a2 United States Patent

Anderson et al.

US006285816B1

(10) Patent No.:
@5) Date of Patent:

US 6,285,816 Bl
Sep. 4, 2001

(54) WAVEGUIDE

(75) Inventors: Marc A. Anderson, Madison, WI (US);
Lawrence W. Miller, New York, NY
(US); Maria Isabel Tejedor-Anderson,
Madison, WI (US)

(73) Assignee: Wisconsin Alumni Research

Foundation, Madison, WI (US)
(*) Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 09/291,261

(22) Filed: Apr. 13, 1999
(51) Imt. &) PO G02B 6/00
(52) US.CL ... 385/141; 385/128; 385/129;
385/130; 385/144
(58) Field of Search ..............ccooccvcuunce. 385/123, 125,
385/126-130, 141, 142, 144
(56) References Cited
U.S. PATENT DOCUMENTS
3,801,352 * 4/1974 Furuuchi et al. ......cceeveueneeeee. 117/62
4,597,913 * 7/1986 Kimoto et al. ... 558/436
4,604,248 * 8/1986 Dehm ........... .. 264/3.1
4,987,158 *  1/1991 EcKberg ....cccoeiveuvvevvevevennne 77/6
4,997,576 3/1991 Heller et al. .
5,028,568 7/1991 Anderson et al. .
5,035,784 7/1991 Anderson et al. .
5,096,745 3/1992 Anderson et al. .
5,104,539 4/1992 Anderson et al. .
5,194,161 3/1993 Heller et al. .
5,215,943 6/1993 Anderson et al. .

5,355,425 * 10/1994 Braiman et al. ......ccccveveeneneee 385/31
FOREIGN PATENT DOCUMENTS
1312227 1/1993 (CA).

OTHER PUBLICATIONS

Hoftfman, et al., “Environmental Applications of Semicon-
ductor Photocatalysis”, Chem. Rev. 95:69-96 (1995).
Hofstadler, et al., “New Reactor Design for Photocatalytic
Wastewater Treatment with TiO, Immobilized on Fused-
—Silica Glass Fibers: Photomineralization of 4—Chlorophe-
nol”, Environ. Sci. Technol. 28:670-674 (1994).

Kamat, “Photochemistry on Nonreactive and Reactive
(Semiconductor) Surfaces”, Chem. Rev. 93(1):267-300
(1993).

Kim and Anderson, “Solution factors affecting the photo-
catalytic and photoelectrocatalytic degradation of formic
acid using supported TiO, thin films”, J. Photochemistry
and Photobiology A:Chemistry 94:221-229 (1996).
MacCraith, “Enhanced evanescent wave sensors based on
sol—gel-derived porous glass coatings”, Sensors and Actua-
fors B 11:29-34 (1993).

MacCraith, et al. “Sol-gel coatings for optical chemical
sensors and biosensors”, Sensors and Actuators B 29:51-57
(1995).

Marinangeli and Ollis,
Catalysis with  Optical
23(4):415-426 (1977).
Marinangeli and Ollis, “Photo—Assisted Heterogeneous
Catalysis with Optical Fibers II. Nonisothermal Single Fiber
and Fiber Bundle”, AIChE Journal 26(6):1000-1008
(1980).

Mills et al., “Water Purification by Semiconductor Photo-
catalysis”, Chem. Rev. 93:417-425 (1993).

“Photoassisted Heterogeneous
Fibers”, AIChE Journal

(List continued on next page.)

Primary Examiner—¥rank G. Font
Assistant Examiner—Michael P. Mooney
(74) Attorney, Agent, or Firm—Quarles & Brady LLP

7) ABSTRACT

A waveguide comprising a transparent substrate and a metal
oxide coating having the disclosed properties on the sub-
strate can propagate light in an attenuated total reflection
mode.
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WAVEGUIDE

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agencies: EPA Grant No:
R822591. The United States has certain rights in this inven-
tion.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not Applicable
BACKGROUND OF THE INVENTION

Optical waveguides are used in industry and science in a
variety of processes and purposes and have been proposed
for use in supporting and illuminating photocatalysts.
Mariangeli, R. E. and D. F. Ollis, AIChE J. 23 (4): 1000
(1977). In this configuration they could be used in remedi-
ating effluent waste streams (e.g., water or air) by photo-
catalytic oxidation or photooxidation. Titanium dioxide
(TiO,) and other transition metal oxides are well-known as
effective photocatalysts that can oxidize organic compounds
to CO, and H,O in the presence of UV light (at wavelengths
of about 380 nm or less for TiO,) and a suitable electron
acceptor, such as O,. Metal oxide-mediated photocatalytic
processes can occur at ambient temperatures. The coated
waveguides can also remove inorganic ions from solution
and can find utility in processes for converting ionic species
into neutral species, such as metals.

