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DESCRIPTION

Field

[0001] The invention relates to sorbent materials and to methods for making and using them.

Background

Sorbent Materials

[0002] US2011059845 discloses a highly functionalized sorbent including organic short-length
amino silanes and organic oligomeric polyfunctional amino silanes that are dispersed within
pores of a porous support that form a 3-dimensional structure containing highly functionalized
active binding sites for sorption of analyte gases. US6326326 discloses a sorbent comprising
an organized assembly of functional molecules with specific interfacial functionality (functional
groups) attached to available surfaces, including within mesopores of a mesoporous material.

[0003] Sorbent materials used in solution-based separation processes usually offer adsorptive
selectivity to retain the solutes of interest. Chemical, biochemical, radiochemical and
pharmaceutical separations are mainly based on the use of any one or more of the following
types of sorbent:

* lon-pair and ion-exchange sorbents that contain ionogenic/ion-exchange groups in a solid
polymeric matrix;

* Normal-phase solid phase extraction (SPE) sorbents including bare silica, alumina,
FLORISIL® (synthetic magnesium silicate) and silica chemically modified with polar groups
such as amino, cyano or diol groups; or

* Reversed-phase SPE sorbents that contain alkyl chains bonded to a solid silica support;
and/or

* Mixed-mode SPE sorbents containing alkyl chains and ion exchange groups bonded to the
same solid support.

[0004] Metal oxide sorbents, including alumina, silica and ion-exchange sorbents, are
particularly useful in radiochemical separations and radioisotope production and several
different methods for the production of single and mixed metal oxides and hydrated oxides are
known. Functionalised silica-based sorbents may also be utilised as reversed-phase, ion-
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exchange and mixed-mode SPE sorbents. However, many of these sorbent materials act as
mono-functional sorbents, as they are based on a single active group present on the surface of
the sorbent material. The application of such materials to separations is therefore limited, due
to the limited adsorption selectivity and high adsorption competition of different solutes in the
solution on the same active/functional group of the sorbent This also reduces the dynamic
adsorption capacity of the sorbent for the solute of interest, and as a result, adsorption
competition of different solutes on the same single functional/active group of the sorbent may
decrease the resolution of the separation process due to an overload of the sorbent. The
solute selectivity of the monofunctional sorbents in a given separation medium is usually not
tunable, which makes the separation process unmanageable.

[0005] Mixed metal oxides known in the art may exist as either (a) a homogeneous mixture of
metal oxides (homogeneous distribution of molecules or of particles of functional metal oxides
in the bulky mass of the sorbent) or (b) an inhomogeneous mixture of metal oxides (e.g., when
the surfaces of metal oxide support particles are coated with single or mixed functional metal
oxides and/or when the particles of functional metal oxide are embedded in the metal oxide
matrix support). These sorbents have the disadvantage that the majority of the functional
groups form a bulky inert particle mass via cross-linking (-M-O-M-),,

[0006] Other sorbent materials known in the art are synthesised by coating mono-functional
organic groups on the surface of silica, which may be produced by hydrolysis of silicon
alkoxides in alkali solution or by hydrolysis of sodium silicate in acidic solutions. Silica sorbents

synthesised using these methods commonly have a specific surface area of 300-600 m?/g, and
have limited adsorption capacity due to the limited number of surface silanol groups available
for covalent coupling with functional organic compounds. Efforts have been made to increase
the specific surface area of such silicas and consequently to increase the number of accessible
silanol groups. For example, surfactant/directing agent templated mesoporous silicas may

have specific surface areas as high as 1000 m%g or more. However, to remove the templating
agent, dehydration and calcination steps are required and these additional steps can reduce
the number of hydroxyl groups and increase the hydrophobic character of the silica. This may
lead to difficulty in coupling functional organic compounds to the surface to produce a sorbent
of high adsorption capacity. Efforts have thus also been made to remove the calcination step
from such processes. However, a significant amount of surfactant residue is then found in the
final silica product, reducing its utility as a sorbent material.

Radionuclide Production

[0007] Today, the technecium-99m radionuclide (®*™Tc) is used in approximately 85% of
diagnostic imaging procedures in nuclear medicine worldwide. %™MTc is produced from the
radioactive decay of its parent radioisotope molybdenum-99 (®*Mo). Currently, global demand

for Mo is primarily met through fission of uranium-235 irradiated in a nuclear reactor or
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through a neutron capture nuclear reaction using molybdenum-98. However, the %Mo
produced in the neutron capture method generally has a specific activity 10,000 times lower

than that of fission-produced %Mo.

[0008] Subsequent to manufacture, the Mo is then purified and supplied to manufacturers of
99Mo/99MTc generators around the world. ¥MTc is then delivered to users in the form of these
99Mo/99MTc generators. Rhenium-188 (18Re) is also used in nuclear medicine procedures and

therapies and is similarly derived from a tungsten-188/rhenium-188 (18W/188Re) generator.

[0009] A ®*Mo/%¥™MTc generator, colloquially known as a "technetium cow" or "moly cow", is a
device used to extract the metastable isotope of technetium (°°MTc) from the radioactive decay
of 99Mo. Molybdenum-99 has a half-life (f1,2) of approximately 66 hours. As such, it can be

easily transported over long distances to radiopharmacies where its decay product, #°MTc (¢4,

= 6 hours), is extracted by normal saline elution. In such generators, ®®Mo decays and

produces 99MT~ which is eluted from the generator with a saline solution and results in a

saline solution containing ?°MTc as the pertechnetate ion, [**™TcOg4], with sodium as the

counterbalancing cation.

[0010] However, the low %*Mo adsorption capacity and/or poor adsorption-desorption kinetics
of generator packing materials (e.g., alumina, polymeric zirconium and titanium compound
sorbents, sulfated alumina, aluminium-sulfated zirconia, nanocrystalline zirconia, titania and
alumina and ceramic sorbents of mixed zirconium and titanium oxides) is challenging the use

of low specific activity ®*Mo derived from neutron capture processes, in particular because a
large column is required to produce a generator of acceptable activity, which in turn requires a

large volume of the eluent to elute patient-dose quantities of ®*™Tc. Large eluent volumes then

cause the radioactive concentration of the 9°MTc-pertechnetate to become unacceptably low
for use in most radiopharmaceutical diagnostic procedures. Hence, generator packing
materials used in radiochemical separations in general, and particularly in medically useful

99MTc and '8Re radioisotope production, need further improvement Additionally, there is a
need for a further purification and/or concentration step to obtain daughter radionuclides from
the generator eluates with suitable purity and concentration, e.g., for use in
radiopharmaceutical diagnostic procedures.

[0011] Methods for said concentration of daughter radionuclides from radioisotope generator
saline eluates have been used in clinical practice to obtain 99MTc and 'Re from 9*Mo/99MTc
and 18\W/188Re generator systems, respectively. Such methods were initially developed for

concentration of'8Re from 188W/188Re generators. In this system, the generator normal saline
eluent is first passed through a small column of cation exchange resin in Ag form, which traps
the chloride anion and allows subsequent in-tandem passage through a sorbent column such
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as QMA (quaternary methylammonium) anion trapping cartridge to specifically trap the target

perrhenate ([ReO4]") or pertechnetate ([TcO4]) anions. The target anions are then removed

with a small volume of normal saline ready for radiolabelling use and/or injection. Sorbents
currently used for this purpose are alumina, zircona, ion-exchange resins Dowex®-1x8 and
AG-1x8, DEAE(diethylaminoethyl)-cellulose sorbent, Accell QMA Sep-Pak® (a silica-based
anion-exchange resin with surface functionality -C(O)NH(CH5)3N(CH3)3 CI'), and BondElut®

SAX (a silica-based anion-exchange resin with surface functionality -Si(CH3)o-
(CH5)3N(CHa3)3*CI). All of these sorbents are monofunctional, and the [%¥MTcO,]" and
[188ReO,4] ions must compete with contaminant ions [®*MoO4)%, ['88W04]%, and CI', which

always accompany the [#MTcO4]" and ['8ReQy] ions in the solution, for adsorption sites on

the sorbent material. This makes the purification/concentration process less effective. Further,

the distribution coefficient (Kg) values of [2°™TcOy4]" and ['8ReQy4] ions in physiological 0.9 %

NaCl solution is not able to be adjusted so as to facilitate the purification/concentration
process.

[0012] The use of new sorbents in chemical and radiochemical purification, separation and
concentration is needed to improve the performance of 9MTc and '88Re generators and to

increase the 9°MTc and/or '88Re concentration in the eluate. Hence, the present invention
seeks to provide sorbent materials of high adsorption capacity for use with radioisotope
generators and in radioisotope concentrator devices.

[0013] It is an object of the present invention to at least partially overcome or at least
ameliorate one or more of the above outlined disadvantages of existing sorbent materials.

Summary of Invention

[0014] According to a first aspect of the invention, there is provided a method for producing a
sorbent material, comprising:

1. a) providing a porous silica substrate, said substrate comprising a plurality of silanol
groups on a surface thereof,
2. b) reacting said silanol groups with
1. i) a silicon compound of formula R;Si(OR") 4., where R is an alkyl group and nis O
or1;or
2.ii) an aminoalkyl silane of formula R"[\RpSI(OR"Y4...m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnis 0 or 1 and R is as defined above; or,
3. iii) a compound of formula M(OR')4; or

4. iv) a mixture of any two or more of i) to iii);
3. ¢) hydrolysing the product of b) to generate hydroxyl groups;
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4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR')4; and

5. e) hydrolysing the product of d);

wherein each OR' is a hydrolysable group wherein each R' may be the same or may be
different, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or Ge. Each R' may,
independently, be is an alkyl, aryl, dialkylamino or acyl group.

[0015] The following options may be used in conjunction with the first aspect either individually
or in any suitable combination.

[0016] Steps d) and e) may be performed once, or may be repeated between 1 and 10 times.
In one embodiment, step d) is repeated after step e), in which case step d) comprises reacting
the hydroxyl groups generated in step e) with one or more reagents, wherein each reagent is
independently selected from the group consisting of an aminoalkyl silane having at least two
hydrolysable groups attached to the silicon and a compound of formula M(OR")4. Steps d) and

e) may be repeated in this way, in alternation, between 1 and 10 times. For example, where
steps d) and e) are repeated once, the method according to the first aspect may comprise step
a), step b), step c), step d), step e), and then step d) and step e) again.

[0017] The porous silica substrate used in step a) may have a silanol group density of between

about 20 and about 150 A2/OH. It may have a mean pore size of between about 2 and about
10 nm. It may have a bimodal distribution of pore sizes. It may have a first population of pores
and a second population of pores. The first population of pores may have a mean diameter of
between about 2 and about 6 nm. The second population of pores may have a mean diameter
of between about 6 and about 10 nm. The first population of pores may overlap with the
second population of pores. In some embodiments the first population of pores does not
overlap with the second population of pores. The porous silica substrate of step a) may be
particulate. It may have a mean particle diameter of less than about 100 ym. It may have a

specific surface area of between about 300 and about 1000 m?%/g.

[0018] Step ¢) may comprise reacting the hydrolysable groups formed in step b) with an
approximately stoichiometric amount of water. Step e) may comprise reacting the hydrolysable
groups formed in step d) with an approximately stoichiometric amount of water. This may
involve exposing the hydrolysable groups to an approximately stoichiometric quantity of water,
or to no more than an approximately stoichiometric amount of water.

[0019] The silicon compound of step b) i) may be a tetraalkoxysilane. The aminoalkyl silanes
of step b) ii) or of step d) may independently be aminoalkyldialkoxyalkylsilanes or

aminoalkyltrialkoxysilanes. The OR'group may be an alkoxy group.

[0020] The reactions of step b) and step d) may independently be conducted in a hydrophobic
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solvent. The hydrophobic solvent may be a water insoluble solvent.

[0021] Step a) may comprise

1. A) providing a suspension of a nanoparticulate substance in an aqueous solution of a
silicate salt;

. B) acidifying said aqueous solution so as to form a gel;

. C) heating said gel to form a monolith;

. D) forming a particulate material from said monolith; and,

. E) treating said particulate material with an extracting solution so as to extract the
nanoparticulate substance from the particulate material.

oA WD

[0022] The nanoparticulate substance of step A) may comprise a manganese dioxide sol. In
this case, the extracting solution of step E) may comprise a reducing agent such as oxalic acid.

[0023] A method for producing a sorbent material may comprise:

1. a) providing a porous silica substrate having a surface silanol density of between about

20 and 150 AZOH, and a bimodal distribution of pore sizes with a first population of
pores having a mean diameter of between about 2 and about 6 nm and a second
population of pores having a mean diameter of between about 6 and about 10 nm, said
substrate comprising a plurality of silanol groups on a surface thereof,
2. b) reacting said silanol groups with
1. 1) a silicon compound of formula R,Si(OR")4.,, where R is an alkyl group and nis 0
or1;or
2.ii)) an aminoalkyl silane of formula R"mRySi(ORY4.n.m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnisOor1;or
3. iii) a compound of formula M(OR")4; or

4. iv) a mixture of any two or more of i) to iii);

3. ¢) hydrolysing the product of b) to generate hydroxyl groups;

4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR')4; and

5. e) hydrolysing the product of d);
wherein each OR' is a hydrolysable group wherein each R' is independently an alkyl,
aryl, dialkylamino or acyl group, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or
Ge.
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[0024] Another method for producing a sorbent material may comprise:

1. a) providing a porous silica substrate, said substrate comprising a plurality of silanol
groups on a surface thereof,
2. b) reacting said silanol groups with
1. i) a silicon compound of formula R;Si(OR") 4., where R is an alkyl group and nis O
or1;or
2.ii) an aminoalkyl silane of formula R"[R,SI(OR"Y4...;m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnisOor1;or
3. iii) a compound of formula M(OR")4; or

4. iv) a mixture of any two or more of i) to iii);

3. ¢) hydrolysing the product of b) to generate hydroxyl groups,

4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR")4; and

5. e) hydrolysing the product of d);

wherein each OR' is a hydrolysable group wherein each R’ is independently an alkyl, aryl,
dialkylamino or acyl group, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or Ge, wherein
the hydrolysing in step ¢) and/or step &) comprises reacting the hydrolysable groups formed in
step b) and/or step d) with an approximately stoichiometric amount of water, and wherein the
reactions of step b) and/or step d) are conducted in a hydrophobic solvent.

[0025] A further method for producing a sorbent material may comprise:

1. a) providing a porous silica substrate, said providing comprising
1. A) providing a suspension of a nanoparticulate substance in an aqueous solution
of a silicate salt;

. B) acidifying said aqueous solution so as to form a gel;

. C) heating said gel to form a monolith;

. D) forming a particulate material from said monolith; and,

. E) treating said particulate material with an extracting solution so as to extract the
nanoparticulate substance from the particulate material so as to produce the
porous silica substrate having a plurality of silanol groups on a surface thereof;

2. b) reacting said silanol groups with

1. 1) a silicon compound of formula R,Si(OR")4., where R is an alkyl group and nis 0

o b~ WODN

or1;or

2.ii)) an aminoalkyl silane of formula R"mRySi(ORY4.n.m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnisOor1;or

3. iii) a compound of formula M(OR")4; or

4. iv) a mixture of any two or more of i) to iii);
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3. ¢) hydrolysing the product of b) to generate hydroxyl groups;

4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR")4; and

5. e) hydrolysing the product of d);

wherein each OR' is a hydrolysable group wherein each R’ is independently an alkyl, aryl,
dialkylamino or acyl group, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or Ge, and
wherein the reactions of step b) and step d) are conducted in a hydrophobic solvent.

[0026] Yet another method for producing a sorbent material may comprise:

1. a) providing a porous silica substrate, said providing comprising:

1. A) providing a suspension of a nanoparticulate substance in an aqueous solution
of a silicate salt, wherein the nanoparticulate substance comprises a manganese
dioxide sol;

. B) acidifying said aqueous solution so as to form a gel;

. C) heating said gel to form a monolith;

. D) forming a particulate material from said monolith; and,

. E) treating said particulate material with an extracting solution comprising oxalic
acid so as to extract the nanoparticulate substance from the particulate material
and so as to produce the porous silica substrate having a surface silanol density

oA WD

of between about 20 and 150 A2/OH and a bimodal distribution of pore sizes with
a first population of pores having a mean diameter of between about 2 and about
6 nm and a second population of pores having a mean diameter of between about
6 and about 10 nm;
2. b) reacting said silanol groups with

1. 1) a silicon compound of formula R,Si(OR")4.;, where R is an alkyl group and nis 0
or1;or

2.ii)) an aminoalkyl silane of formula R"mRySi(ORY4.n.m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnisOor1;or

3. iii) a compound of formula M(OR')4; or

4. iv) a mixture of any two or more of i) to iii);

3. ¢) hydrolysing the product of b) to generate hydroxyl groups, wherein said hydrolysing
comprises reacting the hydrolysable groups formed in step b) with an approximately
stoichiometric amount of water;

4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR')4; and

5. e) hydrolysing the product of d), wherein said hydrolysing comprises reacting the
hydrolysable groups formed in step d) with an approximately stoichiometric amount of
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water;

wherein each OR' is a hydrolysable group wherein each R’ is independently an alkyl, aryl,
dialkylamino or acyl group, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or Ge, and
wherein the reactions of step b) and step d) are conducted in a hydrophobic solvent, and
wherein steps d) and e) are repeated between 1 and 10 times.

[0027] The present invention also provides a sorbent material produced by the method of the
first aspect above.

[0028] According to a second aspect of the invention, there is provided a sorbent material
obtained by the method of the first aspect of the invention, comprising porous silica, having a
plurality of oligomeric chains on a surface thereof, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent atoms M' and having a maximum length of 18
M'-O units, and wherein each of said chains comprises a plurality of M'-OH moieties, wherein
each M' is independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and
Ge and wherein at least one M' per oligomeric chain is not Si.

[0029] The following options may be used in conjunction with the second aspect either
individually or in any suitable combination.

[0030] Each M' may be independently selected from the group consisting of Si, Zr, Ti, Hf, Sn,
Th, Pb, and Ge. Each M' may be Si, Zr or Ti. For example, each M' may be Si, or each M' may
be Zr, or each M' may be Ti. In one embodiment, each M' is independently selected from the
group consisting of Si, Zr, or Ti. In another embodiment, each M' is independently selected
from the group consisting of Zr, Ti, Hf, Sn, Th, Pb, and Ge. In a further embodiment, each M' is
selected from the group consisting of Zr or Ti. At least one M' per oligomeric chain is not Si, for
example, each M' per oligomeric chain may be not Si. Alternatively, at least one M' per chain
may be Si.

[0031] The plurality of oligomeric chains in the sorbent material may each be identical, or the
plurality of oligomeric chains in the sorbent material may be a mixture of two or more different
oligomeric chains. VWhere each oligomeric chain is identical, every oligomeric chain in the
sorbent material may comprise at least one M’ that is Si, or may comprise at least one M' that
is not Si. Alternatively, each M' in every oligomeric chain may not be Si. In a further alternative,
each chain comprises at least one Si atom and at least one M' atom which is not Si. Where the
plurality of oligomeric chains in the sorbent material is a mixture of two or more different
oligomeric chains, at least one M' in at least one oligomeric chain in the sorbent material may
be Si, or at least one M’ in at least one oligomeric chain in the sorbent material may not be Si.
Alternatively, each M' in at least one oligomeric chain may not be Si. In a further alternative,
there is at least one chain which comprises a Si atom and at least one chain which comprises
an M' atom which is not Si.

