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WATER PURIFICATION SYSTEMS AND METHODS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0001] Not applicable.

RELATED APPEICATIONS

[0002] This application claims the benefit of ULS, Provisional Application number 61/256,403 of
Themy, filed on October 30, 20609; U.S. Provisional Application number 61/298,962 of Themy et
al., filed on January 28, 2010; U.5. Provisional Application number 61/298,967 of Themy et al,,
filed on January 28, 2010; and U.S. Provisional Application nurnber 61/298,975 of Themy et al,,
filed on January 28, 2010, which are mcorporated herein by reference.

FIELD OF THE INVENTION

[0003] This invention relates to water purification systems and methods. More particularly,
water purification systems and methods utilizing continnous flow high current electrooxidation.

BACKGROUND

[0004] Elcctrolytic generation of chlorine from brine solutions is conducted using an applied
anode voltage of about 3.5 to about 7 volts. Ozone is concurrently produced with the chlorine.
As the voltage increases, the rate of chlorine production becomes higher. However, most anodes
have an operational himitation of 10 - 12 volts due to damage that occurs to the clectrodes at
higher operating voltages. Although some clectrodes may be operated at high voltages (i.e., >12
volts) for short periods of time, pitting and catastrophic damage resulting in fatlure of the
electrode soon occurs. Further, some electrodes are sacrificial and have to be replaced at certain
mtervals,

[0005] Various sacrificial electrodes and methods for producing sacrificial clectrodes are known

m the art. However, for large scale and continuous operation of a high current clectrooxidation
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system needed for wastewater purification as described herein, the ability to run for much longer
periods of time at ¢ven higher voltages is neceded. Continuous high current clectrooxidation may
be desired in a variety of water purification systems. Hence, it 1s desirable to utilize electrodes
that are non-sacrificial. As used heren, electrodes (particularly the anode) which are capable of
being operated continuously at high voltages (>12 V) for extended peniods of time will be
referred to as non-sacrificial anodes,

[0006] Above about 10V and particularly above about 14 V, a change in the clectrolysis of brine
solutions takes place, resulting in the generation of free radicals and other charged 1onic species.
For example, chlorine radicals (monatomic chlorine) and hydroxyl radicals may be prodoced in
addition to the aforementioned ozone and chiorine. Hydrogen peroxide, hypochlorite, and,
depending on the pH, hypochlorous acid may also be produced. One of ordinary skill in the art
will recognize the high oxidizing power of these agents. The ability to continnously produce
these species would be of considerable benefit in the art to take advantage of their oxidizing

POWeL.
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[0007] In one embodiment, s water purification system includes at least one flow clectrolysis
cell. Each cell comprising an input for receiving wastewater, a cathode, a non-sacrificial anode,
and an output for outputting purified water. The non-sacrificial anode s capable of being
operated at an input power of at least about 1600 W to about 3000 W to form electrooxidation
cocktail, and the electrooxidation cocktail treats the wastewater to form purified water.

[0008] In another embodiment, a method for purifying water inchides providing wastewater to at
icast one flow electrolysis cell, and electrolyzing the wastewater using the flow clectrolysis cell.
The flow electrolysis cell comprising a cathode and a non-sacrificial anode. The non-sacrificial
anode is operated at an input power of at least about 1060 W to about 5000 W to form an
electrooxidation cocktail. Purified water is outputted from the flow electrolysis cell.

[0009] The foregoing has outlined rather broadly various features of the present disclosure in
order that the detailed description that follows may be better understood. Additional features and

advantages of the disclosure will be described hereinafter, which form the subject of the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] For a more complete understanding of the present disclosure, and the advantages thereof,
reference is now made to the following descriptions to be taken in conjunction with the
accompanying drawings describing specific embodiments of the disclosure, wherein:

[0011] FIG. 1A 15 an illustrative embodiment of a flow electrolysis cell;

[0012] FIG. 1B 15 an dlustrative embodiment of a water purification system containing muldtiple
flow electrolysis cells linked in parallel;

[0013] FIG. 1C s anillustrative embodiment of water purification system for water purification
following hydranlic fracturing of an o1l well;

[0014] FIG. 2A is an ilustrative embodiment of a water purification system containing four
flow electrotysis cells linked in parallel in which each cell is coupled to an air injection system;
[0015] FIG. 2B is an tllustrative embodiment of a water purification system, that is coupled to
an air injection system, containing four flow electrolysis celis linked to wastewater nput and
ouiput;

[0016] FIG. 3 is an dlustrative embodiment of a multi-ancde flow electrolysis cell;

[0017] FIG. 4 is an illustrative embodiment of a flow clectrolysis cell having a scraper in
movable contact with cathode;

[0018] FIGS. SA-D are illustrative embodiments of results for metal before wastewater
treatment and afier one or more treatinents;

[0019] FIGS. 6A-C are illustrative embodiments of results for ammonia analysis, chemical
oxygen demand, total suspended solids, phosphate and biological oxygen demand before

treatment and atier one or more freatments; and
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[0020] FiG. 7 is an illustrative embodiment of a chart summarizing analytical results of a

wastewater sample.
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DETAILED DESCRIPTION

[0021] In the following description, certain details are set forth such as specific guantities,
concentrations, sizes, cte, so as to provide a thorough understanding of the various embodiments
disclosed herein. However, it will be apparent o those of ordinary skill o the art that the present
disclosure may be practiced without such specific details. Tn many cases, details concerning
such considerations and the like have been omitted nasmuch as such details are not necessary to
obtain a complete understanding of the present disclosure and are within the skalls of persons of
ordinary skill in the relevant art,

[0022] Referring to the drawings w general, it will be understood that the illustrations are for the
purpose of describing particular embodiments of the disclosure and are not intended to be
Hmiting thereto, Furthermore, drawings are not necessarily to scale.

