porous structure 108 and is sterilized
upon passing through pores of the porous structure 108. Although the single porous structure
108 is illustrated in Fig. 1, it is contemplated that multiple porous structures can be included
to provide multi-staged, serial sterilization of a fluid stream.

[0063] In the illustrated embodiment, sterilization is at least partially achieved via
an electrical mechanism, with the porous structure 108 serving as a porous electrode.
Specifically, the device 100 further includes a counter electrode 112 and an electrical source
110, which is coupled to the porous structure 108 and the counter electrode 112. The counter
electrode 112 is housed in the conduit 102 and is spaced apart from the porous structure 108
by a distance d, which can be at least about 1 um, at least about 5 um, or at least about 10
um, and up to about 100 um, up to about 200 um, up to about 500 um, up to about 1 cm, or
up to about 10 cm. The electrical source 110 can be implemented as a voltage source that
applies a voltage difference between the porous structure 108 and the counter electrode 112,
such as a voltage difference in the range of about —100 V to about +100 V (e.g., about —100
V to about 0 V or about 0 V to about +100 V), about —80 V to about +80 V (e.g., about —80
V to about 0 V or about 0 V to about +80 V), about —50 V to about +50 V (e.g., about —50 V
to about 0 V or about 0 V to about +50 V), about —30 V to about +30 V (e.g., about =30 V to
about 0 V or about 0 V to about +30 V), about —20 V to about +20 V (e.g., about —20 V to
about 0 V or about 0 V to about +20 V), about —10 V to about +10 V (e.g., about —10 V to
about 0 V or about 0 V to about +10 V), about —5 V to about +5 V (e.g., about —5 V to about
0 V or about 0 V to about +5 V), about —2 V to about +2 V (e.g., about —2 V to about 0 V or
about 0 V to about +2 V), about —1 V to about +1 V (e.g., about —1 V to about 0 V or about 0
V to about +1 V), about —0.5 V to about +0.5 V (e.g., about —0.5 V to about 0 V or about 0 V
to about +0.5 V), about —0.2 V to about +0.2 V (e.g., about —0.2 V to about 0 V or about 0 V
to about +0.2 V), or about —0.1 V to about +0.1 V (e.g., about —0.1 V to about 0 V or about 0
V to about +0.1 V). The application of a voltage induces an electric field in the vicinity of

the porous structure 108, and a stream of water is at least partially sterilized as it passes
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through the porous structure 108 and is subjected to the electric field, which can be in the
range of about 10 V/m to about 10" V/m, about 10> V/m to about 10" V/m, about 10° V/m
to about 10'° V/m, about 10° V/m to about 10° V/m, about 10* V/m to about 10° V/m, about
10* V/m to about 10® V/m, about 10° V/m to about 10® V/m, about 10° V/m to about 107 V/m,
or about 10° V/m to about 10° V/m.

[0064] As illustrated in Fig. 1, the porous structure 108 includes multiple
components spanning multiple length scales to provide a combination of functionalities. A
porous support serves as a backbone of the porous structure 108. For example, the porous
support can be a sponge, which has a number of desirable characteristics including a high
surface to volume ratio, a substantially continuous framework, and a high porosity. Pores of
the sponge can be in the range of tens to hundreds of micrometers, which are larger than a
typical size of bacteria and other pathogens to avoid or reduce clogging during operation.

[0065] Another component of the porous structure 108 corresponds to nanotubes,
such as carbon nanotubes. The nanotubes are conformally coated onto the porous support to
impart electrical conductivity over most, or all, of an active surface area of the porous
structure 108. In such manner, the porous structure 108 can be placed at a controlled electric
potential and used in solution as a porous electrode. The interconnected configuration of the
nanotubes also can contribute towards electrical conductivity of the porous structure 108.

[0066] A further component of the porous structure 108 corresponds to
nanowires, such as silver nanowires with an average or median diameter in the range of about
40 nm to about 100 nm and an average or median length in the range of about 1 pm to about
10 um. Silver nanowires can be desirable, since silver is an effective bactericidal agent. In
addition, each silver nanowire can have multiple contact points for strong coupling to the
porous support. Moreover, silver nanowires can form an efficient, interconnected charge
transport network, and intense electric fields due to nanoscale diameter of the silver
nanowires can be exploited for highly effective bacterial inactivation.

[0067] Referring to Fig. 1, the device 100 is implemented as a gravity-fed device,
and can operate at a flow rate in the range of about 10,000 L/(h-m?) to about 200,000
L/(h'm?), about 10,000 L/(h-m?) to about 150,000 L/(h-m?), about 50,000 L/(h-m?) to about
150,000 L/(h-m?), or about 80,000 L/(h-m?) to about 120,000 L/(h-m?), accounting for the
active surface area of the porous structure 108. Other flow rates are contemplated, such as in