[0032] Each oligomeric chain may be branched or may be unbranched. One or more of the
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oligomeric chains may comprise at least one aminoalkyl group bonded to an Si atom. For
example, in one embodiment, each oligomeric chain in the sorbent material comprises at least
one aminoalkyl group bonded to an Si atom. In another embodiment, at least one oligomeric
chain in the sorbent material comprises at least one aminoalkyl group bonded to an Si atom.
The aminoalkyl group may be selected from the group consisting of -C3HgNH», -
C3H6NHC2H4NH2, -C3H6N(CH3)2, -C3H6N(C2H5)2, -C3H6NH(CH3), and -C3H6NH(C2H5), or may
be selected from the group consisting of -C5;H4N(CsHg)> and -CHsN(CoHs)o, or may be
selected from the group consisting of-CoHgNH5, -CzHgNHCoH4NHS, -CaHgN(CHa)o, -
C3H6N(C2H5)2, -C3H6NH(CH3), -C3H6NH(C2H5), -C2H4N(C2H5)2 and -CH2N(C2H5)2. Each
oligomeric chain may have only a single point of attachment to the surface of the porous silica.
Each oligomeric chain may have one or two points of attachment to the surface of the porous
silica. Each chain may have one point of attachment, or each chain may have two points of
attachment, or some chains may have one point of attachment and others may have two
points of attachment. In some embodiments, no chains have more than two points of
attachment. Each oligomeric chain has a backbone having a maximum length of 18 M'-O units.
There may be no oligomeric chains having more than 18 M'-O units in its backbone. In this
context, the backbone is considered to be the longest chain of alternating M' and O atoms in a
chain which is attached to the substrate.

[0033] The sorbent material may have a mean pore size of between about 2 and about 10 nm.
It may have a bimodal distribution of pore sizes. It may have a first population of pores having
a mean diameter of about 2 to about 6 nm and a second population of pores having a mean
diameter of about 6 to about 10 nm. It may be particulate. It may have a mean particle
diameter of less than about 100 um. The sorbent material may have a specific surface area of

between about 300 and about 1000 m2/g, It may have an adsorption capacity of molybdenum
of more than about 450 mg Mo/g sorbent material. It may have an adsorption capacity of
tungsten of more than about 850 mg W/g sorbent material.

[0034] In one arrangement there is provided a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material has a
bimodal distribution of pore sizes comprising a first population of pores and a second
population of pores, the first population of pores having a mean diameter of about 2 to about 6
nm and the second population of pores having a mean diameter of about 6 to about 10 nm,
wherein the sorbent material is particulate with a mean particle diameter of less than about 100

um, and a specific surface area of between about 300 and about 1000 m%/g, said oligomeric
chains having a backbone consisting of alternating oxygen and tetravalent atoms M', and
wherein each of said chains comprises a plurality of M'-OH moieties.

[0035] In another arrangement there is provided a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material is
particulate, having a mean particle diameter of less than about 100 ym, and a specific surface

area of between about 300 and about 1000 m?/g, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent atoms M' having a maximum length of 18 M'-O
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units, wherein each M' is independently Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, wherein each of said
oligomeric chains comprises a plurality of M'-OH moieties, and wherein each oligomeric chain
has one or two points of attachment to the surface of the porous silica.

[0036] In yet another arrangement there is provided a sorbent material comprising porous
silica having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material
is particulate, having a mean particle diameter of less than about 100 ym, and a specific

surface area of between about 300 and about 1000 m?g, said oligomeric chains having a
backbone consisting of alternating oxygen and tetravalent atoms M' and a maximum length of
18 M'-O units, wherein each M' is independently Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, wherein each
of said chains comprises a plurality of M'-OH moieties, wherein each oligomeric chain has one
or two points of attachment to the surface of the porous silica and wherein one or more of the
oligomeric chains comprise at least one aminoalkyl group bonded to an Si atom.

[0037] In another arrangement there is provided a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material is
particulate, having a mean particle diameter of less than about 100 ym, and a specific surface

area of between about 300 and about 1000 m?/g, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent atoms M' having a maximum length of 18 M'-O
units, wherein each M' is independently Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, wherein each of said
chains comprises a plurality of M'-OH moieties, wherein each oligomeric chain has one or two
points of attachment to the surface of the porous silica, and wherein the oligomeric chains are
devoid of aminoalkyl groups.

[0038] In a further arrangement there is provided a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material has a
mean particle diameter of less than about 100 pym, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent atoms M' having a maximum length of 18 M'-O
units, wherein each M' is independently Si, Zr, or Ti, wherein each of said chains comprises a
plurality of M'-OH moieties, wherein each oligomeric chain comprises at least one aminoalkyl
group bonded to an Si atom, and wherein each oligomeric chain has one or two points of
attachment to the surface of the porous silica.

[0039] In yet a further arrangement there is provided a sorbent material comprising porous
silica having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material
has a mean particle diameter of less than about 100 ym, said oligomeric chains having a
backbone consisting of alternating oxygen and tetravalent Si atoms having a maximum length
of 18 Si-O units, wherein each of said chains comprises a plurality of Si-OH moieties, wherein
each oligomeric chain comprises at least one aminoalkyl group bonded to an Si atom, and
wherein each oligomeric chain has one or two points of attachment to the surface of the
porous silica.

[0040] The sorbent material of the second aspect is made by the method of the first aspect.
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The method of the first aspect makes the sorbent material of the second aspect.

[0041] According to a third aspect of the invention, there is provided a method for purifying
and/or concentrating one or more target species in a solution comprising a mixture of metal
ions, said method comprising:

1. a) providing a solution comprising one or more contaminant species and the one or

more target species, said contaminant species being of formula [Z2104]% or being a D4*

ion, wherein Z'is Mo or W and D is selected from the group consisting of Ti, Ge, Zr, Sn
and Hf;

2. b) contacting the solution of step a) with a sorbent material according to the second
aspect of the invention comprising porous silica having a plurality of oligomeric chains on
a surface thereof, said oligomeric chains having a backbone consisting of alternating
oxygen and tetravalent M' atoms and wherein the oligomeric chains of the sorbent
material further comprise at least one aminoalkyl group bonded to an Si atom, wherein
each of said chains comprises a plurality of M'-OH moieties, and wherein each M’ is
independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge,
wherein at least one M' is not Si which results in the contacting of step b) to cause the

contaminant species to bind to the sorbent material by forming at least one M'-O-Z' or
M'-O-D linkage; and,
3. ¢) separating the solution from the sorbent material as an eluate following step b).

[0042] The following options may be used in conjunction with the third aspect either individually
or in any suitable combination.

[0043] The contaminant species may be of formula [Z104]% The target species may be of
formula [Z204]". Z' may be Mo or W. Z2 may be Tc or Re. Z2 or Z! may be radioactive, or both

Z2 and Z"' may be radioactive. The contaminant species may be a D4* ion, or the contaminant
species may comprise a D4* or D(IV) ion, wherein D is selected from the group consisting of Ti,
Ge, Zr, Sn and Hf. The target species may be an X3* ion, or the target species may comprise

an X3* or X(Ill) ion, wherein X is selected from the group consisting of Sc, Ga, Y, In or Lu. D or
X may be radioactive, or both D and X may be radioactive.

[0044] The sorbent material may be particulate. The contacting of step b) may comprise
passing the solution of step a) through the sorbent material. It may comprise passing the
solution through a column comprising the sorbent material as a column packing material. The
chains of the sorbent material comprise at least one M' that is not Si. The contacting of step b)
may cause the contaminant species to bind to the sorbent material by forming at least one M'-

0-Z' or M-0-D linkage, wherein M' is Zr, Ti, Hf, Sn, Th, Pb, or Ge.
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[0045] The eluate in step ¢) may comprise purified target species. The method may further
comprise step d) regenerating the sorbent material; wherein said regenerating comprises
adding a regenerating solution to the sorbent material. Step d) may comprise passing the
regenerating solution through the sorbent material. It may comprise dispersing the sorbent in
the regenerating solution and then separating said solution from the sorbent. The regenerating

solution may release Z' or D species present on the sorbent material into the regenerating
solution. The regenerating solution may be a basic solution, It may have a pH of greater than
about 12. It may comprise hydroxide ions. For example, it may be a hydroxide solution. It may
comprise a solution of sodium hydroxide, potassium hydroxide, or ammonium hydroxide, or a
mixture of any two or more of these. The total hydroxide concentration of the regenerating
solution may be between about 0.01 and about 1.0 M. The sorbent material after step d) may

comprise less than about 0.01% (w/w) Z' or D.

[0046] The sorbent material of step b) may comprise oligomeric chains having at least one
aminoalkyl group bonded to a M' centre, wherein each M' in the oligomeric chain is Si. The
contacting of step b) may cause the one or more target species to bind to the sorbent material,
whereby the eluate in step ¢) comprises the one or more contaminant species. The method
may further comprise collecting the eluate in a receptacle, It may further comprise contacting
an eluting solution with the sorbent material following step c), said eluting solution being
capable of reversing the binding of the target species to the sorbent, whereby the target
species passes into the eluting solution. The volume of eluting solution may be lower than the
volume of the solution of step a). The eluting solution may comprise a saline solution. It may
comprise sodium sulfate and/or ammonium sulfate. The eluting solution may be a basic
solution. For example, it may have a pH of greater than about 12. The eluting solution may
comprise hydroxide ions. For example, it may be a hydroxide solution. It may comprise sodium
hydroxide, potassium hydroxide, and/or ammonium hydroxide. The eluting solution may have a
total salt concentration of between about 0.01 and about 1.0 M. The eluting solution containing
the target species may be collected in a receptacle separate to the eluate containing the
contaminant species.

[0047] The oligomeric chains of the sorbent material comprise at least one M' that is not Si.
Where the oligomeric chains comprise at least one that is not Si, one or more of the oligomeric
chains may further comprise at least one aminoalkyl group bonded to an Si atom. The
contacting of step b) may cause the target species and the contaminant species to bind to the
sorbent material. The method may further comprise collecting the eluate of step c¢) in a
receptacle. In this alternative, the method may further comprise step d') contacting an eluting
solution with the sorbent material of step b), wherein said eluting solution may be capable of
reversing the binding of the target species to the sorbent, whereby the target species may
pass into the eluting solution. The volume of eluting solution in step d') may be lower than the
volume of the solution of step a). The eluting solution may comprise a saline solution. It may
comprise sodium sulfate and/or ammonium sulfate. It may have a total salt concentration of
between about 0.1 and about 8 M. Step d') may further comprise collecting the eluting solution
containing the target species in a receptacle. The method may further comprise step e)
regenerating the sorbent material, wherein said regenerating comprises adding a regenerating
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solution to the sorbent material. Step e) may comprise passing the regenerating solution

through the sorbent material The regenerating solution may release contaminant Z' or D
species present on the sorbent material into the regenerating solution. The regenerating
solution may be a basic solution. For example, it may have a pH of greater than about 12. It
may comprise hydroxide ions. For example, it may comprise a dissolved Group | or Group Il
hydroxide salt or may comprise dissolved ammonium hydroxide. For example, the
regenerating solution may comprise lithium hydroxide, sodium hydroxide, potassium hydroxide,
magnesium hydroxide, or calcium hydroxide, or a mixture of any two or more of these, e.g., the
regenerating solution may comprise a solution of sodium hydroxide, potassium hydroxide, or
ammonium hydroxide, or a mixture of any two or more of these. The total hydroxide
concentration may be between about 0.01 and about 1.0 M. The sorbent material after step e)

may comprise less than about 0.01 %(w/w) Z' or D. The regenerating solution may be
collected in a receptacle separate to the eluate of step ¢) and the eluting solution of step d")
during or after the regenerating of step e).

[0048] The method may additionally comprise the following steps A) to C) prior to step a):

1. A) providing a solution comprising one or more target species and one or more
contaminant species;

2. B) contacting the solution of step A) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, and
wherein each of said oligomeric chains comprises a plurality of M'-OH moieties; wherein
the oligomeric chains of the sorbent material comprise at least one M’ that is not Si; and,
wherein the affinity of the sorbent material for the target species is lower than that for the
contaminant species;

3. C) extracting the sorbent material from step B) with an extracting solution so as to
produce an extract, said extracting solution being capable of extracting the target
species from the sorbent material and said extract being the solution of step a).

[0049] The target species of step A) may be an X3* ion, or may comprise an X3* ion, wherein
X is selected from the group consisting of Sc, Ga, Y, In or Lu. The contaminant species of step

A) may be a D** ion, or may comprise a D** ion, wherein D is selected from the group
consisting of Ti, Ge, Zr, Sn and Hf. The solution of step A) may comprise a parent species that
decays over time to form the target species, whereby the parent species is the contaminant

species. The parent species may be of formula [Z104]% and the target species may be of

formula [Z204]", wherein when Z' = Mo, Z2 = Tc, or when Z' = W, Z2 = Re. The extracting
solution may comprise a saline solution. The extracting solution may comprise recycled eluate
produced by the step c¢) of the method. The method may concentrate the target species.

[0050] In one embodiment, the sorbent material in step b) is produced by the method
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according to the first aspect of the invention above or is according to the second aspect of the
invention above.

[0051] In an arrangement there is provided a method for purifying and/or concentrating a
solution comprising a mixture of metal ions, said method comprising:

1. a) providing a solution comprising one or more contaminant species and one or more

target species, wherein the target species is of formula [Z204] or X3* and the
contaminant species is of formula [Z104% or D**, wherein Z' is Mo or W and X is Sc,

Ga, Y, In or Lu, and Z2is TcorRe and Dis Ti, Ge, Zr, Sn or Hf;

2. b) contacting the solution of step a) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, wherein the sorbent material
is particulate, said oligomeric chains having a backbone consisting of alternating oxygen
and tetravalent M' atoms, wherein each of said chains comprises a plurality of M'-OH
moieties, and wherein each M' is independently selected from the group consisting of Si,
Zr, Ti, Hf, Sn, Th, Pb, and Ge; and,

3. ¢) separating the solution from the sorbent material as an eluate following step b).

[0052] In another arrangement there is provided a method for purifying and/or concentrating a
solution comprising a mixture of metal ions, said method comprising:

1. a) providing a solution comprising one or more contaminant species and one or more

target species, wherein the target species is of formula [Z204] or X3* and the
contaminant species is of formula [Z104% or D**, wherein Z' is Mo or W and X is Sc,

Ga, Y, In or Lu, and Z2is Tc or Re and D is Ti, Ge, Zr, Sn or Hf;

2. b) contacting the solution of step a) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein
each of said chains comprises a plurality of M'-OH moieties, wherein each M' is
independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge,
wherein the sorbent material is devoid of aminoalkyl groups and wherein the contacting
causes the contaminant species to bind to the sorbent material by forming at least one
M'-0-Z' or M'-O-D linkage;

3. ¢) separating the solution from the sorbent material as an eluate following step b); and,

4.d) regenerating the sorbent material, wherein said regenerating comprises adding a
regenerating solution to the sorbent material, wherein the regenerating solution releases

Z' or D** species present on the sorbent material into the regenerating solution and
wherein the regenerating solution comprises a solution of sodium hydroxide, potassium
hydroxide, or ammonium hydroxide, or a mixture of any two or more of these, and has a
total hydroxide ion concentration of between about 0.01 and about 1,0 M
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[0053] In yet another arrangement there is provided a method for purifying and/or
concentrating a solution comprising a mixture of metal ions, said method comprising:

a) providing a solution comprising one or more contaminant species and one or more target

species, wherein the target species is of formula [Z204]" or X3* and the contaminant species is

of formula [Z2104]% or D**, wherein Z' is Mo or W and X is Sc, Ga, Y, In or Lu, and Z2 is Tc or
Re and D is Ti, Ge, Zr, Sn or Hf;

b) contacting the solution of step a) with a sorbent material comprising porous silica having a
plurality of oligomeric chains on a surface thereof, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent M' atoms, wherein each of said chains
comprises a plurality of M'-OH moieties, and wherein each M' is independently selected from
the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge, wherein at least one M' is Si and the
oligomeric chains comprise at least one aminoalkyl group bonded to an Si atom, and wherein
the contacting causes the target species to bind reversibly to the sorbent material and the

contaminant species to bind to the sorbent material by forming at least one M'-O-Z' or M'-O-D
linkage;

c) separating the solution from the sorbent material as an eluate following step b);

d") contacting an eluting solution with the sorbent material of step b), wherein said eluting
solution is capable of reversing the binding of the target species to the sorbent, whereby the
target species passes into the eluting solution and wherein the eluting solution comprises a
saline solution comprising sodium sulfate and/or ammonium sulfate; and,

e) regenerating the sorbent material, wherein said regenerating comprises adding a
regenerating solution to the sorbent material, wherein the regenerating solution releases Z' or

D#* species present on the sorbent material into the regenerating solution and wherein the
regenerating solution comprises a solution of sodium hydroxide, potassium hydroxide, or
ammonium hydroxide, or a mixture of any two or more of these.

[0054] In a further arrangement there is provided a method for purifying and/or concentrating
a solution comprising a mixture of metal ions, said method comprising;

1. a) providing a solution comprising one or more contaminant species and one or more

target species, wherein the target species is of formula Z204 or X3* and the
contaminant species is of formula Z'042 or D4*, wherein Z' is Mo or W and X is Sc, Ga,

Y, In or Lu, and Z2isTcorRe and D is Ti, Ge, Zr, Sn or Hf;
2. b) contacting the solution of step a) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, said oligomeric chains
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having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein
each of said chains comprises a plurality of M'-OH moieties, and wherein each M' is Si
and the oligomeric chains comprise at least one aminoalkyl group bonded to an Si atom,
and wherein the contacting causes the target species to bind reversibly to the sorbent
material; and,

3. ¢) separating the solution from the sorbent material as an eluate following step b),
wherein the eluate comprises the one or more contaminant species, wherein step ¢)
further comprises contacting an eluting solution with the sorbent material following step
), said eluting solution being capable of reversing the binding of the target species to
the sorbent, whereby the target species passes into the eluting solution, and wherein the
eluting solution comprises a saline solution comprising sodium sulfate, ammonium
sulfate, sodium hydroxide, potassium hydroxide, or ammonium hydroxide or any
combination of two or more of these.