[0023] While most of the terms used herein will be recognizable to those of ordinary skill in the
art, it should be understood that when not explicitly defined, terms should be interpreted as
adopting a meaning presently accepted by those of ordinary skill in the art,

[0024] As used herein, the term "brine” refers to, for example, an agueous salt solution. For
example, brine may refer to an agueous sodium chloride solution, but other aqueous salt
solutions arc cncompassed in other embodiments. In some cases, brine may be considered to
have a salt concentration of about or greater 35,000 ppm. However, as discussed herein, brine
will be considered to be any salt solution having a salt concentration greater than about 100 ppm.
[0025] As used herein, the term "wastewater” refers to, for example, a water source of any tvpe
polluted by at icast one contamunant. Such contaminants may include, for example, organic

compounds, inorganic compounds, heavy metals, biologics and combinations thercof.
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[0026] As used herein, the term "purificd water” refers to wastewater that has been treated by at
icast a portion of a water purification system or method, For example, purified water may be
utilized to describe water that has passed through a flow clectrolysis cells or water that has
passed through an entive water purification system.

[0027] The water purification systerns and methods described herein may generally provide flow
electrolysis cells. The flow electrolysis cells may inclode at least one non-sacrificial anode, a
cathode, an mnlet port, and an outlet port. The non-sacrificial anode produces an electrooxidation
cocktail mcluding at least ozone, hypochlorite, hydroxyl radicals and hydrogen peroxide upon
electrolysis of an aqueons brine solution.  The electrooxidation cocktail may react with
contaminants in wastewater, thereby assisting in the removal of contaminants as discussed
herein.

[0028] Various non-sacrificial electrodes and methods for producing non-sacrificial electrodes
are disclosed in United States Patents 3,443,055 to Gwynn et al., 3,479,275 to Gwynu ¢t al.,
3,547,608 to Gwynn et al., 3,616,355 to Themy et al., 4,201,651 to Themy, 4,316,787 to Themy,
and 4,236,992 (hereinafter, '992) to Thomy. The ‘992 patent to Themy discloses an clectrode
capable of being operated continuously at greater than about 20 volts for at least two days.
These non-sacrificial clectrodes may be suitable use in water purification systoms and methods
discussed herein.

[0029] in some embodiments, water purification systems may have at least one flow electrolysis
cell in which cach cell has a cathode and at least onc non-sacrificial anode. The water
purification systems may alse include an air injection system coupled to cach flow electrolysis

cell,
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[0030] In another embodiment, the flow clectrolysis cells may mclude one or more non-
sacrificial anodes, a adjustable cathode located between the at least two non-sacrificial anodes,
an inlet port and an outlet port. A distance between the adjustable cathode and the non-
sacrificial anodes is adjustable by varying a thickness of the adjustable cathode,

[0031] In vet another embodiments, the flow electrolysis cells include at least one non-sacrificial
anode, a cathode, an inlet port, an outlet port, and a mechanical scraper in movable contact with
the cathode. In other embodiments, the water purification systems may also joclude an aw
injection system coupled 1o each flow electrolysis cell.

[0032] o some ersbodiments, the electrooxidant cockiail inclodes at least hydroxyl radicals. In
some embodiments, the electrooxidant cocktail includes at least vzone, hypochlorite, hydroxyl
radicals, hydrogen peroxide and combinations thereof. In some embodiments, the
electrooxidation cocktail further includes at teast one of monatomic chlorine, ozone free radicals
and hydrogen peroxide. After the treated water leaves the electrolysis cell, only chlorine is
detected (<1% hypochiorite), as the remainder of the reactive species dissipate. It should be
pointed out the electrooxidation cocktail is generally produced using only components present in
the wastewater itsclf and inputted power, without the addition of added chemicals. However, in
some embodiments, additional salt may be added to a wastewater source when the native salt
lfevels in the wastewater source are low {c.g., less than about 3000 ppm). As noted above, low
salt concentrations may be overcome by operating the electrolytic cells at higher input voltages
or decreasing the separation between electrodes. Conversely, electrooxidation may be conducted
with greater clectrode separation when high salt concentrations are present.

[0033] Elcctrooxidants of an clectrooxidation cocktail produced are advantageous in being

environmentally benign. The clectrooxidants are further advantageous in allowing wastewater
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purification to ocour on a job site generally relying only salt impuritics present in the wastewater
as a source of the clectrooxidants.  Accordingly, the need to purchase, transport and store
dangerous chemicals is climinated. As noted above, however, in some embodiments, additional
salt may be added to the wastewater source if desired.