the range of about 1,000 L/(h-m?) to about 10,000 L/(h-m?), about 10 L/(h-m?) to about 1,000
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L/(h'm?), or about 1 L/(h-m?) to about 10 L/(h-m?). High-throughput inactivation of bacteria
and other pathogens can be achieved by gravity feeding through the porous structure 108 that
is placed at a moderate voltage for low power consumption. For example, operation of the
device 100 can yield a bacterial inactivation efficiency that is at least about 60%, at least
about 70%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, at
least about 98%, at least about 99%, at least about 99.5%, at least about 99.9%, at least about
99.95%, at least about 99.99%, at least about 99.999%, at least about 99.9999%, or more.
Such inactivation efficiency can be achieved with a short treatment time, such as in the range
of about 0.1 sec to about 1 min, about 0.1 sec to about 50 sec, about 0.5 sec to about 40 sec,
about 0.5 sec to about 30 sec, about 0.5 sec to about 20 sec, about 0.5 sec to about 10 sec,
about 0.5 sec to about 5 sec, about 0.5 sec to about 3 sec, or about 0.5 sec to about 2 sec. In
terms of balancing performance versus power consumption, it is contemplated that a pump or
other flow control mechanism (not illustrated in Fig. 1) can be included to increase
inactivation throughput of the device 100. It is also contemplated that the electrical source
110 can be an oscillating or pulsed source for further improvements in inactivation efficiency,
such by inducing an alternating electric field at a frequency in the range of about 1 kHz to
about 1,000 kHz, about 10 kHz to about 1,000 kHz, or about 100 kHz to about 1,000 kHz.

[0068] Without wishing to be bound by a particular theory, inactivation of
bacteria and other pathogens can be achieved in accordance with any one, or a combination,
of the following mechanisms. First, silver is an intrinsic bactericidal material, and exposure
of bacteria in untreated water to silver nanowires (or nanostructures formed of another
bactericidal material) can lead to inactivation of bacteria. Second, the application of a
voltage to the porous structure 108 can yield an electric field of sufficient intensity to
adversely impact cell viability, by breaking down cell membranes via nanostructure-assisted
electroporation. Third, changes to solution chemistry in the presence of an electric field or a
current flow, including pH changes as well as ir sifu formation of bactericidal species, can be
another mechanism of sterilization. As noted above, two or more of these mechanisms can
operate in concert to inactivate bacteria and other pathogens.

[0069] The device 100 can be operated as a point-of-use water filter for
deactivating pathogens in water. Alternatively, and as illustrated in Fig. 2, the device 100 can
be incorporated in a water filtration system 200, serving as an upstream unit to deactivate

organisms that can cause biofouling in a downstream filtration unit 202, such as a reverse
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osmosis unit in a water desalination plant. The device 100 and other implementations
described herein can dramatically lower the operational cost of a wide array of filtration
technologies for water as well as food, air, and pharmaceuticals, by reducing the occurrence
of biofouling and, therefore, reducing the frequency at which downstream filters are replaced.

[0070] Fig. 3 illustrates a water sterilization device 300 implemented in
accordance with another embodiment of the invention. The device 300 includes a conduit
302, which includes an inlet 304 and an outlet 306. The device 300 also includes a porous
electrode 308, which is housed in the conduit 302 and is disposed between the inlet 304 and
the outlet 306, and an electrical source 310, which is coupled to the porous electrode 308.
Certain aspects of the device 300 can be implemented in a similar manner as previously
described with reference to Fig. 1 and Fig. 2, and those aspects are not repeated below.

[0071] Referring to Fig. 3, the device 300 includes another porous electrode 312,
which is coupled to the electrical source 310. The porous electrode 312 is housed in the
conduit 302 and is spaced apart from the porous electrode 308 by a distance d’, which can be
at least about 5 um or at least about 10 um and up to about 100 um, up to about 200 um, up
to about 500 um, up to about 1 cm, or up to about 10 cm. A separator 314, which is formed
of a porous, insulating material, is disposed between the porous electrodes 308 and 312 to
maintain a desired spacing between the porous eclectrodes 308 and 312 and to prevent
electrical shorts. It is contemplated that the separator 314 can be omitted, such as in
embodiments in which an insulating coating is incorporated in either, or both, of the porous
electrodes 308 and 312. The porous electrodes 308 and 312 can be similarly implemented, or
can differ in at least one component, such as in terms of their constituent porous supports,
their constituent nanostructures, or both. During operation of the device 300, a stream of
water passes through the porous electrodes 308 and 312 and is sterilized upon passing
through pores of the porous clectrodes 308 and 312. In the illustrated embodiment,
sterilization is at least partially achieved via an electrical mechanism, and the electrical
source 310 applies a voltage difference between the porous electrodes 308 and 312, such that
the stream of water is subjected to an electric field. The inclusion of the pair of porous
electrodes 308 and 312 provides two-staged, serial sterilization of the stream of water, and
can yield further improvements in bacterial inactivation efficiency, such as at least about 95%
or at least about 98%, and up to about 99%, up to about 99.5%, up to about 99.9%, up to
about 99.99%, up to about 99.999%, or more.
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[0072] Fig. 4 illustrates a water sterilization device 400 implemented in
accordance with yet another embodiment of the invention. The device 400 includes a conduit
402, which includes an inlet 404 and an outlet 406. Housed in the conduit 402 are a pair of
porous electrodes 408 and 412, which are coupled to an electrical source 410, and a separator
414, which is disposed between the porous electrodes 408 and 412. Certain aspects of the
device 400 can be implemented in a similar manner as previously described with reference to
Fig. 1 through Fig. 3, and those aspects are not repeated below.

