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(57) Abstract: Zirconium phosphate particles are synthesized by providing a solution of zirconium oxychloride in an aqueous sol-
vent, adding at least one low molecular weight, oxygen containing, monofunctional, organic additive to the solution, and combin-
ing this solution with heated phosphoric acid or a phosphoric acid salt to obtain zirconium phosphate particles by sol gel precipi-
tation.



WO 2010/039721 PCT/US2009/058808

ZIRCONIUM PHOSPHATE PARTICLES HAVING IMPROVED ADSORPTION

CAPACITY AND METHOD OF SYNTHESIZING THE SAME

FIELD OF INVENTION

[0001] This application claims the benefit under 35 U.S.C. §119(e) of prior U.S. Provisional
Patent Application No. 61/102,466, filed October 3, 2008, which is incorporated in its entirety by
reference herein.

[0002] The present invention relates to zirconium phosphate particles, and to methods of
making zirconium phosphate particles, such as by sol gel synthesis, that have improved porosity,

BET surface area, and/or ammonium ion adsorption properties.

BACKGROUND OF THE INVENTION

[0003] Zirconium phosphate (ZrP) particles are used as ion exchange materials and are
particularly useful as a sorbent material for regenerative dialysis. Zirconium phosphate (ZrP)
particles can be synthesized by a sol gel process using zirconium oxychloride (ZOC), also called
zirconyl chloride, as a starting material. ZOC is a preferred starting material because it is
abundant and commercially available at a low price.

[0004] Sol gel precipitation, as the term is used herein, refers generally to a process for
forming a ceramic or catalyst in which colloidal particles (called sol) are formed by reacting
hydrated metal ions (group III and IV) with a precipitating agent, followed by the polymerization
of the colloidal particles to form gel particles. See, for example, Bogdanov SG et al., "Structure
of zirconium phosphate gels produced by the sol-gel method," J. PHYS.: CONDENS. MATTER, Vol.

9, 4031-4039 (1997), incorporated herein by reference. Sol gel precipitation is a particularly
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advantageous method of obtaining zirconium phosphate from zirconium oxychloride since it is a
direct, single-step conversion process that can be carried out at room temperature. Hence, it
offers great advantages in efficiency and manufacturing costs in comparison with other
processes. Moreover, zirconium phosphate particles obtained by sol gel precipitation generally
have a high porosity and a high BET surface area, which enhances their adsorption capacity for
ammonia. Further, the use of the sol gel precipitation method allows for control over particle size
and morphology of the product, as well as control over impurity levels. These characteristics for
zirconium phosphate particles are important with respect to ammonia adsorption and cartridge
design for dialysis applications.

[0005] Despite all of these advantages, the sol gel precipitation is not easy to accomplish
on a manufacturing scale. The difficulties are mainly caused by the nature of the raw material
(e.g., ZOC), the rapid rate of the reaction, which is difficult to control, and the lack of
appropriate process control methods (flow rate, agitation rate, concentration, etc.). These
difficulties can be described as follows.

[0006] Sol gel zirconium phosphate, when precipitated directly from zirconium
oxychloride solution using phosphoric acid as a precipitating agent, is in the form of soft gel
particles having a wide range of particle sizes. One reason why this happens is that zirconium
ions in a solution of zirconium oxychloride are highly hydrated monomers, that is, they are
surrounded by a large number of coordinated water molecules. During the formation of
zirconium phosphate, the soft gel particles tend to agglomerate when the product slurry gets
thicker during the reaction process, or when the particles are packed during the filtration and
drying process. As a result of this agglomeration, large aggregates are present in the end product

after drying so that milling or grinding is required to obtain a free-flowing powder, with the
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further disadvantage that milling produces a lot of excessively fine particles. Agglomeration also
increases the particle size to an extent that is undesirable for column or separation applications.
[0007] A wide range of particle sizes in the finished product is a common result of the
conventional sol gel precipitation process for the additional reason that the particle size depends
on the concentration of the reactants, which gradually decreases as precipitation continues,
causing the formation of smaller particles. Thus, it is difficult to control particle size using a
single reactant addition technique. Large particles and excessively fine particles are both
undesirable for dialysis application because large particles can cause ammonia leakage and
smaller adsorption capacity, while fine particles can increase flow resistance and pressure drop in
a sorbent cartridge.

[0008] Further, the agglomeration of sol gel zirconium phosphate during the precipitation
process interferes with agitation and mixing of the reactants as the slurry concentration increases,
resulting in the formation of an excessive number of fine particles.

[0009] The particle size of sol gel zirconium phosphate can be increased by increasing
the amount and concentration of phosphoric acid (for example, by providing a ratio of ZrO,:PO4
of 1:3) but the increase in phosphoric acid also enhances the gelation effect as excess lattice H"
in ZrP combines with H,O molecules.

[00010] Recent advances in sol gel precipitation provide a method of synthesizing
zirconium phosphate particles that avoids the creation of soft gel particles and/or that avoids
agglomeration of zirconium phosphate gel particles. U.S. Patent Application Publication No.
2006/0140840, which is incorporated in its entirety by reference herein, describes a method for
synthesizing zirconium phosphate particles that utilizes organic chemical additives to suppress

gelation and agglomeration in order to control particle size of the product. The additive is added
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to a zirconium oxychloride solution and can form a complex with zirconium ions in the solution
and thereby reduce hydration of the zirconium ions. The solution can then be combined with
phosphoric acid or a phosphoric acid salt to obtain zirconium phosphate particles by sol gel
precipitation. The method can synthesize zirconium phosphate particles having a controlled
particle size or particle size distribution. Zirconium phosphate particles synthesized by this
method can have, for example, a particle size distribution of less than 20% in the range of >60 -
120 microns, more than 80% in the range of 30 - 60 microns, and less than 10% in the range of
less than 30 microns. The particles can also have an ammonia capacity in dialysate solution of
about 15 — 20 mg NH,"-N/g ZrP, when exposed to an NH,"-N/g concentration of 100 mg/dL.
[00011] Despite the controlled particle size and tight particle size distribution, the
zirconium phosphate particles may reflect a larger particle size than desired, and lower than
expected ammonium ion adsorption capacity. Residual organic additives may be tightly bound
to the ZrP lattice and as a result, the porosity and BET surface area of the particles may be less
than expected.
[00012] Accordingly, there is a need for an improved method of synthesizing zirconium
phosphate particles that overcomes one or more of the above-mentioned disadvantages.
[00013] There is a need for a sol gel preparation method that removes any residual organic
additives from the sol gel ZrP product, thus improving porosity, BET surface area, and NH4"
adsorption capacity.
[00014] There is a particular need for ZrP particles smaller than about 5 microns that can
have enhanced NH4" adsorption capacity sol gel ZrP particles for sorbent applications including

portable sorbent dialysis systems.
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SUMMARY OF THE INVENTION

[00015] In one aspect, the invention provides a method of making zirconium phosphate
particles comprising:

(a) combining zirconium oxychloride with at least one low molecular weight, oxygen
containing, monofunctional, organic additive in an aqueous solvent to form a solution, wherein
the low molecular weight, oxygen containing, monofunctional, organic additive is present in an
amount of between 25 and 70 wt % by weight of the zirconium oxychloride; and

(b) combining the solution obtained in (a) with phosphoric acid and removing the at least one
low molecular weight, oxygen containing, monofunctional, organic additive to obtain zirconium
phosphate particles by sol gel precipitation.

[00015a] A feature of the present invention is to provide zirconium phosphate particles that
avoid one or more of the above-mentioned disadvantages.

[00016] A feature of the present invention is to provide zirconium phosphate particles
having a desirable hardness, particle size, particle size range, shape, packing density, porosity,
BET surface area for adsorption, and/or adsorption capacity.

[00017] Another feature of the present invention is to provide zirconium phosphate
particles having improved porosity, BET surface area, and/or ammonium ion adsorption
capacity.

[00018] Another feature of the present invention is to provide zirconium phosphate
particles having an average particle size of less than 5 microns.

[00019] A further feature of the present invention is to provide zirconium phosphate
particles prepared by sol gel precipitation having no (or essentially no) residual organic

molecules bound to the particle.



18 Nov 2013

2009298636

Sa

[00020] A feature of the present invention is to provide a method of synthesizing
zirconium phosphate particles by a sol gel technique that avoids one or more of the above-
mentioned disadvantages.

[00021] Another feature of the present invention is to provide a method of synthesizing
zirconium phosphate particles by a sol gel technique that avoids the creation of soft gel particles
and/or that avoids agglomeration of zirconium phosphate gel particles, and that does not result in
residual organic molecules bound to the particles to reduce porosity, BET surface area, and/or
ammonia adsorption capacity.

[00022] Additional advantages of the present invention will be set forth in part in the
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description that follows, and in part will be apparent from the description, or may be learned by
practice of the present invention. The goals and advantages of the present invention will be
realized and attained by means of the elements particularly pointed out in the appended claims.
[00023] To achieve the above noted goals and in accordance with the purposes of the
present invention, as embodied and broadly described herein, the present invention provides a
composition comprising a water-soluble zirconium-containing polymer complex in an aqueous
solution, wherein the polymer complex is formed by combining, in an aqueous solvent,
zirconium oxychloride with at least one low molecular weight, oxygen containing,
monofunctional, organic additive. The additive can form a complex with zirconium ions in the
solution.

[00024] The present invention also provides zirconium phosphate particles synthesized by
a sol gel precipitation that do not include tightly bound residual organic compounds.

[00025] The present invention further provides zirconium phosphate particles having one
or more of the following characteristics: an average particle size of less than 5 microns, an
ammonia capacity in dialysate solution of at least 15 mg NH4-N/g ZrP when exposed to 100
mg/dL of NH4-N, and/or a BET surface area of at least about 10 m%/g ZrP.

[00026] The present invention further provides a portable dialysis system comprising a
container that contains such zirconium phosphate particles.

[00027] The present invention further provides zirconium phosphate particles comprising
one or more of the following characteristics: an average particle size of from about 40 - 50
microns, an ammonia capacity in dialysate solution of at least 15 mg NH4-N/g ZrP when exposed
to 100 mg/dL of NH4-N, and/or a BET surface area of at least about 10 m2/g ZrP.

[00028] The present invention further provides a dialysis cartridge comprising a cartridge
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that contains such zirconium phosphate particles.

[00029] The present invention further provides zirconium phosphate particles comprising
one or more of the following characteristics: an average particle size of from about 45 - 90
microns, an ammonia capacity in dialysate solution of at least 15 mg NH4-N/g ZrP when exposed
to 20 mg/dL of NH,-N, and/or a BET surface area of at least about 2 m*/g ZrP.

[00030] The present invention further provides a dialysis cartridge comprising a cartridge
that contains such zirconium phosphate particles.

[00031] The present invention further provides zirconium phosphate particles comprising
one or more of the following characteristics: a pore volume of at least 0.0071 mL/g, a monolayer
volume of at least 0.5 mL/g (STP), and/or a 20-80 nm pore size content of at least 30%. These
porosity and pore size properties can apply to any particle size, including any particle size range
indicated herein. Also, for example, these particles can have a BET surface area of at least about
2 mz/g ZrP, or at least about 5 m2/g ZrP, or at least about 10 mz/g ZrP.

[00032] The present invention further provides a dialysis cartridge comprising a cartridge
that contains such zirconium phosphate particles.

[00033] The present invention also provides a method of making zirconium phosphate
particles by combining zirconium oxychloride and at least one low molecular weight, oxygen
containing, monofunctional, organic additive, in an aqueous solvent to form a solution. The low
molecular weight, oxygen containing, monofunctional, organic additive(s) can form a complex
with zirconium ions in the solution and thereby reduce hydration of the zirconium ions. The
organic additive can prevent agglomeration of the zirconium phosphate particles in sol gel
precipitation, and thereby increase the porosity and/or BET surface area of the particles.

Zirconium phosphate particles having increased porosity and/or BET surface area can have
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improved ammonia adsorption capacity.

[00034] The low molecular weight, oxygen containing, monofunctional, organic
additive(s) either does not bind or tightly bind to the zirconium phosphate particles.
Accordingly, the method further includes combining the solution with phosphoric acid or a
phosphoric acid salt, and then removing the low molecular weight, oxygen containing,
monofunctional, organic additive to obtain zirconium phosphate particles free of (or essentially
free of) residual additive by sol gel precipitation. The low molecular weight, oxygen containing,
monofunctional, organic additive can be removed, for example, by evaporating the additive to
obtain zirconium phosphate particles that are free of (or essentially free of) residual organic
additive. The phosphoric acid or phosphoric acid salt can be at boiling temperature, for example,
a temperature of from about 90°C — 100°C, or about 96°C. The low molecular weight, oxygen
containing, monofunctional, organic additive can also be removed, such as by washing the
zirconium phosphate particles, for example, with water, to remove residual organic additive.
Other removal techniques can be used.