[0034] FIG. 1A is an illustrative embodiment of a flow clectrolysis cell 10, Flow electrolysis
cell 10 may include inlet 13, outlet 20, non-sacrificial anode 25, and cathode 30, A wastewater
strearn is purnped by pump 35 into flow electrolysis cell 10 through indet 15, High-voliage
electrolysis (i.e., > 12 V) may be conducted to perform electrooxidation.  As the wastewater
streamn 1s flowed through flow clectrolysis cell 10, non-sacrificial anode 25 and cathode 30 may
be connected to a high voltage power supply, thereby exposing the wastewater to high voltages.
Exposure of the wastewater to the high voltages results in formation of at least ozone, hydroxyl
radicals, monatomic chiorine and hydrogen peroxide. Al of these components are powerful
oxidizing agents that efficiently oxidize and substantially remove any biological oxygen demand
{BOD), chemical oxygen demand (CODY), heavy metals and other organic/inorganic polhutants
and bacteria present in the wastewater. The higher the current, the more oxidizing agents
produced, including at least ozone, hydroxyl radicals, monatomic chlorine and hydrogen
peroxide.  Contaminants such as, for example, ammonium sulfides, hydrocarbons, iron,
manganese and other heavy metals, are readily oxidized and removed from the wastewater
stream. Flow electrolysis cell 10 operates at a relatively high current that allows the wastewater
stream to be treated in a single pass through the cell. The contaminants may be removed as a
microflocculant afier clectrooxidation. For example, oils and organics may separate from the
wastewater upon oxidation and inorganics may precipitate as a microflocculant.  Oxidized

organic compounds may also precipitate as a microflocculant in some cmbodiments.  For
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example, metals are electrochemically oxidized into a metal oxide and then released as a
microflocculant sediment. The process safely and efficiently converts the supplied wastewater
into an output stream flowing from outlet 20 of flow clectrolysis cell 10 having levels of chlorine
and mixed oxidants lower than a maximum amounts allowed by ecovironmental regulations.
Further, in order to satisfy any potential differences in environmoental regulations for different
countries, the amount of power provided to flow electrolysis 10 can be adjusted to reduce the
arpount of oxidizing agents produced.

[0035] Microtlocculant may be removed from the partially repurified water using a separation
means. In some embodiments, the separation means may be a clatifier. The clarifier may be, for
example, a dissolved air floatation clarifier. In other embodiments, the separation means may be
a centrifuge. Other well known methods of removing microflocculants such as, for example,
centrifugation or gravity settling are suitable as well.

[0036] In some embodiments, the clectrooxidation is performed at low voltage {i.e., an input
voltage of less than about 10 V). In other embodiments, the electroxidation 1s performed at
higher voltage (i.¢.,, greater than about 10 V). In some embodiments, non-sacrificial anode 235 is
capabtle of being operated at an input voltage of at least about 1000 W to about 5000 W. In some
embodiments, the non-sacrificial anode 25 produces an electrooxidation cocktail including at
icast ozone, hypochlorite, hvdroxyl radicals and hydrogen peroxide wupon electrolysis of an
aqueous brine solution. In some embodiments, non-sacrificial anode 25 is capable of being
continucusly operated for at least about 1 month at an input voltage of at least about 12 V.

[0037] In some cmbodumnents, an input voltage of the water purification systoms is greater than
about 12 V. In other embodiments, an input voltage of the water purification systems is greater

than about 20 V. In still other embodiments, an input voltage of the water purification systems is

10
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greater than about 30 V., In still other embodiments, an input voltage of the water purification
systems 18 greater than about 100V, and in some embodiments, the mput voltage is greater than
about 200 V. Higher voltages arc advantageous for faster production rates of frec radicals and
other charged ionic species, as noted above. At higher voltages, larger quantitics of water can be
purified more rvapidly or more polluted saroples can be treated more rapidly, Furthermore, at
higher voltages, wastewater streams having lower salt concentrations can be effectively purified,
because sufficient guantities of oxidant are still produced. In some embodiments, the non-
sacrificial anodes of the flow electrolysis cells may be plugged divectly wio a 110 A or 220 A
source.

[0038] FIG. 1B s an illustrative embodiment of a water purification system containing multiple
flow electrolysis cells linked in paraliel. By hinking multiple flow electrolysis cells in parallel,
water purification systems can purity larger amounts of water and/or purify the water in a shorter
time,

[0039] In conducting high voltage electrolysis, the power drawn by an electrode may be varied
by independently adjusting the input voltage and current. Power is the product of voltage times
amperage. In some embodiments, the power drawn by the electrodes of the water purification
systems may be greater than about 1000 W. In some embodiments, the power drawn by the
electrodes is greater than about 2000 W. In some embodiments, the power drawn by the
electrodes is greater than about 3000 W. In some embodiments, the power drawn by the
electrodes is between about 1000 W and about 5000 W, In some embodiments, the power drawn
by the electrodes is between about 1000 W and about 3000 W. In some embodiments, the power
drawn by the electrodes is between about 2000 W and about 3000 W. In some embodiments, the

power drawn by the clectrodes is between about 1000 W and abowt 2300 W. In some

11
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erabodiments, the power drawn by the clectrodes is between about 1500 W and about 3000 W.
In some embodiments, the power drawn by the clectrodes is between about 1500 and about 2500
W. In some cmbodiments, the power drawn by the electrodes is between about 1500 and about
2000 W, In some embodiments, the power drawn by the electrodes is between about 2000 and
about 2500 W. In embodiments wherein multiple clectrolytic cells are linked in parallel, cach
cell can either have the same power draw or be varied independently to have a different power
draw. In such embodiments, the total power draw will be the sum of all inputied power.
Combinations of voltage and current to produce power draws {alling within these ranges and
subranges are nchided within the spirit and scope of the present disclosure. In electrooxidation
applications conducted at low voltage (e.g., less than about 10 V), the power drawn by the
electrodes may be less than abount 1000 W.