[0055] In a further arrangement there is provided a method for purifying and/or concentrating
a solution comprising a mixture of metal ions, said method comprising:

1. A) providing a solution comprising one or more target species and one or more
contaminant species;

2. B) contacting the solution of step A) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof said oligomeric chains having
a backbone consisting of alternating oxygen and tetravalent M' atoms, and wherein each
of said chains comprises a plurality of M'-OH moieties; wherein the oligomeric chains of
the sorbent material comprise at least one M’ that is not Si; and,
wherein the affinity of the sorbent material for the target species is lower than that for the
contaminant species;

3. C) extracting the sorbent material from step B) with an extracting solution so as to
produce an extract, said extracting solution being capable of extracting the target
species from the sorbent material;

1. a) providing the extract of step C) comprising one or more contaminant species

and one or more target species, wherein the target species is of formula [Z204] or
X3* and the contaminant species is of formula [Z104]% or D**, wherein Z' is Mo or

W and Xis Sc, Ga, Y, In or Lu, and Z2is Tc or Re and D is Ti, Ge, Zr, Sn or Hf;

2. b) contacting the solution of step a) with a sorbent material comprising porous
silica having a plurality of oligomeric chains on a surface thereof: wherein the
sorbent material is particulate, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent M' atoms, wherein each of said
chains comprises a plurality of M'-OH moieties, and wherein each M' is
independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and
Ge; and,

3. ¢) separating the solution from the sorbent material as an eluate following step b).
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[0056] According to a fourth aspect of the invention, there is provided use of a sorbent
according to the second aspect in a radioisotope concentrator device, for concentrating a
target species from a solution comprising one or more contaminant species and the target
species.

[0057] In one arrangement there is provided use of a sorbent according to the second aspect
for concentrating a target species of formula [Z20,4]" from a solution comprising one or more

contaminant species and the target species of formula [Z104]% wherein Z' = Mo or Wand z2 =

Tc or Re.

[0058] In another arrangement there is provided use of a sorbent according to the second
aspect for concentrating an X3* ion target species, wherein X is selected from the group

consisting of Sc, Ga, Y, In or Lu, from a solution comprising one or more D4 ion contaminant
species, wherein D is selected from the group consisting of Ti, Ge, Zr, Sn and Hf, and the
target species.

[0059] There is also described the use of a sorbent according to the second aspect for
separating a target species from a contaminant species from a solution comprising one or
more contaminant species and one or more target species.

[0060] In one arrangement there is provided use of a sorbent according to the second, aspect
for separating a target species from a contaminant species from a solution comprising one or
more contaminant species and one or more target species where the contaminant species is a
parent species that decays over time to form the target species. The decay may be radioactive
decay.

[0061] In another arrangement there is provided use of a sorbent according to the second

aspect for separating a target species of formula [Z204 from a contaminant species of
formula [Z104]% from a solution comprising one or more contaminant species and one or more

target species and wherein Z' = Mo or Wand Z2 = Tc or Re.

[0062] In yet another arrangement there is provided use of a sorbent according to the second
aspect for separating an X3* ion target species, wherein X is selected from the group

consisting of Sc, Ga, Y, In or Lu, from a D4 ion contaminant species, wherein D is selected
from the group consisting of Ti, Ge, Zr, Sn and Hf, from a solution comprising one or more
contaminant species and one or more target species.

[0063] According to the invention, there is provided use of a sorbent material according to the
second aspect in a radioisotope concentrator device.



DK/EP 3046666 T3

Brief Description of Drawings

[0064]

Figure 1 shows an electron microscope image (SEM) of silica synthesised using the MnO»-
template method.

Figure 2 shows a pore size distribution of silica synthesised using the MnO»-template method.

Figure 3 shows thermoanalysis diagrams of silica synthesised using the MnOx-template
method.

Figure 4 is a diagram of the tetrahedral unit used to model tetravalent metal alkoxy and
aminoalkyl silane groups in geometric compatibility calculations. Both units are represented by
the tetrahedral EO4 unit.

Figure 5 shows one configuration of FO4 units on the surface of the porous silica substrate
used for geometric calculations (Configuration 1).

Figure 6 shows a second configuration of EQ4 units on the surface of the porous silica

substrate used for geometric calculations (Configuration 2).

Figure 7 is a diagram showing coupling options A, B, C, D, E, F, G, H and M. These are
porous silica sorbent materials made according to the following Methods and corresponding to
the following Combinations (also see Table 2):

A - Method 2, Combination 1

B - Method 2, Combination 3 or 4

C - Method 3, Combination 9, 12, 13, or 16
D - Method 1, Combination 6

E - Method 1, Combination 7 or 8 (SiO4 (aminoalkyl silane + MOy))

F - Method 1, Combination 7 or 8

G - Method 3, Combination 10 or 14 (MO4(MOQOy4))+ aminoalkyl silane)

H - Method 3, Combination (MO4 + MOg4/aminoalkyl silane mixture)

M - Method 3, Combination 9, 12, 13, or 16 (MOg4(aminoalkyl silane) + MOy)

Figure 8 is a diagram showing the adsorption of radioisotopes on multifunctional sorbent
materials in radioisotope generator production and radioisotope purification/concentration
processes:
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(a) adsorption of a parent nuclide (R1) on, and desorption/exdusion of a daughter radioisotope
(R2) from, a mixed-metal oxide functionalised silica in a radioisotope generator; M1 and M2
are, for example, independently either Zr or Ti; and, (b) adsorption of a parent nuclide (R1) on,
and desorption of a daughter radioisotope (R2) from, a metal oxide functionalised silica in a
radioisotope generator; M is, for example, either Zr or Ti.

Figure 9 is a diagram showing adsorption of radioisotopes on multifunctional sorbent
materials: (a) reversible adsorption (catch-and-release) of a daughter radioisotope (R2) on,
and exclusion of a parent nuclide (R1) from, an aminoalkyl functionalised silica in a
radioisotope generator production and radioisotope purification/concentration process; and (b)
the irreversible adsorption of a parent nuclide (R1) and reversible adsorption of a daughter
radioisotope (R2) on a mixed-metal oxide and aminoalkyl functionalised silica; M1 and M2 are,
for example, independently either Zr or Ti in a radioisotope purification/concentration, process.

Figure 10 is a diagram showing a possible "catch-without-release" process for the use of
sorbent materials of the invention in a %MTc/%Mo and/or '88Re/18W generator. Key: A:

Normal saline eluent; B: 2¥MTc- or 188Re-generator column using functionalised silica sorbent;
C: Purification column (containing functionalised silica sorbent according to the present

invention); D: Purified 2MTc- or 188Resolution.

Figure 11 is a diagram showing a possible "catch-without-release" process for %MTc and
188Re purification, showing both (i) the use of the sorbent materials of the invention in the
9MTc and '8Re purification module; and, (i) use of a %MTc/®*Mo and/or 18Re/188yy
generator coupled with the 9™MTc and 188Re purification module.

Key: A: Normal saline eluent; K1: 9MTc- or 188Re-generator column; C: Water; B: 0.5 M NaOH
solution; K2: Purification column (containing functionalised silica sorbent according to the
present invention or recoverable sorbent); P: Pump; EF-A: Eluent Flow from A; EF-B,C: Eluent

Flow from B and C; W: Low activity liquid waste; F: Purified %™Tc- or '8Re, solution; PM:
Purification Module.

Figure 12 is a diagram showing a possible "catch and release (1)" process for ¥MTc and
188Re purification/concentration, showing the use of the sorbent materials of the invention in a
99MTc and '88Re purification/concentration module and in the 99MTc/%*Mo and/or 18Re/188yy

generator coupled with %™MTc and '88Re purification/concentration module.

Key: A: NaOH solution; B: Water; C: Saline; K1: °™Tc- or '8Re-generator column using
functionalised silica sorbent; K2: Purification Concentration Column (containing functionalised
silica sorbent according to the present invention or recoverable sorbent); P: Pump; EF-E:
Eluent flow from E; EF-A,B: Eluent Flow from A,B; EF-C: Eluent Flow from C; EFC: Eluent Flow
circulation; E: Non-saline aqueous eluent (e.g., acetic acid/acetate /< 0.05% NaCl solution
mixture or <0.05% NaCl solution); W: Waste from water and NaOH wash; F: Purified,

Concentrated 9°MTc- or 188Re solution.
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Figure 13 is a diagram showing an alternative possible “catch and release (/)" process for
9MTc and '88Re purification/concentration, showing the use of sorbent materials of the
invention in a 2°MTc and '88Re purification/concentration module and in the °™Tc/?*Mo and/or
188Re/188\ generator coupled with a %™MTc and '88Re purification/concentration module.

Key: A: Normal saline eluent; B: Sterile saline eluent; K1: 9MTc- or 188Re-generator column;
K2: Salt/Chloride removing column; K3: Purification-Concentration Column (containing
functionalised silica sorbent according to the present invention); EF-B: Eluent Flow from B; EF-

A: Eluent Flow from A; W: Low activity liquid waste, F: Concentrated %¥MTc- or 188Re solution,
PCM: Purification/Concentration Module.

Figure 14 is a graph showing the W- and Mo-adsorption capacity of MOg4-functionalised

sorbents as a function of (a) the specific surface area; and, (b) silanol group concentration of
the silica substrate used during synthesis.

Figure 15 is a graph showing anion exchange capacity of R"-functionalised sorbents as a
function of (a) the specific surface area; and, (b) silanol group concentration of the silica
substrate used during synthesis,

Figure 16(a) is a graph illustrating the concept of the early elution method and %°MTc-
radioactivity build-up in a generator eluted with an early elution regime: a, Radioactivity of

9Mo; b, °MTc-radioactivity build-up from beginning; ¢, ®MTc-radioactivity build-up after first
elution; d, 9MTc radioactivity built-up/eluted at 6-hour elutions; e, Specific activity of %MTc in
the system of 99MTc-radioactivity build-up (from beginning); (b) is a graph showing the
effectiveness of 2¥MTc production yield increase for the generator eluted with an early elution

regime compared with that normally eluted at the time point of maximal 2°™Tc build-up. The
square marks are experimental data and the dashed line is theoretical calculation results.

Figure 17 shows %MTc-elution profiles for: a, the eluate of the 2°™Tc-generator column (used
in Example 6 without coupling with a concentration column) containing MOy4-functionalised

sorbents of the invention; b, the concentrated eluate eluted from the concentration column
(used in Example 6 in combination with a generator column) containing R"-functionalised
sorbents of the invention.

Figure 18 shows gamma-ray spectrometric measurement of %MTc- eluates before and after

concentration: a, the eluate of the 2°™Tc-generator column containing MOy4-fuactionalised

sorbents of the invention before performing a subsequent 9MTc-concentration/purification
process; b, the concentrated/purified eluate after using a concentration/purification column
containing MOg4- and R"-functionalised sorbents of the invention.

Figure 19 shows the distribution coefficient (Ky) values of [%MTcOy] ions in NaCl solutions of

acidity pH=8.5 for multifunctional sorbents used in radioisotope purification/concentration
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processes. Key. Sorbent A: Tertiary aminoalkyl (3-diethyl aminoalkyl)-functionalised silica
according to the present invention (open circle); Sorbent B: Mixed tertiary aminoalkyl (3-diethyl
aminoalkyl)/TiOH-functionalised silica according to the present invention (open square);
Comparative Sorbent C: Quaternary aminoalkyl-timctionalised silica Accell QMA SePak® not
according to the present invention (solid circle); Comparative Sorbent D: Tertiary aminoalkyl-
functionalised cellulose DEAE(diethyl aminoethyl)-cellulose not according to the present
invention (solid square).

Figure 20 shows (a) a graph of loading %*™Tc from a 0.01% NaCl + Na[**™TcO,] solution of

acidity pH=6 (which is simulated based on a #°*™Tc eluate from a %™Tc generator after passing

through an ion-exchange resin column (DOWEX ®AG-50W-X8 in silver form) to remove CI
ions from the 0.9% NaCl solution used in the generator elution) onto a
purification/concentration column packed with 100 mg Sorbent B (mixed tertiary aminoalkyl (3-
diethyl aminoalkyl)/TiOH-functionalised silica synthesised in this invention) [open square]
compared to a purification/concentration column packed with 100 mg Comparative Sorbent C
(quaternary aminoalkyl-functionalized silica Accell QMA SePak®) [solid circle]; (b) a graph of

eluting 99MTc with 0.9 % NaCl solution (pH=5) from a purification/concentration column packed
with 100 mg Sorbent B [open square] compared to a purification/concentration column packed

with 100 mg Comparative Sorbent C [solid circle]; (¢) a graph of the 9MTc-activity build-up and
elution profile for a purification/concentration process based on the "catch-and-release"
concept used in a radioisotope concentrator ULTRALUTE® process (for example, as described
above for Figure 13) using a purification/concentration column (K3 in Figure 13) packed with
100 mg Sorbent B synthesised according to this invention. Chloride removing column (K2 in
Figure 13) is composed of the cation exchange resin DOWEX ®AG-50W-X8 in silver form.

Figure 21 shows (a) a graph of loading ®*™Tc from a 0.025% NaCl + Na[**™TcO,4] solution of

acidity pH=6 onto a purification/concentration column packed with 100 mg each of: Sorbent A:
Tertiary aminoalkyl (3-diethyl aminoalkyl)-functiollalised silica according to the present
invention (open circle); Sorbent B: Mixed tertiary aminoalkyl (3-diethyl aminoalkyl)/TiOH-
functionalised silica according to the present invention (open square)] compared to
Comparative Sorbent C: Quaternary aminoalkyl-functionalized silica Accell QMA SePak®
(solid circle) and/or Comparative Sorbent D: Tertiary aminoalkyl-functionalized cellulose

DEAE(diethyl aminoethyl)-cellulose (solid square); (b) a graph of eluting #°™Tc with 0.9 % NaCl
solution (pH=5) from a purification/concentration column packed with 100 mg of Sorbent A
(open circle) and/or Sorbent B (open square) compared to Comparative Sorbent C (solid

circle) and/or Comparative Sorbent D (solid square); (¢) a graph of loading %™MTc from a
0.025% NaCl + 0.5 M acetic acid + Na[®®™TcOy4] solution of acidity pH = 2.35-2.46 onto a
purification/concentration columns packed with 100 mg of Sorbent A (open circle) and/or
Sorbent B (open square) compared to Comparative Sorbent C (solid circle) and/or

Comparative Sorbent D (solid square)]; (d) a graph of eluting %°MTc with 0.9 % NaCl + 0.15M
NaOH solution (pH=13) from the purification/concentration column packed with 100 mg of
Sorbent A (open circle) and/or Sorbent B (open square)] compared to Comparative Sorbent C
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(solid circle) and/or Comparative Sorbent D (solid square)].

Definitions

[0065] As used in this application, the singular form "a", "an"” and "the" include plural
references unless the context clearly dictates otherwise. For example, the phrase "a target
species" also includes a plurality of target species.

[0066] As used herein, the term "comprising" means "including." Variations of the word
"comprising”, such as "comprise" and "comprises,” have correspondingly varied meanings. As
used herein, the terms "including” and "comprising" are non-exclusive. Thus, for example, a
solution "comprising” solvent and one or more contaminant species and one or more target
species may consist exclusively of the solvent, the contaminant species and the target species,
or it may contain other components, for example, buffer ions, salts, solvents, etc. As used
herein, the term "comprising” does not imply that the specified integer(s) represent a major
part of the whole.

[0067] As used herein the term "plurality” means more than one. In certain specific aspects or
embodiments, a plurality may mean 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 102, 103, 104,

10%, 108, 107, 108, 109, 100, 10™, 1072, 103, 104 1075, 1076, 1077, 108 1019, 1020, or more,
and any integer derivable therein, and any range derivable therein.

[0068] It will be understood that use the term "about" herein in reference to a recited numerical
value includes the recited numerical value and numerical values within plus or minus ten
percent of the recited value unless the context indicates otherwise. The term "about 0" may
refer a range of between exactly 0 and 0.01.

[0069] It will be understood that use of the term "between" herein when referring to a range of
numerical values encompasses the numerical values at each endpoint of the range. For

example, a surface area per silanol group of between about 20 and about 150 AZ/OH is
inclusive of a surface area per silanol group of about 20 A20OH and a surface area per silanol

group of about 150 A2/OH.

[0070] As used herein, the term "eluate” may refer to a solution obtained by elution, i.e.,
"eluate” may refer to any solution comprising one or more chemical species that has been
extracted from a sorbent material by means of a solvent or eluting solution or eluent,
regardless of the method by which the eluate is separated from the sorbent material. The
eluate may be obtained by passing an eluent through a bed or column of sorbent material
either under gravity or through use of vacuum or pressure. It will be understood that the eluate
may also be obtained by any suitable means of contacting an eluent with the sorbent material,
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e.g., through stirring or agitating a mixture of an eluent and sorbent material and collecting the
eluate as a supernatant after centrifugation or as a filtrate after filtration.

Detailed Description

[0071] The present invention relates to new sorbent materials with improved selectivity and
functionality. These sorbent materials combine the advantages of large surface area silica,
which may be generated using a new process of nanoparticle-templated gel formation, with the
multi-functionality of layers of functional groups (including in certain embodiments tetravalent
metal oxides and/or silanol groups and/or aminoalkyl silanes). This results in multifunctional
sorbent materials that are able to selectively adsorb solutes via chemisorption and adsorb ionic
species of interest via pH-controlled ion-exchange and/or coordinative adsorption.

[0072] The following detailed description conveys exemplary embodiments of the present
invention in sufficient detail to enable those of ordinary skill in the art to practice the present
invention. Features or limitations of the various embodiments described do not necessarily limit
other embodiments of the present invention or the present invention as a whole. Hence, the
following detailed description does not limit the scope of the present invention, which is defined
only by the claims.

Sorbent Material Production

[0073] The present invention relates to a method for producing a sorbent material, comprising:

1. a) providing a porous silica substrate, said substrate comprising a plurality of silanol
groups on a surface thereof,
2. b) reacting said silanol groups with
1. 1) a silicon compound of formula R,Si(OR")4.,, where R is an alkyl group and nis 0
or1;or
2.ii)) an aminoalkyl silane of formula R"mRySi(ORY4.n.m having at least two
hydrolysable groups attached to silicon, where R" is an aminoalkyl group, mis 1 or
2andnisOor1;or
3. iii) a compound of formula M(OR")4; or

4. iv) a mixture of any two or more of i) to iii);

3. ¢) hydrolysing the product of b) to generate hydroxyl groups;

4. d) reacting the hydroxyl groups generated in step ¢) with one or more reagents, wherein
each reagent is independently selected from the group consisting of an aminoalkyl silane
having at least two hydrolysable groups attached to the silicon and a compound of
formula M(OR')4; and

5. e) hydrolysing the product of d);
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wherein each OR' is a hydrolysable group wherein each R' may be the same or may be
different, and each M is, independently, Zr, Ti, Hf, Sn, Th, Pb or Ge.

[0074] in one embodiment, the present invention relates to a method for producing a sorbent
material, comprising:

1. a) providing a porous silica substrate, said substrate comprising a plurality of silanol
groups on a surface thereof,

2. b) reacting said silanol groups with one or more compounds of formula M(L'L2L3L4),
wherein each M is, independently, Si, Zr, Ti, Hf, Sn, Th, Pb or Ge, and wherein

L'is OR;;
L2 is independently either OR' or R;

and L3 and L4 are each independently either OR' or R";
where R is an alkyl group, each OR' is a hydrolysable group wherein each R' may be the
same or may be different, and R" is an aminoalkyl group;

3. ¢) hydrolysing the product of b) to generate hydroxyl groups;

4.d) reacting the hydroxyl groups generated in step c) with one or more reagents of

formula M(L'L2L3L#4), wherein either L1=L2=L3=L4=0OR' and M is not Si, or at least one of
L3 and L*is R" and M is Si; and,
5. e) hydrolysing the product of d).