[00035] The low molecular weight, oxygen containing, monofunctional, organic additive
can be removed by any technique, such as by heat and/or washing, and the like. For purposes of
the present invention, the "removal" of the additives can include total removal of the additive
and/or substantial removal of the additive, such as preferably below 1 wt% (e.g., 0 wt% to 0.9
wt%, 0.0001 wt % to 0.7 wt%, 0.001 wt% to 0.5 wt%, 0.01 wt% to 0.25 wt%) of the additive
remaining, based on the total weight of the additive present prior to the removal. Subjecting the
zirconium phosphate particles to heat, such as the boiling temperature of the phosphoric acid, can
evaporate a low molecular weight, oxygen containing, monofunctional, organic additive and

remove the residual additive from the zirconium phosphate particles, thus optionally increasing
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porosity and/or BET surface area. The heat step can have a hardening effect on the particles
and/or improve the crystal structure of the particles. Hardened zirconium phosphate particles can
be dried without suffering from particle collapse and/or agglomeration. The method can
optionally further include subjecting an aqueous slurry containing the zirconium phosphate
particles to additional heat treatment, for example, for about 1 — 2 hrs, for instance, at a
temperature of, for example, from about 90°C — 100°C.

[00036] The present invention further provides a method of synthesizing zirconium
phosphate particles having a controlled particle size or particle size distribution. The method
includes combining a solution of zirconium oxychloride and low molecular weight, oxygen
containing, monofunctional, organic additive with a solution of phosphoric acid or a phosphoric
acid salt and evaporating the low molecular weight, oxygen containing, monofunctional, organic
additive to obtain zirconium phosphate particles by sol gel precipitation. For instance, the
method can include providing a reaction vessel having an agitator and adding a solution of
zirconium oxychloride and a solution of phosphoric acid or a phosphoric acid salt, such as
simultaneously (or other orders of addition) to the reaction vessel so that zirconium ions react
with the phosphoric acid or a phosphoric acid salt to obtain zirconium phosphate particles by sol
gel precipitation. The particle size and/or particle size distribution of the zirconium phosphate
particles obtained can be controlled by controlling at least one or more of the following
parameters: the rate at which the solution of zirconium oxychloride is added to the reaction
vessel, the rate at which the solution of phosphoric acid or phosphoric acid salt is added to the
reaction vessel, the pH of the solution of phosphoric acid or phosphoric acid salt, the
concentration of each component, i.e., zirconium oxychloride, low molecular weight, oxygen

containing, monofunctional, organic additive, and/or phosphoric acid or a phosphoric acid salt in
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the reaction vessel, the addition of hydrochloric acid (HCI) to the reaction, the speed of the
agitator, or combinations thereof.

[00037] The present invention further provides a method of synthesizing zirconium
phosphate particles by combining zirconium oxychloride and at least one low molecular weight,
oxygen containing, monofunctional, organic additive in an aqueous solvent, to form a solution
wherein the low molecular weight, oxygen containing, monofunctional, organic additive(s) can
form a complex with zirconium ions in the solution, which can reduce hydration of the zirconium
ions, combining the solution with phosphoric acid or a phosphoric acid salt, and evaporating the
at least one low molecular weight, oxygen containing, monofunctional, organic additive to obtain
zirconium phosphate particles by sol gel precipitation. The method can further include
subjecting an aqueous slurry containing the zirconium phosphate particles to a heat treatment.
[00038] It is to be understood that both the foregoing general description and the
following detailed description are exemplary only and are not restrictive of the present invention,
as claimed.

[00039] The accompanying drawings, which are incorporated in and constitute a part of
this application, illustrate some of the embodiments of the present invention and together with

the description, serve to explain the principles of the present invention.

BRIEF DESCRIPTION OF DRAWINGS

[00040] FIG. 1 is a cross-section of a sorbent cartridge used for a product quality-cartridge
performance test based on NH,"-N adsorption capacity of the cartridge.
[00041] FIG. 2 is a graph showing the dependence of particle swelling, as swelling volume

(cm’/kg), on an additive that is combined with zirconium oxychloride before precipitation with

10
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phosphoric acid for sol-gel production.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[00042] The present invention relates in part to zirconium phosphate particles having
improved porosity, BET surface area, and/or ammonium ion adsorption capacity. The zirconium
phosphate (ZrP) particles can have, for example, one or more of the following characteristics: an
average particle size of less than 5 microns, for example, from about 2 to 4.9 microns or from
about 1 to about 3 microns or from about 0.5 to about 4 microns, an ammonia capacity in
dialysate solution of at least 15 mg NHs-N/g ZrP when exposed to 100 mg/dL of NH4-N, and/or
a BET surface area of at least about 10 m2/g ZrP (e.g., 10 mz/g ZrP to 100 m2/g ZrP or more, 15
m?/g ZrP to 100 m’/g ZrP, or 20 m%/g ZrP to 100 m’/g ZrP). Preferably, the ZrP particles can
have an ammonia capacity in dialysate solution of at least 20 mg NH4-N/g ZrP, and more
preferably, at least 25 mg NH4-N/g ZrP, or at least 30 mg NHs-N/g ZrP (such as 21 to 35 mg
NH;4-N/g ZrP), when exposed to 100 mg/dL of NH4-N. The ZrP particles can have an ammonia
capacity in dialysate solution of, for example, from about 23 - 26 mg NH4-N/g ZrP, when
exposed to 100 mg/dL of NH4-N, and/or an ammonia capacity of, for example, from about 7 - 9
mg NHy4-N/g ZrP, when exposed to 10 mg/dL of NHs-N.

[00043] For purposes of this invention, a “dialysate solution” means a solution that can be
used in hemodialysis or peritoneal dialysis, and, for example, having a sodium chloride
concentration of about 105 mEq, and a sodium bicarbonate concentration of about 35 mEq. The
sodium concentration of the dialysate solution can affect the ZrP ammonia capacity, and the ZrP
particles can have an ammonia capacity in pure water that is greater than the ammonia capacity

in dialysate solution. The ZrP particles can have an ammonia capacity in pure water of, for

11
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example, greater than 35 mg NH4-N/g ZrP, when exposed to 100 mg/dL of NH4-N, greater than
30 mg NH4-N/g ZrP when exposed to 20 mg/dL of NHy-N, for example, from about 30 — 38 mg
NH,4-N/g ZrP, and greater than 20 mg NHs-N/g ZrP when exposed to 10 mg/dL of NH,4-N, for
example, from about 20 — 28 mg NH4-N/g ZrP.

[00044] The zirconium phosphate particles of the present invention can be synthesized, for
example, by combining zirconium oxychloride (ZOC) with at least one low molecular weight,
oxygen containing, monofunctional, organic additive in an aqueous solvent to form a solution
(organic additive - ZOC solution), combining the solution with phosphoric acid, and evaporating,
and/or washing away, the low molecular weight, oxygen containing, monofunctional, organic
additive to obtain zirconium phosphate particles by sol gel precipitation that are free (or
essentially free) of residual organic additive. The low molecular weight, oxygen containing,
monofunctional, organic additive can be evaporated, for example, by vacuum, and/or heat. The
organic additive-ZOC solution can be combined with heated phosphoric acid at a temperature
high enough to evaporate the organic additive, for example, up to the boiling temperature of
phosphoric acid, or phosphoric acid at a temperature of, for example, from about 90°C — 100°C.

[00045] The present invention also relates in part to zirconium phosphate particles having
one or more of the following characteristics: an average particle size of from about 25 - 65
microns, for example, about 40 — 50 microns, an ammonia capacity in dialysate solution of at
least 15 mg NH4-N/g ZrP when exposed to 100 mg/dL of NHs-N, and a BET surface area of at
least about 10 mz/g ZrP (e.g., 10 mz/g ZrP to 100 mz/g ZrP or more, 15 mz/g ZrP to 100 mz/g
ZrP, or 20 m?/g ZrP to 100 m?/g ZrP). Preferably, the ZrP particles can have an ammonia
capacity in dialysate solution of at least 20 mg NH4-N/g ZrP, more preferably at least 25 mg

NH4-N/g ZrP, or at least 30 mg NH4-N/g ZrP (e.g., 25 to 35 mg NH4-N/g ZrP), when exposed to

12
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100 mg/dL of NH4-N. The ZrP particles can have an ammonia capacity in dialysate solution of,
for example, from about 21 - 23 mg NH4-N/g ZrP, when exposed to 100 mg/dL of NH4-N,
and/or an ammonia capacity of, for example, from about 6 - 8 mg NH4-N/g ZrP, when exposed
to 10 mg/dL of NH4-N.

[00046] The present invention also relates in part to zirconium phosphate particles having
one or more of the following characteristics: an average particle size of from about 45 - 840
microns, for example, about 45 - 90 microns, an ammonia capacity in dialysate solution of at
least 15 mg NH4-N/g ZrP when exposed to 20 mg/dL of NH4-N, and a BET surface area of at
least about 2 m*/g ZrP (e.g., 2 m*/g ZrP to 100 m*/g ZrP or more, or 5 m*/g ZrP to 100 m?/g ZrP,
or 10 m*/g ZrP to 100 m*/g ZrP, or 15 m*/g ZrP to 75 m*/g ZrP, or 20 m*g ZtP to 50 m*/g ZrP).
Preferably, the ZrP particles can have an ammonia capacity in dialysate solution of at least 15
mg NH¢-N/g ZrP, and more preferably, at least 20 mg NH4-N/g ZrP, or at least 25 mg NH4-N/g
ZrP (such as 20 to 35 mg NH4-N/g ZrP, or 21 to 30 mg NH4-N/g ZrP, or 22 to 25 mg NH;-N/g
ZrP), when exposed to 20 mg/dL of NH4-N. The ZrP particles also can have an ammonia
capacity in dialysate solution of at least 20 mg NHs-N/g ZrP, or at least 25 mg NH4-N/g ZrP, or
at least 30 mg NH4-N/g ZrP (such as 20 to 35 mg NH4-N/g ZrP, or 22 to 30 mg NH4-N/g ZrP, or
24 to 28 mg NH4-N/g ZrP), when exposed to 30 mg/dL of NH4-N. The ZrP particles also can
have an ammonia capacity in pure water of at least 25 mg NH4-N/g ZrP, or at least 30 mg NH;-
N/g ZrP, or at least 40 mg NH4-N/g ZrP (such as 25 to 55 mg NH4-N/g ZrP, or 30 to 50 mg NH,-
N/g ZrP, or 35 to 45 mg NH4-N/g ZrP), when exposed to 20 mg/dL of NH4-N. The ZrP particles
also can have an ammonia capacity in pure water of at least 30 mg NH;-N/g ZrP, or at least 35
mg NH,4-N/g ZrP, or at least 45 mg NH4-N/g ZrP (such as 30 to 65 mg NH4-N/g ZrP, or 35 to 60

mg NHy4-N/g ZrP, or 40 to 55 mg NH4-N/g ZrP), when exposed to 30 mg/dL of NH4-N.
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[00047] The present invention also relates in part to zirconium phosphate particles having
one or more of the following characteristics: a pore volume of at least 0.0071 mL/g (e.g., 0.0071
to 0.15 mL/g, or 0.0075 to 0.125 mL/g, or 0.01 to 0.1 mL/g, or 0.02 to 0.09 mL/g), a (Langmuir)
monolayer volume of at least 0.5 mL/g (STP) (¢.g., 0.5 to 10 mL/g (STP), or 1 to 8 mL/g (STP),
or 2.5 to 6.5 mL/g (STP), or 3 to 5 mL/g (STP)), and/or a 20-80 nm pore size content of at least
30% (e.g., 30% to 60%, or 32% to 55%, or 38% to 52%, or 42% to 50%). As indicated, these
porosity and pore size properties can apply to any particle size, including any particle size range
indicated herein. The pore size content refers to the percentage of all particle surface pores that
have a pore size in the 20-80 nm range.

[00048] The particles with these porosities and pore sizes also can have, for example, one
or more of the BET surface area, the ammonia capacity in dialysate solution, and/or the ammonia
capacity in pure water, for any ZrP particles such as indicated herein, including, for example, but
not limited to, the ZrP particles having an average particle size of from about 45 - 90 microns.
The particle size range values indicated herein as average particle sizes can in addition or
alternatively refer to a particle size fraction. For example, a particle size given as 45 - 90 microns
herein, also can refer to the fraction of a particulate sample of which the particles have absolute
particle sizes within that range.

[00049] The zirconium phosphate particles of the present invention can be synthesized, for
example, by combining zirconium oxychloride (ZOC) with at least one low molecular weight,
oxygen containing, monofunctional, organic additive in an aqueous solvent to form a solution,
adding acid, like concentrated hydrochloric acid (HCIl) to the solution, then combining the
solution with an acid, like phosphoric acid, and evaporating or otherwise removing essentially all

of the low molecular weight, oxygen containing, monofunctional, organic additive to obtain
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zirconium phosphate particles by sol gel precipitation. The addition of an acid, like HCI, can
affect the average zirconium phosphate particle size. The size of the zirconium phosphate
particles can be varied to obtain particles of a desired size, for example, an average particle size
of from about 10 — 100 microns, about 10 — 25 microns, about 20 — 40 microns, about 25 — 65
microns, or about 40 — 50 microns. Without being bound to any theory, an acid, like HCI, may
affect particle size by removing functional OH" groups from the zirconium phosphate
polymerization reaction, thus allowing the polymerization reaction to continue and growing the
particle size.

[00050] The present invention further relates to a composition formed as an intermediate
in the method of the present invention by combining a zirconium oxychloride solution with a low
molecular weight, oxygen containing, monofunctional, organic additive to form a water-soluble
polymer complex, as described above. The amount of low molecular weight, oxygen containing,
monofunctional, organic additive can depend on the particular additive and can be readily
determined by performance studies. The amount of low molecular weight, oxygen containing,
monofunctional, organic additive can be a minimum amount that is effective to improve the
particle size of the product. Examples of suitable amounts are provided below.

