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Various embodiments relate to methods and systems for removing phosphorus and/or nitrogen from water. A method of removing
phosphorus and nitrogen from water includes passing starting material water including nitrogen and phosphorus through an
elevated pH phosphorus removal stage. The method includes passing the water through an electrolytic nitrogen removal stage.
The method includes passing the water through a galvanic phosphorus removal stage. The water produced by the method has a
lower phosphorus concentration and a lower nitrogen concentration than the starting material water.
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Abstract:

Various embodiments relate to methods and systems for removing phosphorus and/or nitrogen from
water. A method of removing phosphorus and nitrogen from water includes passing starting material
water including nitrogen and phosphorus through an elevated pH phosphorus removal stage. The
method includes passing the water through an electrolytic nitrogen removal stage. The method
includes passing the water through a galvanic phosphorus removal stage. The water produced by the
method has a lower phosphorus concentration and a lower nitrogen concentration than the starting
material water.
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REMOVAL OF MATERIALS FROM WATER

CROSS-REFERENCE TO RELATED APPLICATION
{00011 This application claims the benefit of priority to ULS. Provisional Patent
Application Serial No. 62/860,433 filed June 12, 2019, the disclosure of which is incorporated

herein in its entirety by reference.

BACKGROUND
{0002} Phasphorus is a common constituent of agricultural fertilizers, manure, and
organic wastes in sewage and industrial effluent. It is an essential element for plant life, bat
when there s too much of # in water, it can cause growth of plants and algae and deplete oxygen
from the water at a rate that is greater than ecosystems can handle and can have severe ecological
effects including toxic algae blooms, death of native aquatic species, and loss of biodiversity
{eutrophication). Although varions methods for removal of phosphorus from water are available,
existing methods can be expensive, mconveaient, inefficient. lack scalability, or can be
environmenially unfriendly.
{0003} Nitrogen is a common constituent of agricultural fertilizers, manure, and organic
wastes in sewage and industrial effluent. It is an essential element for plant life. However, when
there is too much nitrogen in water, it can cause growth of plants and algae and can deplete
oxvgen from the water at a rate that is greater than ecosystems can handle, causing severe
ecological effects including toxic algae blooms, death of native aquatic species, and loss of
biodiversity (eutrophication). Simple particulate removal processes such as filiration will
remove partictlates and lower the total nitrogen concentration: however, these processes will not
lower the concentration of water-solable forms of nitrogen.  Although various methods for
removal of soluble nitrogen from water are available, these methods are expensive, complex, and

difficult to control.
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5 SUMMARY OF THE INVENTION

{0604} In various embodiments, the present invention provides a method of removiag
phosphorus and nitrogen from water. The method includes passing starting material water
incleding nitrogen and phosphorus through an elevated pH phosphorus removal stage. The
clevated pH phosphorus removal stage includes raising pH of the water to greater than or equal

10 to 7.5 to precipitate a phosphorus salt from the water. The elevated pH phosphorus removai
stage also includes removing the precipitated phosphorus salt from the water. The method
include passing the water through an electrolytic nitrogen removal stage including passing the
water through an electrolytic cell to remove nitrogen from the water as nitrogen gas. The
method also includes passing the water through a galvanic phosphorus removal stage including

15  immersing a galvanic cell in the water o form treated water including a salt that inchudes
phosphorus from the water. The galvanic cell includes an anode including Mg, Al Fe, Zn, ora
combination thezeof, and a cathode having a different composition than the anode, the cathode
inchiding Cu, Ni, Fe, or a combination thereof The galvanic phosphorus removal stage also
includes separating the salt including the phosphorus from the treated water. The water

2  produced by the method has a lower phosphorus concentration and a lower nitrogen
concentration than the starting material water.
{08057 In various embodiments, the present invention provides a method of removing
phosphorus and nitrogen from water. The method includes passing starting material water
inchiding nitrogen and phosphorus through an elevated pH phosphorus removal stage. The

25  elevated pH phosphorus removal stage includes raising pH of the water using one or more bases
to 8.5 to 9.5 to precipitate a phosphorus salt from the water inchuding struvie. calcium
phosphate, or a combination thereof. The elevawed pH phosphorus removal stage also inclodes
removing the precipitated phosphorus salt from the water. The elevated pH phosphorus removal
stage removes Y0-98% of reactive phosphorus in the water. The method includes passing the

30  water through an electrolytic nitrogen removal stage inchiding passing the water through an
efectrolytic cell o remove nitregen from the water as nitrogen gas. The electrolytic cell includes
a cathode including stainless steel and an ancde that inclades fitanium oxide, ruthenium oxide,
and iidium oxide supported on titanium (TiD2-RuO2-1r(32 / Ti). Passing the water through the
electrolvtic nitrogen removal stage removes 80-100% of ammonia from the water. The method

35  also includes passing the water through a galvanic phosphorus removal stage including
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10

15

20

30

WO 2020/252242 PCT/US2020:/037407

imrnersing a galvanic cell in the water to form weated water including a salt that inchudes
phosphorus from the water. The salt includes AIPO4 or a hydrate thereof, the AIPOy including
the phosphorus and Al from the anode; aluminum hydroxide or a hydrate thereof, the aluminum
hydroxide including Al from the anode; or a combination thereof. The galvanic cell includes an
anode including Al, wherein the anode is about 90 wt% to about 180 wt% Al The galvanic cell
includes a cathode including Cu, wherein the cathode is about 90 wi% to about 100 wi% Cu.
The galvanic cell also includes a conductive connector that electrically connects the anode and
the cathode, the conductive connector including an alloy including Cu and Zn. The galvanic
phosphorus removal stage also includes separating the salt including the phosphorus from the
treated water. The water produced by the method has a lower phosphorus concentration and a
lower nitrogen concentration than the starting material water. The water produced by the method
has a total phosphorus concentration of about 0.0001 ppm to (.05 ppm, and a total nitrogen
concentration of about O ppim to about | ppm.

{006] In various embodiments, the present invention provides a method of removing
nitrogen from water. The method includes passing the water through an electrolytic cel to
remove nitrogen from the water as nitrogen gas.

{06071 In various embodiments, the present invention provides a method of removing
nitrogen from water. The method includes passing the water through an electrobytic cel o
remove nitrogen from the water as nitrogen gas. The electrolvtic cell includes a cathode
inchuding stainfess steel and an anode including titanivm oxide, ruthenium oxide, and iridinm
oxide supported on titanium {Ti0>-RuO2-IrQ: 7 Ti); or titanium oxide and ruthenium oxide
supported on titanium (Ti02-RuOs / Ti): or tikanium and platinum (Ti-Pt); or a combination
thereof. The removal of nitrogen as mitrogen gas removes 80-100% of ammonia from the water.
{0608} In various embodiments, the present invention provides a system for removal of
nitrogen and phosphorus from water. The system includes an elevated pH phosphorus removal
stage configured to raise pH of starting material water to greater than or equal to 7.5 to
precipitate a phosphorus salt from the water and configured to remove the precipitated
phosphorus salt from the water. The system includes an electrolytic nitrogen removal stage
inchuding an electrolytic cel configured to remove nitrogen from the water as nitrogen gas. The
system inchudes a galvanic phosphorus removal stage including a galvanic ceH including an

anode including Mg, Al Fe, Zn, or a combination thereef, and a cathode having a different
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composition than the anode, the cathode including Cu, Ni, Fe, or a combination thereof, the
galvanic cell configured to form a treated water inclnding a salt that includes phosphorus from
the water, wherein the galvanic phosphorus removal stage is configured to separate the salt
inclueding the phosphorus from the treated water. The water produced by the system has a lower
phosphorus concentration and a lower nitrogen concentration than the starting material water.
{0605} In various embodiments, the present invention provides an apparatus for removal
of nitrogen from water. The apparatus inclides an electrobytic cell through which water is
configured to be flowed to remove nitrogen from the water as nitrogen gas. The electrolytic cell
includes a cathode includes stainless steel and/or titanium and an anode comprising titanium
oxide, ruthemiom oxide, and widium oxide supported on titanium (TH:-RuOe-Ir(Q: / Ti); or
titapium oxide and ruthenivm oxide supported on tianium {Ti02-Ru0: / Ti); or titanium and
platinum (Ti-Pt}; or a combination thereof. The removal of nitrogen as nitrogen gas removes 80-
100% of armnonia from the water.

{0816} In various embodiments, the method of phosphorus andfor nitrogen removal of
the present invention has certain advantages over other methods of removal phosphorus from
water. For example, in some embodiments, the method of phosphorus andfand nitrogen removal
of the present invention can remove a larger amount of phosphorus and/or nitrogen, accomptish a
lower concentration of phosphorus and/or nitrogen, achieve phosphorus and/or nitrogen removal
with greater efficiency or less cost, utilize a smaller footprint, or a combination thereof, as
compared to other methods.

{0011} In various embodiments, the method of phosphorus andfor nitrogen removal of
the present invention can be performed with less oxidation of incoming water as compared to
other methods, or with no oxidation of ncoming water. In some embodiments that include a
galvanic cell including an anode that includes Al a higher pH near that anode from production of
hydroxide ions can induce or enhance precipitation of the aluminum sak {e.g.. AIPQs, aluminom
hydroxide, or a combination thereof). In some embodiments, the ratio of Al to P used to remove
the phospherus from the water is lower than those reported by other methods, such as methods

using an addition of an ahiminam salt.

BRIEF DESCRIPTION OF THE FIGURES
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{0012} The drawings illustrate generally, by way of example, but not by way of
limitation, various embodiments of the present invention.

{0913} FIG. A iHustrates an electrochemical cell view from a major face, in accordance
with various embodiments.

{00147 F1G. B ilustrates a zoomed-in cutaway edge view of an electrochemical celi,
according to various embodiments.

{0015} FI1G. 2A tHlustrates a photograph along the edge of an A}-Cu electrochemical celf,
in accordance with various embodiments.

{0016} FIG. 2B illustrates a photograph along an edge of a plurality of Al-Cu
electrochemicat cells, in accordance with various embodiments.

{0017} FIG. 2C illustrates a photograph of a major face of a Mg-Cu electrochemical cell,
in accordance with various embodiments.

{0618} FIG. 2D iHlustrates a photograph of an edge of a Mg-Cu electrochemical cell, in
accordance with various embodiments.

(0019} FIG. 2E illustrates a photograph of an edge of a Mg-Cu electrochemical cell, in
accordance with variocus embodiments.

[0626] FIG. 2F illustrates a photograph showing a top view of a system for removing
materials from water, in accordance with various embodiments.

{0621} F1G. 2G iHustrates a photograph showing a side-view of a system for removing
materials from water, in accordance with various embodiments.

{0022} FIG. 3 illustrates electrical current generated by an Al-Cu cell versus time for
solutions having various conductivities, in accordance with various embodiments.

{0023} FIG. 4 illustrates electrical current generated by an Al-Cu cell versus tirne for
solations having various pH levels, in accordance with various embodiments.

{06024} FIG. S5A iHustrates electrical corrent generated by an Mg-Cu cell versus time for
solutions having various conductivities, in accordance with various embodimenis.

{00251 FIG. 5B illustrates electrical current generated by an Mg-Cu cell versus time for

solutions having various pH levels, in accordance with various embodiments.
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DETAILED DESCRIPTION OF THE INVENTION
{HE261 Reference will now be made in detail 1o certain emmbodiments of the disclosed
subject matter. While the disclosed subiect matter will be described in conjunction with the
enumerated claims, it will be understood that the exemplified subject matier is not intended to
{imit the claims to the disclosed subject matter.
{0627} Throughout this document, values expressed in a range format should be
interpreted in a flexible manner to incinde not only the numerical values explicitly recited as the
limits of the range, but also to include all the individual numerical values or sub-ranges
encompassed within that range as if each numerical value and sub-range is explicitly recited. For
example, a range of “about .1% to about 5% or “about §.1% to 5% should be interpreted to
incluede not just about G.1% to about 5%, but also the individaal values {e.g., 1%, 2%, 3%, and
49y and the sub-ranges (e.g., 0.1% 0 0.5%, 1.1% to0 2.2%, 3.3% t0 4.4%} within the indicated
range. The staternent “about X to Y™ has the same meaning as “about X to about Y,” unless
indicated otherwise. Likewise, the statement “about X, Y, or about Z”° has the same meaning as
“*about X, about Y, or about Z.”” uniess indicated otherwise.
00281 In this document, the terms “a,” “an,” or “the” are used {0 inchide one or more
than one unless the context clearly dictates otherwise. The term “or” is used to refer to a
nonexclusive “or” unless otherwise mdicated. The statement “at least one of A and B” or “at
least one of A or B” has the same meaning as “A, B, or A and B.” In addition, it is to be
understood that the phraseclogy or terminology employed herein, and not otherwise defined, is
for the purpose of description only and not of Emitation. Any use of section headings is intended
to aid reading of the document and is not to be interpreted as limiting; information that is
relevant to a section heading may ocour within or oatside of that particular section.
{00291 In the methods described herein, the acts can be carried out in any order withouot
departing from the principles of the invention, except when a temporal or operational sequence is
exphicitly recited. Furthermore, specified acts can be carried out concurrently uniess explicit
claim language recies that thev be carried out separately. For example, a claimed act of doing X
and a clasmed act of dJoing Y can be conducted simultaneously within a single operation, and the
resulting process will fall within the literal scope of the claimed process.
[0a36] The terim “about”™ as used herein can aliow for a degree of variability in a value or

range, for example, within 10%, within 5%, or within 1% of a stated value or of a stated limit of
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a range, and includes the exact stated value or range. The term “substantiallv” as used herein
refers to a majority of, or mostly, as 1o at least about 30%, 60%, 70%, 80%, 0%, 5%, 96%,
97%. 98%, 99%, 99.5%, 99.9%, 99.99%, or at leas{ about 99.999% or more, or 100%. The term
“substantially free of” as used herein can mean haviag none or having a trivial amount of, such
that the amount of material present does not affect the material properties of the composition
including the material, such that about 0 wi% to about 5 wt% of the composition is the materiai,
or about ) wt% to about 1 wi%, or about 3 wi%% or less, or kess than or equal to about 4.5 wi%, 4,
3.5,3,25 2,15, 1,09 08,07, 06,05, 0.4, 03,02, 0.1, 6.01, or about 0.001 wt% or less, or
about 0 wi%.

{0031} In various embodiments, salis having a positively charged counterion can include
any suitable positively charged counterion. For example, the counterion can be ammonium
{NH4"), or an alkali metal such as sedium (Na™), potassiom (K*), or lthium (Li%). In some
embodiments, the counterion can have a positive charge greater than +1, which can in some
embodiments complex o muktiple ionized groups, snch as Zn*, AP, or alkaline earth metals
such as Ca’* or Mg?*,

j0632] Al concentrations of phosphorus, nitrogen, chloride, ammonia, magnesium, and
aluminum referred to are dissolved concentrations of these materials in elemental or non-
elemental {e.g., a3 a compound or ion inclading the material} forms, unless otherwise mdicated.
Af concentrations given herein are by weight uniess otherwise indicated.

{0033} As used herein, “total phosphorus concentration” refers to the concentration of all
forms of phosphorus, as measured by US-EPA 365.1: Determination of Phosphorus by Semi-
Automated Colorimetry or equivalent, unless otherwise mdicated.

{0034} As used herein, “dissolved phosphorus concentration” refers to the concentration
of all forms of phosphorus passable though a 4.45 micron filter and as measured by US-EPA
365.1: Determination of Phosphorus by Semi- Automated Colorimetry or equivalent, unless
otherwise indicated.

{00351 As used herein, “reactive phosphorus concentration™ refers to the soluble reactive
phosphorus in solution (e.g., orthophosphate) as measured by US-EPA 365.1: Determination of

Phosphorus by Semi-Automated Colorimetry or equivalent unless otherwise indicated.

Method of removing phosphorus and nitrogen from water.
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[0036} Various embodiments of the present invention provide a method of removing
phosphorus and nitrogen from water. The method can include passing starting material water
including nitrogen and phosphorus through an elevated pH phosphorus removal stage. The
elevated pH phosphorus removal stage can inchude raising pH of the water to greater than or
equal to 7.5 to precipitate a phosphorus salt from the water, and removing the precipitated
phosphorus salt from the water. The method can include passing the water through an
efectrolytic nitrogen removal stage that includes passing the water through an elecerolytic celi fo
remove nitrogen from the water as nitrogen gas. The method can also include passing the water
through a galvanic phosphorus removal stage that includes immersing 2 galvanic cell in the water
to form treated water including a salt that includes phosphorus from the water. The galvanic cell
can include an anode including Mg, Al, Fe, Zn, or a combination thereof, and a cathode having a
different composition than the anode, the cathode including Cu, Ni, Fe, or a combination thereof.
The galvanic phosphorus removal stage can include separating the salt including the phosphorus
from the treated water. The water produced by the method can have a lower phosphorus
concentration and a lower nitrogen concentration than the starting material water {e.g., lower
dissolved phosphorus/nitrogen concentration).

