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(57) Abrégée/Abstract:
A system for treating contaminated media including air, soil or adsorbents Is provided. In the process, contaminants are removed
from the media using a photocatalytic process operating in an agueous phase. The system comprises a converter such as gas
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scrubber (204) or adsorbent system to transfer contaminants from the contaminated media into a solvent such as water stream
and a photocatalytic system (218) comprising photocatalyst slurry coupled to the converter.
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(S7) Abstract

A system for treating contaminated media including air, soil or adsorbents is provided. In the process, contaminants are removed
from the media using a photocatalytic process operating in an aqueous phase. The system comprises a converter such as gas scrubber (204)
or adsorbent system to transfer contaminants from the contaminated media into a solvent such as water stream and a photocatalytic system
(218) comprising photocatalyst slurry coupled to the converter.
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SYSTEM AND METHOD FOR PHOTOCATALYTIC TREATMENT
OF CONTAMINATED MEDIA

The present application is related to U.S. Patent No.
5,462,604, "Method and System for Photocatalytic
Decontamination," Brian E. Butters and Anthony L. Powell
inventors, issued October 31, 1995; U.S. Patent No. 5,589,078,
"Advanced Filtration Technigue for Fluid Purification," Brian E.
Butters and Anthony L. Powell, inventors, issued December 31,
1996; and U.S. Patent No. 5,554,300, “Purification System,”
Brian :©. Butters and Anthony L. Powell, inventors, issued
September 10, 1996.

']

3 ’ \ \ ®),

The present invention relates to contaminant treatment
systems, and more particularly to a system and method for
photocatalytic treatment of contaminated media.
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BACKCGROUND

Treatment systems and techniques for removing contaminants
from contaminated gas have been developed in the‘past. Some of
these treatment systems and techniques include treatments using
a photocatalytic process. Common photocatalytic treatment
methods typically make use of a technique by which a
photocatalyst is bonded or fixed to a substrate or a fluidized
bed reactor. Photocatalytic reactions are then caused by
l1rradiating electromagnetic radiation such as ultraviolet light
on the fixed photocatalyst so as to activate it. Resulting
photocatalytic reactions bring about destruction of contaminants,
such as volatile organic contaminants or other biologically
harmful compounds that are in close proximity to the activated
photocatalyst.

Several significant problems may be encountered when using
known photocatalytic air treatment systems and techniques. One
problem 1is the need to maximize “mass transfer,” which is the
number of collisions between contaminants and an activated
photocatalyst. Photocatalytic destruction occurs only at the
surface of the photocatalyst where the photocatalyst contacts the
contaminants. If an insufficient level of mass transfer occurs,
contaminants will pass directly through the treatment system
without being subjected to the photocatalyst. Consequently,
known photocatalytic air treatment systems are significantly
oversized to overcome mass transfer limitations, which reduces
the cost effectiveness of such systems.

Another known problem with known photocatalytic air
treatment systems 1s fouling. Humid air streams may contain
foulants that oxidize and/or collect on the surface of the
photocatalyst. Coating or covering the photocatalyst with
foulants therefore substantially lowers the efficiency of the

photocatalyst due to a reduction in the effective surface area
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of the photocatalyst available for irradiation. To prevent the
detrimental effects that may be brought about by fouling, the
photocatalyst must be frequently cleaned or replaced. This is
a time consuming and thus expensive procedure. In addition,
bonding or affixing a photocatalyst to a substrate or bed
reactor, and maintaining the photocatalyst immobilized,
diminishes the efficiency and effectiveness of the photocatalyst.
For example, the crystal structure of a photocatalyst is
typically undesirably altered when a photocatalyst is heated in
the course of bonding the photocatalyst to a substrate. It is
also undesirable to replace an already bonded or affixed
photocatalyst since such a replacement is a time consuming and
expense procedure.

With known photocatalytic air treatment methods, safety
lssues arise when explosive ratios of contaminants exist in a
given ailir stream. This follows since direct photocatalytic
treatment can potentially'ignite the explosive contaminants due
to temperature elevation or the ignition source from an

irradiation element.
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Therefore, a need has arisen for a system and method for
photocatalytic treatment of contaminated media that overcomes,
among others, the aforementioned shortcomings of known
photocatalytic treatment methods.

In accordance with the present invention, a system and
method for photocatalytic treatment of contaminated media are
provided that substantially eliminate or reduce the disadvantages
and problems associated with known systems and methods for
photocatalytic treatment of contaminated media.

According to the present invention, a photocatalytic process
operating 1in an aqueous phase is employed to treat varying types
of contaminated media, including air, soil or adsorbents (for
example, activated carbon). For example, pursuant to the present
invention, a liquid, such as water or another suitable substance,
may be used to circulate and effect the decontamination of a
contaminated media, in conjunction with a photocatalytic process.
By transferring contaminated media to an aqueous phase, in which
they are decontaminated by a photocatalytic process, significant
advantages are derived.

One aspect of the present 1nvention is a system for treating
contaminated media. The system includes a converter such as a
gas scrubber, which is used to transfer gaseous contaminants into
a liquid media, such as a photocatalytic slurry. A
photocatalytic system is connected to the converter and is used
to oxidize and/or reduce the contaminants into non-harmful
compounds using a photocatalytic reaction.

Another aspect of the present invention is a method for
treating contaminated media. The method includes transferring
contaminants to an aqueous phase. For example, airborne
contaminants may be transferred to an aqueous phase by using a

gas scrubber containing an aerosol, a liquid, activated carbon,
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or other suitable substances. The liquid media containing the
contaminants is then treated by aqueous photocatalysis to reduce
the contaminants.

Yet another aspect of the present invention is a method for
treating contaminated media in a single vessel. The method
1ncludes 1njecting a contaminated gaseous media into the vessel.
A photocatalytic slurry 1s then added to the vessel in a manner
sO as to adsorb the contaminants from the contaminated gaseous
medlia, such as by spraying as an aerosol or by causing the
catalytic slurry to flow counter current to the flow of the
contaminated gas. The photocatalytic slurry with the adsorbed
gaseous contaminants 1s then exposed to electromagnetic
radiation, such- as ultraviolet radiation, sO that the
contaminants may be reduced to non-harmful compounds.