Several shortcomings in metal oxide-based photocatalytic
processes have been identified. For instance, (a) the ratio of
illuminated catalyst surface area to reactor volume is often
low, (b) the photocatalyst must be fixed in the reactor to
separate from the reactant, and (c) the photocatalyst uses the
activating ultraviolet radiation inefficiently. For example,
UV light distribution throughout a typical TiO, packed-bed
reactor design is hindered by the high UV absorptivity of
TiO, and by losses due to reflection and scattering. Attempts
to overcome these limitations have generally not succeeded.

For example, TiO,-coated optical fibers have been used
for photocatalytic oxidation of organic compounds in water.
In such systems, UV light is propagated through an optical
fiber substrate to photoactivate the TiO, coating. The UV
light is not completely absorbed in a single coated region of
the fiber. TiO,-coated optical fibers as developed thus far are
not an adequate solution to the identified shortcomings in
that it has only been possible to propagate UV light for about
10-15 cm. Peill, N. J., and Hoffmann, M. R., “Mathematical
Model of a Photocatalytic Fiber-Optic Cable Reactor for
Heterogeneous Photocatalysis,” FEnviron. Sci. Technol.,
32:398-404 (1998); Peill, N. J., and Hoffmann, M. R.,
“Development and Optimization of a TiO,-Coated Fiber
Optic Cable Reactor: Photocatalytic Degradation of
4-Chlorophenol,” Environ. Sci. Technol., 29:2974-81
(1995).

Peill and Hoffmann determined that at each reflection at
the fiber/TiO, interface a portion of the UV light was
refracted out of the fiber and absorbed by the TiO, coating.
Successive reflections quickly diminished the UV light
intensity in the fiber. According to Peill and Hoffmann, the
UV light propagated through the optical fibers in a frustrated
total reflection (FTR) mode which is expected when light is
incident from an optically rarer medium (i.e., silica) to an
optically denser medium (i.e., TiO,). Peill and Hoffmann
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point out that “[t]he refractive index of TiO, is higher than
that of fused-silica glass . . . . For this reason, it is impossible
that total refection occurs at the interface . . . the light flux
is divided: one part of it is reflected and the other part leaves
the fiber.” Peill and Hoffmann, (1998), supra.

In another approach, U.S. Pat. Nos. 5,194,161 and 4,997,
576 disclose processes for oxidizing organic compounds in
an oil film floating on water. These patents describe coating
photocatalytic metal dioxides, including TiO,, onto water-
floatable waveguiding materials such as silica beads. UV
light trapped in the coated bead is scattered onto the pho-
tocatalytic material where it is completely absorbed so as to
create a photon flux for photocatalytic oxidation of the oil by
oxygen. Although the patents envision using the coated
materials to oxidize organic compounds, the patents
describe preparing the coated materials so as to rapidly
absorb as much trapped UV light as possible from the
substrate. This approach is contrary to the articulated desire
to improve the efficiency with which UV light is used in
photocatalytic systems.

The art is still in need of a photocatalytic system that
efficiently propagates UV light in a coated photocatalytic
waveguide. Such a waveguide would allow for the con-
trolled interaction of light energy with a large photocatalyst
surface area, thus, enhancing the efficiency of heterogeneous
photocatalytic processes, including but not limited to pho-
tooxidation or solar energy conversion. Such waveguides
could also be the basis for novel optical chemical and
biochemical sensors.

BRIEF SUMMARY OF THE INVENTION

In one aspect, the present invention is summarized in that
a waveguide that propagates light in an attenuated total
reflection (ATR) mode comprises a transparent internal
reflection element (IRE) and a porous, particulate transition
metal oxide coating on one or more surfaces of the IRE, the
coating being provided so that its boundaries are parallel to
the IRE surface or surfaces. The particles and pores of the
coating are small relative to the wavelength of the propa-
gating light (i.e., at most less than Yio size of the wavelength
of the light). The pores can be mesoporous, microporous or
nanoporous, depending upon the wavelength of the light to
be propagated. A constant distance is maintained between
the IRE/film interface and the film/external medium inter-
face.