[0040] FIG. 1C is an illustrative embodiment of water purification system for water purification
following hydraulic fracturing of an oil well.  As significant guantities of water are used in
hydranlic fracturing operations, there is an unmet need in the art for ways to efficient punfy
recovered well water from the fracturing process, particuiarly a method that is capable of
performing the purification and recovery at the well site. The water purification systems offer 24
hour/day operation and are capable of meeting this unmet nced.  The purified water leaving the
flow clectrolysis cell may be further purified, returned for additional fracturing operations,
filtered or skimmed to remove sediment or microflocculant, or transferred to a clean water
holding pond, truck or tank. Prior to entering water purification system 50, water is housed in
water source 55, such as a holding pond, truck, tank or the like. Hydraulic fracturing system 60
may inject fluids into well 65, and the fluids may then be pumped from the well into separation

systern 70. Scparation system 70 may be utilized to separate various fluids and gases from cach
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other. Wastewater from separation systerm is provided to a skimmer 75 to remove any remaining
oil in the wastewater and provide the oil to oil storage 80.

[0041] Pump 85 pumps the wastewater from skimmer 75 into water purification system 50, As
discussed n other embodiments, flow electrolysis cell 90 produces an electrooxidation cocktail
that oxidize and substantially removes BOD, COD, heavy metals and other organic/inorganic
pollutants, and bacteria present in the wastewater.  Skimuuver and settling tank 95 allows
particulates, microflocculant, sediment, and the Iike to be removed from the wastewater. Pump
100 pumps the wastewater into filter 105 to remove any remaining inpurities. The water leaving
water purification system 50 may be provided to storage 110, The purified water can be pumped
from storage to tank or holding pond 120 and/or truck 125, In other embodiments, the purified
water may be further purified, returned for additional fracturing operations, filtered or skimmed
to remove sediment or microflocculant, or transferred to a clean water holding pond, truck, or
tank.

[0042] In various embodiments, water purification systems are operated at flow rates ranging
from about 35 gal/min to about 500 gal/min. Wastewater may be circulated through the systems
in a single pass or recirculated, depending on the purification needs of a particular water source.
In addition, flow rates can be adjusted to accommodate the purification needs of a particular
water source.

[0043] In sulf further embodiments, water purification methods may include passing the partially
repurified water through a suitable filter. For example, in some embodiments, the filter may be a
10 pm filter. In other embodiments, the filter may be a 2 pm filter. In still other embodiments,

the filter may be a bag filter,

13
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[0044] A further advantage of the water purification methods are that pH control of the
wastewater source is not particularly critical to provide treatment. At low pH, hypochlorous acid
may be produced, but i will break down to form some of the aforementioned specics in the
electrooxidation cocktail. At higher pH, metal oxidation may become more facide, Although pH
control may be advantageous depending on the particular charactenistics of the sample, it 1s not
required to adjust the pH to practice the present methods. Furthermore, as disclosed herem
cathode-anode separation, such as discussed 1 FIG. 3, may be used to provide additional control
over the electrooxidation m response to the salinity of a wastewater sample.

[0045] In sorme embodiments, water purification methods may be advantageous in reducing the
turbidity of treated wastewater.  For example, the electrooxidants produced by the flow
electrolysis cells may react with countaminants present in a water souwrce to produce a
microflocculant. Chemical methods for purifving a water stream tend to produce a shudge in the
process of removing contaminants from the water source. In contrast, electrooxidants from the
flow electrolysis celis advantageously produce a microflocculant, which is typically sand-like
consistency and is easily removed, for example, by means set forth hereinabove.
Microflocculants produced by the flow electrolysis cells are easily dealt with as chemical waste,
unlike chemically-coagulated sludges which present a more difficult waste disposal problem. It
should be noted that a microflocculant will not form upon electrooxidation of all wastewater
sources.  The particular composition of the wastewater souwrce will govern whether 2
microflocculant will form in a given instance. [t has been observed that the microflocculant,
produced by the water purification systems discussed herein, forms more efficiently at higher
voltages than in comparison samples treated at lower voltages. Furthermore, air injection, such

as discussed in FIG. 2A and B, aids in formation of the microflocculant. Without being bound
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by theory or mechanism, it is behieved that hydrogen produced during clectrooxidation may
influence the formation of the microflocculant. In addition to the aforementioned contaminants,
other wastewater contaminants may be removed by the water purification systems and methods,
as set forth hereinbelow,

[0046] Hydrogen sulfide, H;S, 1s a colorless, toxic, flanumable gas that is responsible for the foul
odor of rotien cggs and flatulence. It often results when bacteria break down organic matter in
the absence of oxygen, such as in swamps, and sewers {alongside the process of anacrobic
digestion). It also oceurs in voleanic gases, natural gas and some well waters. Tt also is present
as the part of hydrocarbon streams typical of petroleurn recovery sources.  Accordingly,
hydrogen sulfide can contaminate varipus water sources and wastewater streams, incloding those
from hydraulic fracturing operations. Hydrogen snlfide is corrosive and renders some steels
brittle, leading to suifide stress cracking, which is a concern tn many applications, particularty
when handling acid gas and sour crude oil in the oil industry. Hence, removal of hydrogen
sulfide is desirable in the art.