The present 1nvention provides many important technical
advantages. One 1important technical advantage of the present
invention 1s a system and method for photocatalytic treatment of
contaminated media that provides for increased mass transfer of
the air phase organic contaminant and the photocatalyst, which
overcomes problems assoclated with poor adsorption of media phase
organic compounds onto the photocatalyst.

Another important technical advantage of the present
invention 1s a system and method for photocatalytic treatment of
contaminated media 1in which the scaling of reactors for increased
air flow rates can be easily accomplished by increasing the
number and size of the nozzles and the size of the reaction
chamber. In this manner, air treatment systems may be readily
implemented that can treat volumes of air of up to hundreds of
thousands of cubic feet per minute.

Another 1important technical advantage of the present
invention 1s a system and method for photocatalytic treatment of

contaminated media that allows irreversible electron acceptors,
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such as hydrogen peroxide, to be added to a photocatalytic slurry
containing the contaminated media in order to increase reaction
kKinetics and thus reduce equipment size. This method allows
organlic pollutants to be treated in a nitrogen environment, such
as under nitrogen blankets in process tanks, where oxidants can
be added to the photocatalytic slurry without creating an
explosion hazard.

Another 1important technical advantage of the present
invention is a system and method for photocatalytic treatment of
contaminated media in which the photocatalyst is mobilized and
can be changed 1in-process, such as by draining the used
photocatalytic slurry and adding unused photocatalytic slurry.
In this manner, the treatment may be conducted continuously
wlthout requiring periodic shutdowns for replacement of
photocatalyst elements.

Another 1mportant technical advantage of the present
invention is a system and method for photocatalytic treatment of
contaminated media in which the photocatalytic assemblies are not
subject to inorganic fouling with substances, such as iron and
calcium. The present invention utilizes a distributed
photocatalytic element that is resistant to inorganic fouling.

Another Important technical advantage of the present
invention is a system and method for photocatalytic treatment of
contaminated air that does not require control of the humidity
level of the treated air. Yet another important technical
advantage of the present invention is a system and method for
photocatalytic treatment of contaminated media that utilizes a
closed loop system that requires no continuous addition of liquid
media or air.

Another 1important technical advantage of the present
invention is a system and method for photocatalytic treatment of

contaminated air that may be used to safely treat explosives (for
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example, nitroglycerine) or flammable contaminants in the aqueous
phase rather than the air phase. In this manner, inadvertent

explosion or ignition may be avoided.
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The accompanying drawings illustrate a preferred embodiment
of the present invention wherein like reference numerals
represent like parts, in which:

FIGURE 1 1s a flow chart of a method for treating
contaminants in accordance with a preferred embodiment of the
present invention;

FIGURE 2 1s a block diagram of a system for treating
alrborne contaminants in accordance with a preferred embodiment
of the present i1nvention; _

FIGURE 3 1s a schematic diagram of a treatment system in
accordance with a preferred embodiment of the present invention;

FIGURE 4 1s a schematic diagram of a treatment system in
accordance with a preferred embodiment of the present invention;

FIGURE > 1s a flow chart of a method for treating
contaminated media in accordance with a preferred embodiment of
the present invention;

FIGURE 6 1s a flow chart of a method for scrubbing
contaminants from a gas in accordance with a preferred embodiment
of the present invention:

“IGURE 7 1s a flow chart of a method for scrubbing
contaminants from a gas in accordance with a preferred embodiment
of the present invention;

FIGURE 8 1s a flow chart of a method for treating
contaminated media in accordance with a preferred embodiment of
the present invention; _

FIGURE 9 1s a diagram of a system for treating contaminated
soil in accordance with a preferred embodiment of the present
invention; and

FIGURE 10 1s a diagram of a system for treating contaminated

media in accordance with a preferred embodiment of the present

invention.
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Sl ALLLD DEOCRIDIION OF 1ok DROWING

The following description, with reference to the
accompanying drawings, details a preferred embodiment of the
present invention. It should, however, be appreciated that the
present invention may be embodied in various other embodiments.

The present 1nvention relates to the treatment of
contaminated media by the use of a photocatalytic slurry-based
photocatalytic treatment system. More specifically, the present
invention provides for the transfer of organic contaminants from
a liquid, solid, or gas phase 1nto an aqueous phase, and the
subsequent treatment of such contaminants by utilization of a
photocatalytic slurry that preferably includes a photocatalyst,
such as Ti0,, suspended freely in an aqueous phase. Placing the
contaminants 1n an aqueous phase in which the photocatalyst is
suspended 1n a photocatalytic slurry overcomes mass transfer
problems by 1increasing the frequency of collisions. between
contaminants and photocatalyst particles. The present invention
also provides for the pH of the aqueous stream of contaminants
to be regulated so that foulants may, among other things, be
substantially precluded from adhering to the surfaces of
photocatalystic particles included in the photocatalytic slurry.
Accordingly, the present invention provides for an improved
technique by which contaminants are efficiently destroyed by
utilizing a photocatalytic system operating in an agqueous mode.

Several procedures may be used to transfer contaminants into
the aqueous phase for photocatalytic treatment. Contaminants
that are alreadv in the aqueous phase may be mixed directly with
a photocatalyst. Contaminants in a solid media may be crushed
and mixed with a liquid media or heated until the contaminants
out-gas or are released, in which case the contaminants are then
treated as contaminated gases. Contaminated gases, such as air,

may be treated by scrubbing, by adsorption techniques, or by
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adscrption techniques such as by using activated carbon with
subsequent steam stripping of the activated carbon after exposure
to the contaminated gas. Atomized water may also be used to
adsorp gaseous phase contaminants.

Airborne organic contaminants can be readily scrubbed into
the zqueous phase, with sufficient water surface area to gas
volume ratios. An air scrubber may comprise a packed bed column
1n wnich water or another suitable liquid is allowed to flow down
the ped while contaminated air is introduced at the bottom such
that phase transfer occurs. Also or alternatively, a nozzle may
be used to spray water as fine particles into a chamber
contzining the contaminated gas, so as to increase the surface
area to volume ratios. Using water that is free of organic
contazminants will improve air scrubber efficiency, such that
efflgent water retrieved from the treatment system should be
purified of organic contaminants before it can be reused for
additional scrubbing.