[00051] A dialysis cartridge comprising a cartridge that contains the zirconium phosphate
particles described herein is also a part of the present invention. The dialysis cartridge can be a
cartridge that contains the zirconium phosphate particles, wherein the zirconium phosphate
particles can be present as at least one layer and the dialysis cartridge further can comprise at
least one other layer(s) of sorbent material. A portable dialysis system comprising a container
that contains the zirconium phosphate particles described herein is also a part of the present

invention. The container can contain, for example, zirconium phosphate particles as described
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above, for instance, having an average particle size of less than 5 microns, for example, about 2 —
5 microns, an ammonia capacity in dialysate solution of at least 25 mg NH4-N/g ZrP when
exposed to 100 mg/dL of NH,-N, and a BET surface area of at least about 10 m?/g ZrP.

[00052] The ZrP of the present invention can be used in any application where ZrP is used
and can be used as the ZrP layer or as an additional ZrP layer in sorbent cartridges described in
U.S. Patent Application Publication No. 2002-0112609 and U.S. Patent No. 6,878,283 B2, and in
Sorb’s REDY cartridge (e.g., see "Sorbent Dialysis Primer," COBE Renal Care, Inc. Sep. 4,
1993 edition, and "Rx Guide to Custom Dialysis," COBE Renal Care, Inc. Revision E, Sep.,
1993), all incorporated in their entirety by reference herein. All embodiments using ZrP in these
published applications are embodiments of the present application wherein the ZrP of the present
invention is used. For example purposes only, various filter media sections within a tubular
housing or cartridge can be used with the ZrP particles of the present invention. The housing or
cartridge can include a sorbent material like a granular activated carbon section, an immobilized
enzyme section, a powdered alumina (Al,Os) section, a zirconium phosphate, and/or a section
that includes a mixture of hydrous zirconium oxide of the acetate form and sodium zirconium
carbonate, or sodium zirconium carbonate alone. The dialysis cartridge can be a cartridge that
contains as one or more layers or zones the zirconium phosphate particles, wherein the dialysis
cartridge has a plurality of filter media sections (or layers) including an arrangement, starting
from a first end and ending at a second end, an activated carbon section, an immobilized enzyme
section, a powdered alumina section, a zirconium phosphate section, and a sodium zirconium
carbonate or a mixture of hydrous zirconium oxide of the acetate form and sodium zirconium
carbonate section. For hemodialysis, a filter medium adapted to remove chlorine from tap water

is preferred unless highly purified water is used as a base for the dialysate. The medium can be
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activated carbon. Activated carbon can be used as a filter medium to bind heavy metals,
oxidants, and chloramines. An immobilized enzyme such as urease can be used in a filter
medium to convert urea to ammonium carbonate by enzymatic conversion. Urease can be
immobilized by adsorption, covalent bonding, intermolecular cross-linking, entrapment within
cross-linked polymers, microencapsulation, and containment within a semipermeable membrane
device. Alumina (A1,03), activated carbon, anion exchange resins, and diatomaceous earth can
be used as adsorbents. Urease can be used to covalently bond water-insoluble polymers to form
enzyme-polymer conjugates via activation procedures or reactive polymers. Multifunctional
reagents, for example, glutaraldehyde and hexamethylene diamine can be used to affect
intermolecular cross-linking of urease. Urease can be entrapped within a cross-linked polymer,
such as, for example, polyacrylamide gel. Urease can be microencapsulated using, for example,
nylon, cellulose nitrate, ethyl cellulose, or polyamide. Urease can be contained within some
permeable membrane device, such as, for example, AMICOM ultra-filtration cells, available
from Fisher Scientific, Pittsburgh, PA, or DOW hollow fiber beaker device, from The Dow
Chemical Co., Midland, MI. The use of activated carbon to remove chlorine, if used, can precede
the immobilized enzyme medium because chlorine can deactivate the enzyme. Cation exchange
materials can be used to bind ammonium, calcium, magnesium, potassium, and other cations as
well as toxic trace metals in tap water. Another function of these filter media can be to convert
carbonate from urea hydrolysis to bicarbonate. Such cation exchange materials can include
zirconium phosphate, titanium phosphate, or zeolite. Anion exchange filter media bind
phosphate, fluoride, and other heavy metals. By-products of the anion exchange filter media can
include acetate and bicarbonate, which also corrects for metabolic acidosis of a patient's blood.

Such filter media can include hydrous zirconium oxide of the acetate form, hydrous silica,
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stannic oxide, titanium oxide, antimonic acid, hydrous tungsten oxide, or sodium zirconium
carbonate.

[00053] The present invention relates in part to a method of synthesizing zirconium
phosphate particles by a sol gel technique using a solution of zirconium oxychloride in which the
hydration of zirconium ions in the solution has been reduced. This can be accomplished, for
example, by the use of an additive or additives in the zirconium oxychloride solution to change
the zirconium ions in the solution from a highly hydrated monomeric form to a soluble
polymeric zirconium complex with a high number of polymer units and a reduced water of
hydration.

[00054] The present invention relates to a method of making zirconium phosphate
particles comprising: (a) combining at least one low molecular weight, oxygen containing,
monofunctional, organic additive with zirconium oxychloride in an aqueous solvent to form a
solution wherein the low molecular weight, oxygen containing, monofunctional, organic additive
forms a complex with zirconium ions in the solution, and (b) combining the solution obtained in
(a) with phosphoric acid and evaporating the low molecular weight, oxygen containing,
monofunctional, organic additive to obtain zirconium phosphate particles by sol gel
precipitation. As typical, non-limiting amounts, the at least one low molecular weight, oxygen
containing, monofunctional, organic additive can be present in an amount of from about 20 wt%
to 70 wt% by weight of the zirconium oxychloride (e.g., 25 wt% to 60 wt%, 30 wt% to 50 wt%
additive) and/or the molar ratio of zirconium oxychloride to phosphoric acid can be from 1 : 2.8
to 1 : 3.2. Other amounts and molar ratios below and above these ranges can be used. The
aqueous solvent can be deionized water or reverse osmosis (RO) water. The zirconium

oxychloride can be dissolved (or otherwise mixed) in the aqueous solvent and then the low

18



WO 2010/039721 PCT/US2009/058808

molecular weight, oxygen containing, monofunctional, organic additive can be added to form the
solution of step (a). The zirconium oxychloride can be dissolved (or otherwise mixed) in the
aqueous solvent and then the low molecular weight, oxygen containing, monofunctional, organic
additive can be added to form the solution of step (a). The zirconium oxychloride can be present
in the aqueous solvent up to a saturation concentration or other concentration levels. The low
molecular weight, oxygen containing, monofunctional, organic additive can be dissolved (or
otherwise mixed) in the aqueous solvent and then the zirconium oxychloride can be added to
form the solution of step (a). The low molecular weight, oxygen containing, monofunctional,
organic additive can be present in the solution of step (a) in a molar amount sufficient so that all
or substantially all of the zirconium ions in the solution are converted to a complex. The low
molecular weight, oxygen containing, monofunctional, organic additive can form a soluble
polymer complex with zirconium ions.

[00055] To explain how a low molecular weight, oxygen containing, monofunctional,
organic additive can affect the characteristics of zirconium phosphate formed in a sol gel
process, it helps to understand the nature of the zirconium ions in a zirconium oxychloride
solution in the absence of an additive. Zirconium ions in a zirconium oxychloride solution by
itself are highly hydrated zirconium species with 4-8 molecules of H,O coordinated with each
zirconium (Zr) atom. The hydrated ions can form polymeric units ranging from a monomer,
ZrOOH", to a tetramer, Zry(OH)s™* depending on the concentration of the solution. As
phosphoric acid is mixed with a zirconium oxychloride solution at room temperature, a sol gel
zirconium phosphate precipitate is formed at a very rapid rate, trapping a large number of
coordinated water molecules (or hydronium ions since the lattice H™ can combine with H,0O

molecules to form H;O") within the gel particle to form a soft gel. As discussed above, these soft
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gel particles can have a tendency to agglomerate as the slurry gets denser and when the material
is packed on a filter during filtration or on trays during drying.

[00056] Using at least one low molecular weight, oxygen containing, monofunctional,
organic additive preferably forms new zirconium polymeric species in solution having a reduced
number of coordinated water molecules and a high polymer unit so that when these zirconium
polymeric species react with phosphoric acid, the problems described above that arise from
excessive hydration do not occur. In particular, the reaction of zirconium ions with phosphate is
slowed, which allows for the concentration of reactants to be more easily controlled, thereby
allowing for the particle size and/or particle size distribution of the particles formed by
precipitation to be controlled. Because of the reduced water content, the particles formed by
precipitation are harder and/or less prone to agglomeration and/or have a more refined molecular
structure. If the low molecular weight, oxygen containing, monofunctional, organic additive that
is used also has properties of an emulsifying agent, it is possible to improve the shape of the
particles formed by precipitation from irregular to roughly or nearly spherical or spherical. Doing
so may reduce or eliminate the agglomeration problem during drying, allowing for the formation
of a free-flowing powder. Even if the particle size is kept small, the flow performance for
column application can be improved. Except as otherwise provided herein, the synthesis of
zirconium phosphate particles by the sol-gel process can be carried out according to known sol-
gel techniques. For example, the aqueous solution used to initially dissolve the zirconium
oxychloride can be water purified to remove ionic impurities such as trace metals by reverse
osmosis (RO water) or by any other method that provides a low enough level of contaminants to
be acceptable for the intended end use of the zirconium phosphate particle or can be deionized

water. For carrying out the sol-gel precipitation, either phosphoric acid or a salt solution of
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phosphate can be used. At a high pH (e.g., about 4 pH or above), the use of a phosphate salt
results in a product with a reduced ammonium capacity. Reference to phosphoric acid can
include orthophosphoric acid, pyrophosphoric acid, tripolyphosphoric acid, tetrapolyphosphoric
acid, trimetaphosphoric acid, and/or phosphoric anhydride, or combinations thereof. The
phosphoric acid can have a molarity of 1 mole/L or higher, for instance, 1.5 moles/L to 3
moles/L, or 2.6 to 2.8 moles/L.

[00057] The low molecular weight, oxygen containing, monofunctional, organic additive
used in the present invention can be capable of displacing water molecules that are coordinated
to zirconium ions in an aqueous solution of zirconium oxychloride and that can preferably bridge
zirconium ions to form a water soluble polymer species. More than one type of additive can be
used, e.g., mixtures. The additive can be selected so that it can be displaced from the zirconium
ions during the reaction with phosphoric acid or phosphate that forms zirconium phosphate. The
additive can lead to the formation of polymer species that are preferably soluble in water.
Accordingly, additives that are preferred in the present invention include alcohols and/or
carboxylic acids comprising a single functional group (i.e., monofunctional), that are soluble in
water. For purposes of this invention, a monofunctional compound can be an organic compound
whose chemical structure possesses a single reactive site (e.g., a single reactive —OH group).
[00058] Examples of low molecular weight, oxygen containing, monofunctional, organic
additives that can be used in the present invention include alcohols having the following formula:
R — OH, wherein R is a C, alkyl group, preferably a C,.; alkyl group, and carboxylic acids
having the following formula: R-COOH, wherein R is a C,.¢ alkyl group, preferably a C,.3 alkyl
group. The alcohol and carboxylic acids can be non-branched or branched isomers. Specific,

non-limiting examples of additives that can be used are methanol, ethanol, propanol,
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isopropanol, acetic acid, propionic acid, or combinations thereof. Examples of low molecular
weight include, but are not limited to, a molecular weight of about 20 - 80, preferably about 30 —
60.

[00059] Typical examples of low molecular weight, oxygen containing, monofunctional,
organic additives and the zirconium polymer complex formed in a zirconium oxychloride

solution are as follows:
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[00060] A solution wherein the low molecular weight, oxygen containing,

monofunctional, organic additive forms a complex with zirconium ions can be formed by adding
the additive to a solution containing zirconium oxychloride or by adding zirconium oxychloride

to a solution containing the additive. In other words, the order of addition of the additive and the
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zirconium oxychloride to an aqueous solvent is not critical.