{0037} The water can flow from the elevated pH phosphorus removal stage to the
efectrolytic nitrogen removal stage. The water can flow from the electrolviic niirogen removal
stage to the galvanic phosphorus removal stage. The water produced by the galvanic phosphorus
removal stage can be the final water product of the method, or the water can flow from the
galvanic phosphorus removal stage 1o an optioral foarther removal of nitrogen stage. The method
can optionally include one or more intervening steps between any one of more stages; in some
embodiments, the method includes one or more intervening steps, while in other embodiments,
the method is substantially free of intervening steps between the elevated pH phosphorus
removal stage and the electrolviic nitrogen removal stage, between the electrolvtic nitrogen
removal stage and the galvanic phosphorus removal stage, between the galvanic phosphors
removal stage and the optional further removal of nitrogen stage, or a combination thereof.
{38} The starting material water can be taken from any suitable source, such asa
natural source of water in the environment, drinking water {e.g., for removal of stiuvite to
prevent formation in pipes), industrial waste-water, industrial cooling water, or a combination

thereof. The water can be water taken from a source including a natural source of water in the
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environment, such as a pond, lake, river, stream, and the lke. In some embodiments, the method
can include taking the water from the source, returming the water to the source after removal of
nitrogen and phosphorus, or a combination thercof. The starting material water can be a product
of fertilizer production or mining. For example, the starting material water can be water taken
from a phosphate mine reservoir, such as water originated from a process of dissolving
phosphate-containing rock to produce phosphoric acid.

{0639} The starting material water can have any suitable pH, such as a pH of less than
7.5, 01 1 to less than 7.5, or 2-6, 4-5, or | or more but less than 7.5, or less than, equal to, or
greater than 1.5, 2,2.5,3,3.5.4. 4.5, 5, 5.5,6,65. 7, or 7.5 or less.

{0046} The phosphorus in the statting material water can be in any suitable form, such as
elemental phosphorus, inorganic phosphorus, organic phesphorus, a dissolved form of
phosphorus, a solid form of phosphorus, oxidized phosphorus, or a combination thereof,

{0041} The nitrogen in the water can be in any suitable form, such as in the form of
elemental nitrogen, Inorganic nitrogen, organic nitrogen, a dissolved form of nitrogen, a sohd
form of nitrogen, oxidized nitrogen, or a combination thereof.

{09421 The starting material water can have any suitable ammonia concentration, such as
50 ppm to 5,000 ppm. 150 ppm to 400 ppm. or 50 ppm or more, or less than, equal to, or greater
than 100 ppm, 150, 200, 250, 360, 350, 400, 450, 500, 600, 750, 1,000, 2,600, 3,000, 4,000, or
5,000 ppm or less.

{043} The starting material water can have any suitable reactive phosphorus
concentration, such as 10 ppm to 10,000 ppm, 50 ppm to 400 ppm. or 10 ppm or more, or less
than. equal to, or greater than 25 ppm. 53, 100. 150, 200, 250, 300, 350, 404, 500, 750, 1.000,
2,060, 4,000, 6,000, 8,000, or 10,000 ppm or less.

{0044} The starting material water can have any suitable sodiom concentration, such as
56 ppm to 20,000 ppro, 400 ppm to 5,000 ppm, or 30 ppm or more, or kess than, equal to, or
greater than 100 ppm, 200, 400, 600, 500, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, 4,000, 4,500,
5,060, 7,500, 16,000, 12,500, 15,000, 17,500, or 20,600 ppm or kess.

{0645} The starting material water can have any suitable magnesium concentration, such
as 10 ppm to 10,000 ppm, 50 ppm to 600 ppm, or H) ppm er more, or less than, equal to, or
greater than 50 ppm, 100, 200, 300, 400, 500, 600, 704, 800, 1,000, 2,000, 4,000, 6,000, 8,000,
or 10,000 ppm or less.

CA 03140014 2021- 11-29



10

15

20

30

WO 2020/252242 PCT/US2020:/037407

[004d6} The stazting material water can have any sustable chioride concentration, such as
58 ppm to 40,000 ppm, 200 ppm to 10,600 ppmy, or 50 ppm or more, or less thaa, equal o, or
greater than 100 ppm, 200, 500, 1,000, 2,000, 4,000, 6,000, 8,000, 106,000, 15,000, 20,000,
36,000, or 40.000 ppm or less.

047} The water produced by the method can have a total phosphorus concentration, a
dissoived phosphorus concentration, a reactive phosphorus concentration, or a combination
thereof, of abeut G ppm to about 1 ppm., about 0.0001 ppm to 0.1 ppm, about G.0001 ppm to 0.05
ppin or about O ppm, or less than, equal to, or greater than about 0.0001 ppm, 0.0002, 0.0004,
0.0006, 0.0008, 0.0010, 00012, (3.0014, 0.0016, 0.00138, 0.0020, 0.0022, 0.0024, (3.0026, 0.0028,
0.0030, 0.0032, 0.0034, 0.0036, G.0038, 0.0040, 0.0045, 0.00650, 0.0060, 0.0030, G.01, 0.02, 0.04,
0.06, 0.08, 0.1, 0.2, 0.4, 0.6, (1.8, or about 1.0 ppm or more. The water produced by the method
can have a total phosphorus concentration, a disscived phosphorus concentration, a reactive
phosphorus concentration, or a combination thereof, that is about 0% w0 70% of the respective
total phosphorus concentration, a dissolved phosphonus concentration, a reactive phosphoras
concentration, or a combination thereof, of the starting material water, or about 0% to about
28%, or about 0%, or less than, equal to, or greater than about 0.001%, 0.005, 0.01, 0.05, 0.1,
0.5,1,2,.4.6.8, 10, 15, 20, 25, 30, 35, 40}, 45. 30, 55. 6{. 65, or about 70% or more.

{0431 The water produced by the method can have any suitable total nitrogen
concentration, dissolved nitrogen concentration, or a combination thereof, such as § ppm to
about 2 ppm. O ppm: to about 1 ppm, or about § ppm, or less than, equal to, or greater than 6.001
ppm. 0.0012, 0.0014, 0.0016, 0.0018, 0.0020, 0.0022, 8.0024, 0.6626, §.0028, 0.0030, 0.0632,
0.0034, 0.0036. 0.0038, 0.0040, 0.0045, 0.0050, 0.0060, C.0080, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1,
0.2,04,06,08,1,1.1, 12, 14, 1.6, 1.8, ur about 2 ppm or less. The water produced by the
method can have a total nitrogen concentration, a dissolved nitrogen concentration, or a
combination thereof, that is about 0% to about 70% of the respective total nitrogen
concentration, dissolved nitrogen concentration, or a combination thereof, of the starting material
water, or about 0% to about 30%, or about %, or less than, equal to, or greater than about
0001%, 0.005,001,005,G.1,05, 1,2, 4,6, 8, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60), 65, or

about 70% or more.

Elevated pH phosphor:s removal stage.
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(0049} The nethod of removing phosphorus and nitrogen can include passing the water
through an elevated pH phosphorus removal stage. The elevated pH phosphorus removal stage
The elevated pH phosphorus removal stage can include raising pH of the water to greater than or
equal to 7.5 to precipitate a phosphorus salt from the water, and removing the precipitated
phosphorus salt from the water.

{0656} Raising the pH of the water to precipitaie the phosphorus sali from the water can
include raising the pH of the water to any suitable level to induce a suiable amount of
precipitation of the phospherus salt to occur. Raising the pH of the water to precipitate the
phosphorus sak can inclade raising the pH of the water to 7.5 to 12, 8.5 to 9.5, or 7.5 or more. or
less than, equal to, or greater than 8, 8.5, 9, 9.5, 10, 10.5, 11, 1 1.5, or 12 or less. Raising the pH
of the water to precipitate the phosphorus salt from the water can include adding one or more
bases to the water, such as any suitable one or more bases, such as NaOH, KOH, ora
combination thezeof In various aspects, the method includes adding NaOH to the water, such as
5% agueous NaOH.

(00511 The precipitation can occur without aid of other materials, or the precipitation can
occur in the presence of one or more added flocculants. The flocculant can be any suitable
flocculant, such as an anionic, cationic, or nonicnic flocculant, a metal salt coagulant, a starch-
based flocculant, or a combination thereof. The flocculant can be an anionic polymer flocculant.
[0052] The removal of the precipitated phosphorus salt can be performed in any suitable
way such that the precipitate s separated from the water. Remwoving the precipitated phosphorus
salt from the water can include decantation, settling, filtration, or a combination thereof.

{0053} The precipitated phosphorus salt can include any suitable one or more phosphorus
salis. The composition of the one or more precipitated phosphorus salts can depend on the
composition of the starting material water. The precipitated phosphorus salk can include struvite,
calciem phosphate, or a combination thereof.

{0654 The elevated pH phosphorus removal stage can remove any suitable amount of
phosphorus from the water. For example, the elevated pH phosphorus removal stage can remove
T0-100% of the reactive phosphorus in the water, 9-98%, or 70% or more, or less than, equal to,
or greater than 72%, 74, 76, 78, 80, 81, 82, 83, B4, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 05,
97,98, 99, 99.9, or 993.99% or less.

11
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[00553 The elevated phosphorus removal stage can optionally remove ammonma from the
water. The elevated phosphomis removal stage can remove any suitable amount of anamonnia
from the water, such as 0-60%, 20-30%, or 0%, or less than, equal to, or greater than 10%, 20,
25, 30, 35, 44, 45, 50, 55, or 60% or less.

Electrolvtic nitrogen removal stage.

{0056} The method of removing phosphoriis and nitrogen can include passing the water
through an electrelytic nitrogen removal stage that includes passing the water through an
electrolytic cell to remove nitrogen from the water as nitrogen gas.

{0057} The electrolytic nitrogen removal stage can inclade passing the water through one
electrolvtic cell or multiple electrolytic cells. Passing the water through the electrolvtic cell can
include allowing the water to contact the anode and the cathode and can include allowing the
water (o pass between the anode and <he cathode, The elecarolytic cell can be partially or fully
submerged/immersed in the water. Shear can be applied to the water as it is passed through the
electrolvtic cell, to increase exposure of the water to the cathode and anode surfaces.

[0058] Prior to passing through the electrolytic cell, the water can have any suitable
chioride concentration, such as 50 ppm to 40,000 ppm, 200 ppm to 10,000 ppm. or or 50 ppm or
more, of less than, equal to, or greater than 100 ppm, 200, 504, 1,400, 2,000. 4,060, 6,000, 8,000,
16,000, 15,000, 20,000, 30,000, or 40,000 ppm or less.

(059} The water immersing the electrolytic cell can have any suitable pH, such as a pH
of 6te 12, 6 to 7, or 6 or moze, or kess than, equal to, or greater thag 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10,
1665, 11, 11.5. or 12 or less. The method can inchide adding one or more bases to the water to
regulate or maintain the pH of the water, such as sodivm hyvdroxide; in other embodinents, the
method is free of adding acids or bases to the water to maintain or reguiate the pH thereof.
[0666] The electrolytic cell can be operated in any suitable way to remove nitrogen as
nitrogen gas from the water. The cell can be operated with DC current or AC current. The
electrolytic cell can be operated with any suitable current density, such as 0.001-6.1 Afcm?, 0.02-
0.04 Afen?, or 3.001 A/cm’® or more, or less than, equal to, or greater than 0.003, 0.01, 0.015,
0.02, 0.025, 0.03. 0.035, 0.04, 0.045, 0.05, (.06, 0.07, 0.08, 0.09, or {i.1 Afcm? or less.

{0061} The electrolytic cell includes an anode. The anode can include titanium oxide,

ruthenium oxide, and iridium oxide supported on titaniam {Ti02-RuO;-Ir0; / Ti): or titanium
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oxide and rathenium oxide supported on titaniuin { TiG»-Ru02 / Ti); or dtaniuin and platinum
{Ti-Pty; or a combination thereof. The anode and cathode materials can be selected such that the
electrodes favor the formation of chlorine gas to form hypochlorite during operation of the
electrolytic cell.

{0062} The electrolytic cell includes a cathode. The cathode can include titanium,
stainless sieel, or a combination thereof. The cathode can include stainless steel.

L% The electrolytic cell can include 2 spacing between the anode and cathode, such as
a spacing of 0.5-8 mum, 2-4 mm, or 0.5 mun or more, or less than, equal to, or greater than | mun,
1.5,2,2.5.3.3.5, 4,45, 5,6, 7, or 8 mm or less.

{0064} The method is not limited to any particular mechanism of removing nitrogen from
the water as ammonia using the electrolyvtic cell. The removing of nitrogen as nifrogen gas can
include converting anunonia in the water to nitrogen gas using the electrolvtic cell. Passing the
water throagh the electrolytic nitrogen removal stage can produce hyvpochlorite in the water
which can react with amumonia in the water to form the nitrogen gas, which can be released to the
environment. The reaction can take place via NH4™ + 1.5 HOCl — 0.5 N+ L3HO + 2.5H" +
1.5 CY. The electrolytic cell can produce any suitable hypochlorite concentration in the water
being passed therethrough, such as 100-20,000 ppm hypochlorite, 2000-2500 ppm, or 160 ppm
or more, or less than, equal to, or greater than 200 ppm, 404, 600, 800, 1,640, 1,200, 1,400,
1,600, 1,800, 2,000, 2,100, 2,200, 2,304, 2,400, 2,500, 2,600, 2,800. 3.000, 4,000, 6,000. §.000,
18,000, 13,000, or 20,000 ppm or less.

[0065] The electrolytic nitrogen removal stage can remove any suitable amount of
nitrogen from the water. For example, passing the water through the electrolytic nitrogen
removal stage can remove 80% o 100% of ammonia from the water, 99-100%, or 80% or more,
or less than, equal to, or greater than 81%, 82, 83, 84, 835, 86, 87, 88, RO, 00, 51, 92, 93, 94, 03,
96,97, 98, 99, 99.9_99.99 or 99.999% or less.

LY In various embodiments, the electrolytic nitrogen removal stage can also include
removing phosphorus from the water, such as any suitable amount of phosphorus. For exampie,
passing the water through the electrolytic nitrogen removal stage can remove (0.1 to 90% of
reactive phosphorus from the water, or 1-30%, or (.15 or more, or less than, equal to, or greater

than 29, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 40, 30, 60, 70, 80, or 93% or less.
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Galvanic phosphorus removal stace.,

{06671 The method of removing mitrogen and phosphorus can also include passing the
water through a galvanic phosphorus removal stage that includes immersing a galvanic cell in the
water to form treated water including a salt that includes phosphorus from the water. The
galvanic cell can include an anode including Mg, Al, Fe, Zn, or a combination thereof, and a
cathode having a different composition than the anode, the cathode including Cu, Ni, Fe, or a
combination thereof. The galvanic phosphorus removal stage can include separating the salt
including the phosphorus from the treated water. The galvanic phosphorus removal stage s free
of applying electrical potential (e.g., applied potential from a source external to the galvanic cell)
across the anode and the cathode of the galvanic cell.

{0068} The galvanic phosphorus removal stage can reduce total phosphorus
concentration of the water, dissolved phosphorus concentration of the water, reactive phosphorus
concentration of ¢he water, total nitrogen concentration of the water, a dissolved nitrogen
concentration of the water, or a combination thereof, by any suitable amount, such as 70% to
100%, 80% to :00%, 90% to 100%, or 70% or more, or less than, equal to, or greater than 71%,
72,73,74, 75,76, 77, 78, 79, 80, 81, B2, B3, 84, 83, 86, §7, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97,
98, 99, 99.9, 99 99 or 99.999% or less.

{00691 The water can have a total phosphorus concestration, a dissolved phosphoras
concentration, a reactive phosphorus concentration, or a combination thereof, of about 0.001
ppm to about 10,000 ppm, about 0.01 ppm to about 20 ppm, or about 8.001 ppm or less, or less
than, equal to, or greater than about ¢.005 ppm, 0.01, 0.02, 0.04, 0.06, 0.08, .1, 0.15,0.2, 0.4,
06,038, 1,2.4.6 8, 10, 15, 20, 40, 60, 80, 100, 150, 200, 400, 600, 800, 1,000, 1,500, 2,000,
4,000, 6,000, 8,000, or about 10,000 ppm or more.

[0070] The water having the salt including the phosphorus separated therefrom can have
a total phosphorus concentration, a dissolved phosphorus concentration, a reactive phosphorus
concentration, or a combination thereof, of about § ppm to about | ppm, about .00061 ppmto 6.1
ppi, about 0.0001 ppm to .05 ppm, or about O ppim, or less than, equal to, or greater than about
0.0001 ppm, G.0002, 0.0004, (.0006, 0.0008, 0.0010, 0.0012, 0.0014, G.0016, 0.0018, 4.0020,
0.0022, 0.0024, (.0026, 00028, 0.0030, 0.09032, 0.0034, 0.0636, 0.0038, 0.0040, 0.0045, 0.0050,
0.0060, 0.0080, 001, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, (0.4, 0.6, {18, or about .0 ppm or more.

The water having the salt including the phosphorus separated therefrom can have a total

14

CA 03140014 2021- 11-29



10

15

20

30

WO 2020/252242 PCT/US2020:/037407

phosphorues concentration, a dissolved phosphorus concentration, a reactive phosphorus
concentration, of a combination thereof, that 1s about (% to 70% of the respective total
phosphorus concentration, a dissolved phosphorus concentration, a reactive phosphorus
concentration, or a combination thereof, of the water that is initially contacted with the galvanic
cell, or about 0% to about 20%, or about (%, or less than, egual to, or greater than about 8.001%,
0.005,0.01,0.05,0.1,05, 1, 2,4, 6,8, 10, 15, 20, 25, 3G, 35, 40, 45, 50, 55, 64, 65, or about
7% or more.