FIGURE 1 is a flow éhart of a method 100 for treating
contaminants 1in accordance with a preferred embodiment of the
pressnt invention. Method 100 may be used to treat contaminated
gases, liqulds, and solids, so as to oxidize or reduce the
contaminants into harmless components.

Method 100 begins at step 102, where contaminants are
removed from a contaminated media using water or another solvent.
For sxample, water may be used to scrub contaminated air or soil,
or an adsorbent such as activated charcoal may be used to adsorb
the contaminants from the contaminated media prior to dissolving
the contaminants with water in liquid or steam . form. Other
contaminated media, such as, for example, clothing, building
materials, or soil, may be used where suitable. Other suitable

solvents or mixtures, such as a surfactant, ethanol, or acetone,

may e used.




10

15

20

25

30

CA 02304766 2000-03-09

WO 99/12853 PCT/CA98/00853
11

At step 102, the contaminants are oxidized and/or reduced
by a suitable process, such as by mixing a slurry of TiO, with
the solvent and exposing the mixture to ultraviolet light. Other
suitable compounds or processes may be used, such as
photocatalytic oxidation processes, thermal catalytic processes,
mechanical processes, or a suitable combination of such
processes. For example, suitable chemicals such as oxidants or
surfactants, may be added to the solvent prior to exposure of the
photocatalytic slurry to radiation of a suitable wavelength.
The method then proceeds to step 106.

At step 106, oxidation by-products are removed from the
solvent by a suitable process. For example, the solvent may be
distilled from the oxidation by-products, a reverse osmosis
process may be used to collect the oxidation by-products (such
as salts, metals, or other second phase constituents), an ion
exchange process may be used to collect the oxidation by -
products, or other suitable methods or processes may be used to
remove the oxidation by-products from the solvent. The method
then proceeds to step 108 where the cleaned solvent is returned

to the system for removal of the contaminants from the
contaminated media.

In operation, method 100 may be used to remove contaminants
from a contaminated media and to reduce or oxidize the
contaminants into harmless compounds. Method 100 preferably uses
water as a solvent and a photocatalytic slurry, such as TiO, to
reduce the contaminants. A contaminated media, such as air,
soil, exhaust, manufacturing materials, building materials,
industrial waste, or other suitable contaminated media are first

cleaned with the solvent to remove contaminants. The solvent is

then processed to oxidize and/or reduce the contaminants, such

as by treating the solvent by a photocatalytic treatment process.

After the contaminants have been oxidized, the oxidation by-




10

15

20

25

30

CA 02304766 2000-03-09

WO 99/12853 PCT/CA98/00853
12

products are removed from the solvent, such as by using ion-

excnange resins or systems, reverse osmosis systems, or other
sultable methods. The solvent may then be re-used.

FIGURE 2 is a block diagram of a system 200 for treating

airborne contaminants in accordance with a preferred embodiment
of the present invention. System 200 is used to transfer gaseous
contaminants into the aqueous phase. Preferably, system 200 is
used to treat airborne contaminants using water as a scrubbing
solvent in a closed loop system, thus eliminating harmful
emissions during treatment of the airborne contaminants. Other
solvents and contaminated media may also or alternatively be
decontaminated, as previously described.

A contaminated gas stream such as air having airborne
contaminants is transferred by pipe 202 into a gas scrubber tower
204, which is a converter where the contaminants are converted
or transferred from the gaseous phase into an aqueous phase. At
the top of gas scrubber tower 204 is a nozzle 206 that downwardly
disperses a solvent such as water, photocatalytic slurry, ox
another suitable liquid into gas scrubbing tower 204. The
atomized molecules of the liquid may be passed to gas scrubber
tower 204 through solvent supply lines 212 by, for example, a
pump (not illustrated). The contaminated air stream, which is
directed upwards through gas scrubber tower 204, therefore
enccunters the downward moving solvent within gas scrubber tower
204. Theé contaminants, such as volatile organic compounds or
other contaminants, are then transferred from the gaseous phase
to the aqueous phase such as by adsorption or absorption and
travel downward to the bottom of gas scrubber tower 204. The
contaminants, in aqueocus phase with the water, photocatalytic
slurry or other liquid, are then directed to a photocatalytic
system 218 by pump 216. Photocatalytic system 218 is preferably

conrigured to operate in an aqueous mode. Gas that is
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substantially free of contaminants is discharged through the top
of gas scrubbing tower 204 through gas discharge 208. This gas
may zalso be used in a closed loop system. Although one gas
scrupber tower 204 is shown, two or more gas scrubber towers 204
may oe used, with each being sized so as to obtain the level of
contaminant removal treatment that is required to remove
contaminants from the contaminated gas stream. The additional
gas scrubber towers 204 may also be connected in series so as to
decrease the level of contaminants to a predetermined acceptable
level where the level of contaminants may vary over a wide range,
thus allowing stages of the gas scrubber system to be shut off
when not needed so as to conserve energy.

Agqueous phase contaminants are p'referably passed to aqueous
photocatalytic system 218 by pump 216. Such contaminants may,
for example, be stored in a supply tank (not illustrated) before
being passed to aqueous photocatalytic system 218. Aqueous
photocatalytic system 218 is operable to treat such contaminants
SO as to oxidize or otherwise reduce the contaminants into non-
harmful materials. By way of example but not limitation, a
suitable agqueous photocatalytic system 218 that may be used to
remove contaminants 1is the slurry-based photocatalytic system
disclosed in U.S. Patent No. 5,462,674, "Method and System for
Photocatalytic Decontamination," Brian E. Butters and Anthony L.
Powell inventors, issued October 31, 1995, and U.S. Patent No.
5,589,078, "Advanced Filtration Technique for Fluid
Purirication," Brian E. Butters and Anthony L. Powell, inventors,
issued December 31, 1996, each of which are hereby incorporated
by reference for all purposes. However, other suitable
photocatalytic systems, such as, for example, those disclosed in
U.S. Patent Nos. 5,118,422 and 5,174,877 issued to Cooper et al.,
may also be employed within the spirit and scope of the present

invention. Aqueous photocatalytic system 218 may include a
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cleaning subsystem 218a that is operable to remove the oxidation
and reduction by-products from the condensate and/or solvent,

such as by ion exchange, reverse osmosis, distillation, or other

suitable methods.