[0047] The primary method used in the art of removing hydrogen sulfide is the Claus process,
which proceeds according to Formula (1),

[0048] 2HLS + Oy — 28+ 2H0 (1)

[0049] Other current technology available to remove hydrogen sulfide includes high pressure
oxygenation of H,S solutions and oxidations with ozone and hydrogen peroxide. Therefore, the
water purification systems and methods may also be useful for removing hydrogen sulfide from a
water source. The electrooxidation cocktail removes hydrogen sulfide not only by oxadizing Hy,S
to elemental sulfur or sulfur-containing anions {¢.g., SOy, SO, but it also destroys sulfide

reducing bacteria (SRB), which may be responsible for production of the hydrogen sulfide in
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some wastewater sources in the first place.  Furthermore, some sulfur-containing organic
compounds may be oxidized by the electrooxidation cocktail to reduce their odor (e.g., thiocthers
oxidized to sulfoxides or sulfones), and further oxidation of the hydrocarbon portion of these
molecules may take place as set forth hereinabove to rerove them from the purified wastwater,
[0050] Elcctrooxidants may also decompose organic and inorgame compound contaminanis
giving odor to a wastewater stream without the need for adding any additional chemucals, In
contrast, conventional odor removal processes involve addition of chlorine, chiorine dioxide or
sodiom hypochlorite. THuostrative odor-causing organic compounds that may be removed from a
wastewater siream include, for example, phenols, chloranunes, compounds from algal blooms
{e.g., geosmin and methyl isobomeon). Inorganic compounds including, for example, ammonia,
may be removed (o non-toxic levels. Furthermore, the electrooxidants do not form chloramines
or cyanogen chloride, both of which cause odor problems.

[0051] In some embodiments, the electrolytic cells may also be used for purifying industrial
waste water {gray water), treating sewage water, stertlizing medical instruments, surfaces, and
certain foods.

[0052] FIG. 2A is an illustrative embodiment of a water purification system 150 containing four
flow electrolysis cells 160 linked in parallel in which cach cell is coupled to an air injection
system 155, Details of the electrolysis cells 160 such as the cathode and anode have been
omitted for clarity. Water inlet and outlet lines have alse been omitted for clarity. Air injection
system 155 includes upstream inlet lines 165 and downstream inlet lines 170 on ecach flow
clectrolysis cell 160, Air flow from air source 172 to upstream inlet line 165 and downstream
mlet line 170 can be independently control with direction valves 175 and check valves 180, In

some embodiments, pressure gauge 185 may be included. While pressure gange 185 is provided
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along downstream inlet hines 170, in other embodiments, a pressure gauge may be provided
along upstream inlet lines 165 or both the upstream 165 and downstream 170 inlet lines.

[0053] FIG. 2B s an illustrative embodiment of a water purification system 200, that is coupled
to an air injection systern 220, containing four flow electrolysis cells 205 linked to wastewater
nput 210 and output 215, Asr mnjection system 220 15 linked to How electrolysis cells 203
through upstream inlet ines 225 and downstrear inlet ines 230, A flow from air sowrce 235 to
upstrearn inlet line 225 and downstream indet line 230 can be independently control with valves

240, In some embodiments, pressure gauge 245 may be included. An optional acid wmput line

Prior to entering the water purification system, water is housed in, for example, a holding pond,
truck or tank, and then pumped through the system.  The purified water leaving the water
purification system may be further purified, returned for further use, filtered or skimumed to
remove sediment or microflocculant, or transferred to a clean water holding pond, truck or tank.
[0054] if a water purification system has a 6,000 barrel per day production capacity, by hinking
water purification systems in paralicl, the production capacity can be increased in multiples of
the rumber of systems linked. For example, four parallel water purification systems have a
production capacity of 24,000 barrels per day. Water purification systems may be conveniently
housed in the cargo storage area of an 18-wheel trailer. Hence, water purification systems may
be transported to a hydraulic fracturing well site for onsite water purification. In some
embodiments, water purification systems have a capacity that ranges between about 1,000 and
about 80,000 barrels per day.

[0055] In some embodiments, the air injection system may be coupled to the top of cach flow

clectrolysis cell. In some embodiments, the air injection system may be coupled to the bottom of
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cach flow electrolysis cell. In still other embodiments, the atr ijection system may be coupled
to both the top and bottom of each tlow electrolysis cell.

[0056] As aforcmentioned, inclusion of an air injection system with the water purification
systems resulis in nomerous advantages. A first significant advantage is a much higher rate of
formation of microflocculant and separation of suspended organic matier. In some embodiments
having an aiv injection systern, nucroflocculant forms 1o the flow electrolysis cell during
electrooxidation. The microflocculant is typically more coarse and settles more readily than does
microflocculant produced in the absence of an awr injection systern.  As a result, m some
erabodiments, the rate of water punification is increased relative to water purification systems not
having an air ijection systew {e.g., 30 — 50% faster). More ready formation of the
microflocculant advantageousty allows for higher flow rates to be used in the water purification
systems. In some embodiments, the methods further include separating the microflocenlant (e.g.,
in a clarnifier).

[0057] Typically, air entering upstream of the flow electrolysis cell (e.g., wastewater entering the
cell} is used for cleaning of the electrodes and purging of the system. For example, air entering
the top of the flow clectrolysis cell prevents and breaks free scaling that may form on the
electrodes during treatment of wastewater {e.g., calcium deposits}. The electrode cleaning offers
the opportunity for extended operation times at higher clectrode cfficiencics.  Upstream air
mjection also enhances the cell reaction by causing turbulent flow, which provides more
electrode contact. Finally, upstream air imjection may aid in separation of suspended organic
matter.

