United States Patent

US006309521B1

(12) @0 Patent No.:  US 6,309,521 B1
Andrews et al. 5) Date of Patent: Oct. 30, 2001
(54) ELECTROLYZER 4,655,887 * 4/1987 Oda et al. ...oeeeererrerrerenee 204/283 X
4,859,376 * 8/1989 Hancock et al. ....ccccoveveueunnnn 261/35
(75) Inventors: Craig C. Andrews, College Station; 4,950,371 * 8/1990 McElroy ....... .o 2041266 X
Oliver J. Murphy, Bryan, both of TX 5,427,658 * 6/1995 Allen ............. e 2047266 X
(US) 5,460,705 * 10/1995 Murphy et al. ..o.oooeresccrernenn 204/252
5,529,683 * 6/1996 Critz et al. ..c.ccccvveuereeceuencnnne 205/350
(73) ASSignee: Lynntech Internationals, Inc‘, COHege 5,686,051 * 11/1997 Shiota et al. ....ccccceveeeneeee 422/186.14
Station, TX (US)
* cited by examiner
(*) Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days. Primary Examiner—Donald R. Valentine
(74) Attorney, Agent, or Firm—Streets & Steele; Jeffrey L.
(21) Appl. No.: 09/568,680 Streets
(22) Filed: May 11, 2000 57) ABSTRACT
Related U.S. Application Data An ozone generator which operates at constant pressures to
produce a continuous flow of ozone in an oxygen stream
(63) Continuation of application No. 08/821,419, filed on Mar. having from 10% to 18% by weight of ozone. The ozone
21, 1997. generator includes one or more electrolytic cells comprising
(51) Int. CL7 oo C25B 9/00; C25B 11/03; an anode/anode flowfield, a cathode/cathode flowfield, and a
C25B 11/04; C25B 11/12 proton exchange medium for maintaining the separation of
(52) US.Cl oo, 204/252; 204/255; 204/256; ~ ozone and oxygen from hydrogen. The ozone generator also
204/258; 204/262; 204/263; 204/283; 204/292; has an anode reservoir which vents oxygen and ozone and a
204/293; 204/294 cathode reservoir which vents hydrogen. The anode reser-
(58) Field of Search ........cocconenecunc 204/254-256, voir can be filled from the cathode reservoir while continu-
204/257-258, 283, 262, 252, 263, 292-294 ing to produce ozone. The ozone generator is readily con-
figured for self-control using a system controller
(56) References Cited programmed to operate the anode reservoir at a constant

U.S. PATENT DOCUMENTS

4,654,136 * 3/1987 Dang et al. .....cccovvirnnnne 204/283

pressure.

27 Claims, 4 Drawing Sheets




US 6,309,521 Bl
//o

Sheet 1 of 4

Oct. 30, 2001

58

100 —

3
O ©
O AN G
4 ——
SN~ || )
¥ / 7 m_r \ N
RSTRRNNNANINNY
——— |~ X
B /k/ /mﬁ_z\/
| I ——
(NN /\////_
7\ W___ ©
% .T_Alﬂ
i | |xig el ] «
| TS
: ) i
[ [{ !

U.S. Patent

FIG. 1



U.S. Patent Oct. 30, 2001 Sheet 2 of 4 US 6,309,521 B1

} 7z 162 164 66
8 —| 176 ﬁ 20 203 m 78 |

178 Ezoa 202 %!E 182
— 206 200 )

I I !
170 =< freess
> 166 170~ 168 |
152 1 K::ZO‘# ! L154 1
r- — ; ; ‘ 184
q 66 - 22 | !
| 64 —4 e 32 : :
q( — t 34 198 — ;
(| | “ < “
‘o6 |- 35
= Nt

148
|
-
[/
%
N7
[/
Z 16
| 2 — 26
é \98




US 6,309,521 Bl

Sheet 3 of 4

Oct. 30, 2001

U.S. Patent

FIG. 3



U.S. Patent Oct. 30, 2001 Sheet 4 of 4 US 6,309,521 B1

109

120 /

—
134 O ( \ O

O (BARAARTARAAR) ©

A A
ol =2~ Slo

8 8 132

O O

O O

@) O

8 8 120
© \®) \®)

O O

A
\.0 (BEE85880588)
0\/O O

FIG. 4



US 6,309,521 Bl

1
ELECTROLYZER

This is a continuation of copending application(s) Ser.
No. 08/821,419 filed on Mar. 21, 1997.