Aqueous photocatalytic system 218 is sized so as to oxidize
or reduce contaminants, such as organic contaminants, at a rate
that is faster than the rate at which they are introduced through
gas scrubber tower 204.

The gas scrubber system and method shown and embodied in
system 200 provides various advantages. First, the destruction
of contaminants in the aqueous phase helps to minimize the level
of ccntaminants in the solvent provided to gas scrubber tower 204
whi_= maintaining system 200 as a closed loop system, such that
no e&dditional solvent is required to be added other than to
compensate for evaporation, spills, leaks, and other inadvertent
losses. Second, explosives such as nitroglycerine and flammable
contaminants may be safely treated in the aqueous phase without
incurring the hazards that would be posed by treatment of such

contaminants in the air phase.

System 200 may be used to reduce or oxidize contaminants
on-s>.te where they are created, which eliminates the costs,
liabilities, and potential for damages that may be associated
with the handling and transport of airborne organic contaminants.
If & slurry-based aqueous photocatalytic system is used to treat
the contaminants, any salts that may be generated by the
destruction of various contaminants will have little or no impact

on the performance of the photocatalytic slurry-based treatment
system. '

FIGURE 3 is a schematic diagram of treatment system 300 in

acccrdance with a preferred embodiment of the present invention.
Treatment system 300 uses an adsorbent such as activated carbon

to transfer gaseous contaminants to the aqueous phase. Treatment
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system 300 is pf:eferably used to treat contaminants such as
volatile organic compounds in batches, and 1s a closed loop
system that minimizes or eliminates harmful emissions during
treatment of gaseous contaminants.

Activated carbon and steam stripping may be used to transfer
gaseous contaminants to the aqueous phase for subsequent

treatment by aqueous photocatalysis, particularly in the case of
volatile organic compounds with boiling points ranging from 0°C

to over 200°C. Activated carbon is known to be effective at
removing organié contaminants via surface adsorption.
Nevertheless, the surface of the activated carbon will eventually
adsorb a level of volatile organic compounds that will limit the
effectiveness cf further adsorption. The efficiency of the
activated carbon for removal of volatile organic compounds may
be improved by treatment of the activated carbon using low
quality steam.

As the steam interacts with the activated carbon,
contaminants adsorbed on the activated carbon boil off with the
steam. The steam 1is subsequently condensed, with dissolved
contaminants remaining in the condensate, and insoluble
contaminants being removed by use of a decanter, coalescer, or
other suitable process. The soluble organic compounds are
treated by aqueous photocatalysis.

Treatment system 300 includes two or more activated carbon
beds 304 and 306. An activated carbon bed is an assembly of
activated carbon that may be used to remove contaminants from a
liquid or gas, and is configured to optimize the removal of
contaminants. A gas supply 302 provides a gas bearing
contaminants, such as air containing volatile organic compounds,
to each activated carbon bed 304 and 306. Likewise, steam from
a suitable source, such as one or more boilers, is provided to
each activated carbon bed 304 and 306 by steam supply lines 308

BN ms -y
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and 3.0, respectively. In this manner, contaminated gas may be
provided to one activated carbon bed, such as activated carbon
bed 304, while steam is being provided to the other activated
carbon bed, such as activated carbon bed 306.

After the contaminants have been adsorbed by the activated
carbon contained within activated carbon bed 304, contaminant-
stripped gas is emitted from activated carbon bed 304 via gas
exhaust outlet 312. As contaminated gas 1is stripped of
contaminants by activated carbon bed 304, steam provided by steam
supply line 310 is used to strip contaminants from activated
carbon bed 306. After the effectiveness of the contaminant
stripping provided by activated carbon bed 304 has decreased
belcw a predetermined level, steam supply line 308 may be turned
on sc as to provide steam to activated carbon bed 304, and gas
supply 302 to activated carbon bed 304 may be turned off.
Likewise, the steam supply to activated carbon bed 306 may be
turned off and the gas supply 302 may be turned on so as to allow
activated carbon bed 306 to remove contaminants while activated

carbcn bed 304 is stripped.

one of the activated carbon beds, such as activated carbon

bed 04 may thus be operated in a first mode to remove

contaminants from the contaminated air stream while contaminants
are stripped from another activated carbon bed that is operated
in & second mode, such as activated carbon bed 306. The supply
of steam ‘and contaminated gas to each of the activated carbon
beds 304 and 306 may thus be interchanged as different operating
modes at predetermined intervals based on the time expired before
carbon beds become spent, or in response to contaminant
concentration data measured at gas exhaust outlet 312. The
interchange may be accomplished by use of suitable valves
assoclated with the carbon bed sets and air inputs and outputs,

whicz may further be controlled by electronic circuitry and
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software. Additional activated carbon beds may also be provided
to replace either of activated carbon beds 304 or 306 if the
contaminants have not been removed by the time that the other of
activated carbon beds 304 or 306 has become saturated with
contaminants.

Contaminated steam from the activated carbon bed that is
being stripped is transferred to condenser 318, such as by steam
lines 314 and 316. Condenser 318 converts the contaminated
stream to contaminated steam condensate which is provided to a
condensate collection tank 322 via contaminated steam condensate
line 320. 1In this manner, the carbon beds, condenser, and steam
supply operate as a converter for converting gaseous phase
contaminants to the liquid phase. Insoluble contaminants, such
as organic compounds that are insoluble 1n water, are removed
from the contaminated steam condensate by use of a decanter or
other suitable method or apparatus. The steam condensate is then
directed to aqueous photocatalytic system 218 through condensate
lines 326 by pump 324. The steam condensate may also be
transferred to a heat source 330, such as a boiler, to convert
the condensate back into steam for use in cleaning activated
carbon beds 304 and 306. The agqueous photocatalytic system 218
is operable to oxidize, reduce, or otherwise render harmless
contaminants contained in the condensate, and includes a cleaning
subsystem 218a (if required) that is operable to remove the
oxidation and reduction by-products from the condensate, such as
by ion exchange, reverse osmosis, distillation, or other suitable
methods.