[0058] Typically, air entering downstream of the flow clectrolysis ccll {c.g., wastewater lcaving

the celly accomplishes agitation and acration of the wastewater within the cell. Downstream air
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imjection also may be used to purge the cells, etther at the end of a run or for cleaning. The
downstream air injection may also enhance formation of a microfloculant in the cell.

[0059] Each cell in the water purification system may be operated independently, with air being
ijected upstream, downstream or both during a ron. For example, at any point during a run,
some cells roay have upstream avr ipjection, some cells may bave downstream air 1njection, and
some cells may have both apstream and downsiream air mjection. Various embodiments have
been described with the wastewater and upstream air cutering the top of the How electrolysis
cells, However, it is within the spirit and scope of the present disclosure that the flow direction
be reversed (1.e., the wastewater adds upstream air entering the bottom of the flow electrolysis
cells). The terms "top” and "bottom™ are used relative to the direction of the wastewater flow in
the flow electrolysis cells. "Top" refers to the entry point of the wastewater and "bottom” refers
to the exit point of the wastewater.

[0060] FIG. 3 1s an illustrative embodiment of a multi-anode flow electrolysis cell 300, Multi-
anode flow electrolysis cell 300 contains an adjustable cathode 305 between one or more fixed
non-sacrificial anodes 310, For example, in some embodiments, adjustable cathode 305 may be
removable to allow a thicker or thinner cathode to substituted. Water inlet 315 and outlet 320
ports are also connected to the flow electrolysis cell. Several multi-anode flow electrolysis cells
300 may be connected in parallel in water purification systems. Purified wastewater leaving the
flow clectrolysis cell may be further purified, returned for further use, filtered or skimmed to
remove sediment or microflocculant, or transterred to a clean water holding pond, truck or tank.
[0061] In another ecmbodiment, onc non-sacrificial anode 310 is provided with adjustable
cathode 305, Adjustable cathode 305 can be adjusted by mechanical means to move the cathode

closer to or further away from the non-sacrificial anode 310, For example, a processor coupled
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to a chemical sensor detecting the salinity level of the wastewater may cause a hydraunlic actuator
to move adjustable cathode 305 towards or away from non-sacrificial anode 310 depending on
the salinity level detected by the chemical sensor.

[0062] In various embodiments, the flow electrolysis cells have one or more non-sacrificial
anodes, an adjustable cathode (located between the at least two non-sacrificial anodes if there 15
more than one non-sacrificial anode), an inlet port, and an outlet port. A distance between the
adjustable cathode and the vou-sacrificial anode(s) s adjusted by a mechanism moving the
cathode or by varying a thickness of the adjustable cathode. Low salf concentrations may be
overcome by operating the electrolytic cells at higher input voltages or by decreasing the
separation between electrodes.  Conversely, electrooxidation may be conducted with greater
electrode separation when high salt concentrations are present.

[0063] In various embodiments, wastewater sources having a salt concentration ranging between
about 100 ppm and about 200,000 ppm may be effectively purified by the water purification
systems and method discussed herein. In other embodiments, higher salt concentrations also lie
within the spirit and scope of the present disclosure. Voltages, flow rates, clectrode contact areas
{1.¢., clectrode size), number of electrodes, and clectrode separation can be adjusted according to
the purification needs of a particular wastewater source.  In some embodiments, clectrode
contact arcas may be increased by having more than one anode present. In some embodiments,
the electrode thickness may be changed to adjust the electrode separation.

[0064] Flow clectrolysis cells discussed herein are advantageous over others because the
distance between the cathode and the anode may be adjusted. A sccond advantage flow
clectrolysis cells is the presence of multiple anodes, The presence of multiple anodes in the flow

clectrolysis cells allows for greater surface contact area between the electrode surface and the
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wastewater, The increased surface arca results in greater contact time between the wastewater
and the electrode while the wastewater is in the cell and accordingly a more efficient
electrooxidation results.

[0065] The ability to adjust the distance between the cathode and the at least two non-sacrificial
anodes 13 a significant advantage of the flow electrolysis cells. As the cathode and anode are
moved forther apart, lower guantities of the oxidizing agents noted above are produced opon
electrolysis of an agueouns brine solution. Conversely, as the cathode aund anode are moved
closer together, greater guantitics of the oxidizing agents are produced upon electrooxidation.
Particularly, at closer cathode-anode separations, higher quantities of ozone and hydroxyl
radicals are produced during electrooxidation. By having an adjustable cathode, the cathode-
anode separation can be adjusted by moving the adjustable cathode or by placing a second
cathode of a different thickness between the anodes tn response to a change in salinity of a
wastewater source.  Accordingly, flow electrolysis cells may be operated at optimal current-
voltage parameters, regardiess of the salinity of the wastewater source being treated, simply by
changing the adjustable cathode. Moving the adjustable cathode by mechanical means or
replacing the cathode may be performed automatically or in field operations with minimal labor
or equipment downtime involved.