In this embodiment, it will be understood that M, L' to L4, R' and R" in step b) may each be the
same as or different to those used in step d) provided that they are within the same defined
scope.

Silica Substrate

[0075] The porous silica substrate of step a) comprises a plurality of silanol groups on a
surface thereof. The porous silica substrate of step a) may have a surface area per silanol

group of between about 20 and about 150 A2/OH, or between about 30 and 140, 30 and 120,
30 and 110, 30 and 100, 35 and 95, 40 and 80, 40 and 100, 30 and 80, 35 and 70, 20 and 70,

20 and 60, 40 and 60, 40 and 50, 20 and 50, 40 and 90, 40 and 55, or 40 and 45 AZ/OH, e.g,,
about 20, 25, 30, 35, 40, 41,42, 43, 44, 45, 46, 47, 48, 49, 50, 55, 60, 65, 70, 75, 80, 85, 90,

95, 100, 105, 110, 115, 120, 125, 130, 135, 140, 145 or 150 A2OH. The density of silanol
groups on the surface of the silica sorbent may be adjusted such that the number of
condensation reactions occurring in steps b) to e) is at a desired level. It may also be adjusted
so that steric interactions and spatial overlap that would then occur between compounds
bound to the silanol groups on the surface of the silica are at a suitably low level. The silanol
density may be controlled or modified using any suitable method or technique. For example,
the density may be controlled or modified during synthesis of the porous silica substrate by
altering one or more of the pH of the gelation solution, the concentration of the silicate solution,
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the gelation time, and/or the drying temperature of the xerogel.

[0076] The porous silica substrate used in step a) may have a mean pore size of between
about 2 and about 10 nm, or between about 2 and 5, 2 and 8, 3 and 10, 3 and 8, 4 and 8, 4
and 10, 5and 6, 5 and 8, 5 and 10, 6 and 10,6 and 8, 7 and 10, 8 and 10, 9 and 10,3 and 6, 2
and6,2and3,or2and4nm,e.qg.,2,25,3,354,45,5 55,6,65,7,7.5,8,85,9,950r
10 nm. Pore size may be determined by those skilled in the art using, for example, nitrogen or
hydrogen adsorption/desorption methods.

[0077] The porous silica substrate used in step a) may have a bimodal distribution of pore
sizes comprising a first population of pores and a second population of pores. The first
population of pores may have a mean diameter of about 4 nm, or about 2 to about 6 nm, or
about 2 to 4, 4 to 6, or 3 to 5 nm, or about 2, 3, 4, 5, 6 nm. The second population of pores
may have a mean diameter of about 8 nm, or about 6 to about 10 nm, or about 6 to 8, 8 to 10
or 7 to 9 nm, or about 6, 7, 8, 9, 10 nm. The mean diameter of the pores in the porous silica
may be determined using any suitable technique known in the art, for example, by measuring a
gas (e.g., nitrogen) adsorption and/or desorption isotherm and/or by utilising light scattering
techniques such as x-ray diffraction. The porous silica substrate of step a) may be particulate.
The porous silica substrate particles may be spherical, substantially spherical, acicular, flat,
flaky, prismoidal, polyhedral, fibrous, irregular, spheroidal, or granular, or may be some other
shape, or may be a combination of these shapes. Where the particles are not spherical, the
diameter of a particle may be taken as the hydrodynamic diameter, or may be take to be the
minimum dimension of a particle (e.g., a thickness) or the maximum dimension of a particle
(e.g., a length) or the mean dimension of a particle.

[0078] The porous silica substrate particles may have a mean particle diameter of less than
about 100 pym, or less than about 95, 90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20
or 15 uym, or between about 10 and about 100 ym, 10 and 50, 50 and 100, or 20 and 70 um,
e.g., about 95, 90, 85, 80, 75, 70,65, 60, 55, 50,45, 40, 35, 307 25, 20, 15 or 10 pm. The
particle size of the porous silica substrate may be measured using any suitable technique
known in the art, e.g., dynamic light scattering, sieving, laser diffraction, microscopy, LALLS
etc.

[0079] The porous silica substrate of step a) may have a specific surface area of between
about 300 and about 1000 m2/g, or between about 300 and about 700, 500 and 1000, 700 and

900, 300 and 500, 325 and 475, 500 and 625 m?%/g, or about 300, 325, 350, 375, 400, 425,
450, 475, 500, 525, 550, 575, 600, 625, 650, 675, 700, 725, 750, 775, 800, 825, 850, 875,

900, 925, 950, 975 or 1000 m%g. The porous silica substrate of step a) may have a void
volume of between about 0.5 mL/g to about 1.5 mL/g, or between about 0.5 and about 1.0, 0.9
and 1.3, or 1.0 and 1.5 mL/g, or about 0.8, 0.9, 1.0, 1.1, 1.2, 13, 1.4 or 1.5 mL/g. The specific
surface area and/or void volume of the porous silica may be determined using any suitable
technique known in the art, for example, by experimentally collecting a gas (e.g., nitrogen)
adsorption isotherm and by subsequent calculation using, e.g., the Brunauer-Emmett-Teller
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(BET) equation.

Silicon Compounds

[0080] In step b) i), the silicon compound of formula R;Si(OR')4.,, may be an alkoxysilane (n=0)
or may be an alkylalkoxysilane (n=1). The alkyl group R may be methyl, ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, nonyl or decyl. It may be straight chain or may be branched. It may
be C1to Cq2 alkyl, or C1 to Cg alkyl, or C4 to C5 alkyl.

[0081] The hydrolysable group OR' may be any group capable of being hydrolysed. For
example, the hydrolysable group -OR' may be any group that reacts with water to form an -OH
group, producing, as a by-product, an R'OH molecule. The hydrolysable group OR' may be an
alkoxy group. R may be as described above for R. In the formula R;Si(OR")4., n may be 0 orn

may be 1. In step b) i), the silicon compound of formula R,Si(OR") 4., may be a tetralkoxysilane,
e.g., tetraethylorthosilicate (tetraethoxysilane), tetramethylorthosilicate (tetramethoxysilane) or

tetrapropylorthosilicate (tetrapropoxysilane), or some other tetralkoxysilane. In step b) i), the
silicon compound of formula R Si(OR')4., may be an alkylalkoxysilane, e.g.,

methyltriethoxysilane, methyltrimethoxysilane, ethyltrimethoxysilane, or ethyltriethoxysilane, or
some other alkylalkoxysilane. OR' may be an alkyl or aryl carbonyloxy group, e.g., an acetoxy
group. OR' may be an oximo group, e.g., an aldoximo or a ketoximo, e.g.,
methylethylketoximo. OR' may be an aryloxy group, e.g., phenoxy. Each OR' in the silicon
compound of formula R;Si(OR'")4., may be the same or may be different.

[0082] The reaction between the silanol groups of the porous silica substrate in step a) and a

compound according to step b) i) may be represented by Equation 1;
—0-8-0H + R-O-SiHO-R"): » -O-8i-0-SHO-R': + R'OH ...Equation 1

[0083] According to Equation 1, the product of step b) is -O-Si-O-Si-("O-R")3-

Aminoalkyl Silane Compounds

[0084] In step b) ii), the aminoalkyl silane of formula R"RSi(OR')4...m having at least two

hydrolysable groups attached to silicon may be, for example, an
(aminoalkyl)alkyldialkoxyalkylsilane. The alkyl group in the (aminoalkyl)alkyldialkoxyalkylsilane
may be as described above for R. In step b) i), the aminoalkyl silane of formula
R"mRnSI(ORY4.n.m having at least two hydrolysable groups attached to silicon may be an
aminoalkyltrialkoxysilane. In the formula R"nRpSi((R)4.n-m, N may be 0 or n may be 1. In the
formula R"mRpSI(OR")4.n.m m may be 1 or m may be 2. The aminoalkyl silane may therefore

be of fomula R"Si(OR')3, R"2Si(OR')5, or R"RSi(OR")2. The aminoalkyl silane of formula



DK/EP 3046666 T3

R"5RSi(OR') (i.e., where m is 2 and n is 1) does not have at least two hydrolysable groups

attached to the silicon. The hydrolysable groups attached to silicon may be alkoxy groups. The
hydrolysable groups may be as described above for OR'. The aminoalkyl group R" may be an
amino-substituted alkyl group, e.g., aminomethyl, aminoethyl, aminopropyl, aminobutyl,
aminopentyl, aminohexyl, aminoheptyl, aminooctyl, aminononyl or aminodecyl. The aminoalkyl
group may linear or branched. The aminoalkyl group may comprise a primary, secondary or
tertiary amine. The alkyl chain of the aminoalkyl group may comprise less than 15 carbon
atoms, or may be less than 15 carbon atoms in length, e,g., may have less than 15, or less
than 13, 10, 8, 6, 4, or 2 carbon atoms, e.g., may have between 15 and 1 carbon atoms, or
between 15 and 8, 10 and 5, or 8 and 1 carbon atoms, e.g., may have 15, 14, 13, 12, 11, 10,
9,8,7,6,5,4, 3, 2 or 1 carbon atoms, or may be less than 15 carbon atoms in length, or less
than 13, 10, 8, 6, 4, or 2 carbon atoms, e.g., may be between 15 and 1 carbon atoms in
length, or between 15 and 8, 10 and 5, or 8 and 1 carbon atoms, e.g., maybe 15, 14, 13, 12,
11,10, 9,8,7,6, 5,4, 3, 2 or 1 carbon atoms in length. One or more of the amino-substituted
alkyl groups bonded to the silicon may also comprise, as a substituent, one or more N-
(aminoalkyl) groups. Each N-(aminoalkyl) group may independently be an amino-substituted
alkyl group, e.g., N-aminomethyl, N-aminoethyl, N-aminopropyl. N-aminobutyl, N-aminopentyl,
N-aminohexyl, N-aminoheptyl, N-aminooctyl, N-aminononyl or N-aminodecyl. Each N-
aminoalkyl group may independently be linear or branched. Each N-aminoalkyl group may
individually comprise a primary, secondary or tertiary amine. In step b) ii), the aminoalkyl silane
of formula R"R,Si(OR")4...m having at least two hydrolysable groups attached to silicon may

be, for example, (3-aminopropyl)methyldimethoxysilane ((CH30)>,CH3SiC3HgNH5), (3-

aminopropyl)methyldiethoxysilane((CH3CH50)5CH3SIC3HgNH>), 3-
aminopropyltrimethoxysilane((CH30)3SiCaHgNH5), 3-aminopropyltriethoxysilane
((CH3CH20)3SiC3HgNH>), [N(B-aminoethyl)y-aminopropyllmethyldimethoxysilane
((CH30)5CH3SIC3HgNHC,H4NH>), [N(B-aminoethyl)y-aminopropyllmethyldiethoxysilane
((CH3CH50)2,CH3SIC3HgNHCoNHS), N(B-aminoethyl)y-aminopropyltrimethoxysilane
((CH30)3SiCaHgNHCH4NHo), N(B-aminoethyl)y-aminopropyitriethoxysilane
((CH3CH50)3SiC3HgNHC,H4NH5), (3-diethylaminopropyl)methyldimethoxysilane
((CH30)5CH3SIC3HgN(CoH5)2); (3-diethylaramopropyl)methyldiethoxysilane
((CH3CH50)2,CH3SIC4HgN(CoH5s) 0, 3-diethylaminopropyltrimethoxysilane
((CH30)3SiC3HgN(CoH5),, 3-diethylaminopropyhriethoxysitane ((CH3CH50)3SiCaHgN(CoHs)o),
3-dimethylaminopropyltriethoxysilane ((CH3CH50)3SiC3HgN(CH3)2), (8-
diethylaminomethyl)methyldimethoxysilane ((CH30)2CH3SICHoN(CoH5)0), (3-
diethylaminomethyl)methyldiethoxysilane ((CH3CH50),CH3SICH3N(CoH5)2), 3-
diethylaminomethyltrimethoxysilane ((CH30)3SiCH,oN(CoHs)9), 3-
diethylaminomethyltriethoxysilane ((CH3CH50)3SICH5N(CoHs)0) (8-
diethylaminoethyl)methyldimethoxysilane ((CH30)5CH3SICoH4N(CoH5)5), (3-
diethylaminoethyl)methyldiethoxysilane diethylaminoethyltrimethoxysilane
((CH30)3SiCoH4N(CoH5) ), or 3-diethylaminoethyltriethoxysilane

((CH3CH20)3SiCoH4N(C2oHs) ).
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[0085] The reaction between the silanol groups of the porous silica substrate in step a) and a

compound according to step b) ii) may be represented by Equation 2:
—0O-8i-0H + (R0O)RS1-R" =2 —O-Si0OAR-0RSi-R” + ROH . EquationZ

[0086] According to Equation 2, the product of step b) is -O-Si-O-(R'-0)5Si-R".

Compounds of Formula M(OR) 4

[0087] In step b) iii), the compound of formula M(OR")4 may be Zr(OR")4 or Ti(OR')4, wherein
the hydrolysable group OR' may be as described above. The compound of formula M(OR')4
may be Hf(OR")4, Sn(OR")4, Th(OR")4, Pb(OR')4 or Ge(OR'")4, wherein the hydrolysable group
OR' may be as described above. In step b) iii), the compound of formula M(OR")4 may be, for
example, Ti(OCH2CHa)g, Ti(OCH3)g, Ti(OCHCHoCH3)g, Ti(OCHC(CH3)z)g, Zr(OCH2CHa3)g,
Zr(OCH3)3)4, Zr(OCH2CH2CH3)g4, Zr(OCH(CH3)2)4, Hf(OCH2CHs3)4, Hf(OCH3)4,
Hf(OCH3CH2CH3)4, Hf(OCH(CH3)2)4, Sn(OCH2CH3)4, Sn(OCH3)g, Sn(OCH>CH3CH3)g4,
Sn(OCH(CH3)2)4, Th(OCH2CH3)4, Th(OCH3)g, Th(OCH2CH2CH3)4, Th(OCH(CH3)2)4,
Pb(OCH2CH3)4, Pb(OCHg3)4, Pb(OCH;CHoCH3)s, Pb(OCH(CH3)2)4, Ge(OCH2CH3)g4,
Ge(OCHpgy)4, Ge(OCH2CH,CH3)4 or Ge(OCH(CH3)2)4

[0088] The reaction between the silanol groups of the porous silica substrate in step a) and a

compound according to step b) iii) may be represented by Equation 3:
“O-858-0H + R-O-M~O-R'p =2 ~0-8:-0-M~{0-R'ys + R'OH ...Equation 3

[0089] According to Equation 3, the product of step b) is -O-Si-O-M-(O-R')a.

Reaction Conditions

[0090] In step b) iv), the mixture of any two or more of i) to iii) may comprise a compound of
formula R,Si(OR')4.,, where R is an alkyl group and n is 0 or 1 and an aminoalkyl silane of

formula R",RSi(OR"Y4.n.m having at least two hydrolysable groups attached to silicon, where

mis 1 or2 and nis O or 1. In step b) iv), the mixture of any two or more of i) to iii) may
comprise a compound of formula R;Si(OR")4.,, where R is an alkyl group and nis 0 or 1 and a

compound of formula M(OR')4. In step b) iv), the mixture of any two or more of i) to iii) may
comprise an aminoalkyl silane of formula R"RySi(OR)4.n.m having at least two hydrolysable

groups attached to silicon, where mis 1 or 2 and n is 0 or 1, and a compound of formula
M(OR")4. In step b) iv), the mixture of any two or more of i) to iii) may comprise a compound of
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formula R,Si(OR")4.,, where R is an alkyl group and n is 0 or 1, an aminoalkyl silane of formula
R"mRprSI(OR"Y4.n.m having at least two hydrolysable groups attached to silicon, where mis 1 or

2 andnis 0 or 1, and a compound of formula M(OR')4.

[0091] Step b) may be conducted in a hydrophobic solvent The hydrophobic solvent may be
toluene, benzene, chloroform, diethyl ether, hexane, cyclohexane, pentane or cyclopentane, or
a mixture of any two or more of these. The hydrophobic solvent may be water insoluble. In this
context, "insoluble" may refer to having solubility in water at 25°C of less than 15 000 mg/L, or
less than 10 000, 5 000, 1 000, 500, 100, 50, 20, 10, 5, 2, or 1 mg/L, or between about 15 000
and 5 mg/L, or 15 000 and 5 000, 10 000 and 1 000, 5 000 and 10, 10 000 and 100, 100 and
10, 50 and 5, 10 and 1, or 5 and 1 mg/L, e.g., 15 000, 10 000, 5 000, 1 000, 500, 100, 50, 20,
10, 5, 2, or 1. mg/L. The hydrophobic solvent may be one that separates from water when
mixed therewith. It will be recognised that there may be some degree of dissolution of the
hydrophobic solvent in water and of water in the hydrophobic solvent

[0092] Step ¢) may comprise reacting the hydrolysable groups formed in step b) with a
stoichiometric amount of water. Step ¢) may comprise reacting the hydrolysable groups formed
in step b) with substantially no excess of water present. The stoichiometric amount of water
may be determined using following equations (Equations 4 to 6), and the choice of equation
may depend on whether step b) comprises reacting the silanol groups of step a) with either i) a
silicon compound of formula R,Si(OR")4., where R is an alkyl group and n is 0 or 1 (Equation

4), i) an aminoalkyl silane of formula R"R:Si(OR")4.n.m having at least two hydrolysable

groups attached to silicon, where mis 1 or 2 and n is 0 or 1 (Equation 5), or iii) a compound of
formula M(OR")4 (Equation 6):

~0-§-0-Si-0R"y + 30 -5 -0-S-0-Si-(0H)» + 3R'0H ... Equation 4
—O-SHORO)S-R" + 2H:0 =2 —O-Si-O-(HORSI-R" + 2R'OH ... Equation 5
—Q-8i-0-M-{OR"); + 30 2 -O-Si-0-M-(OH); + 3R'OH ... Equation 6

[0093] The stoichiometric amount of water may be an approximately 1 : 1 molar ratio of
hydrolysable OR' groups to water. The molar ratio of hydrolysable OR' groups to water may be
between about 0.5:1 and 1.5:1, 0.75:1 and 1.25:1, 0.75:1 and 1.5:1, 0.75:1 and 1:1, 0.8:1 and
1.2:1, 0.9:1 and 1.1:4, or may be about 0.5: 0.6:1, 0,70,1, 0.75:1, 0.80:1, 0.85:1, 0.90:1,
0.95:1, 1.00:1, 1.05:1, 1.10:1, 1.15:1, 1.20:1, 1.25:1, 1.30:1: 1.4:1, or 1.5:1. Accordingly, the
term 'approximately stoichiometric amount of water' may refer to a molar ratio of hydrolysable
OR' groups to water of between about 0.5:1 and about 1.5:1, or between about 0.75:1 and
1.25:1,0.75:1 and 1.5:1, 0.75:1 and 1:1, 0.8:1 and 1.2:1, 0.9:1 and 1.1:1, or about 0.5:1, 0.6:1,
0.70:1, 0.75:1, 0.80:1, 0.85;1, 0.90:1, 0.95:1, 100:1, 1.05:1, 1.10:1, 1.15:1, 1.20:1, 1.25:1,
1.30:1: 1.4:1, or 1.5:1. An advantage of adding an approximately stoichiometric amount of
water in step ¢) is that the conversion of hydrolysable groups to -OH groups on compounds
bound to the silica surface is thought to be higher than if significantly non-stoichiometric
amounts are used. A further advantage of adding a stoichiometric amount of water in step c) is
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that in subsequent step d), condensation reactions between the aminoalkyl silane and/or the
compound of formula M(OR')4 and -OH groups directly or indirectly bound to the silica surface

are increased compared to when significantly non-stoichiometric amounts are used. Excess
water added in step ¢) that does not react with hydrolysable groups on the surface of the silica
would be free to undergo a condensation reaction with the compounds of step d), but as these
compounds may not be covalently bound to the surface of the silica, such reactions would not
result in functionalisation of the surface of the silica sorbent.