The activated carbon bed shown and described by treatment
system 300 provides various advantages. First, the process can
be operated as a closed 1loop, as the contaminated steam
condensate can be used to produce steam after aqueous

photocatalysis. Second, a photocatalytic slurry treatment system
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can be used with treatment system 300 to handle high
concentrations of organic contaminants, such as may be produced
from condenser 318. Alternatively, system 300 may be operated
with a single carbon bed, but the process would then need to be
discontinuous, such that a continuous stream of contaminated gas
could not be treated without interruption. This configuration
may pbe used where the gaseous contaminants are generated for
brief periods of time.

FIGURE 4 1s a schematic diagram of treatment system 400 in
accordance with a preferred embodiment of the present invention.
Treatment system 400 includes reactor 406 which has a header 416
that is configured to inject photocatalytic slurry into reactor
406. For example, header 416 may have multiple nozzles or other
injection devices at the top of the reactor to disperse low
micron and/or sub-micron solvent particles containing a
photocatalytic compound or compounds downward into reactor 406,

or may 1lnject photocatalytic slurry in liquid phase into reactor

406. Reactor 406 further includes one or more radiation-emitting
devices 420 such as ultraviolet lamps, which may be disposed near
the top of the reactor. Air intake header 408 is provided at the
bottom of reactor 406, and is used to direct a contaminated gas

stream from gas intake 402 and blower 404 in an upward direction

within reactor 406.

Treatment system 400 preferably utilizes atomization of a
solvent-based photocatalytic slurry, such as TiO, dissolved in
water. Atomization may be accomplished by several methods, such
as by the use of a header 416 having nozzle configured for
atomization, or by the use of acoustic energy or other suitable
systems or methods. According to one aspect of the present
invention, one or more photocatalyst compounds are added to a
closed loop water supply to form a photocatalytic slurry 410.
Pump 412 1s used to move photocatalytic slurry 410 though
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photocatalytic slurry feed line 414 to header 416, such as those
used in an air scrubber. Inside reactor 406, an arrangement of
radiation-emitting devices 420 such as ultraviolet lamps are
provided 1in order to supply the required energy to promote
photocatalysis. The radiation~emitting devices are arranged so
as to maximize the irradiation of the photocatalytic slurry flow
field within reactor 406. Treatment system 400 thus combines the
process of transferring contaminants into an aqueous phase, such
as by adsorption, and the process of photocatalysis, such as with
a photocatalytic slurry, within a single reactor such that they
are undertaken virtually contemporaneously.

The contaminated gas, such as air, is preferably transferred
through reactor 406 in a direction counter-current to the
photocatalytic slurry, in order to increase the Reynolds Number
of the photocatalytic slurry and thus the mixing or mass
transfer. The contaminated gas will contact the photocatalytic
slurry as a function of the Reynolds Number. The rate at which
the contaminants, such as volatile organic compounds, are reduced
or oxidized 1s likewise a function of the Reynolds Number. After
treatment, the air that has been treated for removal of
contaminants 1is discharged through vent 418, and the
photocatalytic slurry 410 is re-circulated by pump 412 and
photocatalytic slurry feed line 414 for continuing use. The
discharged air may be treated with additional reactor stages in
order to reduce the level of contaminants to a predétermined
acceptable level, if necessary, but a single reactor stage is
preferably used. Reactor 406 thus operates to transfer gaseous
contaminants to the liquid phase, and to convert contaminants
into harmless compounds by aqueous photocatalysis.

I'reatment system 400 provides many important technical
advantages. One 1important technical advantage is that mass

transfer between the gaseous phase contaminants and the
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photocatalytic slurry 1s greatly increased. Scaling of reactor
406 for increased air flow rates can also be easily accomplished
by increasing the size of the air intake header 408, the number
of nozzles 409, and the size of reactor 406. This advantage
allows for treatment of air flow rates in excess of one hundred
thousand cubic feet per minute.

The present invention also provides effective aeration for
the photocatalytic oxidation. A conditioner such as an
irreversible electron acceptors, fbrexample, hydrogen peroxide,
may likewise be added to the photocatalytic slurry from an
electron acceptor tank 422 into photocatalytic slurry feed line
414, using a pump 424 and supply line 426. The conditioners may
include compounds that are used to improve the interaction
between the contaminants and the photocatalytic slurry, such as
an oxidant, nutrients, surfactants, or other suitable compounds.

Organic pollutants may thus be treated in pure nitrogen, such as

by treating the contaminated gas with photocatalytic slurry while

using a nitrogen blanket in the process tanks, as an oxidant or
oxidants in the form of irreversible electron acceptors can be
added directly to the photocatalytic slurry.

Treatment system 400 includes a mobilized photocatalytic
slurry that can be changed out in-process or during a brief
outage, as sultable. The photocatalytic slurry used in treatment
system 400 1s not subject to inorganic fouling with substances
such as iron and calcium. The irradiation devices 420, such as
ultraviolet lamps, may be replaced in-service thus allowing the
system to remain in operation while the irradiation devices 420
are being serviced. Furthermore, treatment system 400 has no
humidity factor requirements that must be controlled, as the
photocatalytic reaction occurs in an aqueous solution. This
feature eliminates the need for controlling the temperature of

the ailr stream to obtain a desired humidity level. These
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advantages result in less equipment, hardware, control systems,
power systems, instrumentation systems, and other systems and

components than, in known contaminant reduction systems.