[0073] As illustrated in Fig. 4, the conduit 402, the porous electrodes 408 and
412, and the separator 414 cach have a substantially tubular shape, with the separator 414
concentrically disposed adjacent to an exterior surface of the porous electrode 412, and with
the porous electrode 408 concentrically disposed adjacent to an exterior surface of the
separator 414. During operation of the device 400, a stream of water initially passes through
the porous electrode 412, next passes through the separator 414, next passes through the
porous electrode 408, and then exits the device 400 through a gap between the conduit 402
and the porous electrode 408. It is also contemplated that the flow direction can be reversed

for another implementation.

Examples

[0074] The following examples describe specific aspects of some embodiments of
the invention to illustrate and provide a description for those of ordinary skill in the art. The
examples should not be construed as limiting the invention, as the examples merely provide

specific methodology useful in understanding and practicing some embodiments of the

invention.
Example 1
Sponge-Based Porous Structures
[0075] Results and Discussion: This example presents a technique for one-

dimensional nanostructure-assisted electroporation, for water sterilization via a device formed
of sponge-based electrodes. As shown in Fig. 5, one-dimensional nanostructures can produce
an clectric field strong enough to cause electroporation under a reduced voltage of several
volts, instead of thousands of volts. The small timescale of electroporation occurrence allows
a fast treatment of about 1 sec. The sponge-based sterilization device achieved more than

about 6 log removal for four model bacteria including Escherichia coli, Salmonella enterica
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serovar typhimirium, Enterococcus faecalis, and Bacillus subtilis, and over about 2 log
removal of a model virus, bacteriophage MS2, with a low energy consumption of up to about
100 J/L.

[0076] The configuration of a water sterilization device is shown in Fig. 6A. The
device included a pair of electrically conductive and porous structures, each of which was
formed of a polyurethane sponge coated with carbon nanotubes (“CNTs”) and silver
nanowires (“AgNWs”). The coating of CNTs applied to the sponge renders it conductive.
The coating of AgNWs produces a large number of nanoscale sharp tips distributed on the
sponge’s surface. Because of the AgNWSs’ high conductivity and the nanoscale tip structure,
an electric field in the vicinity of the AgNWs is increased several orders of magnitude over
an eclectric field generated by flat surfaces without nanowires. The polyurethane sponge,
which served as a backbone, is inexpensive and flexible. This kind of sponge has
substantially uniform pores and provides a continuous framework. To render it conductive,
CNTs were coated onto a surface of the sponge by a dip coating method using an aqueous ink
of CNTs, and dried at about 90°C. AgNWs were coated by same method using a methanol
ink of AgNWs. Finally, the coated sponge was rinsed with distilled water and dried. After
coating, the CNTs and the AgNWs were evenly distributed on the sponge’s surface, and the
framework of the sponge was not altered to a measurable degree. The resistivity of the
sponge was decreased to about 1 Q-cm. A fabrication process and a Scanning Electron
Microscopy (“SEM”) characterization of a resulting porous structure are shown in Fig. 6B
through Fig. 6G. The choice of the sponge material yields several advantages to the porous
structure. First, the continuous framework of the sponge with little or no internal loops
provides a natural percolation pathway for the CNTs and the AgNWs coating the sponge to
render the whole structure conductive. Moreover, a pore size of the sponge is uniformly
around 400 pm, which is much larger than typical bacteria and viruses. This prevents
pathogens from blocking a water path and a resulting reduction in water flow rate.
Furthermore, a three-dimensional framework of the sponge increases an exposure towards
pathogens, thereby resulting in enhancement of an antimicrobial function.

[0077] Regarding bacterial diversity, sterilization performance was investigated
using four different types of bacteria, namely Escherichia coli, Salmonella typhimirium,
Enterococcus faecalis, and Bacillus subtilis. Based on cell wall structure difference

characterized by gram staining method, bacteria can be classified into two groups, namely
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gram negative and gram positive (see Fig. 7A). Gram positive bacteria typically have a
thicker peptidoglycan layer of about 20 nm to about 80 nm, relative to the corresponding one
in gram negative bacteria of about 7 nm to about 8 nm. The four chosen bacteria included
two gram positive bacteria and two gram negative bacteria. Additionally, Bacillus subtilis is
a spore forming bacterium and hence may serve as a model for protozoa in disinfection
experiments.