[00061] The properties of zirconium phosphate particles obtained by sol gel precipitation
can optionally be altered by adjusting the pH of the phosphoric acid solution used. For example,
the precipitating agent used in the method of the present invention can be orthophosphoric acid
that is titrated with a base, like NaOH, to a pH of from about 1 to about 4. The partially titrated
phosphoric acid can lower the acidity of the sol gel ZrP and thereby reduce the water of
hydration. Otherwise, lattice H" can combine with H,O to form hydronium ions. Thus, carrying
out sol gel precipitation at a higher pH of phosphate helps to promote the hardening of the ZrP
gel. However, carrying out the precipitation reaction at an alkaline pH is less preferred because
zirconium phosphate precipitated by alkaline phosphate can have poor ammonia adsorption
properties. This technique can be carried out in conjunction with the use of at least one low
molecular weight, oxygen containing, monofunctional, organic additive, as described above.
[00062] The present invention also relates in part to a method of synthesizing zirconium
phosphate particles by sol gel precipitation wherein the particle size and/or particle size
distribution of the zirconium phosphate particles obtained are controlled by controlling the rate at
which the organic additive-containing solution of zirconium oxychloride is added to the reaction
vessel, the rate at which the solution of phosphoric acid is added to the reaction vessel, the
concentration of reactants, e.g., zirconium oxychloride, organic additive, phosphoric acid, and/or
hydrochloric acid in the reaction vessel, and/or the speed and manner of agitation of the reaction
mixture. In particular, it has been found that the particle size obtained by sol gel precipitation can
be partly dependent upon the concentration of the reactants. When a solution of zirconium
oxychloride is added to a solution of phosphoric acid, the concentration of phosphoric acid

decreases as the reaction proceeds, leading to the possible formation of increasingly smaller
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particles. As a result, an undesirably wide range of particle sizes may be produced. To prevent
this from possibly happening, both reactants, i.e., the additive-containing solution of zirconium
oxychloride, and phosphoric acid, can optionally be added to a reaction vessel simultaneously (or
nearly simultaneously) and the addition can be stretched out over a period of time, such as, for
example, ten to thirty minutes or more, thereby allowing the concentration of phosphoric acid in
the reaction solution to remain steady and controllable throughout the precipitation process. As a
further example, a portion of a solution of phosphoric acid can be added to a reaction vessel, and
the additive-containing solution of zirconium oxychloride and the remainder of the phosphoric
acid solution can be added to the reaction vessel simultaneously at controlled rates, again
allowing the concentration of phosphoric acid in the reaction solution to remain steady and
controllable throughout the precipitation process.

[00063] In addition to the simultaneous addition of zirconium oxychloride and phosphoric
acid solutions, other parameters, including the manner of addition of the zirconium oxychloride
solution and the manner of mixing of the reactants, can be controlled to provide a more efficient
reaction and to control the particle size range. For example, a spray head can be used as the inlet
for the additive-containing solution of zirconium oxychloride so that the solution is added to the
reaction vessel in the form of droplets, thereby providing a more efficient reaction. Further, the
reaction vessel can be equipped to agitate the reactants as they are added to the reaction vessel
and as the reaction proceeds, thereby providing for more efficient mixing and avoiding
differences in particle sizes caused by differing concentrations of reactants in different sections
of the reaction vessel. For example, the reaction vessel can include an agitator, such as, for
example, an agitator having more than one set of blades attached to a shaft at different levels, so

that the reactants in the reaction vessel are thoroughly mixed at all levels. As a particular
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example, a multi-impeller agitator can be used, such as an agitator that has three sets of blades,
each set attached to a shaft at a different level. The use of an agitator to control or reduce
agglomeration is optional. If an agitator is used, commercial agitators, including multi-impeller
agitators, can be used. With a multi-impeller agitator, a low agitation speed, such as, for example
20 - 40 rpm, is preferred to avoid agglomeration without causing a break-up of gel particles.
With a single-impeller agitator, a speed of about 60 - 70 rpm, for example, can be used. For any
given agitator, the optimum speed is dependent on variables such as the tank size, shape, baffles,
impeller size, and the like. Other methods of agitation or mixing can be used.

[00064] Appropriate process control methods can be used to ensure a suitable
concentration range of reactants and flow rates for the precipitation process so that a desirable
particle size range or distribution can be obtained. As an example, a desirable particle size range
for zirconium phosphate particles to be used in a sorbent dialysis cartridge can be from about 20
— 80 microns, or from about 35 — 65 microns. Other particle size ranges can be used. To achieve
this particle size distribution, and as an example, zirconium oxychloride solution containing
isopropanol and a phosphoric acid solution can be formed as follows. The zirconium oxychloride
solution can contain zirconium oxychloride at, or close to, its saturation point (for example, 500
g ZOC crystals in 375 mL water) since the size of polymeric units increases as the concentration
increases. The amount of isopropanol can be the maximum amount (for example, about 300 g in
the ZOC solution described herein) to provide the maximum reduction in the amount of
coordinated water in the zirconium ion complex and suppress the degree of gelation. An excess
amount of isopropanol can reduce the particle size too much by excessive emulsification, thereby
producing many fine particles. An insufficient amount of isopropanol can result in an elevated

degree of agglomeration and a higher percentage of particles in the larger size range (e.g., 80 -
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120 microns). A typical solution of phosphoric acid can contain 516.5 g of 76% H3PO,4 + 2.1 L
water. The molar ratio of ZOC to phosphate or H3PO4 can be about 1 : 3 +£0.2.

[00065] A specific non-limiting example of a ZOC solution formulation is 500 g ZOC,
375 g water, 300 g isopropanol, and 70 g concentrated HCI. The molar ratio of ZOC to water to
low molecular weight, oxygen containing, monofunctional, organic additive can be about 1 :
0.75 : 0.6. Another specific non-limiting example of a ZOC solution formulation is 500 g ZOC,
375 g water, 260 g glacial acetic acid, and 94 g concentrated HCl. The molar ratio of ZOC to
water to low molecular weight, oxygen containing, monofunctional, organic additive can be
about 1 : 0.75 : 0.52. The amounts given for the typical solution can, of course, be scaled up or
down by maintaining the same proportion of reactants. Particle size control for use in sorbent
dialysis cartridges can also be achieved by additional milling, if necessary, to meet cartridge
performance requirements.

[00066] The flow rate for the phosphoric acid solution can be 80 - 100 ml/min for an
addition time of 25 - 30 minutes, and the flow rate of the additive-containing solution of
zirconium oxychloride can be 25 - 50 ml/min for an addition time of 15 - 30 minutes. The flow
rate is provided for the solution described above and can be scaled up or down if a different
amount of reactants is used. A higher flow rate of the phosphoric acid can increase its steady
state concentration in the reaction bath and/or produces harder stable crystalline ZrP particles.
Conversely, a lower flow rate can produce a more fragile product. As a specific example, the
addition time of the reactants can be 30 minutes. Other flow rates and times can be used.

[00067] The sol gel zirconium phosphate particles in a slurry formed by a method
according to the present invention can be stabilized by an immediate titration to raise the pH of

the slurry. For example, the slurry can be titrated with a base, such as 50% NaOH, to bring the
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pH up to a range of about 1 - 2. (Typically, the pH of the slurry when formed is close to 0.1)
Then, after allowing the zirconium phosphate particles to settle and harden further, the slurry can
be titrated slowly to a higher pH, such as pH 5.5 or pH 6 to obtain the finished product. The
partial titration provides an immediate reduction in the acidity of the material, which may
otherwise induce the adsorption of water of hydration (since lattice H' can combine with H,0 to
form hydronium ions) and a softening of the gel. The advantage to performing the titration
slowly and in stages is that the rapid addition of alkali can cause the rapid formation of water
within the gel particles, which can burst the particles and produce an excessive number of fines.
For the specific use of zirconium phosphate particles in sorbent dialysis cartridges, the second
titration is preferable to a pH of 5.5 to obtain the optimum Na* content in the product due to the
presence of Na" and PO, ions already present in the slurry.

[00068] Because sol gel precipitation in the phosphate concentration range used in the
present invention tends to be a fast reaction, the techniques described above can be carried out
without additional heating. However, a thermal treatment carried out with water may be helpful
to improve the molecular structure of the zirconium phosphate particles by enhancing
crystallinity. Thermal treatment may improve the crystal structure of ZrP by promoting an
oxolation reaction as follows:Z r <0H s soemo

OH

and by aiding the release of ionic impurities from the zirconium phosphate lattice formed in the
sol gel precipitation. As an example of how the thermal treatment can be carried out, after
zirconium phosphate has been formed by sol gel precipitation, the reaction slurry can be filtered
and washed to remove chloride, excessive phosphoric acid, sulfate and additive chemicals. The

filter cake obtained by filtration can then be transferred to a bath of deionized water (or RO
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water) and the slurry can be agitated for a short time (first wash). The filtration and washing can
be repeated, for instance, until the total dissolved solids level (TDS level) in slurry is below 1200
ppm. The filter cake can be transferred to a bath of deionized water (or RO water) in a heating
vessel equipped with an agitator and, with a moderate agitation speed, the slurry can be heated at
moderate rate to about 180-185°F (about 82 - 85°C) with the temperature maintained in this
range for 1 hour or longer. Then, the heated slurry can be allowed to cool to room temperature
and the volume can be adjusted with water. Thereafter, the slurry can be titrated from a starting
pH of about 1.8 to a desired pH, such as a pH of 5.75; pH 6; or pH 6.25 (or ranges therebetween)
with a base, such as 50% NaOH, to obtain ZrP products of different Na" contents and acidity.
The titrated ZrP can then be washed and filtered repeatedly with deionized water (or RO water)
until the TDS level in the slurry is below 500 ppm. The filter cake after the final wash can then
be transferred to a tray dryer and the titrated product can be dried to 14-18% loss on drying by
moisture balance (LOD) at a temperature of about 160°-180°F (71° - 81 °C). The final product
can be in the form of free-flowing powder, for instance, in a target particle size range of 30-60
pum and can be without agglomeration (or less than 1% by weight).

[00069] The following examples are given to illustrate the nature of the invention. It
should be understood, however, that the present invention is not to be limited to the specific

conditions or details set forth in these examples.

EXAMPLES
Example 1: Preparation of ZrP particles by sol gel precipitation
[00070] Solution A was prepared as follows: 20 g ZOC crystals was dissolved in 15 ml

deionized water and 15 ml isopropanol was added to the solution. Then, with agitation by
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magnetic stirrer or plastic impeller, about 100 drops of concentrated HCl was added to the
solution with continued agitation until all precipitate was redissolved to form a clear solution.
[00071] Solution B was prepared as follows: 30 g Technical Grade phosphoric acid (76%)
was diluted in 60 ml water in a 500 ml beaker. With a magnetic stirrer, the diluted acid was
heated to a boiling temperature.

[00072] Reaction process steps:

Step 1: Solution A was pumped into Solution B at boiling temperature at about 10 ml/min
flow rate, with moderate agitation speed using magnetic stirrer or plastic impeller.

Step 2: After addition was complete to produce a slurry of precipitate, the slurry was
heated for one hour to evaporate off the alcohol completely and improve crystal
structure of the AZP precipitate.

Step 3: After heating for one hour, the slurry was allowed to cool. The precipitate was
then filtered and washed with deionized water to remove excessive unreacted
phosphoric acid.

Step 4: The washed product was dried in an oven at 180°F until the moisture level was 5
— 20 weight percent LOD to form a free-flowing powder. The particle size was in
a range of from 25 - 45 microns.

Example 2
[00073] Example 1 was repeated but the acid zirconium phosphate (AZP) product was
titrated to pH 6.0 with 50% NaOH in about 200 ml deionized water and followed by washing

before filtration and drying of the filtered product.
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Example 3

[00074] The mixing process of ZOC/isopropanol and phosphoric acid in Example 1 was
performed again at the ambient temperature of the acid. The NH,"-N adsorption capacity of the
final product was about the same as the product obtained by high temperature mixing although

there was some degree of agglomeration upon drying of the product.

Example 4

[00075] ZrP with particle size in the range 2-10 microns was obtained by grinding the
final dried product of Example 1 or by modifying the formulation of the ZOC solution as follows
before adding to the heated phosphoric acid and mixing with vigorous agitation:

ZOC solution formulation (Solution A):

ZOC solid 20 gm
Deionized water 15 ml
[sopropanol 30 ml
Conc. HCI 0 drops

The NH,"-N adsorption capacity of the fine particle size product was found to increase by

about 10-20% over that of the normal particle size range (25-65 microns).

Example 5

[00076] A scale-up batch for Example 1 was made by adjusting the solution formulations

(Solution A and Solution B) and the process parameters were as follows:

Solution A ZOC solid 500 gm
Deionized water 375 ml
Isopropanol 375 ml or 300 gm
Conc. HCI 70 gm
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Solution B 76% H;PO, 550 gm
Deionized water 22L
(NOTE: Molar mixing ratio of ZOC: H3;PO4 = about 1:2.92)
[00077] Reaction process steps:

Step 1: Solution A was pumped into Solution B at boiling temperature at about 25-30
ml/min flow rate for an addition time of 25-30 minutes, with moderate agitation
speed (about 80 RPM) using plastic impeller.

Step 2: After addition was complete to produce a slurry of precipitate, the slurry was
heated for 30 minutes to evaporate the alcohol completely and improve the crystal
structure of the AZP precipitate.

Step 3: After heating for 30 minutes, the slurry was allowed to cool. The precipitate was
then filtered and washed with deionized water to remove excessive unreacted
phosphoric acid.

Step 4: The filter cake was transferred to about 3L deionized water and agitated at mild
speed to form a slurry, which was then titrated to a pH 6.0 by 50% NaOH. The
titrated ZrP was then filtered and rewashed until the TDS in filtrate was about 500
PPM.

Step 5: The washed product was dried in an oven at 180°F until the moisture level was
about 5-20 weight percent LOD to form a free-flowing powder. The particle size
was in the range of 35-65 microns.

The NH,4'-N adsorption capacity of the product was the same as the small sample test in

Example 1.
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Example 6

[00078] Example 1 was repeated using acetic acid as organic additive in place of

isopropanol with the ZOC solution formulation as follows (Solution A):

Z0OC solid 20 gm
Deionized water 15 ml
Glacial aceticacid 15 ml
Conc. HCI 200 drops
[00079] The same amount and concentration of phosphoric acid at boiling temperature

were used as in Example 1. The product was excessively washed with deionized water to
remove residual acetic acid then titrated to pH 6.0. The same particle size ZrP product (35-65
microns) without agglomeration upon drying was obtained although NH,"-N adsorption capacity

was slightly lower than that made by using isopropanol.