In another aspect, the invention is summarized in that a
method for forming the waveguide of the invention includes
the steps of applying a particulate metal oxide coating to a
transparent IRE as described herein.

It is an object of the invention to provide an apparatus
comprising a waveguide or a plurality of waveguides that
propagates light in an attenuated total reflection mode and
distributes the light to a photocatalytic coating on a surface
of the waveguide.

Another object of the invention is to provide a photocata-
lyst for efficient photocatalysis.

It is a feature of the invention that a waveguide according
to the invention includes a particulate coating on an IRE,
where the coating has a refractive index higher than that of
the transparent substrate on which the coating is coated.

It is an advantage of the invention that the waveguide
propagates light in an ATR mode.

Another advantage of the metal oxide-coated waveguide
of the invention is its ability to efficiently capture diffuse
light (such as sunlight or light from a fluorescent lamp) for
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photocatalysis, for biological or chemical sensing, or for
increasing the efficiency of a photovoltaic cell. Diffuse light
sources are typically disfavored photoilluminators, since the
intensity of light from a diffuse light source diminishes with
distance from the source. Using the waveguides of the
invention, especially in an apparatus comprising a plurality
of waveguides, the light intensity gradient is less severe than
in conventional photoreactors that are activated by direct
illumination.

Yet another advantage of the present invention is that the
waveguides yield the benefit of an even distribution of
activated catalyst throughout the reactor volume.
Furthermore, the activated photocatalyst in a waveguide
reactor is evenly distributed throughout a comparatively
larger reactor volume. These attributes could facilitate the
economical scale-up of photocatalytic reactors to the dimen-
sions required for commercial remediation applications.
Photocatalytic reactors that incorporate the waveguides of
the invention reduce the cost of UV light generation because
fewer light sources are required. This particularly important
for materials such as TiO, that require UV light for activa-
tion.

Other objects, advantages, and features of the present
invention will become apparent after examination of the
specification and claims.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 depicts a schematic representation of the internal
reflection of UV light at a thin-film interface.

FIG. 2 is a schematic representation of a photoreactor
using a TiO,-coated, silica internal reflection element (IRE).

DETAILED DESCRIPTION OF THE
INVENTION

Prior titania-coated silica waveguides propagated UV
light in FTR mode, and a skilled artisan would expect FTR
propagation when UV light is incident from the optically
rarer medium, silica, to the optically denser medium, TiO,,
as was described by Peill and Hoffmann, supra. Porous TiO,
has a composite refractive index of about 1.9 vs. a refractive
index of 1.5 for silica.

Applicants have determined that light can be propagated
through such a waveguide in an ATR mode by avoiding
optical roughness in the metal oxide waveguide coating.
Optical roughness is avoided by utilizing a coating selected
to promote internal reflection and by applying the coating so
that its boundaries (interfaces) are parallel to the substrate.

While Heller et al. (U.S. Pat. Nos. 5,194,161 and 4,997,
576, supra) teach a parallel relationship between the coating
and the substrate, the coating of Heller et al. is designed to
be “thick enough to absorb all of the photons with energies
exceeding the band-gap.” (col. 22, lines 37-40) In contrast,
the waveguide coating of the present invention promotes
total internal reflection and propagation in an ATR mode,
with only a portion of the light being absorbed at each
reflection.

Photocatalytic reactors based on the waveguides of the
invention may utilize light more efficiently than reactors that
rely upon direct irradiance of the catalyst. By illuminating
the catalyst with internally reflected light, it may be possible
to increase the amount of photocatalyst illuminated in a
given reactor volume and to improve the efficiency with
which the incident light is employed. The waveguide can
propagate light in an ATR mode without regard to whether
the external environment is liquid or gaseous.
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A waveguide that propagates light in an attenuated total
reflection (ATR) mode comprises a transparent internal
reflection element (IRE) and a particulate metal oxide coat-
ing on one or more surfaces of the IRE so that the film
boundaries are parallel to the IRE surface or surfaces. The
coating is preferably less than about 1 micron thick and has
a more preferred thickness of between 40 and 500 nm. There
is no theoretical upper limit on the thickness of the coating,
although a practical limitation is about 1 micron because of
scattering of the light within the TiO, film coating. The
preferred thickness can vary with the intended application,
although it is advantageous that the waveguide of the
invention can illuminate thicker coatings than have previ-
ously been usefully coated. The coating can be a semicon-
ductor.

The transparent IRE substrate can be a structure of any
size or shape including, but not limited to, a fiber, such as an
optical fiber, or planar sheet of transparent material. The
element can be one of the commonly used IREs such as a
glass or a plastic. For applications using UV light, a fused
silica glass IRE or an acrylic IRE is preferred.