[0094] In step d), hydroxyl groups fanned in step ¢) may be reacted with one or more
reagents, wherein each reagent is independently selected from the group consisting of an
aminoalkyl silane of formula R"[\R Si(OR')4.n.m having at least two hydrolysable groups

attached to the silicon, where mis 1 or2 and nis 0 or 1, and a compound of formula M(OR")4.
In step d), the aminoalkyl silane of formula R",,RySI{(OR")4.n.m having at least two hydrolysable

groups attached to silicon may be an (aminoalkyl)alkyldialkoxyalkylsilane. The alkyl group may
be as described above for R. In step b) ii), the aminoalkyl silane of formula R"{R;Si(OR"Y4.n-m

having at Ileast two hydrolysable groups attached to silicon may be an
aminoalkyltrialkoxysilane. In the formula R"nRrSi(OR')4..m,n may be 0 or n may be 1. In the

formula R"mRpSI(OR")4.n-m, M may be 1 or m may be 2. The aminoalkyl silane may therefore
be of formula R"Si(OR")3, R">Si(OR")2 or R"RSi(OR')2. The hydrolysable groups attached to

silicon may be alkoxy groups. The hydrolysable groups may be OR' as described above. The
aminoalkyl group R" may be a linear or branched amino-substituted alkyl group comprising a
primary, secondary or tertiary amine as described above. One or more of the amino-
substituted alkyl groups bonded to the silicon may also comprise, as a substituent, one or more
N-(aminoalkyl) groups as described above. In step d), the compound of formula M(OR")4 may

be Zr(OR'")4 or Ti(OR")4, wherein the hydrolysable group OR' may be as described above. The
compound of formula M(OR')4 may be Hf(OR')4, Sn(OR")4, Th(OR")4, Pb(OR')4 or Ge(OR')y,

wherein the hydrolysable group OR' may be as described above. In step b) iii), the compound
of formula M(OR')4 may be, for example, Ti(OCH>CH3)y, Ti(OCHas)y, Ti(OCH>CH>CHa3)y,

Ti(OCH(CHa)3)s,  Zr(OCH,CHg)s,  Zr(OCHg)s,  Zr(OCHoCH2CHg)s,  Zr(OCH(CHs)2)a,
Hf(OCHoCHa)s, Hf(OCHs)s, Hf(OCH,CH,CHa)s, Hf(OCH(CHa)s, Sn(OCH2CHz)s, Sn(OCHa)s,
Sn(OCH5CH,CHs)s, Sn(OCH(CH3)2)s, Th(OCH2CHa)s, Th(OCHg)s, Th(OCH2CHCHa)a,
Th(OCH(CH3)2)s, Pb(OCHyCHs)s, Pb(OCHg)s, Pb(OCH,CH,CHa)s, Pb(OCH(CHz)2)s,
Ge(OCH,CHa)g, Ge(OCH3)s, Ge(OCHLCHCHa)a, or Ge(OCH(CHa)2)4. In step d), the hydroxyl

groups formed in step ¢) may be reacted with a mixture of at least one aminoalkyl silane of
formula R"RySI(ORY4.n.m having at least two hydrolysable groups attached to the silicon,

where mis 1 or2 andnis 0 or 1, and at least one compound of formula M(OR")4.

[0095] Step d) may be conducted in a hydrophobic solvent. The hydrophobic solvent may be
as described above with respect to step b).

[0096] Step e) may comprise reacting the hydrolysable groups formed in step d) with a
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stoichiometric amount of water. The stoichiometric amount of water may be determined using
following equations (Equations 7 and 8), and the choice of equation may depend on whether
step d) comprises reacting the silanol groups of step ¢) with either an aminoalkyl silane of
formula R",RSi(OR"Y4.n.m having at least two hydrolysable groups attached to silicon, where

mis 1 or 2 and nis 0 or 1 (Equation 7), or a compound of formula M(OR")4 (Equation 8):
~O-Si-O~(R'ORS-R" + 200 > ~0-Si-O-{OHRSI-R" + 2ROH ... Equation 7

~0-81-0-M~{OR"y; + 3H:0 =2 -0-81-0-M~{OH}: + 3R'OH ... Equation 8

[0097] The stoichiometric amount of water may be a 1:1 molar ratio of hydrolysable OR’
groups to water. The molar ratio of hydrolysable OR' groups to water may be between about
0.5:1 and 1.5:1, 0.75:1 and 1.25:1, 0.75:1 and 1.5:1, 0.75:1 and 1:1, 0.8:1 and 1.2:1, 0.9:1 and
1.1:1, or may be 0.5:1, 0.6:1, 0.70:1, 0.7.5:1, 0.80:1, 0.85:1, 0.90:1, 0.95:1, 1.00:1, 1.05:1,
1.10:1, 1.151, 1.20:1, 1.25:1, 1.30:1: 1.4:1, or 1.5:1. The advantages of adding a
stoichiometric amount of water in step e) are as described above for step c).

[0098] Steps d) and e) may be performed once or may be repeated. Steps d) and e€) may be
repeated at least 2 times, or between 2 and 10 times, 2 and 5 times, 3 and 10 times, or at least
2,3,4,5, 6,7 or 8 times. Where step d) and step e) are repeated, step d) may comprise
reacting the hydroxyl groups generated in step e) with one or more reagents, each
independently selected from the group consisting of an aminoalkyl silane having at least two
hydrolysable groups attached to the silicon and a compound of formula M(OR')4.

Preparation of Silica Substrate

[0099] The porous silica substrate of step a) may be made by

1. A) providing a suspension of a nanoparticulate substance in an aqueous solution of a
silicate salt;

. B) acidifying said aqueous solution so as to form a gel;

. C) heating said gel to form a monolith;

. D) forming a particulate material from said monolith; and,

. E) treating said particulate material with an extracting solution so as to extract the
nanoparticulate substance from the particulate material.

oA WD

[0100] In step A), the nanoparticulate substance may form a sol. The sol may then be used as
a template around which the gel of step B) forms, causing the resultant gel to contain soluble
inclusions. In step C), the gel may solidify to form a porous matrix or monolith, which contains
approximately evenly distributed inclusions. These inclusions may then be dissolved by an
extracting solution in step E) to leave approximately evenly distributed voids in the porous
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matrix, the voids containing the inclusions having a defined size and the pores connecting the
inclusion voids having a different defined size. This may lead to a bimodal distribution of pore
sizes or voids in the resultant porous silica particulate material or powder.

[0101] In step A), the nanoparticulate substance may comprise a transition metal oxide, such
as manganese dioxide, or a lanthanoid oxide, e.g., lanthanum oxide. In step A), the
nanoparticulate substance may comprise a metal carbonate, for example a transition metal
carbonate, e.g., calcium carbonate, strontium carbonate or barium carbonate. The
nanoparticulate substance may comprise a transition metal oxide or a metal carbonate,
however any other dissolvable/removable material of suitable particle size may be used. The
managanese dioxide may be formed in-sifu by the reduction of a permanganate salt. The
permanganate salt may be a group | salt, e.g., sodium permanganate or potassium
permanganate. The reduction of the permanganate salt may be conducted in aqueous
solution. The aqueous solution may comprise a reducing agent, for example, a water soluble
alcohol, e.g., methanol, ethanol or propanol. The nanoparticulate substance of step A) may
comprise a transition metal oxide sol. The transition metal oxide sol may therefore be a
manganese dioxide sol. The silicate salt in step A) may be a group | silicate salt, e.g., sodium
silicate or potassium silicate. The silicate salt may be any other water soluble silicate salt. The
silicate salt may be a metasilicate salt.

[0102] In step B), "acidifying" may be taken to mean effecting a reduction in pH of the solution
relative to the pH of the solution in step A). In step B), acidification of the aqueous solution may
comprise adding an acid and/or a pH buffer to the solution. The acid may be a mineral acid,
e.g., HCI, H>CO3, H2SO4, HNO3, or H3PO4. The acid may be an organic acid, e.g., acetic acid
or citric acid. The pH of the acidified aqueous solution resulting from step B) may be less than
pH 10,95,9,85,8,85,7,65,6,55,5, 45,4, 3.5 or pH 3, or between about pH 10 and 3,
10and7,7and 3,6 and 3,5and 4,or8and6,e.g.,pH7,6.5,6,55,5, 45,4, 3.50rpH3.

[0103] Step C), comprising heating the gel formed in step B) to form a monolith, may comprise
heating the gel formed in step B) to a temperature of between about 70 and 110 °C, or
between about 75 and 110, 80 and 110, 80 and 100, 90 and 110, or 90 and 100 °C. The
heating of the gel in step C) may be performed using a sealed vessel under autogenous
pressure. The monolith formed in step C) may be subsequently dried at about 60 °C, or
between about 40 and 70 °C, or about 40, 45, 50, 55, 60, 65, or 70 °C. The porous monolith
obtained in step C) may be used in step E) as is (i.e., without forming a particulate material
therefrom, as described in step D). Alternatively, the porous monolith obtained in step C) may
be subjected to step D) so as to form a particulate material. Thus, in step D), the forming of the
particulate material may comprise grinding the monolith into particles, or it may comprise
abrading the monolith, or it may comprise crushing the monolith, or it may comprise some
other process for forming the particulate material from the monolith. In step D), the resulting
particulate material may have a mean particle diameter of less than about 100 uym, or less than
95, 90, 85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20 or 15 pm, e.g., about 100, 95, 90,
85, 80, 75, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20 or 15 ym. Step D) may additionally or
alternatively comprise sieving or milling or other methods known to those of skill in the art to
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control the particle size and/or to remove particles of a size outside (above and/or below) a
desired range. The particulate material may comprise a powder. The particulate material
obtained in step E) may also be subsequently dried. It may be dried at a temperature below
the temperature at which Si-OH groups are condensed to form Si-O-Si linkages, e.g., at a
temperature of about 145 to 140 °C, or at a temperature of less than about 145 °C, or less
than about 140, 135, 130, 125, 120, 110, 100 °C, or between about 140 and 100 °C, 100 and
80, or 130 and 80 °C, e.g., at about 145, 140, 135, 130, 125, 120, 110 or 100°C, The
temperature at which Si-OH groups are condensed to form Si-O-Si linkages may be
determined by methods known to one skilled in the art, for example, by thermogravimetric
analysis. The drying may be facilitated by application of a vacuum or partial vacuum to the
particulate material.

[0104] Step E) may extract the nanoparticulate substance from the powder. The
nanoparticulate substance may be extracted by dissolving the nanoparticulate substance
and/or decomposing the nanoparticulate substance and/or reacting with the nanoparticulate
substance to form a soluble species. The nanoparticulate substance may be a transition metal
oxide. The extracting solution may comprise a reducing agent. The reducing agent may reduce
the transition metal oxide to form small soluble transition metal ions. The reducing agent may
reduce manganese oxide to form small soluble manganese metal ions. The reducing agent

may be oxalic acid. The oxalic acid may reduce Mn** in MnO2xH»0 to Mn2* ions.

Sorbent Material

[0105] A sorbent material according to the present invention comprises porous silica having a
plurality of oligomeric chains on a surface thereof, said oligomeric chains having a backbone
consisting of alternating oxygen and tetravalent atoms M', and wherein each of said chains
comprises a plurality of M'-OH moieties.

[0106] The plurality of oligomeric chains on the surface of the porous silica may be on the
inner pore surface or the outer particle surface of the silica, or on both the inner pore and outer
particle surfaces of the silica. The oligomeric chains may each have a single point of
attachment to the surface of the porous silica, or may each have at least one point of
attachment to the surface. The point of attachment may be a single O-M' bond, where the O is
bonded to one or more silicon atoms on the surface of the porous silica substrate and M’ is Si,
Zr, Ti, Hf, Sn, Th, Pb or Ge. A 'plurality’ of oligomeric chains on the surface of the porous silica
may refer to a multiplicity of oligomeric chains on the surface, e.g., an oligomeric chain may be
attached to every available silanol (Si-OH) group on the surface of the silica, or on substantially
every available silanol group on the surface, or on e.g., every second, third, fourth, fifth or sixth
available silanol group. A 'plurality’ of M' -OH moieties may refer to each oligomeric chain
comprising a multiplicity of M'- OH moieties, e.g., two or more M'-OH moieties per oligomeric
chain, or at least one M'-OH moiety per M' atom in each oligomeric chain. A 'plurality’ of M'-OH
moieties may refer to more than one M'-OH moiety per M' atom in each oligomeric chain.
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[0107] The backbone of the oligomeric chains comprises alternating oxygen and tetravalent M’
atoms, e.g., M'-O-M'-O-M'-O---. The backbone of the oligomeric chains may be taken as the
longest continuous network of M'-O-M'-O-M'-O----linkages. The oligomeric chains on the
surface of the porous silica, or the backbones thereof, may be linear or may be branched. The
oligomeric chain backbones may comprise a maximum of 18 M'-O units, e.g., they may
comprise less than 18, 15, 10, or 5 M'-O units, e.g., between about 18 and 10 M'-O units, 12
and 5 M'-O units, or 7 and 3 M'-O units, e.g., 18,17, 16, 15, 14, 13,12, 11,10, 9,8, 7, 6, 5, 4,
or 3 M'-O units. Where the oligomeric chains are branched, the oligomeric chain backbone
may comprise no more than 18 M' -O units in total. The oligomeric chain backbone may
alternatively have a total length of no more than 18 M'-O units, e.g., a length of less than 18,
15, 10, or 5 M'-O units, e.g., between about 18 and 10 M'-O units, 12 and 5 M'-O units, or 7
and 3 M'-O units, e.g., 18, 17, 16, 15, 14, 13,12, 11,10, 9, 8, 7, 6, 5, 4, or 3 M'-O units. Where
the point of attachment of each oligomeric chain is a single O-M' bond and the O is bonded to
one or more silicon atoms on the surface of the porous silica substrate, this first O may be
excluded when counting the maximum of 18 M'-O units in the backbone of the oligomeric chain
as described above.

[0108] Each tetravalent M' atom may form 4 single bonds. Each tetravalent M' atom may have
tetrahedral geometry. Each tetravalent M' atom may, independently, be Si, Zr, Ti, Hf, Sn, Th,
Pb, or Ge, e.g., each M' atom may, independently, be Si, Zr or Ti. Each oligomeric chain may
comprise M' atoms where every M' atom is Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge. At least one M' per
oligomeric chain may be Zr, Ti, Hf, Sn, Th, Pb, or Ge, e.g., at least one M' per oligomeric chain
may not be Si. At least one M' per oligomeric chain may be Zr or Ti. It will be understood by
persons skilled in the art that the term 'tetravalent M' atom' may refer to a tetravalent M' ion, or

may refer to an M' atom having been tetravalent (e.g., an M#* ion) prior to formation of four
single covalent bonds, or may refer to the formal oxidation state of an M' atom in its starting
compound, e.g., Si in R;Si(OR')4.,, where R is an alkyl group and n is 0 or 1, Si in
R"mRrSI(ORY4.n-m, where R" is an aminoalkyl group, mis 1 or 2 and nis 0 or 1, or M in
M(OR")4, where each OR' is a hydrolysahle group, or may refer to the formal oxidation state of

an M atom in the oligomeric chain once formed.

[0109] Each oligomeric chain may, in addition to the ---M'-O-M'-O-M'-O--- backbone and
plurality of M'-OH moieties, further comprise at least one aminoalkyl group. The at least one
aminoalkyl group may be bonded to a Si atom in the oligomeric chain. There may be an
aminoalkyl group bonded to each Si atom in the oligomeric chain backbone. The aminoalkyl
group may be an amino-substituted alkyl group, e.g., aminomethyl, aminoethyl, aminopropyl,
aminobutyl, aminopentyl, aminohexyl, aminoheptyl, aminooctyl, aminononyl or aminodecyl.
The aminoalkyl group may linear or branched. The aminoalkyl group may comprise a primary,
secondary or tertiary amine. The alkyl chain of the aminoalkyl group may comprise less than
15 carbon atoms, or may be less than 15 carbon atoms in length, e.g., may have less than 15,
or less than 13, 10, 8, 6, 4, or 2 carbon atoms, e.g., may have between 15 and 1 carbon
atoms, or between 15 and 8, 10 and 5, or 8 and 1 carbon atoms, e.g., may have 15, 14, 13,
12, 11,10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 carbon atoms, or may be less than 15 carbon atoms in
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length, or less than 13, 10, 8, 6, 4, or 2 carbon atoms, e.g., may be between 15 and 1 carbon
atoms in length, or between 15 and 8, 10 and 5, or 8 and 1 carbon atoms, e.g., may be 15, 14,
13, 12, 11,10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 carbon atoms in length. One or more of the amino-
substituted alkyl groups may also comprise, as a substituent, one or more N-(aminoalkyl)
groups. Each N-(aminoalkyl) group may independently be an ammo-substituted alkyl group,
e.g., N-aminomethyl, N-aminoethyl, N-aminopropyl, N-aminobutyl, N-aminopentyl, N-
aminohexyl, N-aminoheptyl, N-aminooctyl, N-aminononyl or N-aminodecyl. Each N-aminoalkyl
group may independently be linear or branched. Each N-aminoalkyl group may independently
comprise a primary, secondary or tertiary amine. The alkyl chain in each N-aminoalkyl group
may be as described above for the alkyl chain of the aminoalkyl group. The aminoalkyl group
may be -CzHgNH2, -CaHgNHCoH4NH5, -CaHgN(CH3)o, -CaHgN(CoHsg)o, -CaHgNH(CH3), or -
C3H6NH(C2H5), -CzH4N(C2H5)2, or -CH2N(C2H5)2.