This invention was made with government support under
contract F41624-96-C-2001 awarded by the Air Force. The
government has certain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the invention

This invention relates to the production of ozone for use
in a variety of processes such as decontamination of water.
More specifically, the invention relates to an electrochemical
cell and a process for generating ozone in the electrochemi-
cal cell.

2. Background of the Related Art

Ozone has long been recognized as a useful chemical
commodity valued particularly for its outstanding oxidative
activity. Because of this activity, it finds wide application in
disinfection processes. In fact, it kills bacteria more rapidly
than chlorine, it decomposes organic molecules, and
removes coloration in aqueous systems. Ozonation removes
cyanides, phenols, iron, manganese, and detergents. It con-
trols slime formation in aqueous systems, yet maintains a
high oxygen content in the system. Unlike chlorination,
which may leave undesirable chlorinated organic residues in
organic containing systems, ozonation leaves fewer poten-
tially harmfull residues. Ozone has also been shown to be
useful in both gas and aqueous phase oxidation reactions
which may be carried out by advanced oxidation processes
(AOPs) in which the formation of OHe radicals is enhanced
by exposure to ultraviolet light. Certain AOPs may even
involve a catalyst surface, such as a porous titanium dioxide
photocatalyst, that further enhances the oxidation reaction.
There is even evidence that ozone will destroy viruses.
Consequently, it is used for sterilization in the brewing
industry and for odor control in sewage treatment and
manufacturing. Ozone may also be employed as a raw
material in the manufacture of certain organic compounds,
e.g., oleic acid and peroxyacetic acid.

Thus, ozone has widespread application in many diverse
activities, and its use would undoubtedly expand if its cost
of production could be reduced. In addition, since ozone is
explosive when concentrated as either a gas or liquid, or
when dissolved into solvents or absorbed into cells, its
transportation is potentially hazardous. Therefore, its is
generally manufactured on the site where it is used.
However, the cost of generating equipment, and poor energy
efficiency of production has deterred its use in many appli-
cations and in many locations.

On a commercial basis, ozone is currently produced by
the silent electric discharge process, otherwise known as
corona discharge, wherein air or oxygen is passed through
an intense, high frequency alternating current electric field.
The corona discharge process forms ozone through the
following reaction:

3/20,—0y; AH®,0s—34.1 kcal

Yields in the corona discharge process generally are in the
vicinity of 2% ozone, i.e., the exit gas may be about 2% O,
by weight. Such O; concentrations, while quite poor, in an
absolute sense, are still sufficiently high to furnish usable
quantities of O5 for the indicated commercial purposes.
Another disadvantage of the corona process is the produc-
tion of harmful NO, otherwise known as nitrogen oxides.
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Other than the aforementioned electric discharge process,
there is no other commercially exploited process for pro-
ducing large quantities of O

However O; may also be produced by the electrolytic
process, wherein an electric current (normally D.C.) is
impressed across electrodes immersed in an electrolyte, i.e.,
electrically conducting, fluid. The electrolyte includes water,
which, in the process dissociates into its respective elemen-
tal species, O, and H,. Under the proper conditions, the
oxygen is also evolved as the O5 species. The evolution of
05 may be represented as:

3H,0—0,+3H,; AH®,0,—207.5 keal

It will be noted that the AH® in the electrolytic process is
many times greater than that for the electric discharge
process. Thus, the electrolytic process appears to be at about
a six-fold disadvantage.

More specifically, to compete on an energy cost basis with
the electric discharge method, an electrolytic process must
yield at least a six-fold increase in ozone. Heretofore, the
necessary high yields have not been realized in any forsee-
ably practical electrolytic system.

The evolution of O; by electrolysis of various electrolytes
has been known for well over 100 years. High yields up to
35% current efficiency have been noted in the literature.
Current efficiency is a measure of ozone production relative
to oxygen production for given inputs of electrical current,
i.e., 35% current efficiency means that under the conditions
stated, the O,/O5 gases evolved at the anode are comprised
of 35% O, by volume. However, such yields could only be
achieved utilizing very low electrolyte temperatures, e.g., in
the range from about —30°C. to about —65°. Maintaining the
necessary low temperatures, obviously requires costly
refrigeration equipment as well as the attendant additional
energy cost of operation.

Ozone, O, is present in large quantities in the upper
atmosphere in the earth to protect the earth from the suns
harmful ultraviolet rays. In addition, ozone has been used in
various chemical processes, is known to be a strong oxidant,
having an oxidation potential of 2.07 volts. This potential
makes it the fourth strongest oxidizing chemical known.