{0671} During the immersing of the galvanic cell in the water, the water can have any
suitable pH. The pH can be about 2 to about I4, about 5 to about 11, about 5 to about 7, about
18 to about 11, or less then, equal to, or greater than about 2, 2.5, 3, 3.5, 4, 4.5, 5,5.1, 5.2, 5.3,
54,55 56,57,5.8,59,6,61,62,63,64,65,6.6,6.7,68,69,7,7.5, 8, 85,9, 95, 10, 10.4,
10.2, 10.3, 10.4, 10.5, 10.6, 10.7, 108, 10.9, 11, 11.5, 12, 12.5, 13, 13.5, or about 14 or more.
{0072} The galvanic phosphorus removal stage can incluode adding acid, base, or a
combination thereof to the water to adjust or contro] the pH thereof. In some embodiments, the
methed is free of adding acid, base, or a combination thereof to the water. The acid, base, or
combination thereof can be added to the water before the immersing of the galvanic cell in the
water, during the immersing of the galvanic cell in the water, after the iimmersing of the galvanic
cell m the water, or a combination thereof.

(06731 The galvanic phosphorus removal stage can include recirculating the water that
immerses the galvanic cell to contact the water with the galvanic cell smliiple tunes. The water
can optionally be filtered during the recirculation, such as to remove salt including phosphorus
from the water.

{0074} Inunersing a galvanic cell in water can form treated water including a salt that
includes the phosphorus. Contact between the water and the galvanic celf can cause formation of
the salt that incluodes the phosphorus. At least some of the salt including the phosphorus in the
treated water can include a solid. Formation of the solid including the phosphorus can include
precipitation, flocculation, or a combination thereof.

{0675} Separating the salt including the phosphorus from the treated water can be
performed in any suitable way. The separating can inclirde decantation, settling, filtration, or a
combination thereof. The separating can include separating the treated water from the galvanic

cell {e.g., temoving water immersing the cell that bas been filtered or from which the salt
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mcluding the phosphorus has otherwise been separated). The separation can occur during a
recwreulation of the water back to the galvanic cell. The separation can be performed during the
contacting the galvanic cell with the water, such as via a filter that is immersed in the water and
is continuously filtering the water during the contacting. The separation can occur after the
water is removed from the water that immerses the galvanic cell, such as via a filter on an exit
line out of the system. The fiitration can be conducted using a glass trit, a fabric filter, a paper
filker, a disk filter, a rotary filter, a drum filter, a screen, a sieve, particulate filtration media, a
filter aid, or a combination thereof. The separated water can be optionally further treated, such
as via further contact with the same or different galvanic cell, filtration, treatment to remove one
or more other non-phosphorus materials, pH adjusted, or a combination thereof.

[0076] The anode can be a sacrificial anode that is consumed during treatment of the
water. The salt including the phosphorus that is formed upon contact of the water with the
galvanic cell can melude a material from the anode. The method can inclode formmng a
hydroxide sale including a material from the anode during the immersing of the galvanic cell in
the water. Separating the salt including the phosphorus from the treated water can further
include separating the hydroxide salt including the material from the anode from the treated
water.

{0077} The method can inchede forming H> and HO™ at the anode (e.g., generate on the
surface of the anode, from water) during the immersing of the galvanic cell in the water. The
method can include forming Hz and HO" at the cathode {e.g., generate on the surface of the
cathode, from water) during the immersing of the galvanic cell in the water. The method can
inclede forming H>O», HO». or a combination thereof at the cathode {e.g., generate on the
surface of the cathode) during the nmersing of the galvanic cell in the water. The method can
include applving shear to the water during the immersing of the galvanic cell in the water. The
shear can be sufficient to dislodge at least some bubbles (e.g., including H2) from the surface of
the anode, cathode, or a combination thereof. The shear can be sufficient to at feast partially
prevent or reduce oxide formation at the surface of the anode. The method can include applying
a mechanical force to the galvanic cell immersed in the water, such as a rapping, knocking,
agitating, vibration, ultrasound, and the like. The mechanical force can be sufficient to dislodge
at least some bubbles including H; from the surface of the ancde, cathode, or a combination

thereof: at least partially prevent oxide formation at the surface of the anode; at least pantially
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prevent aggiomeration of the salt including the phosphoros on the surface of the anode; or a
combination thereof.

{0078} The separated water can have a total nitrogen concentration, a dissolved nitrogen
concentration, or a combination thereof, that is about % to about 70% of the respective total
nitrogen concentration, dissolved nitrogen concentration, or a combination thereof, of the water,
or about (% to about 30%, or about (%, or less than, equal to, or greater than about (.001%,
0.005,0.01. 0.05, 0.1, 0.5, 1, 2. 4, 6, 8, 1§, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, or about
78% or more.

{00791 The method can further include forming NHi, NHs", or a combination thereof, at
the cathode (e.g., at the surface of the cathode), wherein the NHs and NH:" include the nirogen
from the water. The method can include forming a salt including the nitrogen during the
immersing of the galvanic cell in the water. The separating of the salt including the phosphorus
from the treated water can include separating the salt including the nitrogen from the treated
water. The salt including the nitrogen can include NHsMgPC4 or a hydrate thereof {e.g.,
struvite),

B0} The cathode of the galvanic cell can include Cn, Ni, Fe, or a combination thereof,
such as Cu or a Cu alloy. The cathode can be a solid material that is predominantly Cu, Ni, Fe,
alloys thereof, or a combination thereof, or another material that is coated with predominantly
Cu, Ni, Fe, alloys thereof, or a combination thereof. The cathode can be substantially free of
materials other than Cu, Ni, Fe, alloys thereof, or a combination thereof. The cathode can be
about 50 wt% to about 100 wi% Cu, Ni, Fe, alloys thereof, or a combination thereof, about 50
wi% to about 100 wi%, or less than, equal to, or greater than about 58 wt%, 55, 60, 65, 70, 75,
80, 82, B4, 86, 88, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 99.5, 99.9, 99.99, or about 99.999 wi1%
or more. In some embodiments, the cathode includes Cu and the anode includes Mg, In some
embodiments, the cathode includes Cu and the anode includes AL

{0081} The anode can be a solid material of approximately homogeneous composition or
can be a coating on another miaterial. The anode has a different composition than the cathode.
The anode can include Mg, Al, Fe, Zn, or a combination thereof. The anode can include an alloy
that includes Mg, Al, Fe, Zn, or an alloy thereof. The Mg. Al Fe, Zn, alloys thereof, or
combinations thereof, can be about 50 wi'% to about 100 wt% of the anode, or less than, equal to,
or greater than about 50 wit%, 55, 60, 65, 70, 75, 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, or
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about 99, 99.5, 99.9, 99.99, or aboat 99.999 wit% or more. The anode can be substantially free of
materials other than Mg, Al, Fe, Zn, alfoys thereof, or combinations thereof.

{00382} The anode can further include Ag, Pt, Au, or a combination thereof. The Ag, Pt,
Au, or the comnbination therecf is about .0001 wtSt {o about 20 wi%, about 0.0001 wit% to about
5 witiz, or about O wtdb, or about 0.0001 wt'Z or less, or G.0002, {.0004. 0.00086, 0.0008, 0.6010,
0.0012, 0.0014, 0.0016, 0.0018, 0.0020, 0.0022, 0.0024, 0.0026, 0.0028, 0.6030, (.0032, 0.0034,
0.0036, 0.0038, 0.0040, 0.0045, 0.0050, 0.A0060. 0.0080, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4,
0.6,08,1,15,2,4,6, 8, 10, 12, 14, 16, I8, or about 20 wt% or more.

{0083} The anode can include Mg or an Mg alloy. The anode can be substantially free of
materials other than Mg or alloys thereof. The anode can be magnesium alloy AZ91 that is about
90 wt% Mg, about 9 wit% Al, and about | wt% Zn. The anode can be about 50 wt% to about 100
wi% Mg or Mg alloy, about 90 wt% to about 100 wit% Mg or Mg alloy, or less than, equal to, or
greater than about 50 witde, 35, 60, 65, 70, 75, 80, 85, 90, 01, 92, 93, 94, 95, 96, 97, 98, 99, 99.5,
09 2, 92 99 or about 99.999 wi% Mg or Mg alloy or more. The salt including the phosphorus
can include magnesiim phosphate, magnesium potassium phosphate (e.g., “K-struvite™), a
hydrate thereof, or a combination thereof, wherein the magnesium phosphate or magnesium
potassinnm phosphate includes Mg from the anode. The magnesium phosphate can be in any
suitable form, such as monomagnesium phosphate {(Mg(H>PO.)), dimagnesium phosphate
(MgHPOQ,), trimagnesium phosphate (Mg3(PQO4)), a hydrate thereof, or a combination thereof.
The separating of the salt including the phospherus from the treated water can include separating
the magnesivm phosphate from the treated water. The water can further includes nitrogen,
wherein the salt including the phosphorus includes NHAMgPO; or a hydrate thereof (e.g.,
stravite), with the NHiMgPOQO: including the phosphorus and Mg from the anode. The method
can include forming Mg({OH), including Mg from the anode during the immersing of the
galvanic cell in the water. The separating of the salt including the phosphorus from the treated
water can include separating the Mg{OH): from the treated water. During the immersing of the
galvanic cell in the water, the water can have a pH of about 9.5 to about 11.5, or about 13¢t0
about |1, or less than, equal to, or greater than 9.5, 9.6, 9.7, 9.8, 8.9, 1{0L.0, 1G.1, 10.2, 103, 10.4,
16.5, 10.6, 14.7, 108, 109, 11.0, 11.1, 11.2, 11.3, 11 .4, or about 11.5 or more. The method can
include regulating a rate of introduction of fresh water to the galvanic cell such that the water

that immerses the galvanic cell is maintaining at a pH of about 9.5 to about 11.5, or about 10 to

18

CA 03140014 2021- 11-29



10

15

20

30

WO 2020/252242 PCT/US2020:/037407

about 11, or less than, equal to, or greater than 9.5, 9.6, 9.7, 0.8, 9.9, 10.0, 10.1, 16.2, 10.3, 104,
1605, 10.6, 107, 108, 109, 11.0, 11,1, 11.2, 113, 11.4, or about 11.5 or more. The method can
include immersing the galvanic cell in the water until the water reaches a pH ot about $.5to0
about [ 1.5 or about 10 to about 11, and then regulating a rate of introduction of fresh water to the
galvanic cell such that the water that imunerses the galvanic ceil is maintained at a pH of about
9.5 te about 11.5 or about 1010 about 11.

{0084} The anode can include Al. The anode can be substantially free of materials other
than Al. The anode can be about 50 wt% to about 100 wit% Al, about 90 wt% to about 100 wt%
Al, or less than, equal to. or greater than about 50 wi%, 53, 60, 65, 70, 75, 80. 85, 990, 91, 92, 93,
94, 95, 96, 97, 9%, or about 99, 99.5, 90.9, 90,99, or about 99.950 wt% or more. The sal
incloding phosphorus can include APQs or a hydrate thercof. Separating of the sak including
the phosphorus from the treated water can include separating the AIPOs from the treated water.
The method can include forming aluminum hyvdroxide or a hvdrate thereof {e.g., AKOH)% or
polvalurninum hydroxide), the ahuninum hydroxide including Al from the anode during the
immersing of the galvanic cell in the water. Separating of the salt including the phosphorus from
the treated water can inclide separating the sluminum hydroxide from the treated water. During
the immersing of the galvanic ceH in the water, the water has a pH of about 4 to about 8, sbout 5
to about 7, or aboui 4 or less, orabout 4.2, 4.4, 4.6,4.8, 5, 5.1, 5.2, 53,34, 5.5, 5.6, 3.7, 5.8, 59,
6.0, 6.1, 6.2, 6.3, 6.4, 6.5,66,0.7. 68,69, 7, 7.2, 74, 7.6, 7.8, or about 8 or more. The method
can include regulating a rate of introduction of an acid to the water such that the water that
immerses the galvanic cell is maintained at a pH of about 4 to about 8, about 3 to about 7, or
about 4 or less, or about 4.2, 4.4, 4.6, 4.8, 5,5.1,5.2,5.3,5.4,55.5.6,57,58,5.9,6.0.6.1,6.2,
6.3,64,06.5,6.6,67,68,69,7,7.2,7.4,7.6, 7.8, or about 8 or more. The acid can be added to
the water prior to the immersion of the galvanic cell in the water, during the immersion of the
galvanic cell in the water, afier the immersion of the galvanic cel in the water, or a combination
thereof. The acid can be any suitable acid, at any suitable concentration. The acid can inciude
sulfuric acid, acetic acid, hydrochleric acid, or a combination thereof. The method can inclide
flocculating salts that include Al from the treated water.

{0085} The cathode can have a work function that is farger than the work function of the
anode. For exampie, Ce has a work function of about 4.53-5.10 eV, Mg has a work function of
about 3.606 eV, and Al has a work function of about 4.06-4.26 eV. The conductive connector can
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have a work function that is between the work function of the cathode and the work function of
the cathode.

{00386} The galvanic cell can include a conductive connector that electrically connects the
anode and the cathode. The conductive connector has a different composition than the anode or
the cathode. The conductive connector can be a solid material with a homogeneous composition
or can be a coating on another material. The conductive connector can include Cu, Zn, Fe, Cd,
MNi, Sn, Pb, or a combination thereof. The conductive connector can include Cu. The conductive
connector can include Zn. The conductive connector can inclide an alloy including Cu and Zn.
The conductive connector can include brass. The conductive connector can include brass, and
can be substantially free of other materials. The conductive connector can be about 50 wt% to
about 100 wt% brass, about 90 wit% to about 100 w9, or less than, equal to, or greater than
about 50 wit%, 35, 60, 65, 70, 75, 8G, 85, 90, 91, 92, 93, 54, 93, 96, 97, 984, or about 99, 99.5,
099.9, 99.99, or about 99.999 wi% or more.

{00871 The water can have any suitable conductivity during immersion of the galvanic
cell in the water, such as about 100 uS to about 1,300,000 uS, or about 300 uS to about 100,000
yS, or about 100 uS to about 1,200 uS, or less than, equal to, or greater than about 100 uS5, 200,
3643, 400, 500, 600, 700, 800, 900, 1,060, 1,100, 1,200, 1,504, 2,000, 4,060, 6,000, 10,004,
15,000, 26,000, 50,000, 100,600, 130,000, 200,000, 250,600, 500,000, 730,000, or about
1,000,000 uS or more . The method can be free of regulation of the conductivity of the water.

in some embodiments, the method can include regulating the conductivity of the water such that
the conductivity is maintained at about 100 uS to about 1,000,000 1S, or about 300 uS to about
120,000 uS, or about 100 pS to about |,200 uS, or less than. equal to, or greater than about 100
uS, 200, 300, 400, 560, 600, 700, 800, 500, 1,600, 1,100, 1,200, 1,500, 2,000, 4,000, 6,000,
10,600, 15,000, 20,000, 50,060, 100,000, 150,000, 200,000, 250,000, 500,000, 750,000, or about
1,000,000 uS or more. Reguilating the conductivity of the water can include regulating a rate of
introduction of fresh water to the galvanic cell. Regulating the conductivity of the water can
inclede adding one or more salis to the water. The salt can be added to the water before
immmersing the galvanic cell in the water, during the immersion of the galvanic cell in the water,
after the immersion of the galvanic cell in the water, or a combination thereof. The one or more

salts added to the water to regulate the conductivity thereof can include halogen saits, sodium
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salts, potassiom salis, or a combination thereof The one or more salts added to the water to
regilate the conductivity thereof can include sodium chloride.

{0088} The galvanic cell can generate a current when immersed in the water. The
amount of current generated by the electrical cell can be any suitable amount of carrent, such as
about 0.001 mA/cn? to about 10 mA/en?, 0.01 mA/em? to about 0.5 mA mA/cn?, or less than,
equal to, or greater than about 0.001 mA/cm?, 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04,
0.045, 0,03, 0.06, .07, (.08, 0.09, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,0.5, 0.6, 0.7, 0.8, 0.9,
1,1.2,1.5,2,25,3,4, 5,6, 7, 8,9, or about 10 mAfcm® or more.

{0089} The immersing of the galvanic cell in the water can be sufficient to oxidize the
phosphorus in the water. The method can be free of treating the water with an oxidizer or an
oxidative treatment other than any oxidation that occurs due to immersion of the galvanic cell in
the water. In some embodiments, the method includes oxidizing phosphorus in the water prior to
the immunersion of the galvanic cell in the water, doring the immersion of the galvanic cell i the
water, or a combination thereof The method can inchide oxidizing phosphorus in the water
prior to the immersion of the galvanic cell in the water. Oxidizing the phosphorus in the water
can inchede contacting an oxidizer and the water to oxidize the phosphorus (e.g., to oxidize
phosphorus in organic matter or solid matter that contains phosphorus). An aqueous solution of
the oxidizer can be added to the water. The agueous sohition of the oxidizer has a concentration
of the oxidizer of about 0.001 ppm to about 999,99% ppm, about 50,000 ppm to about 140,000
ppm, or less than, equal to, or greater than about L.00! ppm, 0.005, 0.01. 0.05, 0.1, 0.5, 1, 1.5, 2,
5, 10, 15, 20, 50, 100, 150, 200, 500, 1,000, 1,100, 1,200, 1,500, 2,000, 2,500, 5,060, 10,000,
15,600, 20,000, 50,000, 100,000, 150,000, 200,000, 500.600, 750,000, or about 999,999 ppm or
more. The oxidizer can be any suitable oxidizer that oxidizes the phosphoras. The oxidizer can
include ferrate, ozone, ferric chloride (FeCls), potassium permanganate, potassiiwumn dichromate,
potassium chlorate, potassium persulfate, sodivm persulfate, perchioric acid, peracetic acid,
potassium monopersalfate, hydrogen peroxide, sodium hvpochlorite, potassium hypochlorite,
hydroxide, sulfite, a free radical via decomposition thereof, or a combination thereof. Sufficient
oxidizer can be added, and sufficient treatment conditions used, such that the oxidizer converts
substantially all dissolved phosphorus in the water into oxidized forms of phosphorus.