[0110] In one embodiment, the sorbent material comprises porous silica having a plurality of
groups of formula -O(M'OAX)Hn+1 on the surface thereof, wherein: each M' is, independently,

Si, Zr or Ti, each A is, independently, O or (CH2)y, where m is from 1 to 6, each X is,

independently, either OH or an aminoalkyl group, and n is from 2 to 5; with the proviso that
none of said groups of formula -O(M'OAX)nHNn+1 contains a M'-(CHy),-M' group. At least one

M' may be either Zr or Ti. Each A may be O or (CH3), where mis from 1 to 6. Each A may be
(CHy), (CH2)2, (CH5)3, (CH2)4, (CH3)s, or (CHy)g. The (CH2)y chain may be linear or branched.
Each Amay be O or (CH3), where mis 1 or 2. Each X may be OH or an aminoalkyl group. At
least one X may be an aminoalkyl group, where the aminoalkyl group is as described above.
The sorbent material according to the present invention may comprise porous silica having a

plurality of groups of formula -O(M'OAX)nHn+1 on the surface thereof, where n may be 2 to 5,
2t04,2t03,3to50r3to4,ornmaybe2, 3,4 or5, and n must be an integer.

[0111] In another embodiment the sorbent material comprises porous silica having a plurality
of groups of formula -O4,(M") AX,«R"«x on the surface thereof, wherein: each M' is,
independently, Ti, Zr, Hf, Sn, Th, Pb, Si, or Ge,

each A is, independently, either OH or R (where R is an alkyl group CHzn+4, and n is from 1 to
18);

each R" is an aminoalkyl group [(CH3)-(Amino group1)], where m is from 1 to 6;

each X is a [M'(oxo-hydroxyl-alkyl-aminoalkyl)M"(oxo-hydroxyl-alkyl-aminoalkyl)] group of
formula [(OM");{(OH)a(CpH2p+1)[CH2)¢-(Aminogroup2)] c{OM"){ OH)g(ChH2n+1)pl(CH2)g-(Amino
group3)]y}], wherein each M' is, independently, Si, Ti, Zr, or Hf and each M" is, independently,
Si, Ti, Zr, or Hf; z is from 1 to 3; i is from O to 3; (i+k) is from O to 3;

jisOor1;aisfromOto 3;bisfrom1to6;cisfromO0to3;disfrom1to6;eisfromOto3;
(atcte) is 3;fisOor1;gisfromOto 3; hisfrom1to6;pisfromOto 3;qisfrom1to6;vis
from 0 to 3; and (g+p+v) is 3.

The sorbent material may have a mean pore size of between about 2 and about 10 nm. The
sorbent material may have a mean pore size as described with respect to step a) in the section
entitled 'Silica Substrate'. The sorbent material may have a bimodal distribution of pore sizes.
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In this case there may be a first population of pores having a mean diameter of 2 to about 6
nm, e.g., about 4 nm, and a second population of pores having a mean diameter of 6 to about
10 nm, e.g., about 8 nm. The first and second population of pores may be as described with
respect to step a) in the section entitled 'Silica Substrate’. The sorbent material may be
particulate. The sorbent material may have a mean particle diameter of less than about 100
pm. The particle diameter may be as described with respect to step a) in the section entitled
'Silica Substrate'. The sorbent material may have a specific surface area of between about 300

and about 1000 m%/g. It may have a void volume of between about 0.5 mL/g to about 1.5
mL/g, or between about 0.5 and about 1.0, 0.9 and 1.3, 1.0 and 1.5, or about 0.8, 0.9, 10, 1.1,
1.2, 1.3, 1.4 or 1.5 mL/g. The surface area or the void volume of the sorbent material may be
as described with respect to step a) in the section entitled 'Silica Substrate’. The sorbent
material may be a surface modified silica.

[0112] The sorbent material surface may, for example, be functionalised as shown in any one
of structures A to H and M below, where X is either OH or an aminoalkyl group (R") and M' is
Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge as described above:
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[0113] Advantageously, the adsorption capacity of any one or more of the above sorbent
materials for molybdenum is more than 400 mg Mo/g sorbent, or more than 450, 500,
550,600, 650, 700, 750 or 800 mg Mo/g sorbent e.g., between about 400 and 1000 mg Mo/g
sorbent, or between about 450 and 600, or 500 and 800, or 700 and 1000 mg Mo/g sorbent,
e.g., 400, 450, 500, 550, 600, 650, 700, 750 or 800 mg Mo/g sorbent.

[0114] Advantageously, the adsorption capacity of any one or more of the above sorbent
materials for tungsten is more than about 700 mg W/g sorbent, or more than 800, 900, 1000,
1200, 1400, 1600, 1800 or 2000 mg W/g sorbent, e.g., between about 700 and 2000 mg W/g
sorbent, or between about 700 and 1500, 1200 and 1800, or 1500 and 2000 mg W/g sorbent,
e,g., about 700, 800, 900, 1000, 1200, 1400, 1600, 1800 or 2000 mg W/g sorbent.

Purification andl/or concentration methods

[0115] The present invention also relates to a method for purifying and/or concentrating a
solution comprising a mixture of metal ions, said method comprising:

1. a) providing a solution comprising one or more contaminant species and one or more
target species;

2. b) contacting the solution of step a) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein
each of said chains comprises a plurality of M'-OH moieties, and wherein each M’ is
independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge ;
and,

3. ¢) separating the solution from the sorbent material as an eluate following step b).

Target and contaminant species

[0116] The term "mixture of metal ions" may refer to a mixture of contaminant species and
target species wherein the contaminant species and/or the target species are metal ions. The
"metal” constituting the metal ion may be any suitable metal, e.g., a transition metal, a
lanthanoid or actinoid metal, a group 1 or group Il metal, or a metalloid. The term "metal ion"
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as used herein may refer to a metal ion species, including a polyatomic metal ion species, e.g.,

a metal ion complex. For example, the term "metal ion" may encompass MO4 or MO42 ions

(where M is a metal as described herein), or may encompass metal ion complexes comprising
one or more metal ions and one or more oxo, hydroxo, chloro, and/or aqua ligands when in
aqueous solution, depending on the pH and salt concentration of that solution.

[0117] As used herein, the term 'target species’' may refer to any species, e,g., ion or metal
ion, that is desired to be collected for subsequent use. For example, in some embodiments,
the target species is a species comprising a metal, and in particular a radioactive isotope of a
metal, that is useful in nuclear medicine. The term 'target species' may refer to an ion, e.g., a
metal ion comprising a metal, and in particular a radioactive isotope of a metal, that is useful in
nuclear medicine. It will be understood that where the target species is an ion, there will be one
or more counter-ions present when the target species is in aqueous solution.

[0118] As used herein, the term 'contaminant species' may refer to any species, e.g., ion or
metal ion, that is not desired to be collected for subsequent use. For example, in some
embodiments, the contaminant species is a species comprising a metal that is not useful in
nuclear medicine, e.g., the contaminant species is a decay product of, or a parent or precursor
species to, the target species. It will be understood that where the contaminant species is an
ion, there will be one or more counter-ions present when the contaminant species is in
aqueous solution.

[0119] In step a) above, the solution comprising one or more contaminant species may

comprise a contaminant species of formula [Z104]% where Z' may be Mo or may be W, e,g.,
the contaminant species may be [MoO4]% or may be [WO4]Z. In step a) above, the solution
comprising one or more target species may comprise a target species of formula [Z204] where
Z2 may be Tc or Re, e.g., the target species may be [TcO4]" or may be [ReO4]. Z! may be
radioactive, e,g., Mo, or 188W, or Z2 may be radioactive, e.g., %°MTc, or 18Re, or both Z' and
Z2 may be radioactive. Therefore, in step a) above, the contaminant species may be
[°M004]% or may be [8WO4% and the target species may be [®°*™TcO4]" or may be
['88ReQ,]", e.g., when the contaminant species is [®®MoQ4]%, the target species may be
[°MTcO4], or when the contaminant species is [188WO,J%, the target species may be

[188ReO,]".

[0120] In step a) above, the contaminant species may be a D** ion, where D may be selected
from the group consisting of Ti, Ge, Zr, Sn and Hf. The contaminant species may be, for

example, Ti**, Ge#*, zr**, Sn** or Hf**. In step a) above, the target species may be an X3*
ion, where X may be selected from the group consisting of Sc, Ga, Y, In or Lu. The target

species may be, for example, Sc3*, Ga®*, Y3*, In3* or Lu3*. D may be radioactive, e.g., 4Ti,
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68Ge, 89zr, 1"0sn, 1135n or 172Hf, or X may be radioactive, e.g., 44Sc, 88Ga, 89my, 110m|y 113m,
or 2Ly, or both D and X may be radioactive. When X is 44Sc, D may be 44Ti. When X is 88Ga,
D may be 88Ge. When X is 8°MY, D may be 88Zr. When X is 119M|n, D may be '19Sn. When X is
13M|n, D may be '13Sn. When Xis 172Lu, D may be 172Hf. It will be understood by those skilled

in the art that 'X3*' and 'D*" ions as described in this paragraph and elsewhere may be
hydrated and/or hydroxylated in aqueous solution. For example they may be in the form

[X(OH)3.y]¥* where 0 < y < 3 or [X(OH)3+i]"* where 1 </ <3, or may be in the form [B(OH)4.]"*
where 0 < w < 4 or [D(OH)4}* where 1sjs4. 'X3*' and 'D**' ions as described in this

paragraph and elsewhere may be chloro complexes of X3* and D** ions in aqueous solution,
where the aqueous solution comprises chloride ions, and therefore may be in the form [X(Cl)3.

JP* where 0<y<3 or [X(Cl)3+]™ where 1<i<3, or may be in the form [D(Cl)4.,/]"* where 0 < w <

4 or [D(Cl)j+4* where 15j<4.'X>"" and 'D**" ions as described in this paragraph and elsewhere

may also be mixed ligand complexes comprising any one or more of oxo, hydroxo, chloro,
and/or aqua ligands in aqueous solution. Methods of determining the formula of aqueous
complexes are known in the art, and include, for example, UV-visible spectroscopy, ion-
exchange, conductivity, etc.

[0121] The provided solution of step a) comprising one or more contaminant species and one
or more target species may farther comprise a saline solution. The saline solution may
comprise any suitable soluble salt, e.g., it may comprise sodium chloride or ammonium or
another group | or Il chloride, e.g., potassium chloride, or any water soluble ammonium or
group | or Il sulfate, carbonate, chloride, acetate, sulfate, chloride, nitrate, iodide or bromide
salt. The total salt concentration may be any suitable concentration, e.g., it may be about 0.1
M, or between about 0.01 and about 1 M, or between about 0.01 and about 0.1, 0.1 and
1,0.05 and 0.5, 0or 0.5 and 1, e.g., 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 05,06, 0.7,0.8,09 0or 1 M.
The total salt concentration may be about 1%(w/v), or between about 0.1 and about 10%(w/v),
or between about 0.1 and about 1, 1 and 2, 1 and 5, 1 and 10, 5 and 10, or 6 and 8%(w/v),
e.g.,0.1,05,10,15,2.0,25,3.0,35,40,45,50,55,6.0,6.5,7.0,7.5,8.0,8.5,9.0,9.5,
or 10%(w/v). Where the salt is sodium chloride, the total salt concentration may be between
about 0.1 and about 10%(w/v). Where the salt is an ammonium or group | or Il nitrate or
acetate salt, the concentration may be about 5 M, e.g., between about 1 M and about 10 M, or
between about 0.1 and 8 M, 0.1 and 1 M, 1 and 6 M, 4 and 10 M, or 4 and 6 M, e.g., about 1,
2,3,4,5 6,7,8,9, or 10 M. The total salt concentration may be the total concentration of
counteranions in the solution. The provided solution of step a) comprising or more contaminant
species and one or more target species may comprise water.

[0122] The sorbent material in step b) above may be as described above in the section entitled
'Sorbent material', e.g., the sorbent material may be particulate. The sorbent material in step
b) above may be produced by the method described in the section entitled 'Sorbent material
production’. The choice of sorbent material may be contingent upon the desired function of the
sorbent as described in the following sections. In particular, the sorbent materials of the
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present invention may be capable of retaining and/or covalently binding certain contaminant

species, e.g., molybdate ([MoO4]%) and/or tungstate ([WO4]?) ions, or capable of retaining
and/or reversibly binding certain target species, e.g., pertechnetate ([TcO4]") and/or perrhenate
([ReOg4]), and may therefore be suitable for use in radioisotope separation, purification and/or

concentration processes and for processes used in 9MTc- and 188Re-generator production.

[0123] For example, in one arrangement, the sorbent material is chosen such that the
oligomeric chains comprise a plurality of M'-OH moieties and where the oligomeric chains are
devoid of aminoalkyl groups, wherein at least one M' is not Si, and the sorbent material applied
in purification (“catch without release”) processes. Sorbent materials used in "catch without
release" processes may be capable of retaining and/or covalently binding certain contaminant

species, e.g., molybdate ([MoO4]2) and/or tungstate ([WO4]%) ions as described below in the

section entitled 'Purification "catch without release".

[0124] In another arrangement, the sorbent material is chosen such that the oligomeric chains
comprise a plurality of M'-OH moieties and a plurality of aminoalkyl groups, wherein at least
one M' is Si, and the sorbent material applied in purification and/or concentration ("catch and
release™) processes. Sorbent materials used in "catch and release” processes may be capable

of retaining and/or covalently binding certain contaminant species, e.g., molybdate ([MoO4]%)
and/or tungstate ([WO4]%) ions and may be capable of retaining and/or reversibly binding

certain target species, e.g., pertechnetate ([TcO4]) and/or perrhenate ([ReO4]) as described

below in the section entitled 'Purification and concentration "catch and release” (1)

[0125] In yet another arrangement, the sorbent material may be chosen such that the
oligomeric chains comprise a plurality of Si OH moieties and a plurality of aminoalkyl groups,
wherein all M' atoms are Si, and the sorbent material applied in purification and/or
concentration ("catch and release”) processes. Sorbent materials used in "catch and release"
processes may be capable of retaining and/or reversibly binding certain target species, e.g.,

pertechnetate ([TcO4]") and/or perrhenate ([ReO4]") as described below in the section entitled

'Purification and concentration "catch and release” (Il)'.

[0126] In the above embodiments, the contacting of step b) may comprise passing the solution
of step a) through the sorbent material. Any suitable means of passing the solution through the
sorbent material may be used, e.g., passing the solution through a column comprising the
sorbent material. The passing may be conducted under pressure, or may be conducted using
gravitational force.

Purification "catch without release”
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[0127] In one embodiment of the purification and/or concentration method described above,
the sorbent material comprising porous silica has a plurality of oligomeric chains on a surface
thereof, said oligomeric chains having a backbone consisting of alternating oxygen and
tetravalent M' atoms, wherein each of said chains comprises a plurality of M'-OH moieties,
wherein each M’ is independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th,
Pb, and Ge and wherein the oligomeric chains of the sorbent material comprise at least one M’
that is not Si. The sorbent material is advantageously devoid of aminoalkyl groups.

[0128] For example, the sorbent material may be functionalised with any one or more of the
oligomeric chains as shown in the non-limiting Structures (i) to (v) below, where each M’ is

independently Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge and at least one M’ is not Si.
OH
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o C|>H OH OH OH OH OH
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Structure (iv) Structure (v)

[0129] The sorbent material applied in purification ("catch without release") processes may be

capable of retaining and/or covalently binding certain contaminant species, e.g., [2'04]% ions

including molybdate ([MoO4]%) and/or tungstate ([WO4]%) ions as described in the following

paragraphs. Using the sorbent material as described in this section in "catch without release"
processes advantageously provides a plurality of M'-OH sites to which contaminant ions may
bind irreversibly, which may in turn assist in the separation and/or purification of the target
species in or from the solution.

[0130] In step a), the solution comprising one or more contaminant species and one or more
target species may be as described in the section above entitled 'Target and contaminant
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species'. The solution may comprise saline as also described in the section above entitled
'Target and contaminant species’'.

[0131] In the purification and/or concentration method described in the section entitled
'Purification and/or concentration methods', where the sorbent material of step b) is as
described in this section, the contacting of step b) may cause the contaminant species [2104]%

to bind irreversibly to the sorbent material. The irreversible binding may comprise formation of
at least one M'-0-Z1 linkage, wherein M' is either Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, e.g., M' is Si,
Zr or Ti. It may comprise formation of at least two M'-O-Z' linkages per M' or per Z'. It may
comprise the formation of a bis-u-oxo bridge between the M' and Z' metal centres. The term

'irreversible binding' may encompass covalent binding of the [Z'04]% ions to the M'-OH

moieties or M'O4 units in the oligomeric chains covalently coupled to the surface of the porous

compete with the [Z204]" target ions for irreversible binding sites such that no, or substantially

no, target species bind irreversibly to the sorbent material. It will be understood that there may
be conditions under which “irreversibly bound" atoms may be detached, but that these
conditions may not prevail under normal use, or may not prevail under normal use without a
further regeneration step as described below.

[0132] In the purification and/or concentration method described in the section entitled
'Purification and/or concentration methods', where the sorbent material of step b) is as

described in this section, the contacting of step b) may cause the contaminant species D?, or a
hydrate or hydroxo complex thereof, to bind irreversibly to the sorbent material. The
irreversible binding may comprise formation of at least one M'-O-D linkage, wherein M' is either
Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, e.g., M' is Si, Zr or Ti and D is Ti, Ge, Zr, Sn or Hf. It may
comprise formation of at least two M'-O-D linkages per M' or per D. It may comprise the
formation of a bis-u-oxo bridge between the M' and D metal centres. The term 'irreversible
binding' may encompass covalent binding of D**, [D(OH)4]*, [D(OH)2]?*, or [D(OH)]3* ions, or
[D(OH)4] complexes, to the M' -OH moieties or M'Oy4 units in the oligomeric chains covalently
coupled to the surface of the porous silica substrate. The 'irreversible binding' may prevent the
D4, [D(OH)4]*, [D(OH)5]%*, or [D(OH)]®* ions, or [D(OH)4] complexes from being re-
solubilised.

[0133] In the purification and/or concentration method described in the section entitled
'Purification and/or concentration methods', the sorbent material used in step b) may be devoid
of aminoalkyl functional groups. The porous silica sorbent devoid of aminoalkyl functional
groups may be used in step b) of the method to purify a solution comprising a mixture of metal
ions. In this method, step b) may be performed to remove up to 100% by mole or mass of the

[2'04]% or D** ions from the provided solution. The contacting of step b) may be performed to

remove between 100 and 50% by mole or mass of the [2104]% or D4* ions from the provided

solution, or may be performed to remove between 100 and 95, 100 and 85, 95 and 85, 90 and
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60, or 85 and 50% by mole or mass of the [2104]% or D4 ions from the provided solution, e.g.,
100, 99, 98, 97, 96, 95, 94, 93, 92, 91, 90, 85, 80, 75, 70, 65, 60, 55 or 50% by mole or mass

of the [2104]% or D** ions from the provided solution. The porous silica sorbent devoid of

aminoalkyl functional groups may allow the target species of formula [Z204] or X3* ions to

pass through the sorbent material without binding to the sorbent material, or to the surface of
the sorbent material, or to the M'O4 groups covalently coupled to the surface of the sorbent

material, or may allow the target species of formula [Z204]" or X3* to bind less strongly to the

sorbent than [Z2104]2 or D** ions. It may allow the target species of formula [Z204] or X3* to

pass through the sorbent material without binding permanently to the sorbent material. The
porous silica sorbent devoid of aminoalkyl functional groups may allow 100% by mole or mass

of the target species of formula [Z204] or X3* to pass through the sorbent material, or between
about 100 and 85%, or between about 100 and 95, 100 and 90, 95 and 85 or 90 and 85% by

mole or mass of the target species of formula [Z204] or X3* to pass through the sorbent
material, e.g., 100, 99, 98, 97, 96, 95, 94, 93, 92, 91, 90, 89, 88, 87, 86 or 85% by mole or

mass of the target species of formula [Z204]" or X3* to pass through the sorbent material.