[0078] During operation, varying external voltages, from 0-20 V, were applied to
the pair of porous structures. A flow rate of the device was kept at about 1.5 L/h or about
15,000 L/(h'm?) using a peristalsis pump. An original water sample of about 10’ colony
forming units (“CFU”’)/ml of bacteria was flowed through the device, and treated water was
collected from an outlet. Inactivation efficiency was assessed using a plating method (see
Fig. 7B). Both original and treated water samples were dispersed onto agar plates, and then
subjected to growth overnight. Each live cell would grow into a bacteria colony, and, by
counting the number of colonies, bacteria disinfection (or inactivation) efficiency was
calculated. Logarithms of disinfection efficiencies of four types of bacteria are shown in
Figs. 7C-7F. The results showed that bacteria disinfection efficiency increased with an
increase in external voltage, indicating that a stronger electric field results in more efficient
disinfection. For voltages above about 10 V, all four bacteria showed over about 6 log
removal with an exposure time of about 1 sec. Escherichia coli and Salmonella typhimirium
were inactivated almost immediately after filtration, while Enterococcus faecalis was
subjected to a rest or settling period of about 2 h before it was inactivated. Interestingly, this
phenomenon was not observed for Bacillus subtilis. Settling period can be varied from about
2 h, such as within a range of about 0.5 h to about 4 h or about 1 h to about 3 h. An energy
consumption of the device is very low. For example, with a voltage of 10 V, the energy
consumption was about 100 J/L.

[0079] Sterilization performance towards viruses was also investigated, and
results are shown in Fig. 8. Viruses are typically much smaller in dimension than bacteria
and are typically more robust. Sterilization performance was tested using bacteriophage
MS2, which can serve as a surrogate for human enteric viruses. An original water sample of
about 10’ plaque forming units (“PFU”Y/ml of viruses was flowed through the device at the
same flow rate as used for bacteria, namely about 15,000 L/(h'm?). Virus disinfection

efficiency was tested at different external voltages from 0-20 V. Disinfection efficiency was
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evaluated using a double layer plaque assay. Viruses were cultured along with host bacteria
overnight. Live viruses would infect bacteria, resulting in plaque forming at a location of a
live virus due to absence of bacteria growth. In such manner, virus numbers were assessed
by counting the number of plaques formed on agar plates (see Fig. 8A). Disinfection
efficiency was calculated by comparing the number of plaques formed from an original water
sample and a treated water sample. The results showed a similar trend as that of bacteria (see
Fig. 8B). Disinfection efficiency increased with an increase in external voltage. With a
voltage of about 20V, about 99.4% of influent viruses were inactivated.

[0080] In the device, the bacterial disinfection mechanism was confirmed to be
electroporation based on Escherichia coli and Enterococcus faecalis using Scanning Electron
Microscopy (“SEM”) and epi-fluorescent microscopy with membrane permeability dyes,
respectively. First, SEM was used to characterize fixed Escherichia coli, both untreated and
treated by the sponge-based device (Figs. 9A-9C). The SEM images show bacterial
membrane damage after treatment. Small pore structures are present on the bacteria surfaces;
some bacteria have more than one pore on their surfaces. Dye staining experiments further
confirmed that electroporation led to compromised cellular membranes and likely cell death.
Propidium iodide (“PI”), a DNA stain, enters cells when their membranes are compromised,
and appears red under an epi-fluorescent microscope. PI dye was used to stain Enterococcus
faecalis immediately after treatment. Bacteria were washed using phosphate buffer solution
to remove excess free PI dye molecules in solution. Fluorescent microscope images (see Fig.
9D) showed that the number of stained cells increased as an applied voltage increased, and, at
about 20V, almost all the bacteria were stained. This result again indicates that
electroporation is occurring even at low voltages when with assistance of nanowires.

[0081] An interesting phenomenon was observed with Enterococcus faecalis,
which further supports the electroporation mechanism. Immediately after treatment, the
bacteria were stained, and membrane damage was observed. However, when plated at this
stage, the bacteria were still able to reproduce and formed colonies on agar. This observation
indicates that some electroporation-generated pores are repairable, and cells with the pores
may be able to reproduce in a nutrient rich environment. This phenomena was more
noticeable for samples treated using voltages above about 10V (see Fig. 9E). However, after
letting the treated water rest for about 2 h prior to plating without any additional treatment,

Enterococcus faecalis was not able to reproduce and form colonies on agar. Thus, this result
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indicates that the cells die during the rest period, potentially due to osmotic pressure
differences or chemical imbalance between intercellular and extracellular environments.

[0082] Considering the timescale of diverse processes occurring using electricity
during treatment, electroporation, at the timescale of ns, is fast enough to be differentiated
from other factors by changing a frequency of an applied voltage. By increasing alternating
current frequency from about 0 to about 10° Hz at about 10 V of the applied voltage, the
contribution of processes occurring at longer timescale than electroporation, such as
electrochemical reactions, can be reduced gradually. The inactivation efficiency of
Escherichia coli in Fig. 9F shows that disinfection is substantially constant at frequencies
from about 100 Hz to about 100 MHz of about 4 log removal, which points to electroporation
as the mechanism of cell inactivation. The inactivation efficiency difference between low
frequency and high frequency reveals that both reversible and irreversible electroporation
occur. And other electrochemical related factors like Ag™ in water can improve pathogen
inactivation by entering cells after electroporation.