{0096} Byproducts of an oxidation process can include negatively charged ionic

compounds that readily accept electrons and as a resalt are preferentially reduced at the surface
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of copper in the galvanic cell. Many of these compounds have very low regalatory limits, and
the galvanic process can be used to remove or reduce the concentration of one or more of these
highly regulated compounds prior to the discharge or reuse of the treated water. Examples of the
most common compounds that can be reduced or removed are chloramines, chlorates,
perchiorates, bromates, hypochlorous acid, bleach, and the like, organic compounds, and
combinations thereof. Further, the galvanic phosphorus reimoval stage can reduce the oxygen
levels in the water to vakies below 1 ppm, thus creating attractive condition for subsequent
anoxic or anaerobic processes.

{0091} The method can be free of performing any steps to adjust pH of the treated water.
In some embodiments, the method can include adjusting the pH of the treated water to be about 6
to 8, or about 7, or less than, equal to, or greater than about 6, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8,
6.8,7,71,7.2,7.3 74,75 7.6, 77, 7.8, 7.9, or about 8 or inore.

{0092} The method can include imunersing one or more of the galvanic cells in an
enclosure including the water. The method can include filtering the salt including the
phosphorus from the treated water via one of more filters that are at least partiallv submerged in
the water that imunerses the galvanic cells. The filter can include a glass frif, a fabric filter, a
paper filter, a disk filter, a rotary filter, a drum filter, a screen, a sieve, particulate filtration
media, a filter aid, or a combination thereof. The filter can be a rotating disk fiker. The filtering
can include forming a filter cake on the filter, the filter cake including the salt including the
phosphoras. The fikkering can include backwashing the filter to remove the filter cake from the
fikker and to form a backwash liquor that includes the removed filter cake. Any suitable water
can be used to backwash the filter, such as a portion of the water including the precipitate is used
to backwash the filter.

[0093] The one or more galvanic cells can be positioned in the water at side portions of
the enclosure, wherein the filter is positioned approximately in a central portion of the enclosare
in the water such that the filter is in-between the plurality of galvanic celis. The method can
incluede using a phwrality of filters. The plurality of filters can include a phrality of rotating disk
filters.

{00941 The galvanic cell can incinde an anode including Mg, Al, Fe, Zn, ora
combination thereof. The galvanic cell can include a cathode including Cu, Ni, Fe, ora

combination thereof. The galvanic cell can also include a conductive connector that electrically
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connects the anode and the cathode, the condactive connector including Ca, Zn, Fe, Cd, Ni, Sn,
Pb, or a combination thereof. In some embodiments, the anode and the cathode directly contact
one another and the galvanic cell is free of the conductive connector, such that the electrodes are
in an “electroless” configuration. In an electroless configuration, the sacrificial anode material
can be galvanically plated or deposited on the non-sacrificial cathode material, eliminating a
need for conductive connectors to electrically connect the anode and the cathode. One advantage
of variots embodiments of the electroless configuration is that less metallic copper can be used
and the electric drop between the electrodes can decrease compared to the configuration
including conrductive connectors.

{0095} The galvanic cell can include one cathode, or a plarality of cathodes. The
galvanic cell can include one anode, or a plurality of ancdes. The galvanic cell can include no
conductive connector, one conductive connector, or a plurality of conductive connectors. The
galvanic cell can melude a plurality of conductive connectors, wherein each conductive
connector independently electrically connects the anode and cathode {e.g.. in a parallel, rather
than a series configuration). The plurality of conductive connectors can be approximately evenly
distributed around a perimeter of the galvanic cell. The conductive connector can include 2
connector or fastener, such as a screw. a bolt, a nut, a washer, or a combination thereof.

{00961 The gaivanic cell can be of any suitable size or configuration such that the surface
area of the galvanic celi(s) per unit volume of water containing phosphorus to be removed is
sufficient to effect removal of the phosphorus during the residence time of the water in the
container. The galvanic cell can have any suvitable total surface area per galvanic cell, or total
anode surface area exposed to water per cell, such as about 1 cm?® to about 1,000,000 cm?, about
5 cnt o about 200,000 e, about 10 cm” to about 50,000 cn?, abouwt 20 cm” to about 40,000
cm?, or about I cnt or less, or less than, equal to, or greater than 2 cm?’, 4, 6, 8, 10, 15, 20, 25,
364 35, 40, 45, 30, 75, 100, 150, 200, 254, 500, 750, 1,000, 1,500, 2,000, 2,500, 5,000, 7.500,
16,000, 15,000, 20,000, 25,060, 30,000, 35,000, 40,000, 45,000, 50,000, 75,0600, 100,000,
150,000, 200,000, 500,000, 750,000, or about 1,000,000 cm® or more. The galvanic cell can
have any suitable ratio of anode surface area to cathode surface area, such as a ratio of anode
surface area exposed to water to cathode surface area exposed 1o water, such as about 0.1 to
about 10, (.5 to 2, or less than, equal to, or greater than about (.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
09,10 1.1,1.2, 13,14 15,16,1.7,18,1.9,2,21,22 23,24 25,26,28,3,35 4,455,
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5.5,6.7, 8.9, or about 10 more. En some embodiments, the anode, the cathode, or a combination
thereof, includes a roughened or etched surface for enhanced surface area. For the methods
described herein, any suitable number of galvanic cells can be used, such as 1, 1 to 1,000,000, 1
to 1,000, 1 to 20, or less than, equal to, or greaterthan 2, 3, 4, 5, 6,7, 8,9, 10, 12, {4, 16, I8, 20,
25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 104, 125, 150, 175, 200, 225, 250, 3060, 400, 500, 750,
1,000, 1,230, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 3,000, 10,0006, 20,000, 30,000, 10,000,
250,000, 300,000, or about 1,000,000 or more. The cells can be used in series or parallel
electrical arrangement.

{0097} The galvanic cell can include a spacing between a surface of the anode and a
surface of the cathode (e.g., between the cathode and at least about 50% to 100% of the surface
area of the anode, or about 80% to about 100%, or less than, equal to, or greater than about 509,
55, 60, 65, 70, 75, 80, 85, 90, 85, 96, 97, 98, or about 99 % or more) of about | mm to about 110
mr, or about 2 mim to about 30 min, or less than, equal to, or greater than about |, 2, 3, 4, 5,
6,7,8,9. 10, 11, 12, 13, 4, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 25, 30, 32, 34,
36, 38, 40, 45, 30, 55, 60, 63, 70, 75, 80, 85, 90, 05, 100, 105, or about 110 mm or more.

{09981 The galvanic cell can be planar in form, having a thickness that is less than a
height and width. The galvanic cell can include a planar frame of the galvanic cell and a cathode
material included within a perimeter of the frame, wherein the cathode material is electrically
connected to the frame {e.g.. via direct contact thereto). The frame can be a structural
component of the galvanic cell. The frame can be structurally sufficient to maintain its shape in
the absence of any of or all of the anodes. The planar frame and the cathode material included
within the perimeter of the frame can both be the cathode.

{0099} The planar frame can be a nonporoas solid materiall The planar fame can be one
or more sirips of cathode material assembled to form the frame. The planar frame can have a
polvgonal perimeter, sech as a square or rectangle. The cathode material included withan the
perimeter of the planar frame can include 2 porous cathode material, such as including wire,
mesh, screen, a sheet including one or more threough-holes, or a combination thereof. The porous
cathode material can include a wire mesh or a wire screen including the porous cathode material.
The porous cathode material included within the perimeter of the planar frame can have edges
that are sandwiched between two of the planar frames, the two planar frames held together to

secure the porous cathode material therebetween with one or more of the conductive connectors,
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5  such as via compression, via conductive connectors passing through one or more through-holes
of the porous cathode material, or a combination thereof
{00160] The galvanic cell can include a plurality of pairs of the planar frames fe.g., 2 pairs
to 20 pairs, or 2 pairs (o 10 pairs, or less than, equal to, or greater than 2, 3, 4, 5,6, 7, §, 9, i},
11, 12,13, 14, 15, 16, 17, 18, 19, or 20 or more pairs), with each pair held together to secure the

10 porous cathode material therebetween with one or more of the conductive connectors, and each
pair separated by one or more of the anodes spanning across the porous cathode material
included within the perimeter of the planar frame. The one or more anodes that separate each
pair of planar frames from one another can directly contact a face of each pair of planar frames
separated therewith. The one or more anodes that separate each pair of planar frames from one

15 another can directly contact a face of one of each pair of planar frames separated therewith and
can be free of direct contact with a face of the other of each pair of planar frames separated
therewith.

{08161} The anode can be a strip fastened to the planar frame at two edges of the planar
frame, wherein the anode is fastened to the planar frame with at least one of the conductive

2 counnectors at each of the two edges of the planar frame, such that the anode spans across the
cathode material included within the perimeter of the planar frame forming a gap between the
cathode material included within the perimeter of the planar frame and the ancde strip. The
anode and the cathode can directly contact one another at each of the edges of the planar frame
where the anode is fastened to the planasr frame via the at least one conductive connector.

25 [00162] The galvanic cell can include a plurality of the anodes, wherein each anode is a
strip fastened to the planar frame at two edges of the planar frame on a face of the frame,
wherein each of the anodes is fastened to the planar frame with at kast one of the conductive
connectors @t each of the two edges of the planar frame, such that each of the anodes spans
across the cathode material included within the perimeter of the planar frame forming a gap

30 between the cathode material included within the perimeter of the planar frame and the anode
sirip, wherein the plurality of the anodes are spaced-apart across the face of the such that they do
not physically contact one another. Each of the anodes can span across the cathode material
included withia the perimeter of the planar frame approximately paraliel to one another on the
face; anodes on another face of the planar frame can be paralle] or perpendicular to the anodes on

35  the first face. The two edges of the planar frame to which are fastened each anode can be
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opposite edges of the planar frame. The galvanic cell can have all of its anodes on a single major
face of the planar frame, or some of the ancdes can be on one major face of the planar frame and
the other anodes are on another major face of the frame.

[060163] FIG. EA #lustrates a galvanic cell 10 viewed from a major face, according to
various embodiments. The gakvanic cell 110 includes the cathode, wherein the cathode includes
a planar frame 120 of the galvanic cell having a polygonal perimeter and a porous material 130
included within the perimeter of the frame that is a wire mesh or a wire screen that is in direct
contact with the frame. The galvanic cell 110 includes a plerality of the anodes 140, wherein
each anode is a strip fastened to the planar frame at two opposite edges of the planar frame on a
face of the planar frame. Each of the anodes is fastened to the planar frame with at least one of
the conductive connectors 150 at cach of the two edges of the planar frame, sach that each of the
anodes are approximately parallel to one another and span across the porous material included
within the perimeter of the planar frame forming a gap (not shown) between the porous material
inchided withia the perimeter of the planar frame and the anode strip. Each anode directly
contacts the cathode frame at each of the edges of the planar frame where the anode is fastened
to the planar frame via the at least one conductive connector. Conductive connectors (not
shown) can also be used that only pass through the planar frame 120 to secure the porous
miaterial 130 therebetween. The plurality of the anodes are spaced-apast across the face of the
such that they do not physically contact one another, and wherein the gap (not shown} is about 1
mm to about 106 nun.

[00164] FIG. 1B illustrates a zoomed-in cutaway edge-view of galvanic cell 110, viewed
along the perspective shown to the right of FIG. 1A, The galvanic cell can include a plurality of
pairs of the planar frames 120, with each pair held wgether to secure the porous cathode material
130 therebetween with one or more of the conductive connectors (not shown). Anodes 140
spanning across the porous cathode material 130 included within the perimeter of the planar
frame 120. Each pair of planar frames 120 is separated by anodes 140 {only one such anode is
shown in FIG. 1B). The one or more anodes 140 that separate each pair of planar frames from
one another directly contact a face of each pair of planar frames 12{ separated therewith.
[1165] In various embodiments, the galvanic phosphoms remaval stage can also reduce
the concentration of or remove other toxic or regulated materials, such as materials formed

during the electrolytic removal of nitrogen stage, such as oxidizing materials {e.g., chlorate,
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chiorite, bromate, and the like). Such oxidizing species can polarize the galvanic cell, which can
favor the oxidation kinetics of metallic aluminum.

[00166] In embodiments of the galvanic cell inchuding aluminum in the anode, the
dissolution of the aluminum anode during the operation of the galvanic cell can generate high
localized concentrations of aluminum tons on or very near the surface of the electrode which can
favor the supersaturation and thermodynamic conditions for the precipitation of aluminum
phosphate compounds. This surface condition can create a low metal-to-phosphorus molar ratio,
even when phosphorus levels in water are below 0.1 ppm. The resulting equilibrium
concentration of phosphate rematining in solution can be much lower than those obtained by
simply adding aluminam sakts to the water. When adding aluminum salts to phosphate-
containing waters with the intent to obtain phosphorous concentrations below about 0.1 ppm, the
metal-to-phosphorus molar ratios must be close to 8. In contrast, in the galvanic process
described herein, the molar ratio of metal to phosphorus can be less chan 8, such as

approximately 1.

Optional further removal of nitrogen stage.

{06167] The method of removing phosphorus and nitrogen optionally includes (e.g., cither
includes, or is free of} one or more additional stages for removing nirogen from the water after
the water has passed through the galvanic phosphorus removal stage. The one or more additional
stages can include any suitable method of removing additional nitrogen from the water.

[00168] In some embodiments, the optional further remmoval of nitrogen stage includes
removal of nitrate. The optional further removal of nitrogen can include exposing the water to
denitrif ying bacteria to convert water-solable nitrogen therein to nitrogen gas that is removed,
such as described in WO 2020/046679 which is hereby incorporated by reference in its entirety.
The method can include deoxygenating the water prior to the farther removing of nitrogen
therefrom. The method can incluede oxidizing or hydrolyzing at least some nitrogen in the water
to form nitraée prior to the further removing of nitrogen therefrom. The method can include
reoxygenating the water after the further removing of nitrogen therefrom.

{11169 In some embodiments, the optional further removal of nitrogen stage inchides
optionally oxidizing or hvdrolvzing at least some nitrogen in the water to form nitrate; optionally

deoxvgenating the water to an oxygen concentration of about O ppm to about 0.3 ppm: exposing
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the water to denitrifying bacteria immobilized on a porous subsirate, 1o convert nitrate in the
water (0 airogen gas that s removed and to form a denitrified water; and optionally
reoxygenating the denitrified water to an oxygen concentration of about 1 ppm to about 2{ ppm.
[060116] The denitrified water can have a total niirogen concentiration that is about (.0 ppm

ta about 2 ppm total nitrogen.

Method of removing nitrogen from water,

[06111] Varicus embodiments of the present invention provide a method of removing
nitrogen from water. The method can include passing the water through an electrolytic cell to
remove nitrogen from the water as nitrogen gas. The method can include any feature described
herein for the electrolytic nitrogen removal stage.

{06112} Prior to passing through the electrolvtic cell, the water can have any suitable
chloride concentration, such as 50 ppm to 40,000 ppm, 200 ppm to 10,000 ppm, or 50 ppm or
more, or less than, equal to, or greater than 100 ppm, 200, 300, 1,000, 2,000, 4,000, 6,000, 8,060,
14,000, 15,000, 20,000, 30,000, or 40,000 ppm or less.

{00113} The water can be passed through a single electrolytic cell, or a plurality of
electrolvtic cells. The water passed through the electrolytic cell is allowed to contact the anode
and cathode and can be allowed to flow between the anode and cathode. Water passing thwough
the electrolytic cell can partially or fully submerge/immerse the electrolytic cell. Shear can be
applied to the water as it is passed throngh the electrolytic cell, to increase exposure of the water
to the cathode and anode surfaces.

{00114} The water immersing the electrolytic cell can have any suitable pH, such as a pH
of 6to 12, 6to 7, or 6 or mwore, o1 kess than, equal to, or greater than 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 1,
16.5, 11, 11.5, or 12 or less. The method can include adding one or more bases to the water to
regulate or maintain the pH of the water, such as sodium hydroxide; in other embodiments, the
method is free of adding acids or bases to the water to maintain or regulate the pll thereof.
{08115} The electrolytic cell can be operated in any suitable way to remnove nitrogen as
nitrogen gas from the water. The cell can be operated with DC current or AC curvent. The
electrolytic cell can be operated with any suitable current density, such as 0.001-0.1 Afem?, 0.02-
0.04 Afem®, or 0.001 A/cm? or more, or less than, egual to, or greater than 0.005, 0.01, 0.015,
0.02, 0.025. 0.03, 0035, 0.04. 0.045, 0.05, 0.06. 0.07, G.08, 0.09, or 0.1 Afcm’ or less.
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{00116} The electrolytic cell inclodes an anode. The anode can include titanium oxide,
rtheniuim oxide, and iridinm oxide supported on titanmm {Ti02-RuO:-E0: / T1): or titanium
oxide and ruthenium oxide supported on titanium {Ti02-Ra(» / Ti}; or titanium and platinum
{Ti-Pi); or a combination thereof. The anode and cathode materials can be selected such that the
electrodes favor the formation of chlorine gas to form hypochlorite during operation of the
electrolviic celi.

{00117} The electrolytic cell inciudes a cathode. The cathode can include titanium,
stainless steel, or a combination thereof. The cathode can include stainless steel.

{00118] The electrolytic cell can include a spacing between the anode and cathode, such as
a spacing of 0.5-8 mm, 2-4 mm, or 0.5 mm or more, or less than, equal to, or greater than | mm,
1.5,2,2.5,3.3.5,4,4.5, 5,6, 7, or 8 mm or less.