Example 7

[00080] Example 6 was repeated but the ZOC/acetic acid solution (Solution A) was added
to the phosphoric acid at ambient temperature. The product was excessively washed with
deionized water to remove residual acetic acid. One-half of the product was titrated to pH 6.0
while the other half remained untitrated. It was shown that all ZrP products had the same NH,"-
N adsorption capacity as Example 6 regardless of mixing temperature and pH titration of product
although the product obtained at ambient temperature of mixing had some degree of

agglomeration upon drying.

Example 8

[00081] A scale-up batch for Example 7 at ambient temperature of mixing was made by
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adjusting the solution formulations (Solution A and Solution B) as follows:

Solution A ZOC solid 500 gm
Deionized water 375 ml
Glacial acetic acid 250 ml or 260 gm
Conc. HCI 94 gm

SolutionB  76% H3;PO4 550 gm
Deionized water 22L

(NOTE: Molar mixing ratio of ZOC: H3;PO4 = about 1:2.92)

[00082] An excessive amount of water was used to wash the product to remove residual
acetic acid. The NH,4"-N adsorption capacity of the titrated product was about the same as the
small sample test in Example 7 although the product obtained at ambient temperature of mixing

had some degree of agglomeration upon drying.

Example 9

[00083] The fine particle ZrP with particle size in the range 2-10 microns was obtained by
grinding the final dried product of Example 6 or by modifying the formulation of the ZOC
solution as follows before adding to the heated phosphoric acid and mixing with vigorous
agitation:

Z0C solution formulation (Solution A):

Z0C solid 20 gm
Deionized water 15 ml
Glacial acetic acid 30 ml
Conc. HCI 0 drops
[00084] The NH,'-N adsorption capacity of the fine particle size product was found to

increase by about 10-20% over that of the normal particle size range (25-65 microns).

Example 10: ZrP particles having enhanced ammonium adsorption capacity.
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[0008S] ZrP particles were prepared by a sol gel method according to the present
invention, by the sol gel method according to U.S. Patent Application Publication No.
2006/0140840 (Example 2 using glycerol and sodium sulfate as the additive), and from basic
zirconium sulfate (BZS) by a (non-sol gel) method prepared as follows: one (1) kg of BZS was
added to deionized water in a reactor to form a slurry with moderate agitation speed. Then,
about 770 ml Technical Grade phosphoric acid (76%) diluted with equal volume of water was
pumped into the slurry. With slow agitation, the slurry was heated at moderate or maximum rate
to 180-185°F, and then heated to maintain that temperature for one hour after the temperature
was reached. The slurry was then cooled to room temperature. The product was filtered and
washed in a Buchnell funnel with deionized water. The filter cake was then dried in a tray dryer
at 180°F until the moisture level was 12-18 weight percent LOD. The particle size was in a
range of from 25-60 microns.

[00086] The NH,"-N adsorption capacity was measured at three NH,"-N exposed
concentrations and the results were compared. The results, shown in Table 1, confirm that ZrP
particles prepared according to the present invention exhibit increased NH4"-N adsorption

compared to particles prepared by the previous methods.
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Table 1
Type of ZrP Exposed NH; -N NH,"-N adsorption Capacity in Water
concentration per g ZrP (capacity in
presence of Na)
Sol gel ZrP according to 5 mg/dL 4.95 mg NH,"-N/g
present invention 10 mg/dL 7.76 mg NH, -N/g 25 mg/gm
(Example 1) 20 mg/dL 11.84 mg NH,'-N/g 38 mg/gm
Sol gel ZrP according to S mg/dL 2.23 mg NH, " -N/g
U.S. Patent Application 10 mg/dL 3.74 mg NH4'-N/g
Publication No. 20 mg/dL 7.60 mg NH,"-N/g
2006/0140840
ZrP made from BZS 5 mg/dL 2.00 mg NH,"-N/g
10 mg/dL 3.58 mg NH4"-N/g
20 mg/dL 6.515 mg NH,"-N/g
Example 11
[00087] Grinding the ZrP product (e.g., ZrP of Example 1) to fine particle size after drying

can increase the NHy" adsorption capacity from 28 mg NH,"-N/gm to 36 mg NH,"-N/gm at the

NH,4"-N concentration of 20 mg/dL in water (~28%). The adsorption isotherms after grinding in

comparison with ZrP made from BZS can be shown by the Table below:

Table 2
NH;"-N Capacity in the Adsorption isotherm
concentration NaHCO;/NaCl dialysate
Sol gel ZrP 10 mg/dL 8 mg/gm NH,"-N adsorption
20 mg/dL 11.3 mg/gm capacity (mg/gm ZrP)
55 mg/dL 15 mg/gm =7.16 +0.15 x [NH;"-N]
85 mg/dL 19 mg/gm r=0.9878
100 mg/dL 23 mg/gm
Current ZrP made from BZS | 10 mg/dL 4.2 mg/gm NH,"-N adsorption
20 mg/dL 7.12 mg/gm capacity (mg/gm ZrP)
55 mg/dL 10.2 mg/gm =3.38+0.137 x [NH,'-
N]
85 mg/dL 15.4 mg/gm r=0.99
100 mg/dL 17.1 mg/gm
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Other typical NH,'-N adsorption capacity data in water in variation with organic

additives (isopropanol, acetic acid, tartaric acid, glycerol, polyvinyl alcohol); temperature of

mixing (ambient vs. boiling temperature); ZrP pH (ZrP pH 6.0 vs. untitrated ZrP); and particle

size (35-65 microns vs. ground ZrP fine powder, 2-10 microns) are summarized in the Table as

shown below: (NOTE: Moisture level data was not taken because it is found that sol gel ZrP can

be dried to very low moisture level without affecting the NH,"-N adsorption capacity).

Table 3
Organic additive Temperature | ZrP pH Particle size NH,'-N adsorption capacity in water
of mixing mg/gm ZrP
at 10 mg/dL NH,'-N conc. 28.89
. . ground ZrP fine powder | mg/gm
Isopropanol ambient untitrated | 5 o' microns at 20 mg/dL NH¢-N conc. 3621
mg/gm
at 10 mg/dL NH,-N conc. 269
- . ground ZrP fine powder | mg/gm
boiling untitrated 2-10 microns at 20 mg/dL NH;-N conc. 34.76
mg/gm
at 10 mg/dL NH;-N conc. 25.53
.. . . mg/gm
boiling untitrated | 35-65 microns at 20 mg/dL NH,*N conc. 31.83
mg/gm
at 10 mg/dL NH,-N conc. 24.9
- ground ZrP fine powder | mg/gm
boiling PH 6.0 2-10 microns at 20 mg/dL NH,-N conc. 38.4
mg/gm
at 10 mg/dL NH,'-N conc. 24.66
- . mg/gm
boiling pH 6.0 35-65 microns at 20 mg/dL NH,N conc. 32.19
mg/gm
at 10 mg/dL NH,-N conc. 27.54
- . mg/gm
boiling pH 4.0 35-65 microns at 20 mg/dL NH,"N conc. 33.45
mg/gm
at 10 mg/dL NH,-N conc. 25.95
.. . . ground ZrP fine powder | mg/gm
acetic acid ambient | untitrated | 5} i on at 20 mg/dL NH,'N conc. 35.7
mg/gm
at 10 mg/dL NH,-N conc. 24.96
ambient untitrated | 35-65 microns mg/gm

at 20 mg/dL NH,-N conc. 27.3

mg/gm
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at 10 mg/dL NHy-N conc. 25.65
. i . mg/gm
ambient pH 6.0 35-65 microns at 20 mg/dL NH,N conc. 28.95
mg/gm
at 10 mg/dL NH,-N conc. 25.45
- } . mg/gm
boiling pH 6.0 35-65 microns at 20 mg/dL NH,-N conc. 26.64
mg/gm
no organic ground ZrP fine powder i: g/]g(l)n mg/dl. NH,-N - conc. 2147
additive; just conc. | ambient untitrated | 2-10 microns +
HCl alone (partial gelation) at 20 mg/dL. NH,-N conc. 2731
mg/gm
at 10 mg/dL NH,-N conc. 20.27
- i . mg/gm
Boiling pH 6.0 35-65 microns at 20 mg/dL NH,-N conc. 242
mg/gm
at 10 mg/dL NH,'-N conc. 6.46
- i . mg/gm
Glycerol Boiling pH 6.0 35-65 microns at 20 mg/dL NH,-N conc. 9.98
mg/gm
at 10 mg/dL NH;'-N conc. 3.92
. - i . mg/gm
polyvinyl alcohol | Boiling pH 5.0 35-65 microns at 20 mg/dL NH;N conc. 539
mg/gm
tartaric acid Boiling pH 6.0 35-65 microns at 10 mg/dL NH,-N conc. 2.76
mg/gm
at 20 mg/dL NH;-N conc. 3.43
mg/gm
Example 12
00089 A lab-scale parametric study of the sol gel process for preparation of ZrP particles
p

was performed for various parameters, including, for example, type and amount of additive to

ZOC solution, reactant mixing method, phosphoric acid amount, hydrothermal treatment of

crude sol gel, HCl amount, and particle size. Comparison gels comprising ZrP prepared with an

inorganic oxygen additive (Na,COj; (soda ash)), and ZrP made from BZS, were included in this

study. Some of the product particles were analyzed for one or more of adsorption capacity, BET

surface area, pore volume, pore size distribution, and/or gel swelling property. For purposes of

this example, reverse osmosis (RO) water can be substituted for deionized (DI) water where

referenced.

37




WO 2010/039721 PCT/US2009/058808

Method steps:

Step 1: Preparation of ZOC solution with additive (Solution A)

[00090] Solution A was prepared with an additive selected from alcohol (isopropanol or
95% methanol), acetic acid, or soda ash. These types of solutions are designated Solutions Al,
A2, and A3.

[00091] Solution Al was prepared as follows: 500 g ZOC crystals was dissolved in 375
ml deionized (DI) water with agitation, and 200 ml glacial acetic acid is transferred to the ZOC
solution and agitated until the solution mixture was completely clear. (NOTE: About 50 gm
conc. HCI optionally can be added to the ZOC solution first before the mixing with acetic acid if
a larger particle size is desired. Agitation to re-dissolve any precipitate thus formed until the
solution is clear).

[00092] Solution A2 was prepared as follows: 500 g ZOC crystals was dissolved in 375
ml deionized water with agitation, and 300 ml (isopropanol or 95% methanol) is transferred to
the ZOC solution and agitated until the solution mixture was completely clear. (NOTE: Addition
of conc. HCL to improve particle size is optional as in Solution A1).

[00093] Solution A3 was prepared as follows: 500 g ZOC crystals was dissolved in 250
ml deionized water with agitation (totally or partially), and 40 g soda ash was dissolved in 125
mL deionized water in another vessel with agitation (totally or partially). The soda ash solution
(totally or partially dissolved) was transferred to the ZOC solution and agitated until the solution
mixture is completely clear. (NOTE: Addition of conc. HCI also is optional as in Solutions Al
and A2). The resultant solution was used at once or within a short time for the sol gel ZP

synthesis.
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Step 2: Preparation of phosphoric acid used for reaction (Solution B)

[00094] Solution B was prepared as follows: 600 g Technical Grade phosphoric acid
(76%) was diluted in 500 deionized mL water and mixed with agitation.

Step 3: Precipitation reaction of sol gel ZP by simultaneous addition of ZOC and H;PO,

[00095] a) Approximately 280 ml of the diluted phosphoric acid prepared in Step 2 was
transferred to a 4L reactor vessel and agitation was started at 240 RPM.

b) Solution A and Solution B were simultaneously pumped into the reactor
vessel at ambient temperature at the flow rate of about 20 mL/min for both fluids such that the
addition of the two fluids was complete simultaneously after about 30 minutes.

c) 500 mL deionized water was added to dilute the slurry and the agitation was
continued until the sol gel ZP particles hardened.

Step 4: Washing of crude sol gel ZP

[00096] The slurry of product from Step 3 was pumped into a vacuum batch filter and the
filter cake was briefly washed with 6L deionized water to remove the chloride. (NOTE: If
hydrothermal treatment is not used in the following Step 5, Step 4 goes directly to removal of
excessive POy for pre-titration in Step 6 by continuing to wash the filter cake until the filtrate has
TDS below 1200 ppm).