[0083] The effect of silver from the AgNWs was examined to assess whether it
complements the inactivation occurring via electroporation and whether silver in an effluent
poses a health risk. Total silver (ion and particle) concentrations in the effluent were
measured using Inductively Coupled Plasma-Mass Spectrometry (“ICP-MS”). From about 5
V to about 15 V, the effluent has a silver concentration of about 70 parts per billion (“ppb”).
The highest silver release occurred at about 20 V, and the total silver concentration in the
effluent was about 94 ppb, just below the national drinking water standard of 100 ppb (see
Fig. 10). The disinfection effect of silver was examined and determined to be minor
compared to electroporation. In this example, Ag  or other electrochemically generated
species alone, in the absence of an electric field, showed little disinfection efficiency (see Fig.
10).

[0084] Therefore, the mechanism of water sterilization in the current example at
least partially relies on a high electric field. When bacteria pass through the two parallel,
sponge-based structures, their membranes are damaged because of electroporation. This
damage can lead to inactivation of the bacteria, since the bacteria can no longer isolate
themselves from an extracellular environment that is quite different chemically and
physically relative to an intracellular environment. And because of an osmotic pressure

difference inside and outside of the bacteria, a sufficient amount of water can flow into the
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bacteria, causing the bacteria to swell and leading to inactivation. Alternatively, or in
conjunction, the osmotic pressure difference can allow an antimicrobial, such as silver ion, to
readily enter a cell, and can increase an efficiency of its antimicrobial function. Hence, a
small amount of silver ion can aid in disinfection of bacteria in a large volume of water. This
mechanism is also consistent with the observation that gram positive bacteria sometimes were
more difficult to inactivate than gram negative bacteria, in view of a thicker layer of
peptidoglycan in gram positive bacteria that can impede the occurrence of electroporation.
Based on the disinfection study of bacteria, viruses are expected to be inactivated by a similar
mechanism. Since viruses are of dimensions much smaller than bacteria, a larger electric
field (which can be represented as inversely proportional to sizes of the viruses) is expected
to establish the same or similar transmembrane potential for electroporation to occur. This is
also consistent with the results that disinfection efficiency of viruses was lower than the
corresponding efficiency of bacteria using the same external voltage. The ability of the
sponge-based structures to inactivate protozoa, such as Cryptosporidium and Giardia, was
not specifically evaluated. However, the sponge-based structures efficiently inactivated
Bacillus subtilis, which can serve as a surrogate for protozoa because it is a spore-forming
bacterium.

[0085] In such manner, a water sterilization device can be implemented so as to
be highly effective towards different pathogens including bacteria and viruses. The high
water treatment speed, low energy consumption, and low cost render the device desirable for
point-of-use water treatment and other applications.

[0086] Porous Structure Synthesis: A CNT ink was prepared by dispersing about

0.1 wt.% single-walled CNTs (Carbon Solution, Inc., CA) in water with about 1 wt.% sodium
dodecylbenzene sulfonate as a surfactant. The CNTs were dispersed in water by about 5 min
bath sonication and about 30 min probe sonication. AgNWs were synthesized by a polyol
method. Specifically, about 25 mg of AgCl was reduced in about 30 ml of ethylene glycol
with about 330 mg of poly(vinylpyridine) at about 170°C, and then about 110 mg of AgNO;
in about 10 mL of ethylene glycol was added slowly. After synthesis was completed,
AgNWs were transferred to methanol by centrifuging at about 6,000 rpm (FISHER accuSpin
400) three times to yield an AgNW ink. A polyurethane sponge (McMaster-Carr, CA) was
dipped into the CNT ink, dried at about 90°C, and washed with DI water. This dipping
process was repeated three times. AgNWs were coated by dipping the sponge into the
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AgNW ink, dried at about 90°C, and washed with DI water. Afterwards, the sponge was cut
into desired sizes (1 cm x 1 cm x 0.2 ¢cm), and resulting sponge-based structures were placed
into a device chamber and connected to a peristalsis pump. An experimental set-up is shown
in Fig. 11.

[0087] Bacteria Inactivation Measurements: Escherichia coli (JM109, Promega),
Salmonella typhimirium LT2 (ATCC 700720), Enterococcus faecalis (ATCC 19433), and
Bacillus subtilis (ATCC 6633) were cultured to log phase (about 4-6 h), harvested by

centrifugation at about 900 g, and re-suspended in DI water, after which the bacteria were
centrifuged and re-suspended in DI water 2 more times. Bacteria were then diluted using DI
water to about 10’ CFU/mL. Twenty milliliters of the solution was stored as control at room
temperature. Fifty milliliters of each bacterial solution were passed through the sponge-based
structures at about 1.5 L/h while different voltages (0, 5, 10, 15 and 20 V) were applied. The
effluent was collected in autoclaved containers. Bacterial concentrations in the effluent and
control solutions were measured using standard spread plating techniques. Each sample was
serially diluted, and each dilution was plated in triplicate and incubated at about 37°C for
about 18 h. Treated and control samples were compared to determine the extent of
inactivation.