{06119] The method is not limited 1o any particular mechanism of removing nitrogen from
the water as ammonmnia using the electrolviic cell. The removing of nitrogen as nitrogen gas can
inchide converting amunonia in the water to nitrogen gas using the electrolytic cell. Passing the
water through the electrolytic nitrogen removal stage can produce hvpochlorite in the water
which can react with ammonia in the water to form the nitrogen gas, which can be released to the
environment. The electrolyvtic cell can produce any suitable hypochlorite concentration in the
water being passed therethrough, such as 100-24,000 ppm hypochlorite, 2000-2500 ppm, or 100
ppm or more, or less than, equal to, or greater than 200 ppm, 400, 660, 800, 1,000, 1,200, 1,400,
1.600, 1,800, 2,000, 2,100, 2,200, 2,304, 2,400, 2,500, 2,600, 2,800, 3,000, 4,000, 6.000, 8,000,
14,000, 15,000, or 20,000 ppm or less.

{061207 The method can remove any suitable amount of nitrogen from the water. For
example, passing the water through the electrolvtic nitrogen removal stage can remove 80% to
100% of ammonia from the water, 99-100%, or 80% or more, or less than, equal to, or greater
than 81%, 82, 83, R4, 85, 86, 87, 88, 89, 90, 91, 92,93, 94,95, 06, 97, 08, 99, 999,99 99, or
99.999% or less.

{01213 In various embodiments, the method of removing nitrogen from the water as
nitrogen gas can also include removing phosphorus from the water, such as any suitable amount
of phosphorus. For example, passing the water through the electrolvtic nitrogen removal stage

can remove (.1 to 90% of reactive phosphorus from the water, or 1-30%, or (.1% or more, or

29

CA 03140014 2021- 11-29



WO 2020/252242 PCT/US2020:/037407

5 less than, equal to, or greater than 2%, 4, 6, 8, 10, £2, 14, 16, 18, 20, 22, 24, 26, 28, 30, 40, 50,
5€), 70, 80, or 90% or less.

System for remnoval of nitrogen and phosphorus from water.

091223 Various embodiments of the present invention provide a system for removal of

10 nitrogen and phosphorus from water. The system can be any suitable system that can perform
the method for removing nitrogen and phosphorus from water described herein. The system can
include an elevated pH phosphorus removal stage configured to raise pH of starting material
water to greater than or equal to 7.5 to precipitate a phosphorus sakt from the water and
configured to remove the precipitated phosphorus salt from the water. The system can include

15 an electrolytic nitrogen removal stage including an electrolytic cell configured to remove
nitrogen from the water as nitrogen gas. The system can include a galvanic phosphorus removal
stage including a galvanic cell including an anode including Mg, Al, Fe, Zn, or a combination
thereof, and a cathode having a different composition than the anode, the cathoede including Cu,
Ni, Fe, or a combination thereof. The galvanic cell can be configured to form a treated water

20 including a salt that includes phosphorus from the water. The galvanic phosphorus removal
stage can be configured to separate the salt inchuding the phosphorus from the trested water.
The water produced by the system has a lower phosphorus concenération and a lower nitrogen

concentration than the starting material water.
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Apparatus for remnoval of nittogen from water,

{06123} Various embodiments of the present invention provide an apparatus for removal
of nitrogen from water. The apparatus can be any suitable apparatus that can perform the
method for removing nitrogen from water described herein. The apparatus can include an
electrolytic cell through which water is configured to be flowed to remove nitrogen from the
water as nitrogen gas. The electrolytic cell inciudes a cathode that can inclade stainless steel
andfor titanium. The electrolytic cel includes an anode that can include titaninm oxide,
ruthenium oxide, and iridium oxide supported on titanmm {Ti02-RuQ:-IrQ: / Ti); or titanhum
oxide and rutheninm oxide supported on titanium (TiG,-RuOs / Ti}: or titanium and platinum
{T1-Pt); or a combination thereof. The anode and cathode materials can be selected such that the
electrodes favor the formation of chlerine gas to form hypochlorite during operation of the
electrolytic cell. Using the apparatus to remove nitrogen as nitrogen gas can remove 80-100% of

ammonia from the water.

Examples
{00124} Various embodiments of the present invention can be better understcod by
reference to the following Examples which are offered by way of iliustration. The present
invention is not imited to the Examples given herein.
[06125] Galvanic cells of several sizes were utilized to evaluate aspects of the process as
outlined in the Examples. The galvanic celis are referenced as “small”, “medinm”, and “large”,
as defined below. Magnesivm anodes were AZ91, with 90 wt% Mg, 9 wi% Al and | wt% Zn,
and were 99.9 wt% pure. Aluminum ancdes were 99.9 wit% pure aluminum. The copper used in
copper frames and copper mesh was 99.9 wit% pure copper.
[06126] For a small-sized cell, having copper cathodes and either an aluminom or
magnesium anode, the finished size was 5 cm X 20 ¢m with a thickness of about 4 mm and
utilized copper meshes and an anode having a thickness of about { mm each. The small-sized
cell included a single pair of copper meshes with an anode sandwiched therebetween, with the
copper meshes and the anode separated from the copper meshes by (.5 em using electrically
nsulating plastic screws. The copper meshes were electrically connected to one another via a
copper wire. The anode and the cathode were not electrically connected to one another {other

than via multimeter and the surrounding water). The resulting surface area of sacrificial anode
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exposed to the water was about 400 mm” per cell. FIG. 2A illustrates a photograph along the
edge of an Al-Cu electrochemical cell

{00127} For a medium-sized cell, having a copper cathode and either aluminum or
magnesium anoedes, the finished size was abeut 300 mm x 45 mm with a thickness of about 10
mun and utilized a single pair of copper meshes with an anode sandwiched therebetween. The
copper mesh directly contacted the anode, and was connected thereto via brass bolts {common
brass, 67 wi% copper and 33 wit% Zn). The resulting surface area of sacrificial ancde exposed to
the water was about 31,400 mm” per cell. FIG. 2B illustrates a photograph along an edge of a
plurality of medium-sized Al-Cu electrochemical cells.

[00128] The large-sized electrochemical cells used in the Examples inciuded cathodes that
are pairs of planar solid copper frames that sandwich a copper mesh, with brass connectors
securing the copper frames together o secure the copper mesh between the frames. The solid
copper frames formed a rigid structaral perimeter of the cell, with the copper mesh filling the
entire area within the perimeter of each pair of copper frames. A phurality of anode strips, which
were magnesium alloy or aliminum, were fastened to the perimeter of the frame with brass
fasteners such that they spanned from one edge of the frame to the other frame, directly
contacting the frame and forming a gap between the anodes and the copper mesh. Each
electrochemical cell inciuded tweo pairs of the copper frames having the copper mesh
therebetween (i.e., four copper frames total, with two copper meshes). A first pair of copper
frames had anodes affixed to a single major face thereof, the second pair of copper frames had
anodes affixed to both major faces thereof, with the two pairs of copper frames affixed to one
another with brass fasteners such that they do not directly contact one another and such that they
sandwich the anodes affized to one mjor face of the second pair of copper franwes. The brass
fasteners were comunon brass and were 67 wt% copper and 33 wi% Zn. The anodes ran
horizontally across each major face of the copper frames and parallel to one another, with 6
anodes affixed to each face. From one major face of the electrochemical cell to the other, the
order of components is 1) the anodes affixed to a major face of the first pair of copper frames, 2)
the first pair of copper frames having copper mesh therebetween, 3) the anodes affixed to a
major face of the second pair of copper frames, 4) the second pair of copper frames having

copper mesh therebetween, and 3) the anodes aftixed to the other major face of the second pair
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of copper frames. The ratio of anode surface area to cathode surface area for the electrochemical
cell was about 1:1.

{00129} For a large-sized cell, each copper frame had a thickness of 3.175 mm (1/8 inch).
The height of the copper framme was 400 mim and the length of the copper frame was 400 mm.
The copper mesh had a thickness of 1.5875 mm, such that each pair of copper frames
sandwiching the copper mesh had a thickness of about 8 mim. The anode strips had a length of
400 mm, a width of 45 mm, and a thickness of 6 mun. The thickness of the entire
electrochemical cell was about 30 mm. The gap between the anodes on each face of the copper
frames was 12-18 mm. The gap between the anodes affixed to each pair of copper frames and
the copper mesh sandwiched therebetween was 12-18 mm. The large-sized cell using aluminam
anodes included an anode surface area exposed to the water of about 290,000 mim?, and the
large-sized cell using magnesium incloded an anode surface area exposed to the water of about
868,000 mm’.

{09136] FIG. 2C tllastrates a photograph of a major face of the large-sized Mg-Cu
electrochemical cell used in the Examples. FIG. 2D and 2E illustrate close-up photographs of an
edge of the large-sized Mg-Cu electrochemical cell used in the Examples.

{00131} In the Examples herein, the Al-Cu or Mg-Cu electrochemical cell was completely
immersed in waier in a comtainer, such that electrochemical cell was vertically oriented with the
anodes running vertically. When multiple electrochemical cells were used, they were separated
by about 25 mm using a wooden frame. In the middle of the container a mechanical stirrer was
used to agitate the water therein. Water was filtered and fed into the container using a pump.
Another pump was used to cireulate water and filter water within the container (e.g.. to remove
precipitate therefrom), with water purnped from one side of the container and recicnlated to the
other side. A pump connected to a reservoir of 109% HCI was used to add HC to the container to
adjust the pH of the water therein. The water in the container was measured 10 determine the pH
thereof, which was used to determine the amount of acid that needed to be added from the
reservoir (o maintain a specific pH. The water fed into the container was analvzed to determine
initial pH, initial conductivity, and initial reactive phosphorus content. For the Mg-Cu cell, the
water fed into the container was also analyzed to determine the initial dissolved magnesium
content. The pH and conductivity of water in the container was measured. The container

included a drain at the water level of the container to allow water to exit the system. The water
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that exited the system was analyzed to determine the final pH, final conductivity, and final
reactive phosphorus content. For the ALI-Cu cell, the water exating the containing was analvzed
to determine the total Al and dissolved Al. For the Mg-Cu celi, the water exiting the container
was analyzed to determine the dissolved magnesium content. FIG. 2F illustrates a photograph
showing a top-view of the system used in the Examples, with the specific embodiment shown in
the photograph having 12 electrochemical cells (6 in front, and 6 in back arranged edge-to-edge
with the 6 in front). FIG. 2G ilustrates a photograph showing a side-view of the svstem used in
the Examples, with the specific embodiment having 12 electrochemical cells therein.

{00132] The “reactive phosphorus concentration” refers to the sohitble reactive phosphorus
in solution (e.g., orthophosphate) and was measured by US-EPA 365.1: Determination of
Phosphorus by Semi-Automated Colorimetry. The pH was measured using an Cakton® pH 700
meter. The conductivity was measured using an Oakton® CON 150 meter. The dissolved
magnesinm content was measured using a Thermo Scientific™ Dionex™ Aguion™ ion
chroematography svstem. The total aluminum content and dissolved alwminum content were
measured using a Hach Aluminum TNT plus™ vial test. Dissolved Al was determined at the pH

of the water exiting the container. Total Al was determined by adjusting the pH 1o 2.

Part 1. Galvanic cell.

Exammple 1. Removal of phosphorus with ALCu cell, initial P concentration 3.033

[00133] Water was taken from one of the channels of a local lake and the residence time in
the galvanic process was modified by adjusting the water flow to provide specific residence
times while keeping the other variables of the systemn constant (pH, conductivity, and
concentration of phosphorus). Residence time (i.e., volume of the container divided by the flow
rate) was gradeally decreased until removal performance was reduced and then held constant for
this Example. For a low initial concentration of phosphorus (8.033 ppm) residence time was
reduced to approximately 13 min while maintaining an average of about 90% removal of

phosphorus. The AR-Cu cell was medium-sized. The results are shown in Table |.
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5 {06134} Table 1. Removal of phosphorus with A-Cu cell, initial P concentration 3.033
ppm.
Water Sousce Local Lake (C44)

Flow Rate {(ml/min) 650 950 1261
Residence Time (mins) 30 20 i3
Electrochemical cells 8 8 8

Initial pH 8.43 8.43 8.43

Final pH 7.05 7.03 7.02

Initial Conductivity (uS) | 776 776 776

Final Conductivity (uS) 778 778 778
Initial reactive-P {ppm) | 0.033 | 6.033 | 0.033
Final reactive-P (ppm} | 0.0028 | 0.0028 | 0.0027

% P removal 91.5 91.5 915

Final total Al (ppm) 1.18 1.00 L.00
Final dissolved Al (ppm) | G134 | 0115 1 0.110

Example 2. Removal of phosphorus with ARFCu cell, initial P concenération 4,451 ppm.

{00135] Water from a local inland wastewater treatment facility was processed to evalnate
10 the effect of increasing solution conductivity. Residence time was held constant during this

Example at 2§ min. Conductivity was modified by adding NaCl. This Example demonstrates

the beneficial effect of increased conductivity on the effectiveness of phosphorus removal. The

Al-Cu ceil was medium-sized. The results are shown in Table 2.

{00136 Table 2. Removal of phosphorus with Al-Cu cell, initial P conceniration 3.451
15 ppoe Cell size = medinm.
Water Source Injand Wastewater Plant
Flow Raie {ml /min) 920 920
Residence Time {mins) 21 2%
Electrochemnical cells 8 8
Initial pH 7.69 7.69
Final pH 7.02 6.93
lnitial Conductivity (uS) 673 960
Final Conductivity (uS} 672 962
Initial reactive-P {ppoy) 0.451 0.451
Final reactive-P {(ppm) 0.062 0.027
% P removal 86.3 04.0
Final total Al (ppm) £.15 1.81
Final dissolved Al {ppm) 0037 0.056

Example 3. Removal of phosphorus with ARFCu cell, initial P concentration 4.392 ppm.
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5  [08137] A coastal wastewater treatment plant effluent with high electrical conductivity
was treated using the medinin Al-Ca cell. As noted in Example 2 above, increased conductivity
is beneficial. The water treated in this Example was from a coastal location where the salt
(NaCl) concentration results in elevated conductivity. The purpose of this Example is (o
evaluate the loss of sacrificial electrode material to the treated water solution and to evaluate this

10 relationship as a function of pH. The final phosphorus removal efficiency remained constant;
however, the concentration of total ahuninum {dissolved and solid} decreases when modifying
the pH from pH 7 to pH 6.5. This Example demonstrates the ability to control the loss of

material from the sacrificial electrode by adjusting the pH. The results are shown in Table 3.

[00138] Table 3. Removal of phosphorus with Al-Cu cell, initial P concentration $.392
15  ppm Cell size = medivm.
Water Source Coastal Wastewater Facifity
Flow Rate {(ml./min) 920 920
Residence Thne (mins) 21 21
Electrochemical cells 8 8
Initial pH 9.06 9.06
Final pH 7.00 6.47
Initial Conductiviey (uS) 3100 3100
Final Conductivity {§S8) 3141 3L10
Initial reactive-P {ppm) £.392 0.392
Final reactive-P (ppm} 0.042 0.032
% P removal 89.3 91.8
Final total Al (ppm) 2.24 1.90
Final dissoived Al (ppm) 8.055 .059

Example 4. Removal of phosphorus with ALCu cell, initial P concentration (.648-0.762 ppm.

[06139] Water from a local fresh water retention pond was spiked with phosphoric acid to
obtain a concentration of (.75 ppm of phosphorus and was treated utilizing multiple galvanic

20 cells in a continuous flow apparatus with a flow of about 2 gallons per minute (GPM) (Jarge
cell). The pH of the water was adjusted incrementally downward to values between 7 and 6. An
mncrease the percentage of removal from 82% at pH = 7 to 97% at pH = 6 was observed, whike

reducing the soluble aluminum remaining in the treated water. The results are shown in Table 4.
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[00140] Table 4. Removal of phosphorus with Al-Cu cell, initial P concentration (.648-
0.762 ppm. Cell size = large.

Water Source Retention Pond
Fiow Rate (mi/min) 77971 | 77971 | 77971
Residence Time (mins) | 20-25 | 20-25 | 20-25

Electrochemical cells 12 12 12
Initial pH 7.03 7.06 7.03
Final pH 6.96 6.5 5.95

Initial Condectivity {uS) | 680.9 639 680.9
Final Conductivity {uS) | 671.7 | 676.3 | 695.4
Initial reactive-P {ppm) | 4.742 | 0.648 | 0.762
Final reactive-P (ppm) | (135 | 0.047 | 0.024
% P removal 8§1.8 92.7 96.9

Final total Al (ppm) 3.17 2.78 4.38
Final dissolved Al (ppmy) | G.035 | 0.029 | 0.028

Example 5. Conductivity effects on electrical current cencrated by AlCu cell versus time.

{00141} Using a small-sized cell, Al-foil and Cu screens havingasizeof Sem X 2 em
were separated by (.5 cm using plastic screws. The Al-foil/Cu was placed in a simple
compartment with magnetic stirring that was filled with 30 mL water from a local freshwater
retention pond. FThe currents were measured with a Keithley 175 multimeter connected in series.
The mitial conductivity was adjusted with NaCl. The electrical current generated by the Al-Cu
galvanic pair in the Al-Cu cell was measured. This electric current is a measure of the amount of
the anode material that was transformed in the electrodes as a function of time, e.g., the oxidation
reaction of aluminum to generate aluminum ions and the decomposition of water on the copper
electrode to generate hydrogen and hydroxyl ions.