Step S: Hydrothermal treatment

[00097] The washed filter cake obtained from Step 4 was transferred into 3L deionized
water in the 4L reactor vessel, and agitated at slow speed to form a slurry. 150 g 76% H3PO,
was added to the slurry and the resulting slurry was heated to a temperature at about 90°C, and
maintained at that temperature or just below that temperature for one hour and then heating was

stopped to allow the slurry to cool.
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Step 6: Filtration/washing to remove excessive POy for pre-titration
[00098] The cooled slurry of Step 5 was pumped after the hydrothermal treatment to the
vacuum batch filter. The filter cake was washed with deionized water until the filtrate has TDS
below 1200 ppm.
Step 7: Filtration of acid sol gel ZP
[00099] The acid sol gel ZP filter cake was transferred after washing to a 6 L bath of
deionized water and agitated mildly to form a slurry. The slurry was titrated to pH 6 by adding
50% NaOH.
Step 8: Final washing and drying
[000100] The slurry of Step 7 was pumped after titration to the vacuum batch filter. The
washing of the filter cake was continued until the TDS of the filtrate is below 500 ppm. The filter
cake was transferred to a tray dryer and the material was dried at a temperature of 100°F-120°F
to the moisture level of 18-22% LOD. Continuous stirring of the material during drying was
used to ensure uniform drying.
Step 9: Particle size control
[000101) The dried product was gently ground to a free-flowing powder to break up the soft
agglomerates. The powder product was sieved and the portion was kept with the particle size in
the ranges (45-90) microns or (45-180) microns for testing.
Product quality-material testing: NH,"-N adsorption quality
[000102] The NH;"-N adsorption quality of the sol gel ZP samples were tested according to
the procedure as follows:
[000103] 1 gm of sample was shaken in 300 ml of (NH4),COj solution in deionized water

for 5 minutes at concentrations of (a) 20 mg/dL NH,4'-N; (b) 30 mg/dL NH4"-N. (NOTE: Some
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sample tests were repeated by using (NH4),COs3 solution in dialysate (105 mEq/L NaCl; 35

mEg/L NaHCO3).

Filtering with Whatman #42 was done afterwards and residual NH4"-N

concentration was analyzed by Indophenate Test to calculate adsorption capacity of the sample.

[000104]

The results for NHs"-N adsorption quality determinations for various sol gel ZP

samples representing embodiments of the present invention and comparison or control sol gel ZP

samples are indicated in Table 4. Table 4 comprises the indicated parts 4A - 4]. “Mic” is

microns.

4A: Parametric Variation:

Table 4

Simultaneous Addition of ZOC and H;POq4

Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI 75% H3PO, Sample Capacity at NHs "N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
76 ml Simultaneous <200mic No hydrothermal treatment 50 gm 600 gm 1 39.16 mg per gm 41.15 mg per gm
opropanol add >45mic
75 ml Simultaneous <200mic Hydrothermal treatment with 50 gm 600 gm 2 35.84 mg per gm 38.13 mg per gm
opropanol add >45mic 100 gm phosphoric acid
werdried
1.6% LOD)
75ml Simultaneous <200mic | Hydrothermal treatment with 50 gm 600 gm 3 38.53 mg per gm 42.21 mg per gm
opropanol add >45mic 100 gm phosphoric acid
40 ml acetic Simultaneous <90mic Hydrothermal treatment with 50 gm 600 gm 4 40 mg per gm 43.23 mg per gm
cid add >45mic 100 gm phosphoric acid 5 39.31 mg per gm 44.26 mg per gm
75 mi Simultaneous <90mic No hydrothermal treatment 50 gm 600 gm 6 40 mg per gm 45.26 mg per gm
.opropanol add >45mic
00 ml acetic Simultaneous <90mic No hydrothermal treatment 50 gm 600 gm 7 36.42 mg per gm 44.31 mg per gm
cid add >45mic
75 ml Simultaneous <90mic No hydrothermal treatment 50 gm 600 gm 8 35.29 mg per gm 41.21 mg per gm
5% methanol | add including
fines
75 mi Simultaneous <90mic Hydrothermal treatment with 50 gm 600 gm 9 37.48 mg per gm 45.36 mg per gm
5% methanol | add >45mic 150 gm phosphoric acid
50 ml acetic Simultaneous <90mic No hydrothermal treatment 50 gm 600 gm 10 37.56 mg per gm 43.45 mg per gm
cid add >45mic
50 ml 95% Simultaneous <90mic No hydrothermal treatment 50 gm 600 gm 1 34.611 mg per gm 37.91 mg per gm
1ethanol add >45mic
50 ml 95% Simultaneous <90mic No hydrothermal treatment 50 gm 500 gm 12 32.9 mg per gm 42.2 mg per gm
1ethanol add >45mic
50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 800 gm 13 40.14 mg per gm 49.1 mg per gm
cid add >45mic presence of 150 gm H3PO4
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Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI 75% H,PO, | Sample Capacity at NH, "N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
0 m! acetic Sequential add | <840mic No hydrothermal treatment 50 gm 600 gm 14 31.89 mg per gm 41.16 mg per gm
id >45mic 15 34.59 mg per gm 36.70 mg per gm
10 mi acetic Sequential add | <90mic Hydrothermal treatment with 0gm 600 gm 16 40.38 mg per gm 46.48 mg per gm
id >45mic 150 gm H3;PO0,
10 ml acetic Sequential add <90mic Hydrothermal treatment with ogm 600 gm 17 40.87 mg per gm 49.3 mg per gm
id >45mic 150 gm H3PO,
i0 mi acetic Sequential add <90mic Hydrothermal treatment with 50 gm 600 gm 18 37.29 mg per gm 37.78 mg per gm
id >45mic 150 gm H;PO,
‘0 ml acetic Sequential add <90mic Hydrothermal treatment with 50 gm 600 gm 19 43.07 mg per gm -
id >45mic 50 gm HiPO,
4C: Parametric Variation: Amount of Phosphoric Acid
Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI 75% H3PO, | Sample Capacity at NH,"'N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
'S ml Sequential add <90mic High temp precip and 50 gm 600 gm 20 37.1 mg per gm -
opropanol >45mic continuous heating 21 38.2 mg per gm -
’5 mi Sequential add <90mic High temp precip and 50 gm 570 gm 22 34.16 mg per gm -
opropanol >45mic continuous heating
75 ml Sequential add <90mic High temp precip and 50 gm 550 gm 23 44 mg per gm -
opropanol >45mic continuous heating
75 ml Sequential add <90mic High temp precip and 50 gm 500 gm 24 38.98 mg per gm -
opropanol >45mic continuous heating
75 ml Sequential add <90mic High temp precip and 50 gm 300 gm 25 33.78 mg per gm -
opropanol >45mic continuous heating
75ml Sequential add | <840mic | Hydrothermal treatment with | 50 gm 450 gm 26 32.04 mg per gm 41.14 mg per gm
opropanol >90mic 150 gm H3PO,
50 mi 95% Simultaneous <90mic No hydrothermal treatment 50 gm 500 gm 12 32.9 mg per gm 42.2 mg per gm
iethanol add >45mic
50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 800 gm 13 40.13 mg per gm 49.11 mg per gm
sid add >45mic presence of 150 gm HiPO,4 41.06 mg per gm 46.84 mg per gm
50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 1000 gm 27 39.24 mg per gm 42.29 mg per gm
cid add >45mic presence of 150 gm HiPQ, (2.6L water)
50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 1200 gm 28 39.24 mg per gm 41.1 mg per gm
cid add >45mic presence of 150 gm HsPO, (1.8L water)
50 mi acetic Simultaneous <90mic Hydrothermal treatment in ogm 1400 gm 29 40.80 mg per gm 49.18 mg per gm
cid add >45mic presence of 150 gm H3PQO4 (1L water)
4D: Parametric Variation: Titrated ZP vs. Untitrated ZP
Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCl | 75% H3sPO, | Sample Capacity at NH4 "N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
00 ml Sequential add | <90mic Hydrothermal treatment with 65 gm 600 gm 30 30.1 mg per gm -
sopropanol >45mic no HiPO, untitrated
50 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 31 30.63 mg per gm -
sopropanol >45mic no H;PO, untitrated
00 mli Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 32 32.86 mg per gm -
sopropanol >45mic no HiPO4 untitrated
00 ml Sequential add | <90mic High temp precip and 70 gm 600 gm 33,34 28.6 mg per gm -
sopropanol >45mic continuous heating untitrated
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4E: Parametric Variation: Amount of Phosphoric Acid Used for Hydrothermal Treatment

Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI 75% H3PO4 Sample Capacity at NH4 N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
)0ml Sequential add | <90mic Hydrothermal treatment with 65 gm 600 gm 35 32 mg per gm -
spropanol >45mic no additional H;PO.
50 ml Sequential add | <90mic Hydrothermaf treatment with 50 gm 600 gm 36 35 mg per gm -
opropanol >45mic 50 gm H;PO,
50 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 37 44 mg per gm -
opropanol >45mic 100 gm H3PO,
50 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 38 48.37 mg per gm -
opropanol >45mic 150 gm H3PO4
4F: Parametric Variation: = Room Temp Precip. With & Without Post-Hydrothermal
Treatment vs. High Temp Precip. & Continuous Heating
Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI | 75% H3PO, | Sample Capacity at NH, N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
75 mi Sequential add <840mic Room temp precip and no 50 gm 600 gm 39 36.07 mg per gm 40.20 mg per gm
opropanol >45mic hydrothermal treatment 40 30.55 mg per gm 40.48 mg per gm
41 35.01 mg per gm 40.23 mg per gm
75 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 42 44.75 mg per gm 58.61 mg per gm
opropanol >45mic 150 gm phosphoric acid 43 43.46 mg per gm 47.22 mg per gm
44 42.05 mg per gm 47.56 mg per gm
75 ml Sequential add | <840mic | Hydrothermal treatment with 50 gm 600 gm 45 36.05 mg per gm 43.43 mg per gm
.opropanol >45mic 150 gm phosphoric acid 46 38.28 mg per gm 45.36 mg per gm
47 37.07 mg per gm 45.81 mg per gm
75 mi Sequential add | <90mic High temp precip and 50 gm 600 gm 32A 32.86 mg per gm
.opropanol >45mic continuous heating 31A 30.63 mg per gm N/A
48 37.02 mg per gm
30A 30.10 mg per gm
35A 32.00 mg per gm
49 30.15 mg per gm
50 30.40 mg per gm
51 29.75 mg per gm
21 38.20 mg per gm
20 37.10 mg per gm
4G: Parametric Variation: Amount of Isopropanol
Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI | 75% H;PO, | Sample Capacity at NH4"'N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL
50 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 52 36.88 mg per gm 48.44 mg per gm
sopropanol >45mic 150 gm H3PO,
00 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 48 37.02 mg per gm -
sopropanol >45mic no add H,PO,
‘50 ml Sequential add | <90mic Hydrothermal treatment with 50 gm 600 gm 318 37.52 mg per gm -
sopropanol >45mic no add H,PO,
'00 mi Sequential add <90mic Hydrothermal treatment with 50 gm 600 gm 53 34.13 mg pergm 41.85 mg per gm
sopropanol >45mic 150 gm H3;PO,
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Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI | 75% H;PO. [ Sample Capacity at NH, N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL

'gm soda Simultaneous <180mic Hydrothermal treatment in ogm 600 gm 54 36.49 mg per gm 43.25 mg per gm

h addition >45mic presence of 150 gm H,PO,

1 gm soda Simultaneous <180mic No hydrothermal treatment ogm 600 gm 55 35.35 mg per gm 37.95 mg per gm

h addition >45mic

1 gm soda Simultaneous <180mic No hydrothermal treatment ogm 600 gm 56 39.91 mg per gm 41.74 mg per gm

h addition >45mic

) gm soda Simultaneous <180mic Hydrothermal treatment in ogm 600 gm 57 38.42 mg per gm 42.33 mg per gm

h addition >45mic presence of 150 gm HiPO,

4]: Parametric Variation: Particle Size
Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI | 75% HiPOs | Sample Capacity at NH,'N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL

5 ml Sequential add | <840mic Hydrothermal treatment with 50 gm 600 gm 45 36.06 mg per gm 43.43 mg per gm

Jpropanol >45mic 150 gm H,;PO4 58 37.75 mg per gm 47.74 mg per gm
59 36.67 mg per gm 43.14 mg per gm
46 38.28 mg per gm 45.36 mg per gm
47 37.07 mg per gm 45.81 mg per gm

75 mi Sequential add <90mic Hydrothermal treatment with 50 gm 600 gm 43 43.46 mg per gm 47.22 mg per gm

opropanol >45mic 150 gm H;PO4 44 42.05 mg per gm 47.56 mg per gm
42 44.75 mg per gm 58.61 mg per gm
60 37.95 mg per gm 45.21 mg per gm
61 38.30 mg per gm 41.14 mg per gm
62 38.34 mg per gm 48.27 mg per gm
63 48.90 mg per gm 56.58 mg per gm
38A 48.37 mg per gm 58.38 mg per gm
64 41.71 mg per gm 45.10 mg per gm
65 43.47 mg per gm 47.88 mg per gm

7S ml Sequential add | <45mic Hydrothermal treatment with 50 gm 600 gm 66 40.99 mg per gm 48.28 mg per gm

opropanol 150 gm HiPO4

4]: Repeat of Sample Adsorption Test in Dialysate (105 mEq/L NaCl, 35 mEq/L NaHCO3)

Parameters Adsorption Quality
Additive Method of Particle Hydrothermal Conc. HCI 75% H3PO4 Sample Capacity at NH, N conc. Of
Mixing Size Treatment No. 20 mg/dL 30 mg/dL

lant ZP Control 67 17.497 mg per gm 19.612 mg per gm
50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 800 gm 68 20.107 mg per gm 24.77 mg per gm
cid add >45mic presence of 150 gm H3PQ,

50 ml acetic Simultaneous <90mic Hydrothermal treatment in ogm 1400 gm 69 20.044 mg per gm 25.007 mg per gm
cid add >45mic presence of 150 gm H;PQO,

0 gm soda Simultaneous <180mic Hydrothermal treatment in 0gm 800 gm 70 20.991 mg per gm 28.193 mg per gm
sh add >45mic presence of 150 gm H;PO,

Product quality-cartridge performance test

[000105]

The particles for some of the sol gel samples were evaluated for sorbent cartridge

application based on NH;"-N adsorption capacity of the cartridge, and the flow resistance

pressure as well as the leakage behavior of it, according to the procedure as follows.