The coating comprises colloidal metal oxide particles
sized and arrayed in a random close packed arrangement on
the IRE substrate surface so that neither the particles nor the
pores formed between particles can scatter input light of
wavelengths greater than about 250 nm. This can be
achieved when both the pores and the particles are no more
than about Y10 of the size of the wavelength of input light.
Typically, the particles and pores are much smaller than the
wavelength of the propagating light (about 250 nm or
greater). The particles are preferably in the range of 4 to 10
nm in diameter, and are more preferably on the order of
about 5 nm. Such coatings are optically homogeneous with
respect to the radiation. For visible light, a coating is
optically homogenous if the coating is transparent and will
not scatter light. However, if the coating appears cloudy or
opaque, it will scatter light and such a waveguide will not
propagate light in an ATR mode. The film coating is further
characterized in that it has a porosity of about 45-55% and
a pore radius of between 15 A—40 A. The coating also has
a refractive index greater than that of the transparent sub-
strate.

One can determine whether a photocatalyst-coated
waveguide can propagate light in an ATR mode by noting
whether the critical angle for total internal reflection is
unchanged after deposition of the coating onto the transpar-
ent waveguide substrate. If deposition of a relatively high
refractive index metal oxide coating onto a transparent
substrate does not change the critical angle, such a coated
substrate will propagate light in an ATR mode. The critical
angle for any waveguide (measured from normal to the
waveguide/film interface) can be determined in view of the
disclosure that follows.

In a preferred embodiment, the metal oxide particles are
titanium dioxide (TiO,), silicon dioxide (SiO,), manganese
dioxide (MnO,), a mixed titanium dioxide/zirconium diox-
ide (TiO,/Zr0O,), or other transition metal oxides. U.S. Pat.
Nos. 5,610,109; 5,439,624; 5,342,431; 5,269,926; 5,215,
943; 5,104,539; 5,096,745; 5,035,784; 5,028,568; and
5,006,248, all of which are incorporated herein by reference,
describe particulate metal oxides. The incorporated patents
also disclose how to make metal oxide coatings from
colloidal metal oxide sols. Sols made according to the
method of Aguado, M. A. and M. A. Anderson, Solar Energy
Materials and Solar Cells 28:345 (1993) (Colloid C), or by
the method of Xu, Q. and M. A. Anderson, “Synthesis of
porosity controlled ceramic membranes,” J. Mater. Res.
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6:1073-1081 (1991), both incorporated herein by reference,
are also suitable, except the colloidal sol need not be
concentrated after dialysis by evaporating water from the
suspension.

In another preferred embodiment, a plurality of
waveguides according to the invention are provided in
combination so as to capture light in a photoreactor and
distribute it, via an ATR mode propagation, throughout the
photoreactor. The plurality of waveguides can be, but need
not be, identical in size or shape to one another, but rather
can be sized and shaped to maximize use of available light
or fluid dynamics or another desired parameter. The light
source can be external to the plurality of waveguides, or the
waveguides can surround the light source in whole or in part.

The colloidal sol can be applied onto an IRE according to
any method known in the art including, but not limited to,
dip-coating, spin-coating, or spray coating. Through control
of particle synthesis during the sol preparation process, and
control of pH of the sol, it is possible to deposit multiple
layers of different metal oxide films onto a variety of
substrates. For example, a silica film can be deposited onto
an acrylic substrate, and a TiO, film can be deposited on top
of the silica. This will result in the film boundaries being
parallel to each other and the acrylic substrate such that the
coated structure will guide light in an ATR mode. The pH of
the colloidal sol controls the particle packing, pore size, and
the ability of the film to adhere to the substrate. For example,
the TiO, sol described in Example 1 below adheres strongly
to an SiO, substrate, and the particles will pack in such a
way as to yield a porous film with boundaries parallel to the
SiO, substrate.

In this system, the optical nature of the interface is
determined by the refractive indices of the waveguide
phases and the exterior medium (i.e., air, water, etc.).
Without intending to limit the invention, applicants offer the
following theory that explains the novel ability to propagate
light through a waveguide in an ATR mode.