[06142] FIG. 3 shows the variation of the electric current that was generated by the Al-Cu
galvanic pair as a function of the conductivity of the solution. The initial pH of the water was
not modified and was about 7. An increase of the initial conductivity of the solutionup to a
value of 1000 pS increases the electric current due to a decrease in the resistance between the
clectrodes thereby mcreasing the rate of the chemical reactions at the electrode surface. A
simiiar result was obtained in Example 2. Increasing the conductivity to values higher than 1000
uS resulted in little change in the electrical current because at higher conductivity values the rate
limiting step of the reaction is the kinetics of the chemical processes at the surface of the

elecirodes.
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Example 6. pH effects on electrical current generated by Al-Cu cel versus time.

{00143] The same experimental conditions as Example 5 were used, but adjusting the
initial pH with NaOH, with the initial conductivity of the water adjusted with NaCl to about
18000 u3. FIG. 4 shows the variation of the electric current generated by the Al-Cu galvanic pair
10 as a function of the pH of the solution. Decreasing the pH of the solution favors the kinetics of
the decomposition of water on the copper electrode, which translates into an increase in electrical

current by the Al-Cu galvanic pair.

Example 7. Conductivity effects on electrical current generated by Mg-Cu cell versus time.

15 [00144] The same experimental conditions as Example 5 were used, without modification
of pH, and with modification of conductivity using NaCl. FIG. 5A shows the variation of the
electric current that circulates in the Galvanic pair of Mg-Cu as a function of the water
conductivity of a local freshwater holding pond. The increase of the conductivity of the water
prodices remarkable increases in the electric current of the electrochemical cell. The effect of

2  this increase in conductivity in the kinetics of chemical reactions is shown in FIG. 5B, where 1t

improves the kinetics of the pH increase.

Example 8. Mg—Cu cell, initial P concentration .392-3.451.

[0145] Two bodies of water from treatment plants were compared: the water collected
25  from a coastal waste-water treatment plant (WWTP) has three times more conductivity than the
water from an inland WWTP due to salt water inclusion in the processing system. The higher
conductivity favors the reaction Kinetics and thus for the same residence dme a greater
phosphorus removal occurs in the higher conductivity water while consuming the same amount
of sacrificial anode (resulting in the same amount of magnesium ions in solation) as with the

30 lower conductivity. The Mg-Cu cell was medium-sized. The results are shown in Table 5.
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5 {00146} Table 5. Mg-Cu cell, initial P concentration $.392-0.451. Cell size = mediam.
Inland WWTP | Coastal WWTP
Flow Rate {ml/min) 370 370
Residence Time (inins) 50 50
Electrodes 8 8
Initial pH 7.69 9.06
Final pH 10.90 10.94
Initial Conductivity (u8) 960 3160
Final Conductivity (uS) 1124 3148
Initial reactive-P {ppin) 0.451 0.392
Final reactive-P {ppm) 0.122 0.061
% P removal 73.9 24.4
Initial dissolved Magnesmum (ppm) { 17 56
Final dissolved Magnesiim (ppm) § 44 95

Part I1. Galvanic cell used with phosphorus remnoval stase and electrolviie nitrogen removal

stage.
10

Example 8.
{06147} Water obtained was remnant process water from a phosphate mine reservoir at
around pH 4.3 and containing around 260 ppm NHaz, 120 ppm reactive phosphorus, 360{ ppm
Na, 500 ppmt Mg, 280 ppin Ca, and 58060 ppm chloride. The water was stored in 250-gallon totes
13 to be used as influent water.
[00148] The influent water was pumped continuously from the tote at 100 mL/min by a
Cole Parmer peristaliic pump and tubing into a 3-gallon tank called the mixing tank. Inside the
mixing tank was a mixer to ensure good mixing. Approximately 5% sodium hydroxide was
dosed via a Cole Parmer pump and tubing at approximartely .5 ml/min continuously to maintain
20 a maxing tank pH of 5. Asmionic polvmer flocculant dissolved in water (0.019%) was dosed in a
similar manner to bring the mixing tank floccniant concentration to around 5 ppm.  As the water
entered the mixing tank s pH would be brought up from 4.3 to 8.5 and calcinm phosphate,
struvite and other unknown precipitates formed. Total solids were approximately 500 ppm.
Seolid concentration was determined by weighing the 3-micron filter bag after a set period and
25  dividing by total flow over that time. The solids then contacted the flocculant, increasing

particle size, and overflowed from the mixing tank into a 5-micron bag filter. The solids were
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removed from the water, leaving between 4 and 8 ppm of reactive phosphorus and 180 to 2(K)
prm of NH5-N in the water. Reactive phosphorus, ammonia, and both free and total chlorine
was determined by HACH test kits and the appropriate colorimetric method on the
spectrophotometer.

{09149 After passing through the 5-micron bag filter, the flowed by gravity into a 3-
gallon settling tank to allow any remaining precipitates to settie at the bottom of the tank. These
solids were pericdically cleaned out by passing the entire seteling tank through the S-miicron filter

again as needed.

{00156] Water was then pumped from the top of the settling tank to the electrolysis tank at
100 ml /min via a Cole Parmer peristaltic pump and tubing. This water is called post-setiling
tank water.

{06151} The electrolysis tank was a 1.5 | plastic vessel. Inside the electrolysis tank was a

miixer to ensure good mixing, and an electrode. The electrode was prepared asing a 9 by 27
titaninm oxide, ruthenium oxide, and iridium oxide supported on titanium (Ti02-RuO-1r(: / Ti)
screen as the anode, and a 9 by 27 304 stainless steel screen as the cathode. Several plastic nuts
and bolts were used to fix the anode and cathode appreximately 2-4 mum apart from each other.
One set of brass nuts ard bolts were affixed separately through each the anode and the cathode
screens to provide contact points for the DC power generator. The anode and cathode were
connected to the DC power generator by alligator clips provided with the DC power generator.
The DC power generator was set to provide power at 6.5 amps and around 4.2 V. The electrode
produced between 2000 and 2500 ppm of bleach through oxidation of the chloride in solution.
Side reactions oa the cathode would also cause precipitation of residual calcivm and phosphorus
on the surface of the electrode, as well as a drop in pH. To maintain an appropriate pH of around
7, 2.5% sodium hydroxide was dosed in a similar manner to the mixing tank. The bleach
produced reacts with the ammonia to produce nitrogen gas which is evolved to the atmosphere.
The side reaction precipitates were cleaned off the cathode manually as needed to remove them
from the surface of the electrode. The entire electrolysis tank was dumped into the S-micron
filter afier the mixing tank to remove the sohds from the water. Water then overflowed the
electrolysis tank with between (.1 and 2 ppm reactive phosphonas, 0 to 1 ppm NHs, and { to 380

ppin residual free and fotal chlorine.
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5 {00152] Water overflowed into the | L chlorine contact tank to allow the residual chlorine
to continue to react with anv residuial ammonia. Finally, water overflowed the chlorine contact
tank with 0 to 300 ppm residual free and total chlorine, (0 to 0.3 ppm NH3-N, and 0 to 2 ppm
reactive phosphorus. Water from this point was recorded as effluent water. A summary of the
data is shown in Table 6. Water then flowed into the galvanic system to have any residual

10  phosphorus, bleach. and andesired oxidation byproducts removed.

41

CA 03140014 2021- 11-29



WO 2020/252242

PCT/US2020:/037407

[OG153] Table 6. Exampie 9 datz. Mixing tank pH = 8.3, All samnles are averaged. and are given in pons.
Na K Mg Ca (] MN(x | Br S0 N3 | HACH HACH | HACH HACH Free
reactive P § Nily Totat chlorire
chlorine
Influent HJ2IRLIFEROIS22 26 I 3D IR 1 K63 046|000 1956 EATR3I TS E 0 | 121 600 268.0%) Q.00 0
Post- 411327 § 24364 { 438,33 18542 { 6287.65 | 000 | 1880 301: 72§ 0.11 | 646 7474 0.00 S
scttfing
tank
Efftuem 4466701 241 31 {21378 1 18190 § 613076 | 0.00 1 10501 384110 § 8.16 | .01 1.28 5.1% 4.9
42
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Example 1. Evaluation of increasing pH and the resuliing phosphorus and ammonia removal

{00154] Example 10 was conducted in a similar way to Example 9 with the main
exception being that the mixing tank pH was adjusted to 9.3 and not 8.5. This change in pH
resulted in around 4200 ppm of sohds to precipitate in the mixing tank and combine with the

16 flocculant to be filtered out. Water leaving the mixing tank had between O and 2 ppm reactive
phosphorus and between 150 and 200 ppm NHs-N after filtration through the 5-micron bag filter.
{061 55] The water made its way to the electrolysis tank in a similar manner to Example 9.
Once in the electrolysis cell, the electrolysis proceeded in a similar manner with the main
exceptions being less solids precipitating on the stainless-steel cathode, less frequent cleaning of

15 the cathode required, and less sodium hydroxide required to maintain the appropriate pH of 7.
Water overflowed the electrolysis tank with O to 1.5 ppm reactive phosphorus, Oto 1 ppm NHs-
N, and 0 10 300 ppm residual free and total chlorine.
{01561 Water overflowed into the 1 L chlorine contact tank to allow the residual chlorine
to continue to react with any residual ammonia. Finally, water overflowed the chlorine contace

20 tank with 0 to 300 ppm residual free and total chlorine, 0 to 0.3 ppm NH3-N, and 0 tc 0.5 ppm

reactive phosphorus. A summary of the data is shown in Table 7.
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{6157} Table 7. Example 10 data, Mixing tank pH = 0.3, All samples are averaged, ard are given in ppm.
Na K Mg Ca CE NO: i Br 50, NO; ( HACH | HACH | HACH HACH

reactive | NHs Total Free
P chlorine | chiorice

Influent | 321600 | 244 08 § 51733 | 282.73 £ 746148 | (.00 1 2011 | 436830 { 3.06 | i44.40 260.00 | .06 8

Post- 4268.80 | 248.96 435,97 | 12682 { 593843 | 000 | 17.92 ] 3531.69 | 0.00 | 1.19 179.00 | 9.00 0

settling

tank

Effluent [ 441553 | 240.03 130167 | 12677 : 584778 1 000 | 3.04 { 3557.i15 {928 [ .22 0.33 2450 ;3.5
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Example 11. Bvaluation of current densitv, the resulfing production of hvpochiorite and
corresponding reduction of ammonia,
{068158] Example 11 was performed in a sinmiar manner to Example 103, In Example L1,
the effect of varying current densities on the prodaction of bleach and the removal of ammonia
13 was examined.
{06159} The water passed through the mixing tank, settling tank, electrolysis tank, and
contact tank in a similar manner as Example 10.
[06166] The current passed through the electrode was tested at 8 amips, 7.5 amps, 7 amps,
and 6.5 amps with other features rermaining constant. Higher currents produced more bleach
15  than lower currents, as shown in Table 8, but all densities produced enough bleach to completely
remove all ammonia. 6.5 amps was found to be approximately optimal for the concentration of

ammonia in this Example.

45

CA 03140014 2021- 11-29



WO 2020/252242 PCT/US2020:/037407

{66161} Table 8. Example 11 data. Effect of current density ea bleach production. All samples are averapged and are given in

ppm unless otherwise indicaled.

K Mg {a L) NG § 8 b 19 N Nk HACH reaclive P §| HACH KA, | HACH Totod chtenne | HACH Free chorine
24400 | 51735 § 2RI TR 45143 1 000 § 2311 2.0 1420 M) o
260065 | 42765 | 13473 | GOZERT | GG 1 1303 2% 136 [X] [
26283 | 41495 S94338 | G006 § 330 | 63366 4 i3 | 025 163463 177
26236 | 43220 605553 | D00 | 1949 | 252775 { 0.2 133 [201)

senfoay

taxk

Efffag:t | 750 444387 ;23531 | XGRS 595552 1 DOD G 403 2560437 3 284} 05 158.0% 122

Post- 740 434225 | 25403 | 42320 68 | D40 § LE 98 | 359385 { 26 125 [XT1] [

setEng

ank

Efuent | 700 245674 | 37966 3.86 46808 i 25 9140 73

Poat - 650 25042 | $I950 L7.87 | 253238 { .09 Lit] [}

setifng

Fank

Efffugat } 6,50 430204 | 24855 | 30033 | 10000 | SRE49% | OO0 ¢ 515 152207 { 348 033 829 58 .0 S0
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{08162] The terms and expressions that have been employed are used as terms of
description andd not of hmitation, and there is no intention in the use of such terms and
expressions of excluding any eguivalents of the features shown and described or portions thereof,
bat it is recognized that various modifications are possible within the scope of the embodiments
of the present invention. Thus, it should be understood that although the present invention has
been specifically disclosed by specific embodiments and optional features, modification and
variation of the concepts herein disclosed may be resorted to by those of ordinary skill in the art,
and that such modifications and variations are considered to be within the scope of embodiments

of the presest invention.

Exempiarv Embodiments.
[00153] The following exemplary einbodinents are provided, the numnbering of which is

not 1o be construed as designating levels of importance:
[09164d] Embodiment | provides a method of removing phosphorus and nitrogen from
water, the method comprising:
passing starting material water comprising nifrogen and phosphorus through an elevated
pH phosphorus removal stage comprising
raising pH of the water to greater than or equal to 7.5 to precipitate a phosphorus
salt from the water; and
removing the precipitated phosphorus salt from the water;
passing the water through an electrolytic nitrogen removal stage comprising
passing the water through an electrolytic cell to remove nitrogen from the water
as nitrogen gas; and
passing the water through a galvanic phosphorus removal stage comprising
immersing a galvanic cell in the water to form treated water comprising a sale that
comprises phosphorus from the water, the galvamic cell comprising
an anode comprising Mg, Al Fe. Zn, or a combination thereof,
a cathode having a different composition than the anode, the cathode

comprising Cu, Ni, Fe, or a combination thereof; and
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separating the salt cormprising the phosphorus from the treated water;

wherein the water produced by the method has a lower phosphorus concentration and a
lower nitrogen concentration than the starting material water.
[00165] Embodiment 2 provides the method of Embodiment 1, wherein the starting
material water is water from a phosphate mine reservoir.
[00166] Embodiment 3 provides the method of any one of Embodiments 1-2, wherein the
starting material water is water originated from a process of dissolving phosphate-containing
rack to produce phosphoric acid.
{00167] Embodiment 4 provides the method of any one of Embodiments 1-3, wherein the
starting material water has a pH of less than 7.5.
{00168 Embodiment 5 provides the method of any one of Embodiments 1-4, wherein the
starting material water has a pH of 4-5.
{08169 Embodiment 6 provides the method of any one of Embodiments 1-5, wherein the
phosphorus in the starting material water is in the form of elemental phosphorus, inorganic
phosphorus, erganic phosphorus, a disselved form of phosphorus, a solid form of phosphorus,
oxidized phesphorus, or a combination thereof.
{06176] Embodiment 7 provides the method of any one of Embodiments 1-6, wherein the
starting material water has an ammonia concentration of 30 ppm to 5,000 ppm.
{00171} Embodiment § provides the method of any one of Embodiments 1-7, wherein the
starting material water has an ammonia concentration of 150 ppm to 400 ppnL
{00172} Embodiment 9 provides the method of any one of Embodiments 1-8, wherein the
stanting material water has a reactive phosphorus concentration of 1O ppm to 10.000 ppm
[00173] Embodiment 10 provides the method of any ose of Embodiments 1-9, wherein the
starting material water has a reactive phosphorus concentration of 530 ppm to 400 ppm.
061743 Embodiment 11 provides the method of any one of Embodiments 1-10, wherein
the starting material water has a sodium concentration of 30 ppm to 20,040 ppm.
{01753 Embodiment 12 provides the method of any one of Embodiments 1-11, wherein
the starting masterial water has a sodium concentration of 40X} ppm to 5,.({{} ppm.
[1176] Embodiment 13 provides the method of any one of Embodiments 1-12, wherein

the starting material water has a magnesium concentration of 10 ppm to 10,000 ppm.
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[00177] Embodiment 14 provides the method of any one of Embodiments 1-13, wherein
the starting material water has a magnesium concentration of 50 ppm to 600 ppm.

[00178] Embodiment 15 provides the method of any one of Embodiments [-14, wherein
the starting material water has a chloride concentration of 50 ppm to 40,000 ppm.

{00179 Embodiment 16 provides the method of any one of Embodiments 1-15, wherein
the starting material water has a chloride concentration of 200 ppm o 106,000 ppm.

{00180} Embodiment 17 provides the method of any one of Embodiments 1-16, wherein
the water produced by the method has a total phosphorus concentration of about O ppm to about
1 ppm

[00181] Embodiment 18 provides the method of any one of Embodiments 1-17, wherein
the water produced bv the method has a total phosphoras concentration of about 0.000! ppm to
0.1 ppm.

{06182} Embodiment 19 provides the method of any one of Embodiments 1-18, wherein
the water produced by the method has a total phosphors concentration of about 8.0001 ppmato
0.05 ppm.

[061383] Embodiment 20 provides the method of any one of Embodiments [-19, wherein
the water produced by the method has a dissolved phosphorus concentration of about O ppm to
about 1 ppm.

001843 Embodiment 21 provides the method of any one of Embodiments 1-20, wherein

the water produced by the method has a dissclved phosphorus concentration of about 0.0001
ppm to O.§ ppm.

{061857 Embodiment 22 provides the method of any one of Embodiments 1-21, wherein
the water produced by the method has a dissolved phosphorus concentration of about 0.0001
ppm to .05 ppm.

{06186 Embodiment 23 provides the method of any one of Embodiments 1-22, wherein
the water produced by the method has a reactive phosphoms concentration of about O ppm to
about 1 ppm.