[000106]

44

The cartridge was assembled as shown in FIG. 1 by the following configuration
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using 800 gm of sol gel ZP in the REDY cartridge canister. In testing the NH,"-N capacity of the
cartridge, it was first primed with 12 L dialysate (105 mEq/L NaCl; 35 mEq/L NaHCO3).
Afterwards, 54 L dialysate containing 50 mg/dL. NH;"-N in the form of (NH,),CO3 was single
passed through the cartridge to simulate the composition after hydrolysis of urea. The single
pass flow rate of the solution was maintained at 250 ml/min until NH,"-N breaks through at the
level above 2 mg/dL. The residual volume of the unused (NH4), COj3 solution was recorded and

the NH;-N adsorption capacity of the cartridge was calculated based on the following

calculations:
(i)  NH4"-N adsorption capacity of cartridge
= 0.5 gm NH;"-N/L x 0.25 L/min x breakthrough time in min.
(i) 0.5 gm NH4-N/L x (54 L — residual volume in L).
[000107] The flow dynamics of the cartridge was examined by spraying the cross-section of

the ZP layer with the NH," indicator solution to reveal the unused ZP used for NH;"-N
adsorption. The NH;"-N capacity for the 800 gm ZP cartridge was re-calculated by taking into
account the unused portion.

[000108] The results for cartridge tests for various sol gel ZP samples representing
embodiments of the present invention and comparison with a BZS ZP sol gel as a control are

indicated in Table 5.
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Table §
No. Cartridge Design | ZP Quality and Preparation NH,"-N NH: N % Predicted | Flow
Features Breakthrough Adsorption | Unused | UNC if resistance
Time Capacity ZP ZP fully pressure
atB.T. utilized
1 thin cellular Plant ZP 195 min 252gm | 5% 26.5gm | 12.5psi
itrol) sponge; max
blended with
glass beads
Regular Particle size: <90p 135 min 16.4gm | 40% 27 gm 22 psi max
packing Adsorption: 47 mg NH,"-N per gm
Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 37, 60)
Regular Particle size: <90u 128 min 17 gm 50% 34 gm >30 psi
packing Adsorption: 47 mg NH,"-N per gm max
Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 65, 64)
Regular Particle size: <90p 97 min 12.5gm 55% 28 gm 31 psi max
packing Adsorption: 48 mg NH,"-N per gm
Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 38A, 63)
3/4 inch air Particle size: <90 110 min 13 gm 70% 43 gm 9 psi max
space above Adsorption: 45 mg NH,"-N per gm
ZP layer Prep: acidic acid additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 17, 16)
1/4 inch air Particle size: <90 180 min 20.7 gm 20% 26 gm 21.5 psi
space above Adsorption: 45 mg NH,'-N per gm max
ZP layer Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 42, 44)
1/4 inch air Particle size: <250 45 min 6 gm 90% - 6.5 psi max
space above Adsorption: 47 mg NH,"-N per gm
ZP layer Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 58, 45)
2 rings Particle size: <250p 150 min 18.8gm 35% 29 gm 9 psi max
Adsorption: 45 mg NH,'-N per gm
Prep: isopropanol additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 59, 47, 45)
Thick cellulose | Particle size: <250p 150 min 20.7 gm 20% 26 gm 16 psi max
sponge; 2 Adsorption: 40 mg NH,*-N per gm
rings Prep: isopropanol additive;
sequential addition and
NO hydrothermal treatment
(Sol Gel ZP # 41, 40)
Thick cellulose | Particle size: <90u 135 min 16.7 gm 30% 24 gm 16.5 psi
sponge; 1ring | Adsorption: 47 mg NH,*-N per gm max
Prep: acetic acid additive;
sequential addition and
hydrothermal treatment
(Sol Gel ZP # 17, 16)
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Table 5—Cartridge Test Results Summary in Comparison with BZS ZP (con't.)
st No. Cartridge Design | ZP Quality and Preparation NH,'-N NH,'-N % Predicted | Flow
Features Breakthrough Adsorption | Unused | UNC if resistance
Time Capacity ZP ZP fully pressure
atB.T. utilized

Thick cellulose | Particle size: <90p 195 min 20gm 20% 25 gm 13 psi max
sponge; Adsorption: 42 mg NH,"-N per gm
blended with Prep: isopropanol additive;
glass beads simultaneous addition and

NO hydrothermal treatment
(Sol Gel ZP # 1)

Thick cellulose | Particle size: <90u 150 min 19.8gm 20% 25gm 156.5 psi
sponge; Adsorption: 45 mg NH,"-N per gm max
blended with Prep: acetic acid additive;

glass beads simultaneous addition and

hydrothermal treatment
(Sol Gel ZP # 4, 5)

1 thin cellulose | Particle size: <90p 135 min 19.4gm 30% 28 gm 29 psi max
sponge; Adsorption: 45 mg NH,"-N per gm

blended with Prep: isopropanol additive;

glass beads simultaneous addition and

NO hydrothermal treatment
(Sol Gel ZP # 6)

2 thin cellulose | Particle size: <180 135 min 16 gm 25% 21 gm 11 psi max
sponges Adsorption: 49 mg NH,"-N per gm
Prep: Max amount of Hapos

(Sol Gel ZP # 13, 29)

2 thin cellulose | Particle size: <180p 140 min 18 gm 25% 24 gm 9.5 psi max
sponges Adsorption: 43 mg NH,"-N per gm
Prep: Soda ash additive

(Sol Gel ZP # 54, 55)

[000109] The BET surface area, pore volume, monolayer volume, and pore size distribution
of six sol gel ZP samples were analyzed by using different additives and processing conditions,
in comparison with the BZS ZP product as a control. BET surface area can be measured by
known standards, such as ASTM D 6556. Nitrogen is the typically used adsorptive for surface
area determinations. All BET values indicated herein are inclusive of at least BET nitrogen
surface area. Other gases may be used, such as krypton or argon. The pore volume, (Langmuir)
monolayer volume, and pore size distribution can be determined by an adsorption method or
mercury porosimetry. All pore volume, monolayer volume, and pore size distribution values
indicated herein are inclusive of values determined using mercury porosimetry. As indicated, the
pore volumes and pore sizes also can be determined with adsorption methods known in the

industry. The BET surface area, pore volume, monolayer volume, and pore size distribution can
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be measured, for example, using a commercial porosimetry designed to make these various
analyses, such as Micromeritics Autopore series porosimeters, or by other porosimetry
instruments and/or techniques that are applicable to ZrP.

[000110] The results for BET surface area, pore volume, monolayer volume, and pore size
determinations for various sol gel ZP samples representing embodiments of the present invention

and comparison and control sol gels are indicated in Table 6.

Table 6
Sample No. Preparation Method Particle Size | BET Surface Pore volume | Monolayer volume Pore size
(microns) Area Ml/gm Ml/gm (STP) Nm
m’/gm

8 Using alcohol additive <90 (incl. 14.17 0.0363 3.2557 20-80 (45.92%)
without hydrothermal fines)
treatment

7 Using acetic acid additive 45-90 27.136 0.0802 6.2347 20-80 (48.85%)

without hydrothermal
treatment (with HCI)

56 Using soda ash additive 45-180 2458 0.007 0.5649 20-80 (35.79%)
without hydrothermal
treatment

13 Using acetic acid additive 45-90 2.245 0.008 0.5158 20-80 (40.57%)
without hydrothermal
treatment

(without HCl)

54 Using soda ash additive 45-180 1.499 0.0063 0.3445 20-80 (34.91%)
with hydrothermal
treatment

29 Using high phosphoric acid 45-90 2425 0.0076 0.5571 20-80 (33.62%)
and acetic acid additive

ZP Ctrl-BZS 1.622 0.0065 0.3726 20-80 (39.89%)

ZP Control

Sample

[000111] The effect of swelling of sol gel ZP on cartridge design was investigated by
measuring the difference in particle density of the material in dialysate and cyclohexane for
various sol gel ZP samples representing embodiments of the present invention and comparison or
control sol gel ZP samples.

[000112] The results for the swelling tests are indicated in Table 7 and shown in FIG. 2.
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Table 7

Hydrothermal treatment

. Swelling Volume
Sample # Additive (cm’/50g) | (cm’/kg)
9 Methanol 1 20
57 Soda ash 4 80
18 Acetic acid 2 40
26 Isopropanol 2 40
No Hydrothermal
Treatment
” Swelling Volume
Sample # Additive (cm’/5 0g) (cm’ /ke)
67 Control 1 20
8 Methanol 3 60
56 Soda ash 2 40
14 Acetic Acid 1.5 30
21 Isopropanol 0.1 2

PCT/US2009/058808

Results and discussions:
[000113] With respect to result for NH4 N adsorption quality of product, the sol gel ZP has
about 100% improvement over the BZS ZP product, which has NH,"-N adsorption capacity of
about 20 mg/g ZP. As shown in Table 4, the NH,"-N adsorption capacity of sol gel ZP may vary
with the process conditions. These conditions are further discussed below in order to, for
example, guide maximization of NH,'-N adsorption quality of product, prevent excessive
agglomeration upon drying, and formation of fine particles.

[000114] With respect to mixing weight ratio of ZOC to H3POy,, the results indicate that the
increase of the mixing weight ratio of ZOC to 76% H3PO,4 from 500 g:600 g to 500 g:800 g can
increase the NH;"-N adsorption capacity from about 45 mg/gm ZP to 49 mg/gm ZP. However,

no more improvement appears to be attainable upon increasing the amount of 76% H;PO,

further, even up to 500 g:1400 g, although the product is more crystalline when the amount and
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concentration of H3POy increase. Furthermore, cartridge performance test results indicate no
difference in the NH,"-N adsorption capacity by the cartridge as caused by such improvement of
the material because, apparently, it is affected more by the flow dynamics due to bed porosity
and particle size of the material. Thus, the weight mixing ratio of ZOC to 76% H3PO, at 500
g:600 g can be considered to be optimum for the sol gel process in view of this stage of
experiments.

[000115] With respect to simultaneous addition of ZOC and H3POj, simultaneous addition
of ZOC and H3POj4 helps to produce sol gel ZP particles with more uniform composition and
particle size during the precipitation reaction, thus reducing agglomeration of the product upon
drying and formation of fine particles. Simultaneously, the NH,"-N adsorption capacity of the
product can be improved consistently to the range of 40 mg/g ZP — 45 mg/g ZP even without the
need of hydrothermal treatment.

[000116] With respect to hydrothermal treatment, hydrothermal treatment of the crude sol
gel ZP in the presence of dilute H3PO, is found to improve the NH,'-N capacity of the product
consistently to the range 40 mg/g ZP — 45 mg/g ZP. It has the advantage of improving the
crystal structure and poor adsorption quality of product caused by improper precipitation process
(e.g. sequential addition instead of simultaneous addition of ZOC and H3PO,4). The method is
simply heating the crude sol gel ZP slurry in DI or RO water to about 90°C and maintaining the
temperature for about 1 hour, with the concentration at about 500 gm per 2L and 150 gm 76%
H3PO4 added to the slurry before the heating.

[000117] With respect to the type of additive to ZOC and its amount, the following types
and amounts of additives to the ZOC solution shown in the Table below are found to be effective

to prevent gelation of the product during the precipitation process and improve the NH;'-N
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adsorption of it by enhancing its porosity.

Table 8
Type of additive Amount based on NH,4"-N adsorption
500 gm ZOC capacity of product
Alcohol (isopropanol or 300 ml 40-45 mg NHs -N/gm
95% methanol) 7P
Acetic acid 200 ml 40-45 mg NH4+-N/gm
7P
Soda ash 40 gm 40-42 mg NH,"-N/gm
7P
[000118] As indicated, the BET surface area, pore volume and pore size distribution of six

sol gel ZP samples were analyzed by using different additives and processing conditions, in
comparison with the BZS ZP product as control are shown in Table 6. Although there is no
direct relationship between the gas adsorption and the ion-exchange reaction with NH4'-N, the
data in general indicates that sol gel ZP is more porous than the BZS ZP.

[000119] With respect to the amount of concentrated HCI added to ZOC, the particle size of
sol gel ZP can optionally be improved by adding a small amount of concentrated HCI to the ZOC
solution (about 40 ml per 650 ml ZOC solution). The particle size of precipitate can then be
controlled to a desirable range in combination with the agitation rate and optional concentration
of H3POq.

[000120] With respect preliminary cartridge performance, as shown in Table 35,
preliminary cartridge performance of using sol gel ZP prepared according to various conditions
can be summarized as follows. With regard to the effect of swelling of sol gel ZP on cartridge
design, the high porosity of sol gel ZP can cause an initial swelling of the ZP bed in the cartridge
by the absorption of the dialysate saturated with CO, gas, followed by the shrinkage of the bed as
the CO, gas level in dialysate is reduced. The swelling data of some typical sol gel ZP samples

prepared by different additives and processing conditions in comparison with that of BZS ZP are
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shown in Table 7 and FIG. 2. As indicated, the data is taken by measuring the difference in
particle density of the material in dialysate and cyclohexane. It can be seen that sol gel ZP in
general has more swelling than BZS ZP.