[0066] in some embodiments, the adjustable cathode is evenly spaced between at least two non-
sacrificial anodes. In other embodiments, the adjustable cathode is unevenly spaced between at
least two non-sacrificial anodes. In some embodiments, the methods further include adjusting a
distance between the adjustable cathode and at least two non-sacrificial anodes. For example, in
some embodiments, adjusting may include replacing the adjustable cathode with another cathode

having a different thickness.
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[0067] In somc embodiments, the distance between the adjustable cathode and the one or more
non-sacrificial anodes is decreased. In other embodiments, the distance between the adjustable
cathode and the one or more non-sacrificial anodes is increased. As discussed hercinabove,
cathode-anode separation may be used to control the concentration of oxidizing species produced
in response to the salinity of a wastewater source, In some embodiments, the distance between
the adjostable cathode and the one or more non-sacrificial anodes is decreased 1o response to a
decrease in salinity of the wastewater source. In other embodiments, the distance between the
adjustable cathode and the one or more non-sacrificial anodes is 1ncreased in respounse {0 an
increase m salinity of the wastewater source,

[0068] As a non-limiting example of how cathode thickness can influence the cathode-anode
separation and oxidation rate, consider the following scenaric in which a cathode having a
thickness of 1 em is placed between two non-sacrificial anodes separated by 3 cm. If the cathode
is equally spaced between the two non-sacrificial anodes, each face of the cathode will be 2.5 cm
from the faces of the non-sacrificial anodes. In response to a slow rate of oxidation, the cathode-
anode scparation may be decreased to provide a higher concentration of oxidizing specics
without adjusting the input power of the flow clectrolysis cell or the salinity of the wastewater.
In the presently described embodiment, in response to a slow oxidation rate, the cathode would
be replaced by a thicker cathode. For imstance, replacing the imitial cathode with a second
cathode having a thickness of 2 om would decrease the cathode-anode separation to 2 om. Any
range of cathode-ancde separation Hes within the spirit and scope of the present disclosure.
[0069] FIG. 4 is an ilustrative embodiment of a flow electrolysis cell 350 having a scraper 375
m movable contact with cathode 360, Flow clectrolysis cell 350 has inlet 365 and outlet 370 port

allowing wastewater to flow through the cell. Anode 355 and cathode 360 are within the cell.
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Blade 380 of scraper 375 is m movable contact with cathode 360, Scraper 375 15 covered with
non-conductive coating 385 cxcept where blade 375 is in movable contact with cathode 360.
[0070] During treatment of wastewater, a significant deposit buildup {¢.g., calcium deposits) can
be deposited on the cathode. This deposit buildup hinders the formation of oxidizing species and
reduces the efficiency of the flow electrolysis cells for water purification. Eveun though the
electrodes of the flow electrolysis cells are suitable for continnous high voltage electrooxidation,
buildup of residues or deposits on the electrodes can result in downtime to clean the electrodes.
Cleaning may be performed by mechanical means to keep the electrodes free of deposits and
operating at peak efficiency. Embodiments of flow clectrolysis cells described herein may
mnclude a mechanical scraper to remove these residues and deposits to allow continuous or near
continuous operation of the flow electrolysis cells without the need for potentially costly
downtime required for electrode cleaning.

[0071] o some embodiments, a mechanical scraper is in movable contact with the cathode to
accomplish removal of deposits from the cathode. In some emboediments, the mechanical scraper
includes a blade such as, for example a stainless steel blade. In some embodiments, the blade is
operable to remove any deposits that form on the cathode. Mechanical scrapers in the form of a
blade are particularly advantageous for cleaning the cathodes because the metal-metal contact of
both the cathode and anode with the scraper is not damaging to the electrode itself. Brushes used
in the art for clectrode cleaning are not as efficient at keeping the electrode clean and also have
the possibility of scratching or otherwise damaging the electrodes. In some embodiments, an
edge of the blade is in movable contact with the cathode. 1n some embodiments, the portion of
the blade or mechanical scraper not in contact with the cathode is coated with a non-conductive

coating {¢.g., a polymer). The non-conductive coating allows the scraper or blade to be mserted
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mto the flow clectrolysis cell while the ccll 1s operating to clean the cathode in situ without
requiring system shutdown, Without the non-conductive coating, the scraper might otherwise be
damaged by the electrooxidation conditions,

[0072] In some embodiments, scraping occurs while clectrolyzing 1s ocourming.  In some
erobodiments, the scraping s performed manually.,  For example, in response to a visual
assessment of deposit buildup scraping may be initiated. Tn other embodiments, scraping may be
performed antomatically, For example, in response 1o an assay showing increased contaminanis
in purified wastewater, scraping may be ihiated in response to an mcereased concentration of
contaminants. In other embodiments, scraping may be initiated by antomated means m response
to a visual or detected butldop of deposits on the cathode. Automation of the mechanical scraper
may be conducted by standard robotics technigues known to those of ordinary skill in the art.
[0073] o the embodiments discussed herein, the various features of the water purification
systems and methods discussed herein may be combined, substituted, replaced, and/or the hike.
For example, a flow electrolysis cell may utilize any suitable combination of adjustable anodes,
multiple non-sacrificial anodes, air injection, and/or a scraper. Further, such flow electrolysis
cells may be suitable for use in any water purification system or method discussed herein or
known in the art,

[0074] Experimental Examples

[0075] The following cxperimental examples are included to demonstrate particular aspects of
the water purification systems and methods. It should be appreciated by those of skill in the art
that the methods described in the examples that follow merely represent exemplary embodiments
of the water purification systems and methods,  Those of ordinary skill in the art should

appreciate that many changes can be made in the specific embodiments described and still obtain
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a like or sumilar result without departing from the spirit and scope of the water purification
systems and methods.