{06187} Embodiment 24 provides the method of anv one of Embodiments 1-23, wherein
the water produced by the methed has a reactive phosphorus concentration of about 0.0001 ppm

to 0.1 ppm.
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5 [00188] Embodiment 25 provides the method of any one of Embodiments 1-24, wherein
the water produced by the method has a reactive phosphorus concesntration of about D.0001 ppm
to 0.05 ppm.

[001389] Embodiment 26 provides the method of any one of Embodiments 1-25, wherein

the water produced by the method has a total nitrogen concentration of about 0 ppm to about 2
16 ppm.

{00190} Embodiment 27 provides the method of any one of Embodiments 1-26, wherein

the water produced by the method has a total nitrogen concentration of about 0 ppm to about 1
PpoL
[00191] Embodiment 28 provides the method of any one of Embodiments 1-27, wherein
15 the water produced by the method has & dissolved nitrogen concentration of about 0 ppm to
about 2 ppm.
{06192} Embodiment 29 provides the method of any one of Embodiments 1-28, wherein
the water produced by the method has a dissolved nitrogen concentration of about 0 ppm to
about 1 ppm.
20 [08193] Embodiment 30 provides the method of any one of Embodiments [-29, wherein
raising pH of the water to precipitate the phosphorus salt from the water comprises raising the
pH of the water to 7.5 to 12.
001943 Embodiment 31 provides the method of any one of Embodiments 1-30, wherein
raising pH of the water to precipitate the phosphorus salt from the water comprises raising the
25  pH of the water t¢ 8.5 t0 9.5,
{06195 Embodiment 32 provides the method of any one of Embodiments 1-31, wherein
raising pH of the water to precipitate the phosphorus salt from the water comprises adding one o
more bases to the water.
{06196 Embodiment 33 provides the method of any one of Embodiments 1-32, wherein
30 raising pH of the water to precipitate the phosphorus salt from the water comprises adding one or
more flocculants to the water.
{0197} Embodiment 34 provides the method of any one of Embodiments 1-33, wherein
removing the precipitated phosphorus salt from the water comprises decantation, settling,

fileration, or a combination thereof.
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[00198] Embodiment 35 provides the method of any one of Embodiments 1-34, wherein
the precipitated phosphorus salt comprises struvite, calcm phosphate, or a combination thereof.
{00199] Embodiment 30 provides the method of any one of Embodiments [-35, wherein
the elevated pH phosphorus removal stage removes 70-100% of the reactive phosphorus in the
water.

{00260} Embodiment 37 provides the method of any one of Embodiments 1-36, wherein
the elevated pH phosphorus removal stage removes 50-98% of reactive phosphorus in the water.
[00261] Embodiment 38 provides the method of any one of Embodiments 1-37, wherein
the elevated pH phosphorus removal stage removes (0-60% of ammonia in the water.

[00262] Embodiment 39 provides the method of any one of Embodiments 1-38, wherein
the elevated pH phosphorus removal stage removes 20-30% of ammonia in the water.

j00263] Embodiment 44 provides the method of any one of Embodiments 1-3%9, wherein
the clevated pH phosphorus removal stage comprises raising pH of the water using one or more
bases t0 8.5 to 9.3 and removing precipitated phosphorus salt using decantation, settling,
fileration, or a combination thereof, the precipitated phosphorus salt comprising struvite, calcium
phosphate, or a combination thereof, wherein the elevated pH phosphorus removal stage removes
9{-98% of reactive phosphorus in the water.

{0204} Embodiment 41 provides the method of any one of Embodiments 1-40, wherein
the water is passed through a plurality of the electrolytic celis.

[0)265] Embodiment 42 provides the method of any one of Embodiments 1-41, wherein
passing the water through the electrolytic cell comprises partially submerging the electrolytic cel
in the water.

[00266] Embodiment 43 provides the method of any ooe of Embodiments 1-42, wherein
passing the water through the electrolvtic cell comprises completely immersing the electrolytic
cell in the water.

2671 Embodiment 44 provides the method of any one of Embodiments 1-43, further
comprising applying shear to the water as it is passed through the eleciroiytic cell

[06268] Embodiment 45 provides the method of any one of Embodiments 1-44, wherein
the water 1s passed around and between an anode and cathode of the electrolytic ceil.

{00269 Embodiment 46 provides the method of any one of Embodiments 1-45, wherein
the water passed through the electrolytic cell hasapH of 6 to 12,
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5  [00210] Embodiment 47 provides the method of any one of Embodiments 1-46, wherein
the water passed through the electrolytic cellhas apH of 610 7.
{00211} Embodiment 48 provides the method of any one of Embodiments [-47, further
comprising adding one or more bases to the water to regulate pH of the water contacting the

electrolytic cell.

16 [08212] Embodiment 49 provides the method of any one of Embodiments [-48,
comprising operating the electrolvtic cell with DC current.
[00213] Embodiment 50 provides the method of any ope of Embodiments 1-49,
comprising operating the electrolytic cell with AC current.
[00214] Embodiment 51 provides the method of any one of Embodiments 1-50,
15  comprising operating the electrolyvtic cell with a current density of 0.001-0.1 Afcm?.
002153 Embodiment 52 provides the method of any one of Embodiments 1-51,
comprising operating the electrolytic cell with a current density of 0.02-0.04 Afem®.
{02161 Embodiment 53 provides the method of any one of Embodiments [-52, wherain
the electrolytic cell comprises an anode and a cathode having a spacing therebetween of 0.3-8
20 mm
{06217} Embodiment 54 provides the method of any one of Embodiments 1-53, wherein

the elecirolytic cell comprises an anode and a cathode having a spacing therebetween of 2-4 mm.
002183 Embodiment 55 provides the method of any one of Embodiments 1-54, wherein
the electrolytic cell comprises a cathode comprising titanium, stainless steel, or a combination
25  thereof
{06219 Embodiment 56 provides the method of any one of Embodiments 1-55, wherein
the elecirolytic cell comprises a cathode comprising stainless steel.
[002201 Embodiment 57 provides the method of any one of Emhodiments 1-56, wherein
the electrolytic cell comprises an anode comprising
30 titanium oxide, ruthenium oxide, and iridium oxide supported on ttanium (TiO2-RuQ);-
ir(Q, / Ti), or
titanium oxide and ruthenivm oxide supported on titaninm (Ti0:-Ru(; / Ti), or
titanium and platinnm (Ti-Pt), or

a combination thereof.
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[00221] Embodiment 58 provides the method of any one of Embodiments 1-57, wherein
the removing of nitrogen as nirogen gas comprises converting ammonia in the water to nitrogen
gas using the electrolytic cell.
002223 Embodiment 59 provides the method of any one of Embodiments 1-5%, wherein
passing the water through the efectrolytic nitrogen removal stage produces hypochiorite which
reacts with ammonia in the water to form the nitrogen gas.
{00223} Embodiment 60 provides the method of any one of Embodiments -39, further
comprising releasing the nitrogen gas to the atmosphere.
{00224] Embodiment 61 provides the method of any one of Embodiments 1-60, wherein
passing the water through the electrolytic nitrogen removal stage removes 80- 100% of ammonia
from the water.
[00225] Embodiment 62 provides the method of any one of Embodiments 1-61, wherein
passing the water through the electrolytic nitrogen removal stage removes 99-100% of ammonia
from the water.
[00226] Embodiment 63 provides the method of any one of Embodiments 1-62, wherein
passing the water through the electrolytic nitrogen removal stage removes (0.1 to 93% of reactive
phosphorus from the water.
{00227 Embodiment 64 provides the method of any one of Embodiments 1-63, wherein
passing the water through the electrolytic nitrogen removal stage removes 1-30% of reactive
phosphoras from the water.
[00228] Embodiment 65 provides the method of any one of Embodiments 1-64, wherein
the electrolvtic cell produces 100-20,000 ppm of hypochlorite from chloride in the water.
[00229] Embodiment 66 provides the method of any ooe of Embodiments 1-65, wherein
the electrolwtic cell produces 2000-2500 ppm hypochlorite from chloride in the water.
{06230 Embodiment 67 provides the method of any one of Embodiments 1-66, wherein:

wherein passing the water through the electrolytic nitrogen removal stage produces
hypochlorite which reacts with anunonia in the water o form the nitrogen gas;

the cathode comprising stainless steel;

the anode comprises titaniim oxide, nithenuim oxide, and iridium oxide supported on

titanium {Ti0>-RuO»-1rQ: / Ti); and
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passing the water through the electrolytic nitrogen removal stage removes 80-100% of
ammonia from the water.
{00231} Embodiment 68 provides the method of any one of Embodiments 1-67, wherein
the anode and the cathode of the galvanic cell directly contact one another.
{00232] Embodiment 69 provides the method of any one of Embodiments 1-68, wherein
the galvanic cell further comprises a conductive connector that electrically connecis the anode
and the cathode, the conductive connector comprising Cu, Zn, Fe, Cd, Ni, Sn, Ph,ora
combination thereof.
{06233] Embodiment 70 provides the method of Embodiment 69. wherein the conductive
connector comprises brass.
{00234 Embodiment 71 provides the method of anv one of Embodiments 1-70, wherein
the galvanic phosphorns removal stage:
reduces total phosphorus concencration of the water by about 80% o about 100%, or
reduces dissolved phosphonis concentration of the water by about 80% to about 100%, or
reduces reactive phosphorus concentration of the water by about 80% to about 100%, or
reduces total nitrogen concentration of the water by about 70% to about 100%, or
reduces a dissolved nitrogen concentration of the water by about 70% to about 100%, or
a combination thereof.
002353 Embodiment 72 provides the method of any one of Embodiments 1-71, wherein
the salt comprising the phosphorus comprises a material from the ancde of the galvanic cell.
[00236] Embodiment 73 provides the method of any one of Embodiments 1-72, further
comprising applying mechanical force to the galvanic cell during the immersing of the galvanic
cell i the water, or applying shear to the water during the immersing of the galvanic cell in the
water, or a combination thereof, wherein the mechanical force and/or shear is sufficient to
dislodge at least some bubbles comprising H: from the surface of the anode, cathode, or a
combination thereof, or
at least partially prevent oxide formation at the surface of the ancde, or
at least partially prevent agglomeration of the salt comprising the phosphorus on the
surface of the anode, or

a combination thereof.
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[00237] Embodiment 74 provides the method of any one of Embodiments 1-73, further
comprising forming a sal comprising nitrogen from the water during the immersing of the
galvanic cell in the water, wherein the separating of the salt comprising the phosphorus from the
treated water further comprises separating the salt comprising the nitrogen from the treated
water.
{00238} Embodiment 75 provides the method of any one of Embodiments 1-74, wherein
the cathode comprises Cu and the anode comprises Mg.
[00239] Embodiment 76 provides the method of any one of Embodiments 1-75, wherein
the cathode comprises Cu and the anode comprises Al
[00240] Embodiment 77 provides the method of any one of Embodiments 1-76, wherein
the cathode comprises a planar frame of the galvanic cell and a cathode material comprised
within a perimeter of the frame, wherein the cathode material is electrically connected to the
frame, wherein the cathode material comprised within the perimeter of the planar frame
comprises a porous cathode material.
002411 Embodiment 78 provides the method of any one of Embodiments 1-77,
comprising

immersing one or more of the galvanic cells in an enclosure comprising the water;

filtering the salt comprising the phosphorus from the treated water via one of more filiers
that are at least partially subimerged in the water that immerses the galvanic cells.
[0242] Embodiment 79 provides the method of any one of Embodiments 1-78, wherein

the cathode of the galvanic cell comprises a planar frame of the galvanic cell having a
polvgonal perimeter and a porous material comprised within the perimeter of the frame that is a
wire mesh or & wire screen that s i direct contact with the frame: and

the planar frame comprises a plurality of the anodes fastened to the frame, and a plurality
of conductive connectors that electrically connect the anode and the cathode, the conductive
connector comprising Cu, Zn, Fe, Cd, Ni, Sn, Ph, or a combination thereof;

wherein each ancde is a strip fastened to the planar frame at two opposite edges of the
planar frame on a face of the frame, wherein each of the anodes is fastened to the planar frame
with at least one of the conductive connectors at each of the two edges of the planar frame, such
that each of the anodes on the face are approximately paraliel to one another on the face and span

across the porous material comprised within the perimeter of the planar frame forming a gap
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between the porous material comprised within the periineter of the planar frame and the anode
sirip, wherein each anode directly contacts the planar frame at each of the edges of the planar
frame where the anode is fastened to the planar frame via the at keast one conductive connector,
wherein the plurality of the anodes are spaced-apart across the face of the such that they do not
physically contact one another, and wherein the gap is about 1 mm to about 110 mm.
{00243]) Embodiment 80 provides the method of any one of Embodiments [-79, wherein:
the water immersing the galvanic cell has a pH of about 5 to about 7:
the salt comprising the phosphorus formed in the galvanic phosphorus removal stage
comprises
AIPOy4 or a hydrate thereof, the AIPO; comprising the phosphorus and Al from the
anode,
alominum hydroxide or a hydrate thereof, the alaminum hydroxide comprising Al
from the anode, or
a combination thereof;
the anode of the galvanic cell comprises Al, wherein the anode is about 90 wt%: to about
100 wi%e AL
the cathode of the galvanic cell comprises Cu, wherein the cathode is about 90 wt% to
about 100 wt'% Cu; and
the galvanic celi comprises a conductive connector that electrically connects the anode
and the cathode, the conductive connector comprising an alloy comprising Cu and Zn.
{00244} Embodiment 81 provides the method of any one of Embodiments 1-79, wherein:
the water immersing the galvanic cell has a pH of about 10 to about 11;
the salt comprising the phosphoras formed in the galvanic phosphorus removal stage
comprises
magnesiem phosphate, magnesiam potassitin phosphate, a hydrate thereof, or a
combination thereof,
NH MgPO; or a hvdrate thereof, the NHuMgPO4 comprising the phosphorus and
Mg from the anode,
Mg((Hty: comprising Mg tfrom the anode, or

a combination thereof;
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the anode of the galvanic cell comprises Mg, wherein the anode is about 90 wit% to about
100 wi% Mg;

the cathode of the galvanic cell comprises Cu, wherein the cathode is about 90 wt% to
about 100 wif% Cu; and

the galvanic celf comprises a conductive connector that electrically connects the anode

and the cathode, the conductive connector comprising an alloy comprising Cu and Zn.

002451 Embodiment 82 provides the method of any one of Embodiments 1-81, further
comprising further removing nitrogen from water produced by the galvanic phosphorus removal
stage.

[06246] Embodiment 83 provides the method of Embodiment 82, wherein the further

removing nitrogen comprises exposing the water to denitrifying bacteria to convert water-soluble
nitrogen therein to nitrogen gas that is removed.
{00247 Embodiment 84 provides the method of any one of Embodiments 82-83,
comprising deoxygenating the water prior to the further removing of nitrogen therefrom.
[00248] Embodiment 5 provides the method of any one of Embodiments 82-84,
comprising oxidizing or hydrolyzing at least some nitrogen in the water to form nitrate prior to
the further removing of nitrogen therefrom.
{04249 Embodiment 86 provides the method of any one of Embodiments §2-83,
comprising reoxvgenating the water after the further removing of nitrogen therefrom
[0250] Embodiment 87 provides the method of any one of Embodiments 1-86, further
comprising removing nitrogen from water produced by the galvanic phosphorus removal stage,
the further removing nitrogen comprising:
optionally oxidizing or hydrolyzing at least some nitrogen in the water to form nitrate:
optionally deoxygenating the water to an oxygen concentration of about O ppm to about
0.3 ppmy
exposing the water to denitrifying bacteria immobilized on a porous subsirate, o convert
nitrate in the water to nitrogen gas that is removed and to form a denitrified water; and
optionally reoxygenating the denitrified water to an oxygen concentration of about 1 ppm
to about 20 ppm;
wherein the denitrified water has a total nitrogen concentration that is about .0 ppm to

about 2 ppm total nitrogen.
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[00251] Embodiment 88 provides a method of removing phosphorus and nitrogen from
water, the method comprising:
passing starting material water comprising nitrogen and phosphorus through an elevated
pH phosphorus removal stage, comprising
raising pH of the water using one or more bases to 8.5 to 9.5 to precipitate a
phosphorus salt from the water comprising struvite, calcium phosphate, or a combination thereof;
and
removing the precipitated phosphorus salt from the water, wherein the elevated
pH phosphorus removal stage removes 90-98% of reactive phosphorus in the water:
passing the water through an electrolytic nitrogen removal stage comprising
passing the water through an electrolytic cell to remove nitrogen from the water
as nitrogen gas, the electrolvtic cell comprising a cathode comprising stainless steel and an anode
that comprises titaniom oxide, rathenivm oxide, and iidivm oxide supported on titaniom (TiO:2-
RuQO:-Ir(): / Ti), wherein passing the water through the electrolytic nitrogen removal stage
removes 80-100% of ammonia from the water; and
passing the water through a galvanic phosphorus removal stage comprising
immersing a galvanic cell in the water to form treated water comprising a salt that
comprises phosphorus from the water, the salt comprising
AlIPO4 or a hydrate thereof, the AIPO4 comprising the phosphorus and Al
from the anode,
aluminum hydroxide or a hydrate thereof, the aluminum hydroxide
comprising Al from the anode, or
a combination thereof;
the galvanic cell comprising
an anode comprising Al, wherein the anode 1s about 9 wt% 1o about 100
wi%e Al
a cathode comprising Cu, wherein the cathode is about 90 wi% to about
160 wit% Cu,
a conductive connector that electricaliy connects the anode and the
cathode, the conductive connector comprising an alloy comprising Cu and Zn

separating the salt comprising the phosphorus from the treated water;
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wherein the water produced by the method has a lower phosphorus concentration and a

lower mitrogen concentration than the starting material water, wherein the water produced by the

method has

a total phosphorus concentration of about 4.8001 ppm to 0.95 ppm, and

a total nitrogen concentration of about (0 ppm to about 1 ppm.
[06252] Embodiment 89 provides a method of removing nitrogen from water, the method
comprising:

passing the water through an electrolytic cell to remove nitrogen from the water as

nitrogen gas.