[000121] With respect to the effect of particle size on NH,"-N leakage and flow resistance
pressure, sol gel ZP with particle size sieved between 45 microns and 90 microns does not cause
any flow resistance (with back pressure less than 12 psi) when a sponge is put above the ZP
layer. Furthermore, sol gel ZP sieved below 180 microns has no NH;"-N leakage even though
the bed is loosely packed. This indicates the sol gel ZP can adsorb NH,'-N rapidly due to the
high porosity or sponge nature of the material.

[000122] With respect to correlation of cartridge urea-N capacity to NH;'-N capacity data
of material, a consistent 17 gm — 20 gm UNC is obtainable with no NH,;'-N leakage when 800
gm sol gel ZP is used in the REDY cartridge despite less than optimal flow causing about 30%
unused ZP for NH,"-N adsorption. The UNC is expected to be increased when the material is
used in a bigger canister causing a slower flow velocity and hence a more uniform flow.
[000123] With respect to process performance, when a sufficient amount of alcohol, acetic
acid or soda ash is added to the ZOC solution, there is no gelation problem in the sol gel ZP
precipitation process. The product material can be filtered easily during the washing process and
no agglomeration occurs upon drying.

[000124] With respect to process efficiency, sol gel ZP precipitation process at ambient
temperature can be easily performed and can greatly increase the efficiency of making ZP
especially when no hydrothermal treatment is involved. The simultaneous addition of ZOC and
H3PO4 can improve the adsorption quality of the product to the extent such that the hydrothermal

treatment can be skipped.
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[000126] With respect to particle size control and amount of fine particles, particle size
control of the product can be facilitated by making the sol gel ZP particle size a little bigger
during the precipitation process (90-180) microns followed by grinding the dried product powder
to the desirable range with a particle size control grinder. The amount of fine particles (below 45
microns) in a lab scale batch can be less than 5%.

[000127] The sol gel process of the present invention is the highly efficient and economical
method of manufacturing ZP when the gelation problem has been solved by using additives to
the ZOC solution according to the present invention. These results indicate an enhanced design
of the sol gel process can be expected to produce ZP product with NH4"-N adsorption capacity of
(40-45) mg/g, which is about 80% higher than that of the current product.

[000128] In these studies, a cartridge using 800 gm sol gel ZP removes only 17 to 20 gm
NH,"-N from dialysate with about 30-35% unused ZP, which is thought to predict that a urea-N
capacity of 30 gm can be attainable when the material is fully utilized in NH;"-N adsorption,
such as for sorbent dialysis.

Example 13

[000129] To compare the zirconium phosphate of the United States Patent Publication No.
2006/0140840 with the present invention, an experiment was conducted following the
procedures and materials mentioned in Example [ of that patent publication, except using
ethanol as the “organic additive” and for the present invention, 61.35 wt % was used, and for the
patent publication, 11.36 wt % ethanol was used. The amount of “organic additive” in the patent
publication is said to be from 0.1 wt % to 20 wt % (see paragraph 27). The preferred amount in
the present invention is 25 wt % to 70 wt %. All other steps were the same except for the amount

of “organic additive” used. The results were as follows:
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Example 13

NHaiadsorption

Present Invention Wong (D1) sol gel BZS-zP
(a) Using NH4CI

in acetate buffer

5 mg/dL 4,95 mg NH4-N/g 2.23 mg NH4-N/g 2 mg NH4-N/g

10 mg/dL 7.76 mg NH4-N/g 3.74 mgNH4-N/g 3.58 mg NH4-N/g

20 mg/dL 13.84 mg NH4-N/g 7.6 mg NH4-N/g 6.515 mg NH4-N/g
BET surface area and pore volume

Present Invention Wong (D1) sol gel BZS-ZP

For an Aver. Particle size 45 microns
BET surface area 27.14 sq.m/g 14.1 sq. m/g 1.6 sq. m/g
Pore volume 0.0802 ml/g 0.0363 ml/g 0.0065 ml/g
Aver. Particle size less than S microns
BET surface area 160.27 sq m/g NA NA
Pore volume 0.0913 mi/g NA NA

Particle size of product using same agitation rate (imoderate) and concentration:

Present Invention’s sol gel Sol gel of US 2006/0140840
Particle size less than 5 microns Average particle size is 90 microns;
obtainable by increasing amount Max 200 microns at about 5%.

of alcohol added to ZOC.

The results demonstrate that particles of the present invention possess advantageous properties,
including a lower average particle size and improved ammonium absorption.

[000130] Applicant specifically incorporates the entire contents of all cited references in
this disclosure. Further, when an amount, concentration, or other value or parameter is given as
either a range, preferred range, or a list of upper preferable values and lower preferable values,
this is to be understood as specifically disclosing all ranges formed from any pair of any upper
range limit or preferred value and any lower range limit or preferred value, regardless of whether

ranges are separately disclosed. Where a range of numerical values is recited herein, unless



18 Nov 2013

2009298636

55

otherwise stated, the range is intended to include the endpoints thereof, and all integers and
fractions within the range. It is not intended that the scope of the invention be limited to the
specific values recited when defining a range.

[000131]) Other embodiments of the present invention will be apparent to those skilled in
the art from consideration of the present specification and practice of the present invention
disclosed herein. It is intended that the present specification and examples be considered as
exemplary only with a true scope and spirit of the invention being indicated by the following
claims and equivalents thereof.

[000132] Comprises/comprising and grammatical variations thereof when used in this
specification are to be taken to specify the presence of stated features, integers, steps or
components or groups thereof, but do not preclude the presence or addition of one or more other

features, integers, steps, components or groups thereof.
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WHAT IS CLAIMED IS:

l. A method of making zirconium phosphate particles comprising:

(a) combining zirconium oxychloride with at least one low molecular weight, oxygen
containing, monofunctional, organic additive in an aqueous solvent to form a solution, wherein
the low molecular weight, oxygen containing, monofunctional, organic additive is present in an
amount of between 25 and 70 wt % by weight of the zirconium oxychloride; and

(b) combining the solution obtained in (a) with phosphoric acid and removing the at
least one low molecular weight, oxygen containing, monofunctional, organic additive to obtain

zirconium phosphate particles by sol gel precipitation.

2. The method of claim 1, wherein the phosphoric acid in step (b) has a temperature of from

about 90°C to about 100°C.

3. The method of claim 1 or 2, wherein the low molecular weight, oxygen containing,

monofunctional, organic additive forms a complex with zirconium ions in the solution.

4. The method of any one of claims [ to 3, wherein zirconium oxychloride is dissolved in
the aqueous solvent and then the low molecular weight, oxygen containing, monofunctional,

organic additive is added to form the solution of step (a).

5. The method of any one of claims 1 to 4, wherein the zirconium oxychloride is present in

the aqueous solvent at a concentration of from about 1.1 to about 1.5 g/ml.
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6. The method of any one of claims 1 to S, wherein the zirconium oxychloride is present in

the aqueous solvent up to a saturation concentration.

7. The method of any one of claims 1 to 6, wherein the low molecular weight, oxygen
containing, monofunctional, organic additive is present in the aqueous solvent and then the

zirconium oxychloride is added to form the solution of step (a).

8. The method of claim 3, wherein the low molecular weight, oxygen containing,
monofunctional, organic additive is present in the solution of step (a) in a molar amount
sufficient so that substantially all of the zirconium ions in the solution are converted to the

complex.

9. The method of claim 1 or 2, wherein the low molecular weight, oxygen containing,

monofunctional, organic additive forms a soluble polymer complex with zirconium ions.

10.  The method of any one of claims 1 to 9, wherein the low molecular weight, oxygen
containing, monofunctional, organic additive is an alcohol, a carboxylate, or combinations

thereof.

11.  The method of any one of claims 1 to 9, wherein the low molecular weight, oxygen
containing, monofunctional, organic additive is methanol, ethanol, propanol, isopropanol, acetic

acid, propionic acid, or combinations thereof.
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12, The method of any one of claims 1 to 11, wherein the phosphoric acid comprises

orthophosphoric acid.

13.  The method of any one of claims 1 to 12, further comprising:
(c) subjecting an aqueous slurry containing zirconium phosphate particles obtained from

step (b) to a heat treatment carried out at a temperature of from about 90°C to about 100°C.

14.  The method of claim 13, wherein the heat treatment of step (c) is carried out for at least

one hour.

15.  The method of claim 13 or 14, wherein the aqueous slurry of step (c¢) is agitated during

the heat treatment.

16.  The method of any one of claims 1 to 15, wherein in step (b), the solution obtained in
step (a) and a solution of phosphoric acid are combined so that zirconium ions and phosphate

groups are present in a molar ratio of about I to about 3 of zirconium to phosphate.

17.  The method of any one of claims 1 to 16, wherein the phosphoric acid has a molarity of

from about 1.5 moles/L to about 3 moles/L.

18.  The method of any one of claims 1 to 17, further comprising combining the solution

obtained in (a) with HCI before step (b).
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19.  The method of any one of claims 1 to 18, further comprising isolating and drying the

zirconium phosphate particles obtained in step (b) to obtain a free flowing powder.

20. A method of making zirconium phosphate particles having a controlled particle size
comprising forming zirconium phosphate particles by sol gel precipitation by the method of any
one of claims 1 to 19, wherein the zirconium phosphate particles have a particle size and particle
size distribution obtained by controlling one or more of the following parameters: (a) the rate at
which the solution of zirconium oxychloride and low molecular weight, oxygen containing,
monofunctional, organic additive is added to the reaction vessel, (b) the rate at which the
solution of phosphoric acid is added to the reaction vessel, (¢) the pH of the solution of
phosphoric acid, (d) the concentration of zirconium oxychloride, low molecular weight, oxygen
containing, monofunctional, organic additive, or phosphoric acid in the reaction vessel, (e) the
presence of HCI in the reaction vessel, (f) the speed of the agitator, or (g) any combination

thereof.

21. A composition comprising zirconium phosphate particles, wherein the particles are

formed by the method of any one of claims 1 to 20.

22.  The composition of claim 21, wherein the at least one low molecular weight, oxygen
containing, monofunctional, organic additive is capable of forming a complex with zirconium

ions.
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23.  The composition of claim 21 or 22, wherein the low molecular weight, oxygen
containing, monofunctional, organic additive is an alcohol, a carboxylate, or combinations

thereof.

24.  The composition of claim 21 or 22, wherein the low molecular weight, oxygen
containing, monofunctional, organic additive is methanol, ethanol, propanol, isopropanol, acetic

acid, propionic acid, or combinations thereof.

25.  Zirconium phosphate (ZrP) particles prepared according to the method of any one of
claims 1 to 20, having the following characteristics:

an average particle size of less than about 5 microns,

a BET surface area of at least 10 m%/g ZrP, and

an ammonia capacity in dialysate of about 7 — 9 mg NH4-N/g ZrP, at 10 mg/dL NH4-N.

26. A portable dialysis system comprising a container that contains the zirconium phosphate

particles of claim 25.

27.  Zirconium phosphate (ZrP) particles prepared according to the method of any one of
claims 1 to 20, having the following characteristics:

an average particle size of about 25 - 65 microns,

a BET surface area of at least 10 m%g ZrP, and

an ammonia capacity in dialysate of about 6 — 8 mg NH,-N/g ZrP, at 10 mg/dL NH,4-N.
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28.  Zirconium phosphate (ZrP) particles prepared according to the method of any one of
claims 1 to 20, having the following characteristics:

an average particle size of about 45 - 90 microns,

a BET surface area of at least 2 m*/g ZrP, and

an ammonia capacity in dialysate of at least about 15 mg NH4-N/g ZrP, at 20 mg/dL

NHs4-N.

29.  The particles of claim 28 further having a BET surface area of at least 10 m*/g ZrP.

30.  The particles of claim 28 or 29 further having a pore volume of at least 0.0071 mL/g, a

monolayer volume of at least 0.5 mL/g (STP), and a 20-80 nm pore size content of at least 30%.

31. Zirconium phosphate (ZrP) particles prepared according to the method of any one of
claims 1 to 20, having the following characteristics:

a pore volume of at least 0.0071 mL/g,

a monolayer volume of at least 0.5 mL/g (STP), and

a 20-80 nm pore size content of at least 30%.

32. A dialysis cartridge comprising a cartridge that contains the zirconium phosphate

particles of any one of claims 25 or 27 to 31.
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33. A method according to any one of claims 1 to 20, a composition according to any one of
claims 21 to 24, zirconium phosphate (ZrP) particles according to any one of claims 25 or 27 to
31 or a dialysis cartridge according to claim 32, substantially as hereinbefore described with
reference to the examples.

FRESENIUS MEDICAL CARE HOLDINGS, INC

WATERMARK PATENT & TRADE MARK ATTORNEYS

P34343AU00



WO 2010/039721
FIG. 1
—
Activated Carbon 218 gm ] > _' x
Separatorpad | ~ )

Cellulose sponge -

Sol gel ZP layer
800 gm ZP blended with or
without glass beads

[ Filter paper — e

Glass beads ] >

Cover

| o] -

FIG. 2

Swelling volume {cm */kg)

= N W & 0 O N @O O
OO0 o000 0o0oo o

Dependance of particle swelling on the additive for sol-gel ZP

Methanol Soda ash Acetic acid Isapropanol
Additive

Hydrothermal Treatment ®No Hydrothermal Treatmerﬂ

PCT/US2009/058808