FIGURE 5 1s a flow chart of a method 500 for treating

contaminated media in accordance with a preferred embodiment of
the present invention. Method 500 begins at step 502, in which
a gas that carries or 1includes contaminants, such as volatile
organic compounds, is injected into a gas scrubber. The gas may
be air that has been collected from an area in which volatile
organic compounds are belng used, air that includes combustion
gases from a waste burning process, or other suitable gases that
include contaminants. The gas may be injected by a suitable
method, such as by injecting through a header of nozzles into a
liquid, gas, aerosol, permeable solid material, or other suitable
materials. |

After the gas injection into the scrubber is initiated, the
method proceeds to step 504, where a liquid is circulated through
the scrubber. The liquid may be water or other suitable solvents
that are used to adsorb or dissolve gaseous contaminants. The
liquid may be circulated through the scrubber by injecting the
liquid through a header of jet nozzles so as to form an aerosol
with subsequent collection at a gravity collection point, by
circulating the liquid in liquid phase, or by other suitable
methods. The method then proceeds to step 506.

At step 506, the liquid containing adsorbed contaminants is
removed from the scrubber, and the gas that has been cleaned of
contaminants is discharged from the scrubber. Preferably, if the
gas used 1s air, then the level of contaminants remaining in the
discharged gas 1s low enough that the air may be discharged
directly to the environment or re-used. If the predetermined
level of contaminant concentration has not been reached, then the

discharged gas may be fed back into another gas scrubber unit for
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subsequent contaminant removal. The liquid containing
contaminants may be removed by collection at a gravity collection
point, such as where aerosol particles of liquid may accumulate,
and may then be transferred to a holding tank for subsequent

treatment. Likewlse, 1f the liquid is circulated in liquid phase

through the scrubber, it may be collected and pumped out of the

scrubber. The 1liquid 1is then treated by with aqueous
photocatalysis at step 508, such as by transferring the liquid
from the holding tank to a slurry-based aqueous photocatalytic
system.

Method 500 1s a continuous treatment process, such that
steps 502 through 508 continue after being initiated.
Furthermore, the order of steps shown is exemplary, and .the steps
may be initiated in a suitable manner. For example, circulation
of liquid through the scrubber may be initiated prior to
injection of gas, or other method steps may be interchanged as
suitable.

Method 500 may thus be used to treat contaminants by
removing them from a gaseous phase using a gas scrubber and a
liquid or aerosol solvent, and by then reducing them using a
photocatalytic treatment system. The contaminants may be gaseous
or may be converted to a gaseous phase from a liquid or solid
phase, such as by burning or heating. Multiple gas scrubber
stages may be used to reduce the level of contaminants to a
predetermined level. In this manner, the present invention
provides a modular and expandable method for treating
contaminants that may be used where the contaminants are created,

in order to reduce the cost and complexity of the contaminant

treatment process.

FIGURE 6 1s a flow chart of a method 600 for scrubbing

contaminants from a gas in accordance with a preferred embodiment

of the present invention. Method 600 begins at step 602, where
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gas that 1includes contaminants is injected into an adsorbent,
such as activated carbon. For example, the gas may be injected
with gas nozzles into an activated carbon bed that is contained
in a vessel, such that the gas must flow through the activated
carbon before it can exit the vessel so that the contaminants may
be adsorbed onto the surface of the activated carbon. The method
then proceeds to step 604, where it is determined whether the
activated carbon has become saturated with contaminants to the
point that 1t 1s no longer effectively removing contaminants.
For example, the length of time that the activated carbon may be
used to determine whether the activated carbon has become
saturated 1f the contaminant concentration levels are known, the
level of contaminants remaining in the gas after treatment with
the activated carbon may be determined such as by using a sénsor,
or other suitable methods may be used to determine whether the
activated carbon has become saturated. If the activated carbon
is saturated, The method then proceeds to step 606, otherwise the
method returns to step 602.

At step 606, the activated carbon is exposed to steam, such
as by injecting steam through steam nozzles into the activated
charcoal. In this manner, the contaminants that have been
adsorbed onto the activated carbon are dissolved into the steam.
This method for removal of contaminants from activated carbon is
most effective at removing volatile organic contaminants, but may
also be used to remove other contaminants.

At step 608, the steam carrying contaminants is condensed
to form a liquid, such as by causing the steam to flow through
a condenser. The condensate 1is then collected, and it is
determined at step 610 whether there are any non-dissolved

contaminants, such as contaminants that are insoluble in water

or solid contaminants. If such contaminants are present, the

method proceeds to step 612 where the non-dissolved contaminants
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are removed using a decanter or by another suitable apparatus or
method. Otherwise, or after the non-dissolved contaminants are
removed at step 612, the method proceeds to step 614 where the

dissolved contaminants are treated using aqueous photocatalysis

so as to reduce the contaminants to harmless components.
FIGURE 7 1is a flow chart of a method 700 for scrubbing

contaminants from a gas in accordance with a preferred embodiment
of the present invention. Method 700 begins at steps 702 and
704, which are performed in parallel. At step 702, gas
containing contaminants is injected into a first activated carbon
bed, such that the activated carbon removes the contaminants from
the gas. At step 704, a second activated carbon bed is exposed
to steam, such as a carbon bed that has previously been exposed
to contaminants and which has become saturated with contaminants
to a level that the contaminants are not being removed from the
carrier gas to a predetermined level. In this manner, a first
activated carbon bed 1s used in a first mode to remove
contaminants from a carrier gas while the contaminants are
removed from a second activated carbon bed that is operating in
a second mode.

After the gas 1s injected into the first carbon bed at step
702 the method proceeds to step 706, where it is determined
whether the first bed is saturated. If the first bed is not
saturated, the method returns to step 702. Otherwise, the method
proceeds to steps 710 and 712. Likewise, at step 708 it is
determined whether the second activated carbon bed is clean. 1If
the bed 1is clean, the method proceeds to steps 710 and 712,
otherwise the method returns to step 704. Preferably, the length
of time required to clean either of the activated carbon beds is
less than the length of time required for the activated carbon

beds to become saturated with contaminants if only two activated

carbon beds are utilized, such that step 708 proceeds to steps
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710 and 712 before step 706. Alternatively, an additional

activated carbon bed may be used, such that the additional

activated carbon bed is used in place of the first or second

activated carbon bed at steps 710 and 712.