[0088] Virus Inactivation Measurements: Bacteriophage MS2 was grown with

Escherichia coli Famp host on a shaker table set to about 25 rpm at about 37°C for about 24
h. MS2 was isolated and concentrated using the polyethylene glycol precipitation method. A
solution of about 10’ PFU/mL was made. A portion of this solution was stored at room
temperature in the dark to serve as a control. The remaining solution was passed through the
sponge-based structures in about 50 mL aliquots while using different voltages (0, 5, 10, 15
20 V) at a flow rate of about 1.5 L/h. MS2 was enumerated in the control and filter effluent
using a double agar layer method. Treated and control samples were compared to determine
the extent of inactivation.

[0089] Bacteria Sample Preparation for SEM Characterization: Both a control

sample and a sample treated at about 20 V for Escherichia coli were pelleted by centrifuging
at about 4,000 rpm for about 10 min, and a supernatant was removed. Both samples were
fixed using a solution of about 0.1 M sodium cacodylate buffer (pH of about 7.3), about 2%

glutaraldehyde, and about 4% paraformaldehyde at about 4°C overnight, and then washed
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with the same buffer for about 5 min. Samples were dispersed on a metal grid and dried in
air for SEM characterization.

[0090] ICP-MS Measurements: FEach of five treated bacteria solutions from

different voltages was divided into two groups. The first group of the five samples and a
control sample were treated by adding HNO; to about 2%. The second group was treated
with about 70% HNOj; and kept at about 50°C in a water bath overnight, and then diluted to
2% HNOj solution. All samples were filtered with a 0.2 um filter. The first group and the
control sample were characterized for silver ion concentration, and the second group was
characterized for total silver concentration.

[0091] Growth Curve: An original solution of about 10’/mL of Escherichia coli
was divided into three parts. A first sample is a control sample. A second sample was treated
with a sponge-based structure at about 10 V with a flow rate of about 1.5 L/h. And a third
sample was treated with about 100 ppb silver ion. After treatment, about 1 ml of each sample
was added into about 30 ml of Tryptic Soy Broth (“TSB”) medium and cultured at about
37°C on a shaker table set to about 25 rpm for about 24 h. Optical density was measured
using a spectrometer every 30 min for each sample at a wavelength of 670 nm.

[0092] PI Dye Staining: After treating bacterial solutions through the sponge-

based structure with different voltages (0, 5, 10, 15, 20 V), about ten microliters of 1 mg/mL
PI dye solution was added into about 10 mL of each effluent for a final concentration of
about 1 pg/mL. This mixture was allowed to rest for about 5 min at room temperature and
then centrifuged at about 4,000 rpm for about 10 min. These samples were then washed
using a phosphate buffer solution 3 times at the same condition. Samples were examined
using fluorescent microscopy.

[0093] Examination of Silver’s Bactericidal Effect: To determine the effect of

silver ion on inactivation, an experiment was carried out to compare inactivation with silver
alone (about 100 ppb) to treatment with the sponge-based structure at about 10 V using
Escherichia coli. Same starting Escherichia coli solutions were treated respectively with
about 100 ppb silver ion and about 10 V with the sponge-based structure. Small volumes of
both treated solutions were added to a nutrient broth as a growth medium. Optical density of
the growth medium was measured every about 30 min with a spectrometer using a
wavelength of about 670 nm to generate a growth curve to assess the presence of culturable

bacteria in both treated solutions (see Fig. 10B). Broth inoculated with a control sample of
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starting bacteria solution that did not receive any treatment showed an exponential growth
phase beginning at about 60 min after inoculation. A sample treated with about 100 ppb
AgNO; solution showed a longer lag phase before exponential growth, which started at about
120 min. A sample treated with the sponge-based structure showed no detectable growth.
Even after 24 h of incubation, the broth inoculated with effluent from the sponge-based
structure was free of bacteria growth (see Fig. 10B inset). Thus, disinfection using the
sponge-based sterilization device was more effective than using silver ions alone, indicating
that disinfection relied on electroporation.

[0094] The effect of electrochemically generated species from the sponge-based
structure was also examined and confirmed to yield no detectable disinfection effects. Two
parallel experiments were carried out at about 10 V of treatment. The difference between the
two experiments was that, with DI water being pumped through the device, Escherichia coli
was introduced in one experiment before the inlet and right after the outlet in another
experiment, so that both Escherichia coli samples would experience the same water
environment with the same concentration of silver; however, the sample introduced before
the inlet would experience a high electric field. Escherichia coli introduced right after the
outlet has a concentration of bacteria nearly the same as the initial concentration introduced.
That is, no detectable disinfection occurred (Fig. 10C). In contrast, bacteria introduced
before the inlet were substantially completely inactivated. This result confirms that
electrochemically generated or washed off silver or other species do not inactive bacteria to a
detectable extent in the absence of an electric field. This results further confirms that
electroporation is the dominant mechanism of water disinfection.

[0095] Disinfection Efficiency at Different pH: Bacteria solution chemistry can

influence disinfection efficiency. After treatment, reversible electroporation pores may start
to heal and close. Disinfection efficiency of Escherichia coli treated at about 10 V was
evaluated in phosphate buffer solutions of different pH’s compared to DI water. As shown in

Fig. 12, a buffer solution with a pH of 7 showed the lowest disinfection efficiency.