Because ozone has such a strong oxidation potential, it
has a very short half-life. For example, ozone which has
been solubilized in waste water may decompose in a matter
of 20 minutes. Ozone can decompose into secondary oxi-
dants such as highly reactive hydroxyl (OH*) and peroxyl
(HO, *) radicals. These radicals are among the most reactive
oxidizing species known. They undergo fast, non-selective,
free radical reactions with dissolved compounds. Hydroxyl
radicals have an oxidation potential of 2.8 volts (V), which
is higher than most chemical oxidizing species including Os.
Most of the OHe radicals are produced in chain reactions
where OHe itself or HO, ¢ act as initiators.

Hydroxyl radicals act on organic contaminants either by
hydrogen abstraction or by hydrogen addition to a double
bond, the resulting radicals disproportionate or combine
with each other forming many types of intermediates which
react further to produce peroxides, aldehydes and hydrogen
peroxide.

Electrochemical cells in which a chemical reaction is
forced by added electrical energy are called electrolytic
cells. Central to the operation of any cell is the occurrence
of oxidation and reduction reactions which produce or
consume electrons. These reactions take place at electrode/
solution interfaces, where the electrodes must be good
electronic conductors. In operation, a cell is connected to an
external load or to an external voltage source, and electric
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charge is transferred by electrons between the anode and the
cathode through the external circuit. To complete the electric
circuit through the cell, an additional mechanism must exist
for internal charge transfer. This is provided by one or more
electrolytes, which support charge transfer by ionic conduc-
tion. Electrolytes must be poor electronic conductors to
prevent internal short circuiting of the cell.

The simplest electrochemical cell consists of at least two
electrodes and one or more electrolytes. The electrode at
which the electron producing oxidation reaction occurs is
the anode. The electrode at which an electron consuming
reduction reaction occurs is called the cathode. The direction
of the electron flow in the external circuit is always from
anode to cathode.

Recent ozone research has been focused primarily on
methods of using ozone, as discussed above, or methods of
increasing the efficiency of ozone generation. For example,
research in the electrochemical production of ozone has
resulted in improved catalysts, membrane and electrode
assemblies, flowfields and bipolar plates and the like. These
efforts have been instrumental in making the electrochemi-
cal production of ozone a reliable and economical technol-
ogy that is ready to be taken out of the laboratory and placed
into commercial applications.

However, because ozone gas has a very short life, it is
preferably generated in close proximity to where the ozone
will be consumed and at a rate substantially equal to the rate
of consumption. Because so many of the present applica-
tions for ozone deal with the oxidation of contaminants in
water streams, air streams and soil, it is typically impractical
to bring the contaminant to a centralized ozone processing
plant. Rather, it is imperative that the ozone be generated at
the site of the contamination. This may be an active or
abandoned industrial site or a remote location where little or
no utilities are available. Furthermore, the rate of ozone
consumption will vary according to the type of decontami-
nation process and the nature of the site itself

Unfortunately, there has been very little attention given to
the development of self-contained and self-controlled sup-
port systems and utilities for ozone producing electrochemi-
cal cells. In order for these systems to be commercially
successful, the systems must be reliable, require low
maintenance, operate efficiently and be able to operate on
standard utilities, such as 110 V, 60 Hz AC electricity
provided by a standard gasoline powered generator.
Furthermore, these objectives must be met while providing
a simple system that can be used to decontaminate a site in
a cost-effective manner.

Therefore, there is a need for an ozone generator system
that operates efficiently on standard AC electricity and water
to deliver a steady and reliable stream of ozone gas. It would
be desirable if the system was self-contained, self-controlled
and required very little maintenance. It would be further
desirable if the system could provide a continuous supply of
ozone at a rate dependent upon demand.

SUMMARY OF THE INVENTION

The present invention provides an ozone generating sys-
tem that includes one or more electrolytic cells comprising
an anode flowfield and a cathode flowfield. The system also
includes an anode reservoir in fluid communication with the
anode flowfield, the anode reservoir comprising a gas dis-
charge valve; and a cathode reservoir in fluid communica-
tion with the cathode flowfield, the cathode reservoir com-
prising a gas discharge valve. The anode and cathode
reservoirs may comprise a water inlet port. The anode
reservoir preferably comprises a water cooling member in
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4

thermal communication with the anode reservoir and a water
recirculating member. The anode reservoir may comprise a
stand pipe having a small hole for equalizing water levels in
the stand pipe and the anode reservoir. The anode reservoir
may be in fluid communication through a control valve to
the cathode reservoir. The system may further comprise a
pump having an inlet in fluid communication with the anode
reservoir and an outlet in fluid communication with the
anode. The anode reservoir is preferably elevated above the
anode flowfield and the anode reservoir inlet preferably
communicates with the top of the anode flowfield. A system
controller may be included in the system and be pro-
grammed to operate the anode reservoir gas discharge valve
based on the water level in the anode reservoir. The system
controller may also be programmed to operate a cathode
reservoir gas discharge valve based on the water level in the
cathode reservoir.