Steps 710 and 712 are also performed in parallel. At step
710, the first activated carbon bed is operated in the second
mode and is exposed to steam in order to remove the contaminants
that were adsorbed to the activated carbon at step 702. The
method then proceeds to step 714, where it is determined whether
the steam has removed an acceptable amount of the contaminants
from the first activated bed. If the activated carbon bed has
been cleaned, the method returns to steps 702 and 704.
Otherwise, the method returns to step 710. At step 712, a gas
bearing contaminants 1s injected into the second activated cérbon
bed, which 1is operated in the first mode to remove the
contaminants from the gas. The method then proceeds to step 716
where it is determined whether the second activated carbon bed
has become saturated with contaminants. If the activated carbon
has become saturated, the method proceeds to steps 702 and 704,

otherwise the method returns to step 712.

In this manner, gas bearing contaminants may be continuously
cleaned with activated carbon, and the activated carbon may be
cleaned of the adsorbed contaminants without interrupting the gas
cleaning operations. The steam that is used to clean the
activated carbon may subsequently be condensed, and the dissolved
contaminants 1in the condensate may be reduced to harmless

compounds by aqueous photocatalysis.
FIGURE 8 is a flow chart of a method 800 for treating

contaminated media 1n accordance with a preferred embodiment of
the present invention. Method 800 may be used to treat
contaminated media with a photocatalytic slurry in a single

vessel. Method 800 begins at step 802, where gas bearing
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contaminants 1s 1injected into the vessel. For example, the gas
may be injected using a header with gas nozzles, the vessel may
be flooded with photocatalytic slurry and the gas may be injected
through a screen to create micro-bubbles, or other suitable
methods may be used. Any water to air‘ratio may be used. The
method then proceeds to step 804, where an electron acceptor such
as hydrogen peroxide 1s added to a photocatalytic slurry. Step
804 may be omitted, but typically improves the effectiveness of
the photocatalytic process. The method then proceeds to step
806.

At step 806, the photocatalytic slurry is injected into the
vessel. For example, the photocatalytic slurry may be injected
by spraying the photocatalytic slurry through a header of nozzles
to create a micron or sub-micron aerosol mist, the photocatalytic
slurry may be pumped into the vessel in liquid phase, or other
sulitable methods may be used to inject the photocatalytic slurry
into the vessel. The 1injected photocatalytic slurry and the
injected gas bearing contaminants then interact and the
contaminants are transferred from the gas to the photocatalytic
slurry, such as by adsorption. The method then proceeds to step
808, where the photocatalytic slurry bearing contaminants is
exposed to radiation, such as ultra-violet radiation or other
suitable radiation that will cause a photocatalytic oxidation
and/or reduction of the contaminants to occur. The
photocatalytic slurry may then be removed for subsequent
treatment of contaminants (if required), and the cleaned gas is

vented from the vessel. If the level of contaminants in the gas

has not dropped to a predetermined acceptable level, then the gas

may be fed into one or more additional stages for additional

decontamination.

FIGURE 9 1s a diagram of a system 900 for treating

contaminated soil 1n accordance with a preferred embodiment of
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the present invention. System 900 1includes aqueous
photocatalytic system 118, which is coupled to spray header 902.
A solvent such as water is sprayed onto or into contaminated soil
904 by spray header 902. The earth’s gravity causes the water
to soak through the soil, and the water adsorbs contaminants from
the so0il as it passes through the soil. The water, with
contaminants, then collects in the water table 906.

Water intake apparatus 908 1s wused to collect the
contaminated water from the water table 906, and to carry the
contaminated water to aqueous photocatalytic system 118. Aqueous
photocatalytic system 118 is then used to oxidize or reduce the
contaminants and to remove the oxidation by-products from the
water, Thé cleaned water is then returned to header 902. '

FIGURE 10 1is a diagram of a system 1000 for treéting
contaminated media in accordance with a preferred embodiment of
the present invention. System 1000 1includes aqueous
photocatalytic system 118, which is coupled to pipe 1002 and
header 1004. Header 1004 is used to spray a solvent, such as
water, onto a contaminated media 1006, such as soil. The
contaminated media 1006 is contained within a holding tank 1008,
and the solvent washes through the contaminated media and removes
the contaminants. The solvent with dissolved contaminants
collects at the bottom of the holding tank 1008. Drain pipe 1010
is used to transfer the solvent to aqueous photocatalytic system
118, which 1s used to oxidize or reduce the contaminants and to
remove the oxidation by-products from the water. The cleaned
solvent 1s then returned to header 1004.

While an embodiment of the present invention has been
described in detail, the present invention includes embodiments
different from those described, yet within the scope of the
claims. For example, the "“scrubber," "reactor," "activated

carbon bed, "photocatalytic system," "solvent," "solvent supply
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tank," and "condensate collection tank" may be implemented in a
manner that is functionally identical but structurally different
from that shown herein. Such changes are contémplated as being
within the scope of the present invention. Likewise, the present
invention may be implemented using air or other suitable gases,

water or other suitable solvents, activated carbon or other

adsorbents, and TiO, or other suitable photocatalytic compounds.

Likewise, the connections and flow paths of contaminant streams,

solvents, steam, condensate, photocatalytic slurry, or other
substances may be modified where suitable without departing from
the scope of the present invention as set out in the appended
claims.

While the present 1nvention has been described with
reference to a preferred embodiment, this descript‘ion 1s not
intended to be construed in a limiting sense. Various
modifications and combinations of the preferred embodiment, as
well as other embodiments of the invention, will be apparent to
persons skilled 1n the art upon reference to the description.
It is therefore intended that the appended claims not be limited
to the described preferred embodiment and instead encompass any

such modifications or embodiments.
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CLAIMS
What 1s claimed 1s:
1. A system for treating contaminated media comprising;:

a converter configured to transfer contaminants from contaminated media into a
solvent, the converter comprising:

a first adsorbent system configured to operate in a first mode 1n which
contaminants are removed from a gas and a second mode in which steam 1s the
solvent that is used to remove contaminants from the first adsorbent system:;

a second adsorbent system configured to operate 1n a first mode in which
contaminants are removed from the gas and a second mode in which steam 1s the
solvent that is used to remove contaminants from the second adsorbent system;
and

wherein the first adsorbent system operates in the first mode when the
second adsorbent system operates in the second mode, and the first adsorbent
system operates in the second mode when the second adsorbent system operates
in the first mode;

a photocatalytic system coupled to the converter, the photocatalytic system
operable to cause the contaminants in the solvent to undergo a photocatalytic reaction;
and

a condenser coupled to the first adsorbent system and the second adsorbent

system, the condenser operable to condense the steam and any contaminants that are
carried by the steam.
2. The system of claim 1 wherein the pH of the solvent may be regulated so that foulants

may be substantially precluded from adhering to the surfaces of photocatalyst particles

included in the photocatalytic system.
3. The system of claim 1 wherein the solvent 1s liquid water.