[00253] Embodiment 90 provides the method of Embodiment 89, wherein prior to passing
through the electrolytic cell the water has a chlboride concentration of 50 ppm to 40,000 ppm.
{00254} Embodiment 91 provides the method of any one of Embodiments 89-90, wherein
prior to passing through the electrolytic cell the water has a chloride concentration of 200 ppm to
16,000 ppm.

[00255] Embodiment 92 provides the method of any one of Embodiments 89-91, wherein

the water i1s passed through a plurality of the electrolvtic celis.

[00256] Embodiment 93 provides the method of any one of Embodiments §9-92, wherein
passing the water through the electrolytic cell comprises partially submerging the electrolytic cell
in the water.

[0257] Embodiment 94 provides the method of any one of Embodiments 89-93, wherein
passing the water through the electrolytic cell comprises completely immersing the electrolytic
cell in the watez.

[00258] Embodiment 95 provides the method of any cse of Embodiments 89-94, further
comprising applying shear to the water as it is passed through the electroiytic cell.

{06259 Embodiment 96 provides the method of any one of Embodiments 89-95, wherein
the water is passed around and between an anode and cathode of the electrafytic cell.

{02607 Embodiment 97 provides the method of any one of Embodiments £9-96, wherein
the water passed through the electrolytic cell has a pH of 6 to 12,

[261] Embodiment 98 provides the method of any one of Embodiments 89-97, wherein
the water passed through the electrolytic celthasapH of 6 to 7.
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5 {00262} Embodiment 99 provides the method of any one of Embodiments 89-98, further
comprising adding one or mwre bases to the water to regulate pH of the water contacting the

electrolytic cell.

[06263] Embodirnent 100 provides the method of any one of Embodiments 89-99,
comprising operating the electrolytic cell with DC current.

16 [08264] Embodiment 101 provides the method of any one of Embodiments 85-100,
comprising operating the electrolvtic cell with AC current.
[06265] Embodiment 102 provides the method of any one of Embodiments 89-101,
comprising operating the electrolytic cell with a current density of 0.001-0.1 Afom?.
[00266] Embodiment 103 provides the method of any one of Embodiments 89-102,

15  comprising operating the clectrolvtic cell with a current density of 0.02-0.04 Afcm?.
[00267} Embodiment 104 provides the method of any one of Embodiments §9-103,
wherein the electrolviic cell comprises an anode and a cathode having a spacing therebetween of
0.5-8 mm.
[00268] Embodiment 103 provides the method of any one of Emboediments 89-104,

2 wherein the electrolytic cell comprises an anode and a cathode having a spacing therebetween of
2-4 mum.
{02697 Embodiment 106 provides the method of any one of Ersbodiments 89-103,

wherein the electrolytic cell comprises a cathode comprising titanium, stainless steel, or a

combination thereof

25 [00270] Embodiment 107 provides the method of any one of Emboediments 89-106,
wherein the electrolytic cell comprises a cathode comprising stamless sieel.
{00271} Emthodiment 108 provides the method of any one of Embodiments §9-107,

wherein the electrolytic cell comprises an anode comprising
titaniem oxide, rethentom oXide, and iridium oxide supported on titantum (Ti02-RuO--
306 IrO:/Ti), or
titanium oxide and rutheninm oxide supported on titanium (Ti0>-Ru(; / Ti), or
titanium and platinam (Ti-Pt), or

a combination thereof.
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[00272] Embodiment 109 provides the method of any one of Embodiments §9-108,
wherein the removing of pitrogen as nilrogen gas COMPrises converting anunonia in the water to
nitrogen gas using the electrolytic cell.

002731 Embodiruent | 10 provides the method of any one of Emboediments 89-109,
wherein passing the water through the electrolytic nitrogen removal stage produces hypochlorite
which reacts with ammonia in the water to form the nitrogen gas.

{00274} Embodiment 111 provides the method of any one of Embodiments 89-11¢), further
comprising releasing the nitrogen gas to the atmosphere.

{00275] Embodiment 112 provides the method of any one of Embodiments 89-111,
wherein passing the water through the electrolytic nitrogen removal stage removes 80-100% of
ammonia from the water.

00276} Embodiment 13 provides the method of any one of Embodiments §85-112,
wherein passing the water through the electrolviic nitrogen removal stage removes 99-100% of
ammoma from the water.

002771 Embodiment 114 provides the method of any one of Emboediments 89-113,
wherein passing the water through the electrolytic nitrogen removal stage removes (0.1 to 90% of
reactive phosphorus from the water.

{00278] Embodiment |15 provides the method of any one of Emsbodiments 89-114,
wherein passing the water through the electrolytic nitrogen removal stage removes 1-30% of
reactive phosphorus from the water.

[00279] Embodiment 116 provides the method of any one of Emboediments 89-1185,
wherein the electrolytic cell produces 100-20,000 ppm of hypochlorite from chloride in the

water.

[00286] Embodiment 117 provides the method of any one of Embodiments 85-114,
wherein the electrelytic cell produces 2000-2300 ppm hypochlorite from chloride in the water.
foa2811 Embodiment | I8 provides the method of any one of Embodiments 85-117,
wherein:

wherein passing the water through the electrolytic nitrogen removal stage produces
hypochlorite which reacts with ammonia in the water to form the nitrogen gas;

the cathode comprising stainless steel;
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the anode comprises titaniom oxide, retheniam oxide, and ridivm oxide supported on
titamdum (T302-RuO»-IrG2 / Ti): and
passing the water through the electrolytic nitrogen removal stage removes 80-100% of
ainmonia frem the water.
{09232} Embodiment 119 provides a method of removing nitrogen from water, the method
comprising:
passing the water through an electrolytic ceH to remove nitrogen from the water as
nitrogen gas, the electrolytic cell comprising a cathode comprising stainless steel and/or titanium
ane an anode comprising
titanium oxide, ruthenium oxide, and ridivm oxide supported on titaniem (Ti02-
RuOx-bHG: / T0), or
titanium oxide and ruthenium oxide supported on titaniwm (TiC:-RuG2 / Ti, or
titanium and platinum (Ti-Pt), or
a combination thereof;
wherein the removal of nitrogen as nitrogen gas removes 80-100% of ammonia from the
water.
{06283] Embodiment 120 provides a system for removal of nitrogen and phosphorus from
water, the systern comprising:
an elevated pH phosphorus removal stage configured to raise pH of starting material
water to greater than or equal to 7.5 to precipitate a phosphorus sak from the water and
configured to remove the precipitated phosphorus salt from the water;
an electrolytic nitrogen removal stage comprising an electrolytic cell configured to
remove nitrogen from the water as nitrogen gas; and
a galvanic phosphorus removal stage comprising a galvanic cell comprising an anode
comprising Mg, Al, Fe, Zn, or a combination thereof, and a cathode having a different
composition than the anode, the cathode comprising Cu, Ni, Fe, or a combination thereof, the
galvanic cell configured to form a treated water comprising a salt that comprises phosphorus
from the water, wherein the galvanic phosphorus removal stage is configured to separate the salt
comprising the phosphorus from the treated water:
wherein the water produced by the system has a lower phosphorus concentration and a

lower nitrogen concentration than the starting material water.
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[00284] Embodiment 121 provides an apparatus for removal of nitrogen from water, the
apparatus comprising:
an electrolytic cell through which water is configured to be tflowed to remove nitrogen
from the water as nitrogen gas, the electrolytic cell comprising a cathode comprising stainless
steel and an anode comprising
titanium oxide, nuthenium oxide, and iridium oxide supported on titanium {Ti0O>-
RuOs-1r(- / Ti), or
titanium oxide and rutheninim oxide supported on titanium (TiG:-RuQ: / T1), or
titanium and platinum (Ti-Pt), or
a combination thereof:
wherein the removal of nitrogen as nitrogen gas removes 8G-106% of ammonia from the
water.
[00285] Embodiment 122 provides the method, system, or apparatus of any one or any
combination of Embodiments - i2§ optionally configured such that all elements or options

recited are available to use or select from.
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CLAIMS
What is claimed is:
1. A method of removing phosphorus and nitrogen from water, the method conmprising:
passing starting material water comprising nitrogen and phosphorus through an elevated
pH phosphorus removal stage comprising
raising pH of the water to greater than or equal to 7.5 to precipitate a phosphorus
salt from the water; and
removing the precipitated phosphorus sakt from the water;
passing the water through an electrolytic nitrogen removal stage comprising
passing the water throtigh an electrolytic cell to remove nitrogen from the water
as nitrogen gas; and
passing the water through a galvanic phosphorus removal stage comprising
immersing a galvanic cell in the water o form treated water comprising a sak that
comprises phosphorus from the water, the galvanic cell comprising
an ancde comprising Mg, Al, Fe, Zn, or a combination thereof,
a cathode having a different composition than the anode, the cathode
comprising Cu, Ni, Fe, or a combination thereof, and
separating the salt comprising the phosphorus from the treated water;
wherein the water produced by the method has a lower phosphorus concentration and a

lower nitrogen concentration than the starting material water.

2. The method of claim 1, wherein the stariing material water is water originaied froma

process of dissolving phosphate-containing rock to produce phosphoric acid.

3. The method of claim |, wherein the starting material water has a chloride concentration

of 200 ppm to 10.000 ppm

4. The method of claim 1, wherein the water produced by the method bas a total phosphoras

concentration, a dissolved phosphorus concentration, a reactive phosphorus concentration, or a
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combination thereof, of 0.0001 ppm to 0.1 ppin, and a total nitrogen concentration, a dissolved

nitrogen concentration, or a combination thereof, of about O ppmn to abouwt 1 ppm.

3. The method of claim |, wherein raising pH of the water to precipitate the phosphorus salt

from the water comprises raising the pH of the water to 8.5t0 9.5,

6. The method of claim 1, wherein the precipitated phosphorus salt comprises struvite,

calciztm phosphate, or a combination thereof.

7. The method of claim 1, wherein the electrolytic cell comprises a cathode comprising

titaniun:, stainless steel, or a combination thereof.

8. The method of claim I, wherein the electrolytic cell comprises an anode conumprising
titanium oxide, rutheninm oxide, and iridium oxide supported on titanium (Ti(G:-Ru(On-
irO./Thy, or
titanium oxide and rutheninm oxide supported on titanium (Ti0:-RuQ, / Ti), or
titanium and platinem (Ti-Pt), or

a combination thereof.

9. The method of claim 1, wherein the removing of nitrogen as nitrogen gas comprises
converting ammonia in the water (o nitrogen gas using the electrolytic cell, wherein passing the
water through the electrolytic nitrogen removal stage produces hypochlorite which reacts with

ammonia in the water to form the nitrogen gas.

16 The method of claim 1, wherein the salt comprising the phosphorus comprises a material

from the anode of the galvanic cell.

11. The method of claim |, wherein the cathode comprises Cu and the anode comprises Mg
12. The method of claim 1, wherein the cathode comprises Cu and the anode comprises Al
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13. The method of claim 1, wherein:
the water immersing the galvanic cell has a pH of about 5 to about 7;
the salt comprising the phosphorus formed in the galvanic phosphorus removal stage
COmprises
AIPO4 or a hvdrate thereof, the AIPO4 comprising the phosphorus and Al from the
anode,
aluminum hydroxide or a hydrate thereof, the aluminum hydroxide comprising Al
from the anode, or
a combination thereof;
the anode of the galvanic cell comprises Al, wherein the anode is about 90 wi% to about
100 wt% Al
the cathode of the galvanic celi comprises Cu, wherein the cathode is about 90 wi% o
about 100 wit% Cy; and
the galvanic cell comprises a conductive conpector that electricallv connects the anode

and the cathode, the conductive connector comprising an alloy comprising Cu and Zn.

14. The method of claim 1, wherein:
the water itnmersing the galvanic cell has a pH of about [0 to about 11i:
the salt comprising the phosphorus formed in the galvanic phosphorus removal stage
comprises
magnesivm phosphate, magnesivm potassium phosphate, a hydrate thereof, or a
combination thezeof,
NHaMgPO« or a hydrate thereof, the NHaMgPOy comprising the phosphorus and
Mg from the anode,
Mg{CQH): comprising Mg from the anode, or
a combination thereof:
the anode of the galvanic cell comprises Mg, wherein the anode is about 90 wit% to about
100 wi% Mg;
the cathode of the galvanic celi comprises Cu, wherein the cathode is about 90 wt% to
about 100 wit% Cu; and
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the galvanic cell comprises a conductive connector that electrically connects the anode

and the cathode, the conductive connector comprising an alloy comprising Cu and Zn.

15, The method of claim |, further comprising further removing nitrogen from water

produced by the galvanic phosphorus removal stage.

16. A method of removing phosphorus and nitrogen from water, the method comprising:
passing starting material water comprising nitrogen and phosphorus through an elevated
pH phosphorus removal stage, comprising
raising pH of the water using one or more bases to 8.5 to 9.5 to precipitate a
phosphorus sal from the water comprising struvite, calciaum phosphate, or a combination thereof;
and
removing the preciptated phosphorus salt from the water, wherein the elevated
pH phosphorus removal stage removes 90-98% of reactive phosphorus in the water;
passing the water through an electrolytic nitrogen removal stage comprising
passing the water through an electrolvtic cell to remove nitrogen from the water
as nitrogen gas, the electrolytic cell comprising a cathode comprising stainiess stee! and an anode
that comprises tifanium oxide, ruthenium oxide, and iridium oxide supported on titanium (T10--
RuQ:-Ir(> / T1), wherein passing the water through the electrolytic nitrogen removal stage
removes 80-100% of amnonia from the water: and
passing the water through a galvanic phosphorus removal stage comprising
immersing a galvanic cell in the water to form treated water comprising a salt that
comprises phosphorus from the water, the salt comprising
AlPO;4 or a hydrate thereof, the AIPO4 comprising the phosphorus and Al
from the anode,
aluminum hydroxide or a hydrate thereof, the aluminum hydroxide
comprising Al from the anode, or
a combination thereof;
the gatvanic cell comprising
an anode comprising Al, wherein the anode is about 90 wt% to about 100

wi% Al,
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a cathode comprising Cu, whezein the cathode is about 99 wt% to about
100 wi% Cu,
a conductive connector that electricaliy connects the anode and the
cathode, the conductive connector comprising an alloy comprising Cu and Zn
separating the salt comprising the phosphoras from the treated water;
wherein the water produced by the method has a lower phosphorus concentration and a
lower nitrogen concentration than the staring material water, wherein the water produced by the
method has
a total phosphorus concentration of about 8.0001 ppm to 0.05 ppm, and

a total nitrogen concentration of about O ppm to abouwt | ppm

17. A method of removing nitrogen from water, the method comprising:
passing the water through an electrolytic cell to remove mitrogen from the water as

nitrogen gas.

18. The method of claim 17, wherein:
passing the water through the electrolytic nitrogen removal stage produces hypochlorite
which reacts with amunonia in the water to form the nitrogen gas;
the cathode comprises stainless steel;
the anode comprises
titanium oxide, ruthenivm oxide, and iridivm oxide supported on titanivm (TiO:-
RuO>-FH0:/T1), o1
titanivm oxide and rathendum oxide supported on titaniuin (Ti0:-RuG2 / T, or
titanium and platinum {Ti-Pt), or
a combination thereof; and
passing the water through the electrolytic nitrogen removal stage removes &0-100% of

ammonia from the water.

19. A system for removal of nitrogen and phosphorus from water for performing the method

of claim 1, the system comprising:
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an elevated pH phosphorus removal stage configured to raise pH of starting material
water (0 greater than or equal to 7.5 1o precipitate a phosphorus salt from the water and
contigured to remove the precipitated phosphorus salt from the water;

an electrolytic nitrogen removal stage comprising an electrolytic cell configured to
remove nitrogen from the water as nitrogen gas; and

a galvanic phosphorus removal stage comprising a galvanic cell comprising an anode
comprising Mg, Al Fe, Zn, or a combination thereof, and a cathode having a different
composition than the anode, the cathode comprising Cu, Ni, Fe, or a combination thereof, the
galvanic cell configured to form a treated water comprising a salt that comprises phosphorus
from the water, wherein the galvanic phosphorus removal stage is configured to separate the salt
comprising the phosphorus from the treated water;

wherein the water produced by the system has a lower phosphorus concentration and a

lower mitrogen concentration than the starting material water.

20, An apparatus for removal of nitrogen from water for performing the method of claim 17,
the apparatus comprising:
an electrolytic cell through which water is configured to be flowed to remove nitrogen
from the water as nitrogen gas, the electrolytic cell comprising a cathode comprising stainless
steel and an anode comprising
titanium oxide, nuthenium oxide, and iridivm oxide supported on titanivm (Ti02-
RuO:-IrQ: / Ti), o1
titanium oxide and ruthenium oxide supported on titanivm {Ti0»-RuQ, / Ti), or
titanivm and platinum {Ti-Pt), or
a combination thereof;
wherein the removal of nitrogen as nitrogen gas removes 80-160% of ammonia from the

water.
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