FIG. 1 shows a 3-phase system that includes two semi-
infinite dielectric mediums of refractive indices n,, and n4
(ns<n,) separated by a dielectric medium of finite thickness
with refractive index, n, (n,>n;>n;). In preferred
embodiments, described here, phase 1 is an acrylic or silica
substrate, phase 2 is a mesoporous TiO, film coating as
described, and phase 3 is air or water. Phases 1 and 3 are
semi-infinite and transparent. Phase 2 is finite with a thick-
ness on the order of the wavelength of the incident light.
Coherent light incident from phase 1 onto phase 2 is
reflected, transmitted or absorbed.

Light incident from phase 1 onto the interface is totally
internally reflected (reflection=100%) if the following con-
ditions are met:

(1) the incident angle of the light exceeds the critical angle

(6,) where 6, is determined by

0=sin"'(ns/n;)

@

(2) phase 2 is parallel to phases 1 and 3; and (3) phase 2 is
non-absorbing and free of scattering defects.

At incident angles greater than the critical angle, the angle
of refraction of phase 3 is imaginary. The presence of a film
having a parallel boundary (phase 2) at the glass/air bound-
ary does not affect the critical angle for total internal
reflection. If 0, is the critical angle for total reflection at the
TiO,/air interface, then sin 0,=n,/n,, and the light incident
on the interface at all angles greater than 6, will be totally
reflected. From the law of refraction, sin 0,=(n,/n,) sin 9,
so the critical angle for total reflection is
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0.=0,=sin"*(ny/n,)

@
At incident angles greater than 6, the reflection is total and
independent of the wavelength of light and the thickness of
phase 2, in the region where phase 2 is non-absorbing.

If phase 2 is absorbing, the reflection is attenuated, and a
portion of the light is absorbed or scattered by phase 2 at
each reflection. If the surface of phase 2 is rough relative to
the wavelength of incident light, a portion of the light is
transmitted into phase 3, and the reflection is said to be
frustrated. While total reflection is independent of the thick-
ness of phase 2, this thickness is practically limited to 1
micron by difficulty inherent in synthesizing a thicker opti-
cally homogeneous TiO, coating.

Accordingly, in an ATR mode, light incident upon the
substrate/coating/medium interface is totally reflected back
into the substrate. At each reflection, the film coating
absorbs a portion of the light having greater energy than its
380 nm band gap. Given a sufficient number of reflections,
the film coating will eventually absorb all of the UV light
energy with no refractive losses out of the waveguide.

In operation, light, preferably ultraviolet light having a
wavelength of 380 nm or less, enters the waveguide at an
angle greater than the critical angle and is guided axially
away from the light source via successive total internal
reflections at the substrate/coating interface. The light
energy is sufficient to activate the photocatalyst coating. The
coating absorbs (i.e., attenuates) only a small portion of the
light at each interfacial interaction. In this manner, the
waveguide is said to propagate light in an ATR mode.

The extent to which the propagating UV light is attenu-
ated depends on the loss per reflection at the film/substrate
interface and the overall number of reflections per axial
distance (dependent on waveguide thickness and propaga-
tion angle). For a longer waveguide in which the light must
propagate farther, a thinner film is more suitable. For a
shorter propagating distance (i.c., fewer reflections at the
TiO,/silica interface), a thicker film is preferable. Hence, it
is possible to tailor waveguide geometries and sizes to meet
reactor design needs by adjusting the thickness of the metal
oxide film.

The disclosed photocatalyst-coated waveguides can be
used in a fixed-bed reactor for, e.g., remediating polluted
waste streams. The IRE both transmits light and supports the
photocatalyst. This reactor configuration has several advan-
tages over slurry-phase and conventional fixed-bed reactor
designs. Direct delivery of light to the photocatalyst mini-
mizes losses due to absorption and scattering by the reactor
and reactant. The configuration also provides a more uni-
form distribution of the photocatalyst within the reaction
solution resulting in reduced mass transport limitations to
photochemical conversion and allowing for higher process-
ing capacities. The remote transmission of light to a photo-
catalyst via such a system is not possible with other photo-
catalytic reactor configurations. As a result, the system can
be utilized for in-situ remediation of contaminated subsur-
face contaminates or for remote, off-line treatment of either
aqueous and/or vapor-phase contaminates such as chlori-
nated hydrocarbons.

Optical waveguide sensors for chemical and biological
species based on evanescent wave (EW) interactions have
also attracted considerable research interest. The disclosed
invention can be used as an optical waveguide sensor. When
light propagates in an optical waveguide in an ATR mode, a
standing wave is established at the waveguide surface. This
wave extends a short distance from the guiding region into
the medium of lower refractive index which surrounds it.
This evanescent field, which decays exponentially with
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