4. The system of claim 1 wherein the solvent 1s steam.



CA 02304766 2007-02-08

30

5. The system of claim 1 wherein the contaminated media 1s air.

6. The system of claim 1 wherein the contaminated media 1s a liquid.

7. The system of claim 1 wherein the contaminated media is a solid.

8. The system of claim 7 wherein the solid 1s so1l.

9. The system of claim 1 wherein the converter and the photocatalytic system are

contained within a single vessel.

10. The system of claim 1 wherein the converter 1s a gas scrubber system.

11. The system of claim 1 wherein the converter 1s an adsorbent system.

12. The system of claim 11 wherein the adsorbent system 1s an activated carbon bed

system.

13. The system of claim 1 further comprising a third adsorbent system that 1s used to
remove contaminants from a gas if all contaminants from the gas have not been removed

by either the first adsorbent system or the second adsorbent system.

14. The system of claim 1 further comprising:

a condenser coupled to the first adsorbent system and the second adsorbent
system, the condenser operable to condense the steam and any contaminants that are
carried by the steam 1nto a condensate; and

a contaminant removal system coupled to the condenser, the contaminant removal

system operable to draw off contaminants that are not dissolved in the condensate.

15. The system of claim 14 wherein the contaminant removal system is a decanter.
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16. The system of claim 1 wherein the converter further comprises:

a tank for holding the liquid media;

a gas injection system coupled to the tank, the gas injection system operable to
inject gas nto the tank;

a gas discharge coupled to the tank; and

a liquid circulation system coupled to the tank, the liquid circulation system
operable to remove liquid bearing contaminants from the tank and transfer the liquid to

the photocatalytic system, and to transfer processed liquid from the photocatalytic system
to the tank.

17. The system of claiam 16 wherein the liquid circulation system is further operable to
inject the processed liquid into the tank through one or more nozzles so as to create an
aerosol, and to remove liquid from a gravity collection point where the aerosol

accumulates to form the liquid bearing contaminants.

18. The system of claim 1 wherein the photocatalytic system further comprises a

photocatalytic slurry.

19. The system of claim 1 further comprising one or more additional converters coupled

In series to the converter such that the contaminated gas flows in series through each
converter 1n order to reduce the level of contaminants in the gas with each converter

stage.

20. The system of claim 1 wherein the first adsorbent system and the second adsorbent

system further comprise activated carbon.

21. A method for treating contaminants in a gaseous media comprising:

transferring contaminants from a gaseous media to a liquid media by:
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causing the gaseous media to flow through an adsorbent so that the
contamtnants in the gaseous media may be adsorbed onto the surface of the
adsorbent, and

exposing the adsorbent to a solvent to remove the contaminants from the
surface of the adsorbent; and
treating the liquid media by aqueous photocatalysis to cause the contaminants in

the liquid media to undergo a photocatalytic reaction.

22.  The method of claim 21 wherein transferring contaminants from a gaseous media
to a hquid media comprises:

injecting the gaseous media into a gas scrubber;

circulating the liquid media through the gas scrubber in a manner so as to transfer
contaminants from a gaseous media to the liquid media; and

removing the liquid media containing the contaminants from the gas scrubber.

23.  The method of claim 21 wherein transferring contaminants from a gaseous media
to a liquid media further comprises exposing the adsorbent to steam to remove the

contaminants from the surface of the adsorbent.

24.  The method of claim 21 wherein transferring contaminants from a gaseous media
to a liquid media comprises:
causing the gaseous media to flow through a first adsorbent so that the

contaminants may be adsorbed onto the surface of the first adsorbent;

exposing the first adsorbent to steam to remove the contaminants from the surface

of the first adsorbent;

causing the gaseous media to flow through a second adsorbent while the first
adsorbent 1s being exposed to steam; and

exposing the second adsorbent to steam to remove the contaminants from the
surface of the second adsorbent while the gaseous media is flowing through the first

adsorbent.
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25.  The method of claim 21 wherein transferring contaminants from a gaseous media

to a liquid media comprises:
causing the gaseous media to flow through an adsorbent so that the contaminants
may be adsorbed onto the surface of the adsorbent;

exposing the adsorbent to steam to remove the contaminants from the surface of

the adsorbent;

condensing the steam with a condenser to form a condensate with dissolved and

undissolved contaminants; and

removing the liquid media containing dissolved contaminants from the condenser.

26.  The method of claim 25, further comprising removing undissolved contaminants

from the condensate.

27.  The method of claim 21 wherein treating the liquid media by aqueous

photocatalysis comprises irradiating the liquid media 1n the presence of a photocatalyst.

28. A method for treating contaminated media comprising:

injecting contaminated gaseous media into a vessel;

adding a photocatalytic slurry to the vessel and effecting a transfer of
contaminants from the contaminated gaseous media to the photocatalytic slurry; and

exposing the photocatalytic slurry to electromagnetic radiation.

29.  The method of claim 28 further comprising adding a conditioner to the

photocatalytic slurry.

30.  The method of claim 28 further comprising adding an 1rreversible electron

acceptor to the phtotocatalytic slurry.

31.  The method of claim 28 wherein adding the photocatalytic slurry to the vessel in a

manner so as to adsorb the contaminants from the contaminated gaseous media comprises



CA 02304766 2007-02-08

34

spraying the photocatalytic slurry into the vessel using nozzles so as to create

photocatalytic slurry particles.

32.  The method of claim 28 wherein exposing the photocatalytic slurry with the
adsorbed gaseous contaminants to electromagnetic radiation comprises exposing the

photocatalytic slurry with the adsorbed gaseous contaminants to ultraviolet radiation.
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