[0076] Example 1: [Hustrative Resulis from Treatment of a Wastewater Sample. A sample of
brackish water from a drilling site was processed with the electrochemical cell. FIG. SA shows
analytical results for metals before treatroent. FIG. 5B shows avalytical resulis for metals after
one treatmient. FHG. 5C shows analytical results for metals afier two treatments, and FIG. 5D
shows analytical results for metals after three treatments. In general, the concentration of
analyzed metals decreased upon subsequent treatmnents, and a particularly large drop was
observed n going from the untreated sarople to the once-~treated sample,

[0077] FIG. 6A shows analytical results for ammonia analysis, chemical oxygen demand, total
suspended solids, phosphate and biological oxygen demand before treatment.  FIG. 6B shows
analytical results after one treatiuent, and FIG. 6C shows analytical results after two treatinents.
As shown in the experimental data, all parameters decreased sharply after one treatment.
Biological oxygen demand was decreased to non-detectable levels after one treatment.

[0078] FIG. 7 is an illustrative embodiment of a chart sumimarizing analytical resuits of a
wastewater sample. As is clearly evident from the results shown, significant purification took
place in the purified samples.

[0079] Embodiments described hercin are inchuded to demonstrate particular aspects of the
present disclosure. It should be appreciated by those of skill in the art that the embodiments
deseribed herein merely represent exemplary embodiments of the disclosure. Those of ordinary
skill in the art should, in light of the present disclosure, appreciate that many changes can be
made 1n the specific embodiments described and still obtain a like or similar result without

departing from the spirit and scope of the present disclosure. From the foregoing description, one
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of ordinary skill in the art can easily ascertain the essential characteristics of this disclosure, and
without departing from the spirit and scope thereof, can make various changes and modifications
to adapt the disclosure to various usages and conditions, The ecmbodiments described
heremabove are rocant to be llustrative only and should not be taken as Limiting of the scope of
the disclosure, which is defined m the following claims.

[0080] From the foregoing description, one of ordinary skill in the art can casily ascertain the
essential charactenistics of this disclosure, and without departing from the spirit and scope
thereof, can make various changes and modifications to adapt the disclosure to various usages
and conditions. The embodiments described hereinabove are meant to be llustrative only and
should not be taken as limiting of the scope of the disclosure, which is defined in the following

claims.
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CLAIMS
What is claimed is the following:
1. A water purification system comprising:

at least one tlow clectrolysis cell, cach cell comprising
an input for receiving wastewater;

a cathode;

a non-sacrificial anode, wherein the non-sacrificial anode is capable of being
operated at an input power of at least 1000 W fo form electrooxidation cocktail, and the

electrooxidation cocktail treats the wastewater to form purified water at a How rate of at

least 20 gallons per minute; and

an output for outputting purified water,

2. The water purification system of claim 1, further comprising a clanifier operable for

removing a microflocculant.
The water purification system of claim 2, wherein the clarifier 15 a dissolved air Hoatation
clarifier.

4. The water purification system of claim 1, further comprising an air injection system

conpled to the flow electrolysis cell, wherein the air injection system acrates the wastewater in

the flow electrolysis cell.
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The water purification system of claim 4, wherein the air injection system is coupled to

the top of the flow clectrolysis ccll,

6. The water purification system of claim 4, wherein the air injection system s coupled to

the bottorn of the flow electrolysis cell.

7. The water punification system of claim 1, further comprising an actuator coupled to the
cathode, wherein the actuator adjust a predetermined distance between the cathode and the non-

sacrificial anode.

&. The water purification system of claim 1, further comprising a mechanical scraper in

movable contact with the cathode.

9. The flow electrolysis cell of claim &, wherein the mechanical scraper comprises a blade,

wherein an edge of the blade is in movable contact with the cathode.

16.  The flow clectrolysis cell of claim &, wherein the portion of the blade not in contact with

the cathode is coated with a non-conductive coating.

1. A method for purifving water, said method comprising:

providing wastewater to at least one flow clectrolysis cell;

clectrolyzing the wastewater using the flow electrolysis cell, said cell comprising a
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cathode and a non-sacrificial anode, and the non-sacrificial anode is operated at an input power
of at least 1000 W to form an electrooxidation cocktail; and
outputting purificd water from the flow clectrolysis cell at a flow rate of at least 20

gallons per minute,

12. The method of claim 11, further comprising adding salt to the wastewater,

13. The method of claim 1, wherein the non-sacrificial anode is capable of being
contmuously operated at a voltage of at least about 12 V over a time pertod of at least about one

month.

14, The method of claim 11, further comprising:

oxidizing at least a portion of any contaminants present in the wastewater source with the
electrooxidation cocktail to form the purified water, wherein the oxidizing produces a
microflocculant; and

removing the microflocculant from the purified water.

i5. The method of claim 11, acrating the wastewater source while electrolyzing in cach of
the at least one flow electrolysis cells using an air injection system, wherein the air injection

system is coupled to each of the at least one flow clectrolysis celis.

9. The method of claim 15, wherein the acrating takes place from the top of cach flow

clectrolysis cell.
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17. The method of claim 15, wherein the acrating takes place from the bottom of each flow

electrolysis cell.

i8. The method of claim 11, further comprising adjusting a distance between the adjustable

cathode and the non-sacrificial anode.

20.  The method of claim I8 wherein the distance between the adjostable cathode and the

non-sacrificial anode is decreased.

21. The method of claim 18, wherein the distance between the adjustable cathode and the

non-sacrificial anode is increased.

22. The method of claim 11, forther comprising:

scraping the cathode with the mechanical scraper to remove any deposits formations on

the cathode.

23. The method of claim 22, wherein the scraping occurs while electrolyzing is occurring.
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