[0134] Step c) may comprise separating the solution from the sorbent material after the
contacting of step b) as an eluate. Said eluate may comprise the target species and trace

amounts of [Z2104]% or D" ions, e.g., between about 5 ppm and 0.001 ppm [Z104]% or D**, or

between about 5 ppm and about 1 ppm, or 1 and 0.1 ppm, or 0.1 and 0.01 ppm, or 0.01 and
0.001 ppm, or less than about 5 ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005
ppm, or 0.001 ppm, e,g., about 5 ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005
ppm, or 0.001 ppm or optionally less than about 0.001% radioactivity of target and/or
contaminant species in the eluate per total radioactivity of target and/or contaminant species
on the sorbent column. The eluate of step ¢), after contacting with the sorbent material in step
b), may comprise a relatively higher proportion of target species and a relatively lower
proportion of contaminant species with respect to the provided solution of step a) and hence
be said to purify the provided solution. For example, the eluate of step ¢), after contacting with
the sorbent material in step b), may essentially comprise the target ions in solution, e.g., the
eluate may comprise purified target species. The method may thus purify the provided solution
of step a) by binding the contaminant ions strongly, e.g., irreversibly, and allowing the target
species to pass into the eluate.

[0135] A non-limiting example of a purification ("catch without release”) process setup is given
in Figure 10. In Figure 10, a normal saline eluent (A) is provided to a generator column (B)
comprising a functionalised silica sorbent as described in this section. The eluate of this
generator column, which is the solution of step a) in the method described in this section, is
then passed through a purification column (C) that also comprises a sorbent material as
described in this section, which traps contaminant species as described above, allowing the
target species to pass into the collected eluate (D).
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[0136] The "catch without release” process described above may further comprise step d)
regenerating the sorbent material, wherein said regenerating comprises adding a regenerating
solution to the sorbent material. The regenerating solution may be added to the sorbent
material after the contacting of step b) and the separation of the eluate in step ¢). The
regenerating step may comprise passing the regenerating solution through the sorbent

material. As described above, the sorbent material may comprise irreversibly bound [Z104]% or

D4 species bound, for example, through M'-O-Z' or M'-O-D linkages, after step c), and
therefore prior to adding the regenerating solution. Advantageously, the regenerating solution

may reverse the 'irreversible binding' of the [2104]2 or D** species, for example, by disrupting,

cleaving and/or reversing the M'-O-Z' or M'-O-D linkages such that [2104]% or D** species

move into the regenerating solution and M'-OH moieties are restored on the surface of the
sorbent material.

[0137] The regenerating solution of step d) may be basic. Any suitable basic solution may be
used, for example, a solution comprising hydroxide ions. The regenerating solution may
comprise a solution of one or more group 1 or Il metal hydroxides, e.g., lithium hydroxide,
sodium hydroxide, or potassium hydroxide. It may comprise ammonium hydroxide. It may
comprise a combination of sodium hydroxide, potassium hydroxide and/or ammonium
hydroxide. Where the regenerating solution comprises hydroxide ions, the total hydroxide ion
concentration of the regenerating solution may be between about 0.01 and 1.0 M, e.g.,
between about 0.01 and 0.1 M, or 0.1 and 0.6 M, or 0.5 and 1.0 M, e.g., about 0.01, 0.05, 0.1,
0.2,03,04,05,06,0.7,08,090r1.0 M.

[0138] After the regenerating of step d), the sorbent material may comprise less than about

0,01%(w/w) Z' or D, or between about 0.001 and 1%(w/w), or between about 0.001 and 0.01,
or 0.01 and 0.1, or 0.1 and 1.0%(w/w), e.g., about 0.001, 0.01, 0.1, or 1.0%(w/w), The %(w/w)

unit may represent the per cent by mass of the elements Z' or D relative to the mass of the
sorbent material used in step b) and/or d). After the regenerating of step d), the sorbent
material may be reused in the method.

[0139] Advantageously, the sorbent materials described in this section have an adsorption
capacity for molybdenum of more than 450 mg Mo/g sorbent and/or an adsorption capacity for
tungsten of more than about 850 mg W/g sorbent, as described in the section entitled 'Sorbent
material'.

[0140] A non-limiting example of a purification ("catch without release") process setup
comprising a regeneration step is given in Figure 11. In Figure 11, a normal saline eluent (A) is
provided to a generator column (K1) comprising a functionalised silica sorbent as described in
this section. The eluate of this generator column, which is the solution of step a) in the method
described in this section, is then passed through a purification column (K2) that also comprises
a sorbent material as described in this section, which traps contaminant species as described
above, allowing the target species to pass (EF-A), via a pump (P), into the collected eluate (F).
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After collection, an 0.5 M NaOH solution (B) is passed through the column (K2) to reverse the

irreversible binding of the [2'04]% or D** species and regenerate the column. The eluate

produced by this step (EF-B,C) is collected in a separate receptacle (W). Finally, a water wash
(C) is added and the water wash waste collected (EF-B,C) in the same separate waste
receptacle (W).

Purification and concentration "catch and release” ()

[0141] In another embodiment of the purification and/or concentration method described in the
section entitled 'Purification and/or concentration methods', the sorbent material comprising
porous silica has a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein each of
said chains comprises a plurality of M'-OH moieties, wherein each M' is independently selected
from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge and wherein the oligomeric
chains of the sorbent material comprise at least one M' that is Si, at least one aminoalkyl group
attached to the at least one Si, and at least one M' that is not Si.

[0142] For example, the sorbent material may be functionalised with any one or more of the
oligomeric chains shown in the non-limiting Structures (vi) to (x) below, where each M' is
independently Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge but at least one M' is not Si, and R" is an
aminoalkyl group, for example an aminoalkyl group R" as described in the section entitled

'Aminoalkyl silane compounds' above.
R
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[0143] The sorbent material applied in purification and/or concentration ("catch and release")
processes may be capable of retaining and/or covalently binding certain contaminant species,
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e.g., molybdate ([MoO4]%) and/or tungstate ([WO4]%) ions and may be capable of retaining
and/or reversibly binding certain target species, e.g., pertechnetate ([TcO4]") and/or perrhenate

([ReOg4]) as described in the following paragraphs. Use of a sorbent material as described in

this section in "catch and release” processes advantageously provides a plurality of M'-OH
sites to which contaminant ions may bind irreversibly, and also advantageously provides a
plurality of aminoalkyl sites to which target ions may bind reversibly, which may in turn assist in
the separation, purification and/or concentration of the target species in or from a solution
comprising contaminant species.

[0144] In step a), the solution comprising one or more contaminant species may be as
described in the section entitled 'Target and contaminant species’, e.g., the solution of step a)
may comprise any water soluble ammonium or group | or |l sulfate, acetate, or nitrate salt at a
concentration of from about 0.1 M to about 5 M, and may additionally comprise sodium
chloride solution at a concentration of less than about 0.05%(w/v).

[0145] In the purification and/or concentration method described in the section entitled
'Purification and/or concentration methods', the sorbent material of step b) described in this
section comprising at least one aminoalkyl group covalently coupled to the surface of the silica
and comprising at least one M’ that is Si and one M' that is not Si may be used to purify a
solution comprising one or more contaminant species and one or more target species, wherein
the contacting of step b) may be performed to remove up to 100% by mole or mass of the

contaminant species (e.g., [Z104]% or D** ions) from the provided solution as described in the

section entitled 'Purification "catch without release.

[0146] Simultaneously, the porous silica sorbent material comprising at least one aminoalkyl
group covalently coupled to the surface of the silica may allow the reversible binding of the
target species (e.g., of formula [Z204] or X3*) to the aminoalkyl groups during the contacting
of step b). The aminoalkyl groups may be positively charged during the contacting of step b).
The aminoalkyl groups may be positively charged due to the pH of the solution of step a) being
less than about 6, or between about pH 5 and pH 2, e.g., about pH 6, 5.5, 5, 4.5, 4, 3.5, 3, 2.5,
or about pH 2. The positively charged aminoalkyl groups may interact with target [Z204]" ions

to form an ionically bonded ion pair. The ionic bond may be reversible. The positively charged

aminoalkyl groups may additionally or alternatively interact with [Z204]" or X3* ions in a Lewis
acid-Lewis base interaction, and/or through the formation of hydrogen bonds and/or through
van der Waals or dispersion forces. The porous silica sorbent comprising at least one
aminoalkyl group covalently coupled to the surface of the silica may bind, ionically or otherwise,
up to 100% by mole or mass of the target species of formula [Z20,4] or X3*, or between about
100 and 50%, or between about 100 and 95, 100 and 80, 95 and 85, 100 and 70, 90 and 70,
100 and 55, 70 and 50% by mole or mass of the [Z2104]% or X3* ions from the provided

solution, e.g., 100, 99, 98, 97 96, 95, 94, 93, 92, 91, 90, 85, 80, 75, 70, 65, 60, 55 or 50% by
mole or mass. Where the porous silica sorbent comprising at least one aminoalkyl group
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covalently coupled to the surface of the silica has ionically or otherwise bound between 100

and 50% by mole or mass of the target species of formula [Z2-O4]" or X3*, step c) may

comprise separating the solution from the sorbent material as an eluate following step b). This
eluate collected in step ¢) may comprise substantially no target species and substantially no
contaminant species. It may substantially comprise the further components of the provided
solution of step a) as described in the section entitled 'Target and contaminant species'. Where
the target and/or contaminant species are radioactive, the eluate collected in step c) may
comprise radioactive decay by-products. The eluate collected in step ¢) may be collected in a
receptacle. It may be discarded, or alternatively, may be reused as described in the section
entitled 'Generator'.

[0147] The purification and/or concentration method described in this section may further
comprise step d') contacting an eluting solution with the sorbent material of step b) said eluting
solution being capable of reversing the binding of the target species to the sorbent, whereby
the target species passes into the eluting solution. The eluting solution of step d') may release

the target species of formula [Z20,4] or X3* from the ionic interactions with charged aminoalkyl

groups on the sorbent material. Releasing the target species may comprise an ion-exchange

reaction between the target species of formula [Z204 or X3* and one or more anions

comprising the eluting solution. These anions may be, for example, chloride, iodide, bromide,
acetate, nitrate, sulfate or carbonate anions.

[0148] The eluting solution of step d') may comprise a saline solution. The saline solution may
comprise any suitable soluble salt. The saline solution may comprise a sodium chloride
solution. It may comprise ammonium or another group | or Il chloride, e.g., potassium chloride,
or any water soluble ammonium or group | or Il sulfate, carbonate, chloride, acetate, sulfate,
chloride, nitrate, iodide or bromide salt. The total salt concentration may be any suitable
concentration, e.g., it may be about 0.15 M, or between about 0.01 and about 1 M, or between
about 0.01 and about 0.15, 0.1 and 1, 0.05 and 0.5, or 0.5 and 1, e.g., 001, 0.05, 0.1, 0.15,
0.2,0.3,04,05,06,0.7,0.8, 0.9 or 1 M. The total salt concentration may be about 1% (w/v),
or between about 0.1 and about 10% (w/v), or between about 0.1 and about 1, 1 and 2, 1 and
5,1and 10, 5 and 10, or 6 and 8% (w/v), e.g., 0.1, 0.5, 1.0, 1.5,2.0, 2.5, 3.0, 3.5, 4.0,4.5,5.0,
5.5,6.0,6.5,7.0,7.5,8.0,8.5, 9.0, 9.5, or 10% (w/v). Where the salt is sodium chloride, the
total salt concentration may be between about 0.1 and about 10% (w/v). Where the salt is an
ammonium or group | or Il nitrate or acetate salt, the concentration may be about 5 M, e.g.,
between about 1 M and about 10 M, or between about 0.1 and 8 M, 0.1 and1 M, 1 and 6 M, 4
and 10 M, or4 and 6 M, e.g., about 1, 2, 3, 4, 5,6, 7, 8, 9, or 10 M. The eluting solution, in
particular the salt, may be chosen such that the characteristics of the solution enable it to
reverse the binding of the target species to the sorbent material. For example, the salt may be
chosen for the charge density of its constituent ions. Advantageously, the concentration of the
chosen salt in the eluting solution may also be adjusted to reverse the binding of the target
species to the sorbent material, in particular, to minimise the volume of eluting solution
required to reverse the binding of the target species.
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[0149] The eluting solution of step d') may have a defined pH. The defined pH may be
controlled by adding a buffer solution or by adding any suitable acid or base. The pH of the
eluting solution may be greater than about pH 2, e.g., greater than pH 2, 3,4, 5,6, 7, 8, 9, 10,
11, 12, 13 or 14, or between about pH 4 and pH 8, or pH 2 and pH 5, or pH 6 and pH 10, e.g.,
pH2,63,4,5,6,7,8,9, 10,11, 12, 13, or pH 14, The pH of the eluting solution may be greater
than the pKa of the aminoalkyl group. The eluting solution of step d') may release up to 100%

of the ionically or otherwise bound target species of formula [Z204]" or X3* from the sorbent

material, or between about 100 and 85%, or between about 100 and 95, 100 and 90, or 95
and 85% by mole or mass, e.g., 100, 99, 98, 97, 96, 95, 94 93, 92, 91, 90, 89, 88, 87, 86 or

85% by mole or mass of the target species of formula [Z204]" or X3*. Step d') may further

comprise collecting the eluting solution containing the target species in a receptacle. The
eluting solution may comprise the target species. The receptacle may be separate to the
receptacle containing the eluate of step c¢). The purification and concentration "catch and
release" process may thus purify the provided solution by binding the contaminant ions
irreversibly, and allowing the target species to pass through into the eluent, and may
concentrate the target species as described below.

[0150] The "catch and release” process described above may concentrate the target species
as follows: the solution provided in step a) may have a concentration of the target species of

formula [Z204]" or X3* of Ca. After contacting this solution with a porous silica sorbent material

comprising at least one aminoalkyl group covalently coupled to the surface of the silica to
reversibly bind the target species, the target species may become reversibly bound to the
surface of the sorbent. In step d'), the eluting solution capable of reversing the binding of the
target species may then reverse the binding of the target species such that the target species
pass into the eluting solution. The eluting solution collected after step d') may then have a total

concentration of the target species of formula [Z204] or X3* of Cg, wherein C5 < Cg. The
volume of solution used in step a) may be greater than the volume of the eluting solution used
in step d'). The volume of the eluting solution used in step d') may be chosen specifically to

produce a certain concentration of target species, e.g., a small volume may be chosen to
concentrate the target species relative to the initial provided solution.

[0151] The "catch and release" process described above may further comprise step e)
regenerating the sorbent material, wherein said regenerating comprises adding a regenerating
solution to the sorbent material. The regenerating solution may be added to the sorbent
material after the contacting of step b), the separation of the eluate in step c), and the
contacting of step d'). The regenerating step may comprise passing the regenerating solution

through the sorbent material. As described above, the sorbent material may comprise [Z104]%

or D% species irreversibly bound to the sorbent through, for example, M'-O-Z' or M'-O-D
linkages, after step d') and therefore prior to adding the regenerating solution. Advantageously,

the regenerating solution may reverse the 'irreversible binding' of the [2104]% or D** species,

for example, by disrupting, cleaving and/or reversing the M'-O-Z" or M'-O-D linkages such that
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[2104]% or D** species move into the regenerating solution and M'-OH moieties are restored

on the surface of the sorbent material.

[0152] The regenerating solution of step €) may be basic, and may be as described for the

regenerating solution of step ¢) in the section entitled 'Purification "catch without release'.

[0153] After the regenerating of step e), the sorbent material may comprise less than about

0.01%(w/w) Z! or D as also described in the section entitled 'Purification “"catch without
release"™. The regenerating solution may be collected in a receptacle separate to the eluate of
step ¢) and the eluting solution of step d') during or after the regenerating of step e). The
collected regenerating solution may be discarded. After the regenerating of step e), the
sorbent material may be reused in the method.

[0154] In the "catch and release” process above, step b) and/or step d') and/or step e) may
comprise passing the solution through a column comprising the sorbent material. The column
may be packed with sorbent material. The column may be a single use column, wherein once
the capacity of the sorbent material to bind the contaminant species of formula [Z104]2 or D#*

irreversibly has been reduced, the column may be discarded. The reduction in capacity of the

sorbent material to bind [Z2'04]% or D** species irreversibly may be a reduction of about 100%,

or between about 100 and 90%, or between about 100 and 80%, or between about 90 and
80%, e.g., 100, 99, 98, 97, 96, 95, 94, 93, 92, 91 90, 85 or 80% before the sorbent may be
discarded. The reduction in capacity may be measured as the percentage of moles of

contaminant species of formula [Z104]% or D** in the final eluent (after step e)) relative to the

moles of contaminant species of formula [Z2104]% or D#* in the solution provided in step a) of
the method.

[0155] The column may alternatively be a multiple use column. The number of uses for which

the column is suitable may depend on the quantity of contaminant species of formula [Z104]%

or D** in the solution and the volume of the solution passed through the column. For example,
concentrated solutions of contaminant species and/or large volumes of solution may reduce
the number of suitable reuses. As described above, once the capacity of the sorbent material

to bind the contaminant species of formula [Z2104]% or D4* irreversibly has been reduced, e.g.,

by between about 100 and 80%, the column may be discarded. This reduction in capacity may
occur after many reuses, e.g., after more than 10, 50 or 100 reuses, e.g., after about 50, 75,
100, 125 or 150 reuses. Advantageously, the regenerating step e) and the elution of reversibly
bound target ions in step d) may increase the number of uses for which the column is suitable.

[0156] The sorbent materials described in this section may have an adsorption capacity for
molybdenum of more than 450 mg Mo/g sorbent and/or an adsorption capacity for tungsten of
more than about 850 mg W/g sorbent, as described in the section entitled 'Sorbent material'.
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[0157] A non-limiting example of a purification and concentration ("catch and release") (1)
process setup comprising a regeneration step is given in Figure 12. In Figure 12, a non-saline
aqueous eluent (e.g., acetic acid/acetate and < 0.05% NaCl solution mixture or <0.05% NaCl
solution) (E) is provided to a generator column (K1) comprising a functionalised silica sorbent
as described in the section entitled "Purification "catch without release™
circulation system (EFC). The eluate of this generator column, which is the solution of step a)
in the method described in this section, is then passed through a purification column (K2) that
comprises a sorbent material as described in this section, which traps contaminant species and
target species as described above. The non-saline aqueous eluent (EF-E) that passes through
the column (K2) is collected, via a pump (P), in a receptacle (E). The target species is then
eluted from the column (K2) using a small volume of saline solution (C), and the eluate (EF-C)
collected in a receptacle as a purified and concentrated solution of target species (F). After
collection, an 0.5 M NaOH solution (B) is passed through the column (K2) to reverse the

via an eluent flow

irreversible binding of the 21042 or D** species and regenerate the column. The eluate (EF-

A,B) produced by this step is pumped (P) into a separate receptacle (W). Finally, a water wash
(B) is added to the column (K2) and the water wash (EF-A,B) waste pumped (P) into the same
separate waste receptacle (W).