Example 2

Dicelectric-coated Porous Structures
[0096] The configuration of a water sterilization device is shown in Fig. 13. The

device included a pair of electrically conductive, metal meshes. Although not shown in Fig.
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13, a textile in the form of a piece of cloth was used as a separator between the pair of metal
meshes. Sterilization performance was evaluated for two test configurations in which metal
meshes were coated with a dielectric material at a thickness of about 0.7 um and about 1.5
um, respectively. Coating of the dielectric material was carried out via plasma enhanced
chemical vapor deposition. A control configuration was also evaluated, with the absence of
the dielectric material coating. During operation, varying external voltages, from 0-20 V,
were applied to the pair of metal meshes, and a flow rate of the device was kept at about 1.5
L/h. An in-flow water sample with an initial concentration (C,) of bacteria was flowed
through the device, and an out-flow water sample with a treated concentration (C) of bacteria
was collected. Inactivation efficiencies were calculated as (1 — C/C,), and logarithms of
inactivation efficiencies were calculated as (—log;o(C/C,)). Results are set forth below in
Table 1. The results showed that bacteria inactivation efficiency increased with an increase
in external voltage, and that the inclusion of the dielectric material coating allowed a high
inactivation efficiency to be attained with reduced power consumption. For example, at a
common voltage of 5 V, the test configuration with the dielectric coating of about 1.5 um in
thickness yielded an inactivation efficiency of greater than 99.99% with a low power
consumption of about 4.8 mW, while the test configuration with the dielectric coating of
about 0.7 um in thickness yielded a somewhat lower inactivation efficiency of about 99.98%
with a higher power consumption of about 85 mW, and while the control configuration
without the dielectric coating yielded a yet lower inactivation efficiency of about 99.91%

with a yet higher power consumption of about 400 mW.
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Table 1
Si0, Voltage(V) Current Power Log Efficiency
1 0

coating (mA) (mW) efficiency (%)
No SiO, 20 200 4,000 5.135133 99.9993
10 273 2,730 5.135133 99.9993
5 80 400 3.05 99.9109
2 25.5 51 0.19 35.4346
0 0 0 0.03 6.6746
~0.7 um 20 35-50 700-1,000 | 5.135133 99.9993
10 52 -60 520 - 600 5.135133 99.9993
5 16 -18 80 - 90 3.834103 99.9853
2 6.4-6.6 12.8-13.2 | 2436163 99.6337
~1.5 um 10 38-4.1 38-41 4.50515 99.9969
5 095-0.98 | 4.75-4.9 4.50515 99.9969
2 0.34-0.36 | 0.68-0.72 3.50515 99.9688
1 0.18-0.19 | 0.18-0.19 2.50515 99.6875

Example 3
Copper Oxide Nanowire-Based Electrodes
[0097] The configuration of a water sterilization device is shown in Fig. 14C.

The device includes a pair of electrodes each including one layer or multiple layers of mesh
covered with copper oxide nanowires (“CuONWSs”). Although not shown in Fig. 14C, a
separator can be disposed between the pair of electrodes. The CuONW meshes are
synthesized according to the technique set forth in Jiang et al., “CuO Nanowires Can Be
Synthesized by Heating Copper Substrates in Air,” Nano Letters, Vol. 2, No. 12, 2002, pp
1333-1338, the disclosure of which is incorporated herein by reference in its entirety.
Specifically, a copper mesh is heated at about 500°C, or another temperature in a range of
about 300°C to about 700°C or about 400°C to about 600°C, to form CuONWSs covering the
copper mesh (see Fig. 14A). Figs. 14B and 14D-14F shows optical and SEM
characterization of the resulting electrodes.

[0098] Sterilization performance for Escherichia coli was evaluated for the
CuONWs-based electrodes versus a control configuration using copper meshes covered with
copper oxide nanoparticles (“CuONPs”). During operation, varying external voltages, from
0-20 V, were applied to the electrodes, an in-flow water sample with an initial concentration
(C,) of bacteria was flowed through the device, and an out-flow water sample with a treated
concentration (C) of bacteria was collected. Inactivation efficiencies were calculated as (1 —

C/C,), and logarithms of inactivation efficiencies were calculated as (—log;o(C/C,)). Results
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are set forth in Fig. 15A. The results showed that the inclusion of CutONWSs yielded higher
inactivation efficiencies relative to the control configuration. The CuONWs-based electrodes
also efficiently inactivated Salmonella typhimirium, Enterococcus faecalis, and bacteriophage
MS?2, as shown by results set forth in Figs. 15D, 15E, and 16.

[0099] Figs. 17A and 17B show sterilization performance for Escherichia coli and
Enterococcus faecalis in DI water and lake water by the CuONWSs-based clectrodes at five
different voltages. Fig. 17C show total copper concentration in effluent of DI water and lake
water samples at five different voltages (about 0 V, about 5 V, about 10 V, about 15 V, and
about 20 V), as measured by ICP-MS. Fig. 17D show simulation results of an electric field in
a vicinity of a single CutONW with an applied voltage of about 10 V.