In another aspect of the invention, a process for generat-
ing ozone is provided comprising the steps of: electrolyzing
water in one or more electrolytic cells comprising an anode
flowfield and a cathode flowfield which separate ozone and
oxygen from hydrogen; recirculating water between the
anode flowfield and an anode reservoir; separating ozone
and oxygen from water in the anode reservoir; discharging
oxygen and ozone from the anode reservoir; receiving water
from the cathode flowfield in a cathode reservoir; separating
hydrogen from water in the cathode reservoir; discharging
hydrogen from the cathode reservoir; and adding water to
each reservoir as needed to maintain continuous production
of ozone. The process may also include cooling water in the
anode reservoir. It is preferred that water from the anode
flowfield be recirculated to the anode reservoir through a
stand pipe in the anode reservoir. A preferred stand pipe has
a small hole at its base for equalizing water levels. Water can
be added to the anode reservoir from the cathode reservoir.
The anode reservoir and cathode reservoir may be operated
at the same or different pressures and be maintained at
separate setpoint pressures and a substantially constant
water level. Most preferably, the anode reservoir operates at
lower pressure than the cathode reservoir, such as about 30
psig and about 40 psig, respectively. A gas stream compris-
ing between about 10% and about 18% by weight of ozone
is discharged from the anode reservoir.

The ozone generator may comprise: one or more electro-
Iytic cells comprising an anode and cathode; a power supply
electronically coupled to the electrolytic cells; an anode
reservoir in fluid communication with the anode, the anode
reservoir comprising a gas releasing member; a recirculating
member in fluid communication between the anode reservoir
and the anode; a cathode reservoir in fluid communication
with the cathode; a system controller in electronic commu-
nication with the power supply, the recirculating member,
and the anode gas releasing member; and a memory device
coupled to the system controller, the memory device com-
prising a readable program code for selecting a process
comprising the steps of electrolyzing water in the electro-
Iytic cells, recirculating water between the anode cell and the
anode reservoir, separating ozone and oxygen from water in
the anode reservoir, discharging oxygen and ozone from the
anode reservoir, receiving water from the cathode cell in the
cathode reservoir, and adding water from the cathode res-
ervoir to the anode reservoir as needed to maintain continu-
ous production of ozone. The ozone generator may further
comprise a cooling member disposed in thermal communi-
cation with the water in the anode reservoir and/or a battery
backup in electronic communication with the electrolytic
cells.
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BRIEF DESCRIPTION OF THE DRAWINGS

So that the above recited features and advantages of the
present invention can be understood in detail, a more par-
ticular description of the invention, briefly summarized
above, may be had by reference to the embodiments thereof
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not
to be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

FIG. 1 is a schematic diagram of a self-controlled ozone
generator which operates solely on electricity and distilled
water.

FIG. 2 is a schematic diagram of an alternate ozone
generator which operates without a controller, valves or
level sensors.

FIG. 3 is an exploded perspective view of an electrolytic
cell for the production of ozone.

FIG. 4 is a front view of a cell frame suitable for use in
the electrolytic cell of FIG. 2.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides an ozone generator useful
for supplying ozone to many industrial processes such as the
photocatalytic oxidation of organic compounds in a non-
organic solvent such as groundwater. The ozone generator
includes one or more electrolytic cells comprising an anode,
a cathode and a proton exchange membrane (PEM) disposed
between the anode and cathode. The PEM is not only proton
conducting, but also electronically insulating and gas imper-
meable to maintain separation of ozone and oxygen gases
generated at the anode from hydrogen or other gases gen-
erated at the cathode. The ozone generator also comprises an
anode reservoir having a gas discharge valve for venting
oxygen and ozone, a recirculating member for recirculating
water between the anode reservoir and the anode flowfield,
and, optionally, a cooling member for cooling water in the
anode reservoir. The ozone generator further comprises a
cathode reservoir having a gas discharge valve for venting
gases produced at the cathode. While both reservoirs may
have a separate water filling port, it is preferred that the
reservoirs communicate through an isolation valve so that
the anode reservoir can be filled from the cathode reservoir
while continuing to produce ozone. The ozone generator is
readily configured for self-control using a system controller
programmed to generate ozone while operating the anode
reservoir and the cathode reservoir at constant pressures.