Example 4

Silicon Nanowire-Based Electrodes

[00100] The configuration of a water sterilization device is shown in Fig. 18. The
device includes a pair of electrodes each including one layer or multiple layers of mesh with
silicon nanowires covered on surfaces. As shown in Fig. 18, a separator is disposed between
the pair of electrodes. The silicon nanowires are synthesized on stainless steel meshes using
gold catalyst, according to the vapor-liquid-solid technique set forth in Chan ef al., “High
Performance Lithium Battery Anodes Using Silicon Nanowires,” Nature Nanotechnology,
Vol. 3, 2008, pp. 31-35, the disclosure of which is incorporated herein by reference in its
entirety.

[00101] Sterilization performance was evaluated for the silicon nanowire-based
electrodes. During operation, varying external voltages, from 0-20 V, were applied to the
electrodes, an in-flow water sample with an initial concentration (C,) of bacteria was flowed
through the device, and an out-flow water sample with a treated concentration (C) of bacteria
was collected. Inactivation efficiencies were calculated as (1 — C/C,), and logarithms of
inactivation efficiencies were calculated as (—log;o(C/C,)). Results are set forth below in Fig.
19. The results showed that bacteria inactivation efficiency increased with an increase in
voltage, and that the inclusion of the silicon nanowires allowed a high inactivation efficiency

to be attained.
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[00102] While the invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various changes
may be made and equivalents may be substituted without departing from the true spirit and
scope of the invention as defined by the appended claims. In addition, many modifications
may be made to adapt a particular situation, material, composition of matter, method, or
process to the objective, spirit and scope of the invention. All such modifications are
intended to be within the scope of the claims appended hereto. In particular, while the
methods disclosed herein have been described with reference to particular operations
performed in a particular order, it will be understood that these operations may be combined,
sub-divided, or re-ordered to form an equivalent method without departing from the teachings
of the invention. Accordingly, unless specifically indicated herein, the order and grouping of

the operations are not limitations of the invention.
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What 1s claimed is:

1. A water sterilization device comprising:

a conduit;

a first porous electrode housed in the conduit;

a second porous eclectrode housed in the conduit and disposed adjacent to the first
porous electrode; and

an clectrical source coupled to the first porous electrode and the second porous
electrode to apply a voltage difference between the first porous electrode and the second
porous electrode,

wherein the conduit is configured to provide passage of a fluid stream through the
first porous electrode and the second porous electrode, and an inactivation efficiency of

pathogens in the fluid stream is at least 99.95%.

2. The water sterilization device of claim 1, wherein the inactivation efficiency is at least
99.99%.
3. The water sterilization device of claim 1, wherein at least one of the first porous

electrode and the second porous electrode has a pore size in the um range.

4. The water sterilization device of claim 3, wherein the pore size is in the range of 10
pm to 500 um.
5. The water sterilization device of claim 1, wherein at least one of the first porous

electrode and the second porous electrode includes a porous support and nanostructures

coupled to the porous support.

6. The water sterilization device of claim 5, wherein the porous support is a sponge.

7. The water sterilization device of claim 5, wherein the porous support is an electrically

conductive mesh.
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8. The water sterilization device of claim 5, wherein the nanostructures include at least

one of (a) silver nanowires; (b) copper oxide nanowires; and (c) silicon nanowires.

9. The water sterilization device of claim 1, wherein the electrical source is configured

to apply the voltage difference in the range of =20 V to +20 V.

10. A water sterilization device comprising;:

a conduit including an inlet to provide entry of untreated water and an outlet to
provide exit of treated water;

a porous clectrode housed in the conduit and disposed between the inlet and the
outlet, the porous electrode including an electrically conductive mesh and a coating at least
partially covering the electrically conductive mesh; and

an electrical source coupled to the porous electrode.

11.  The water sterilization device of claim 10, wherein the coating is insulating.

12. The water sterilization device of claim 11, wherein the coating includes at least one of

a dielectric material and a ceramic.

13. The water sterilization device of claim 10, wherein the coating includes nanowires.

14.  The water sterilization device of claim 13, wherein the electrically conductive mesh is

a copper mesh, and the nanowires include copper oxide nanowires.

15.  The water sterilization device of claim 13, wherein the electrically conductive mesh is

a stainless steel mesh, and the nanowires include silicon nanowires.

16. The water sterilization device of claim 10, further comprising a counter clectrode
housed in the conduit and spaced apart from the porous electrode, and the electrical source is
coupled to the counter electrode to apply a voltage difference between the porous electrode

and the counter electrode.
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17.  The water sterilization device of claim 10, wherein the porous electrode is a first
porous electrode, and further comprising a second porous electrode housed in the conduit and
spaced apart from the first porous electrode, and the electrical source is coupled to the second
porous e¢lectrode to apply a voltage difference between the first porous electrode and the

second porous electrode.

18. The water sterilization device of claim 10, wherein the clectrical source is an

oscillating voltage source.
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