The ozone source preferably generates a gas stream
comprising from about 10% to about 18% by weight of
ozone in oxygen. Such electrolytic cells, including depolar-
izing electrolytic cells, are described in U.S. Pat. No. 5,460,
705 which description is incorporated by reference herein. A
fully self-controlled electrolytic cell for producing ozone is
most preferred for use at remote locations such as a ground-
water treatment facility.

In one aspect of the present invention, the anode reservoir
comprises a cooling member which cools the water in the
reservoir. Since the cooled water is recirculated to the anode
compartment, the electrolytic cell is maintained at a tem-
perature below about 30°C., where the cell operates most
efficiently. Without the cooling member, the electrical resis-
tances in the electrolytic cell generate heat that increases the
temperature of the cell and effects the cell operation.

In another aspect of the present invention, a battery
backup system is provided to maintain a potential across the
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cells during periods of power loss or idle operation. A
preferred battery backup system includes a battery con-
nected to the electrolyzer in parallel with the main power
supply through a forward biased diode to provide backup
power without interruption of signal processing. Maintain-
ing a potential across an electrolytic cell has been found to
increase the life of the lead dioxide electrocatalyst, which
experiences an irreversible decrease in ozone production
capacity following a complete loss of electrical potential.

In yet another aspect of the present invention, the ozone
generator is provided with an ozone destruction unit or
“ozone destruct”. The ozone destruct is disposed in com-
munication with the ozone discharge of the anode reservoir.
The amount of ozone that is produced and separated, but not
used by some ozone consuming process, is catalytically
destroyed on contact. The ozone destruct comprises a
catalyst, such as Fe,O;, MnO, or a noble metal (e.g.,
platinum and palladium), most preferably MnO, or plati-
num.

Another aspect of the invention provides a simplified
anode reservoir in which the ozone control valve and level
sensor are eliminated. The simplified anode reservoir com-
prises a membrane that selectively allows the passage of
ozone and oxygen gas while retaining water. The membrane
is preferably a porous polytetrafluoroethylene (PTFE)
membrane, available from W. L. Gore & Associates, Inc.,
Elkton, Md. under the trade name GORETEX®. The sim-
plified anode reservoir also allows eliminates the need for a
shut off valve in the tubing that connects the anode and
cathode reservoirs. Without the shut off valve, water from
the cathode reservoir flows freely to the anode reservoir to
keep the anode reservoir full of water.

Yet another aspect of the present invention provides an
electrolytic cell that efficiently produces ozone. The elec-
trolytic cell uses a proton exchange membrane (PEM), such
as a perfluorinated sulfonic acid polymer sheet, in intimate
contact between the anode and cathode catalysts. The anode
and cathode catalysts are also in intimate contact with an
anode flowfield and a cathode flowfield, respectively. The
flowfields make electrical contact with either a bipolar plate
disposed between each cell or a current collector plate at the
two ends of the cell stack. The anode flowfield is preferably
made from a valve metal such as titanium. However,
because the valve metals become embrittled from exposure
to hydrogen, the cathode flowfield is preferably made from
a metal other than the valve metals, such as stainless steel,
nickel, copper or combinations thereof.

Another aspect of the invention provides anode and
cathode flowfields each comprising a first region adjacent
the PEM that is flat, smooth and porous and a second region
that is more open and provides a low-resistance flow path
therethrough. The first region provides substantially con-
tinuous and even support of the membrane and electrocata-
lysts so that the membrane and electrocatalysts are not
damaged when the cell stack is compressed. The preferred
anode flowfield has a first region made of porous, sintered
titanium and a second region made of rolled, expanded
titanium with each sheet rotated 90 degrees from the next
sheet. The anode catalyst, such as lead dioxide (PbO,), may
be deposited either on the porous, sintered titanium surface
of the anode flowfield or the surface of the PEM. The
preferred cathode flowfield has a first region made of
stainless steel felt or wool and porous stainless steel and a
second region made of rolled, expanded stainless steel.
Where the second regions are made of expanded metal, it is
preferred that at least two sheets of the expanded metal be
used and that each of the sheets be turned relative to the
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