Purification and concentration "catch and release” (ll)

[0158] In another embodiment of the purification and/or concentration method described in the
section entitled 'Purification and/or concentration methods', the sorbent material comprising
porous silica has a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein each of
said chains comprises a plurality of M'-OH moieties, wherein each M' atom is Si and wherein
the oligomeric chains of the sorbent material comprise a plurality of aminoalkyl groups
attached to the Si atoms.

[0159] For example, the sorbent material may be functionalised with any one or more of the
oligomeric chains shown in the non-limiting Structures (xi) to (xv) below, where R" is an
aminoalkyl group, for example an aminoalkyl group R" as described in the section entitled

'Aminoalkyl silane compounds'.
Qr
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[0160] The sorbent material applied in the purification and/or concentration ("catch and
release”) processes in this section may be capable of retaining and/or reversibly binding
certain target species, e.g., pertechnetate (TcO4) and/or perrhenate (ReO4) as described in

the following paragraphs. Use of a sorbent material as described in this section in "catch and
release" processes advantageously provides a plurality of aminoalkyl sites to which target ions
may bind reversibly, which may in turn assist in the separation, purification and/or
concentration of the target species in or from a solution comprising contaminant species.

[0161] In step a), the solution comprising one or more contaminant species may be as
described in the section entitled 'Target and contaminant species'. Prior to step b) described
below, the provided solution of step a) may be passed through a chlorine-selective sorbent
column to remove or substantially remove any saline or salt. Passing the provided solution of
step a) through a chlorine-selective sorbent column may advantageously reduce the
concentration of chloride ions in the provided solution, as chloride ions may compete with the
target species (e.g., of formula [Z204] or X3*) at reversible aminoalkyl group binding sites on

the inventive sorbent material.

[0162] The porous silica sorbent described in this section comprising a plurality of aminoalkyl
functional groups may be used in step b) of the method to purify and concentrate at least one
target species from a solution comprising at least one target species and at least one
contaminant species. In this method, step b) may be performed to bind reversibly up to 1 00%

by mole or mass of the [Z204] or X3* ions from the provided solution. The contacting of step b)
may be performed to bind reversibly between 100 and 50% by mole or mass of the [Z20g4]" or

X3* ions from the provided solution, or may be performed to bind reversibly between 100 and
95, 100 and 85, 95 and 85, 90 and 60, or 85 and 50% by mole or mass of the [Z204] ions from
the provided solution, e.g., 100, 99, 98, 97, 96, 95, 94, 93, 92, 91, 90, 85, 80, 75, 70, 65, 60,
55 or 50% by mole or mass of the [Z204]" or X3* ions from the provided solution. The porous
silica sorbent comprising a plurality of aminoalkyl functional groups may allow the contaminant
species of formula [2104]% or D** to pass through the sorbent material without binding to the

sorbent material, or to the surface of the sorbent material, or to any oligomeric chain groups
covalently coupled to the surface of the sorbent material, or bind less strongly to the sorbent
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than [Z204] or X3* ions. It may allow the contaminant species of formula [Z104)%* or D** to
pass through the sorbent material without binding reversibly or irreversibly to the sorbent
material. The porous silica sorbent comprising a plurality of aminoalkyl functional groups may
allow 100% by mole or mass of the contaminant species of formula [Z'04]% or D** to pass

through the sorbent material, or between about 100 and 85%, or between about 100 and 95,
100 and 90, 95 and 85 or 90 and 85% by mole or mass of the contaminant species of formula

[2'04]% or D** to pass through the sorbent material, e.g., 100, 99, 98, 97, 96, 95, 94, 93, 92,
91, 90, 89, 88, 87, 86 or 85% by mole or mass of the contaminant species of formula [Z2104]%

or D** to pass through the sorbent material.

[0163] The porous silica sorbent material where each M' is Si and where the sorbent material
comprises at least one aminoalkyl group covalently coupled to the surface of the silica may
allow the reversible binding of the target species (e.g., of formula [Z204]") to the aminoalkyl
groups during the contacting of step b) as described in the section entitled 'Purification and
concentration "catch and release (I)' above. For example, the aminoalkyl groups may be
positively charged during the contacting of step b), and the positively charged aminoalkyl
groups may interact with target [Z204]" or X3* ions to form an ionically bonded ion pair. The

ionic bond may be reversible. The sorbent may ionically bind up to 100% by mole or mass of

the target species of formula [Z204] or X3*, or between about 100 and 50%, or between about
100 and 95, 100 and 80, 95 and 85, 100 and 70, 90 and 70, 100 and 55, 70 and 50% by mole

or mass of the [Z2104]% or X3* ions from the provided solution, e.g., 100, 99, 98, 97 96, 95, 94,
93, 92, 91, 90, 85, 80, 75, 70, 65, 60, 55 or 50% by mole or mass. During the contacting of

step b), the [Z204] or X3* target ions may compete with the [Z104]% or D** contaminant ions

for reversible binding sites such that no, or substantially no, contaminant species bind
reversibly (or irreversibly) to the sorbent material.

[0164] Step c) may comprise separating the solution from the sorbent material after the
contacting of step b) as an eluate. The eluate may be collected in a separate receptacle. Said

eluate may comprise the contaminant species and trace amounts of [Z204]" or X3* ions, e.g.,

between about 5 ppm and 0.001 ppm [Z204]" or X3*, or between about 5 ppm and about 1

ppm, or 1 and 0.1 ppm, or 0.1 and 0.01 ppm, or 0.01 and 0.001 ppm, or less than about 5
ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005 ppm, or 0.001 ppm, e.g., about 5
ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005 ppm, or 0.001 ppm [Z204] or X3*,
or optionally less than about 0.001% radioactivity of target and/or contaminant species in the
eluate per total radioactivity of target and/or contaminant species on the sorbent column. The
eluate of step ¢), after contacting with the sorbent material in step b), may essentially comprise
the contaminant ions in solution. The method may thus purify the provided solution of step a)
by allowing collecting of the eluate comprising the contaminant ions, allowing the target species
be eluted in a separate, subsequent step.
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[0165] The purification and/or concentration method described in this section may further
comprise contacting an eluting solution with the sorbent material following step c), said eluting
solution being capable of reversing the binding of the target species to the sorbent, whereby
the target species passes into the eluting solution. The eluting solution of may release the

target species of formula [Z204] or X3* from the ionic interactions with charged aminoalkyl

groups on the sorbent material. Releasing the target species may comprise an ion-exchange

reaction between the target species of formula [Z204 of X3* and one or more anions

comprising the eluting solution. These anions may be, for example, chloride, iodide, bromide,
acetate, nitrate, sulfate or carbonate anions. Advantageously, the volume of eluting solution

required to release the target species of formula [Z204] or X3* from the ionic interactions with

charged aminoalkyl groups on the sorbent material may be lower than the volume of the
solution used in step a).

[0166] The eluting solution may comprise a saline solution, e.g., a saline solution as described
for the eluting solution of step d') in the section entitled 'Purification and concentration "catch
and release” ()’ above. As described in the section entitled 'Purification and concentration
"catch and release” (I)', the eluting solution, in particular the salt, may be chosen such that the
characteristics of the solution enable it to reverse the binding of the target species to the
sorbent material. For example, the salt may be chosen for the charge density of its constituent
ions. Advantageously, the concentration of the chosen salt in the eluting solution may also be
adjusted to reverse the binding of the target species to the sorbent material, in particular, to
minimise the volume of eluting solution required to reverse the binding of the target species.
The eluting solution may also have a defined pH, e.g., a pH as described for the pH of the
eluting solution of step d') in the section entitled 'Purification and concentration "catch and
release" (I)' above. The eluting solution may alternatively comprise a soluble base, e.g., a

soluble hydroxide salt as described in the section entitled 'Purification "catch without release".

[0167] The purification and/or concentration method described in this section may yet further
comprise collecting the eluting solution comprising the target species in a receptacle. The
receptacle may be separate to the receptacle containing the eluate of step ¢). The purification
and concentration "catch and release” process may thus purify the provided solution by binding
the target ions reversibly and allowing the contaminant species to pass through the sorbent
into the eluent, and then recovering and/or concentrating the target species as described in the
section entitled 'Purification and concentration "catch and release” (1)".

[0168] A non-limiting example of a purification and concentration ("catch and release") (ll)
process setup comprising a regeneration step is given in Figure 13. In Figure 13, a normal
saline eluent (A) is provided to a generator column (K1) comprising a functionalised silica
sorbent as described in the section entitled 'Purification "catch without release™. The eluate of
this generator column, which is the solution of step a) in the method described in this section,
is then passed through a salt and/or chloride-removing column (K2) and then passed in-line
through a purification column (K3) that comprises a sorbent material as described in this
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section, which traps target species as described above. The waste/contaminant species eluent
(EF-A) passed through the column (K3) is collected in a receptacle (W). The target species is
then eluted from the column (K3) using a small volume of sterile saline solution (B), and the
eluate (EF-B) collected in a receptacle as a purified and concentrated solution of target
species (F).

[0169] The methods outlined in the sections entitled 'Purification "catch without release™,
'Purification and concentration "catch and release" (I)' and/or "Purification and concentration
"catch and release” (II)) may be used as described above, or may be combined with the
methods as described in the section below entitled 'Generator'.

Radionuclide generator (Radiochemical separation of daughter nuclides from a mixture
of daughter and parent nuclides)

[0170] The method described in the section entitled 'Purification and/or concentration methods’
comprising:

1. a) providing a solution comprising one or more contaminant species and one or more
target species;

2. b) contacting the solution of step a) with a sorbent material comprising porous silica
having a plurality of oligomeric chains on a surface thereof, said oligomeric chains
having a backbone consisting of alternating oxygen and tetravalent M' atoms, wherein
each of said chains comprises a plurality of M'-OH moieties, and wherein each M’ is
independently selected from the group consisting of Si, Zr, Ti, Hf, Sn, Th, Pb, and Ge ;
and,

3. ¢) separating the solution from the sorbent material as an eluate following step b), and
the arrangements thereof discussed in the three preceding sections entitled "Purification
"catch without release™, 'Purification and concentration "catch and release" (I)' and
'Purification and concentration "catch and release” (II)) may further comprise the
following steps A) to C) prior to step a):

1. A) providing a solution comprising one or more target species and one or more
contaminant species;

2. B) contacting the solution of step A) with a sorbent material comprising porous
silica having a plurality of oligomeric chains on a surface thereof, said oligomeric
chains having a backbone consisting of alternating oxygen and tetravalent M'
atoms, and wherein each of said chains comprises a plurality of M'-OH moieties;
wherein the oligomeric chains of the sorbent material comprise at least one M’
that is not Si; and, wherein the affinity of the sorbent material for the target
species is lower than that for the contaminant species;

3. C) extracting the sorbent material from step B) with an extracting solution so as to
produce an extract, said extracting solution being capable of extracting the target
species from the sorbent material and said extract being the solution of step a).
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[0171] The target species and the contaminant species of step A) may be as described above
in the section entitled 'Target and contaminant species' for target species and contaminant

species of step a). For example, in step A) above, the contaminant species may be a D** ion,
where D may be selected from the group consisting of Ti, Ge, Zr, Sn and Hf. The contaminant

species may be, for example, Ti**, Ge#*, Zr4*, Sn** or Hf**. In step A) above, the target
species may be an X3* ion, where X may be selected from the group consisting of Sc, Ga, Y, In
or Lu. The target species may be, for example, Sc3*, Ga%*, Y3*, In3* or Lu®*. D may be
radioactive, e.g., 44Ti, 88Ge, 89zr, 110gn, 44Tj, 68Ge, 897y, 110gn, 11330 or 172Hf, or X may be
radioactive, e.g., 44Sc, 88Ga, 89my, M0m|y 113y or 172 4 or both D and X may be radioactive.
When X is 44Sc, D may be 44Ti. When X is %8Ga, D may be %8Ge. When X is 89MY, D may be
89Zr. When X is 110M|n, D may be '19Sn. When X is 113MIn, D may be 113Sn. When X is 172Lu, D
may be 172Hf. The X3* and D** ions may be hydrated and/or hydroxylated in aqueous solution

and therefore may be in the form [X(OH)3_y]y+ where 0 € y < 3, or may be in the form [D(OH)4.

WV where 0 s w< 4,

[0172] In step A) above, the solution comprising one or more contaminant species may
comprise a contaminant species of formula [Z104]% where Z' may be Mo or may be W, e.g.,
the contaminant species may be MoO4% or may be WO4Z, and/or may comprise a target
species of formula [Z204]” where Z2 may be Tc or Re, e.g., the target species may be [TcO4]
or may be [ReOy4]". Z! may be radioactive, e.g., Mo, or '8W or Z2 may be radioactive, e.g.,
99MTe, or 18Re, or both 2! and Z2 may be radioactive. Therefore, in step A), the contaminant
species may be [°*Mo004]% or may be ['8WO04]2 and the target species may be [**™MTcO,4]" or
may be ['88Re0Qy[, e.g., when the contaminant species is [®M004]%", the target species may
be [%¥MTcO,]", or when the contaminant species is ['W0,4]%, the target species may be

[188ReO4]". The solution of step A) may comprise a parent species that decays over time to

form the target species, whereby the parent species is the contaminant species. For example,

the parent species may be [**MoO4]% and the daughter species may be [*9MTcO,]’, or the

parent species may be 8W04]2 and the daughter species may be ['8ReOy4]".

[0173] The provided solution of step A) comprising or more contaminant species and one or
more target species may be the solution obtained from, for example, the fission reaction of
uranium-235 irradiated in a nuclear reactor, or the solution obtained from a neutron capture
nuclear reaction using molybdenum-98. Therefore, the solution of step A) may comprise the
parent or contaminant species, varying amounts of daughter or target species depending on
the half-life of the parent and the period of time lapsing between irradiation and delivery to the
generator, and may also comprise other species, including counter-ions, non-irradiated starting
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material, or other trace products.

[0174] The sorbent material of step B) may be as described for the sorbent material of step b)
in the section entitled "purification "catch without release™, for example, it may be capable of

retaining and/or covalently binding certain contaminant species, e.g., [Z'04]% ions including
molybdate ([MoO4]%) and/or tungstate ([WO4]2) ions or D** ions including Ti4*, Ge#*, Zr4*,

Sn#* or Hf** or hydroxo-complexes thereof. The sorbent material in this section
advantageously provides a plurality of M'-OH sites to which contaminant ions may bind
irreversibly, which may in turn assist in the retention of parent (contaminant) ions on the
sorbent material for a period of time, during which time the parent ions may decay to produce
daughter (target) ions that, once produced, do not bind or substantially do not bind to the
sorbent material.

[0175] The irreversible binding in this section may comprise formation of at least one M'-O-Z
or M'-O-D linkage, wherein M' is either Si, Zr, Ti, Hf, Sn, Th, Pb, or Ge, e.g., M'is Zr or Ti. It

may comprise formation of at least two M'-O-Z' or M'-O-D linkages per M' or per Z' or D. It
may comprise the formation of a bis-u-oxo bridge between the M' and Z' or D metal centres.
The term 'irreversible binding' may encompass covalent binding of the [Z2104]2 or D#* ions to
the M'-OH moieties or M'Oy4 units in the oligomeric chains covalently coupled to the surface of
the porous silica substrate. The ‘irreversible binding' may prevent the [Z104]% or D** ions from
being re-solubilised. The 'irreversible binding' may prevent the [Z104]2 or D** ions from being
re-solubilised under the normal conditions of use of the porous silica sorbent material. The

[2104]% or D** ions may compete with the [Z204] or X3* target ions for irreversible binding

sites such that no, or substantially no, target species bind irreversibly to the sorbent material.

[0176] The sorbent material used in step B) is advantageously devoid of aminoalkyl functional
groups. The porous silica sorbent devoid of aminoalkyl functional groups may be used in step
B) of the method to capture the contaminant ions. In this method, step B) may be capture up to

100% by mole or mass of the [Z'04]% or D** ions from the provided solution. The contacting of
step B) may capture between 100 and 50% by mole or mass of the [Z104]% or D** ions from
the provided solution, or may capture between 100 and 95, 100 and 85, 95 and 85, 90 and 60,
or 85 and 50% by mole or mass of the [Z104]% or D** ions from the provided solution, e.g.,
100, 99, 98, 97, 96, 95, 94, 93, 92, 91, 90, 85, 80, 75, 70, 65, 60, 55 or 50% by mole or mass

of the [2104]% or D** ions from the provided solution.

[0177] Once the parent or contaminant ions have been captured as described above in step
B), step C) may comprise extracting the sorbent material from step B) with an extracting
solution so as to produce an extract, said extracting solution being capable of extracting the
target species from the sorbent material and said extract being the solution of step a).
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[0178] The extracting solution of step C) may advantageously extract the target or daughter
species formed by the decay of the parent species from the sorbent material by allowing the
target species to pass into the extract. The extract may then be provided as the solution of
step a). The extracting solution in step C) may extract up to 100% by mole or mass of the

target species of formula [Z204] present in the sorbent material at the time of extracting, or
may extract between about 100 and 85%, or between about 100 and 95, 100 and 90, 95 and

85 or 90 and 85% by mole or mass of the target species of formula [Z20,4]" or X3* present in
the sorbent material at the time of extracting, e.g., 100, 99, 98, 97, 96, 95, 94, 93, 92, 91, 90,

89, 88, 87, 86 or 85% by mole or mass of the target species of formula [Z204]" or X3* present

in the sorbent material at the time of extracting. The extract thus produced in step C) may

comprise the target species and trace amounts of contaminant [2104]% or D** ions, e.g.,

between about 5 ppm and 0.001 ppm [Z104]% or D**, or between about 5 ppm and about 1

ppm, or 1 and 0.1 ppm, or 0.1 and 0.01 ppm, or 0.01 and 0.001 ppm, or less than about 5
ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005 ppm, or 0.001 ppm, e.g., about 5
ppm, 1 ppm, 0.5 ppm, 0.1 ppm, 0.05 ppm, 0.01 ppm, 0.005 ppm, or 0.001 ppm or optionally
less than about 0.001% radioactivity of target and/or contaminant species in the eluate per
total radioactivity of target and/or contaminant species on the sorbent column.

[0179] The extracting solution of step C) may comprise a saline solution, for example, it may
be as described for the eluting solution of step b) in the section entitled 'Purification and
concentration "catch and release” (I)', e.g., it may comprise ammonium or another group | or Il
chloride, e.g., potassium chloride, or any water soluble ammonium or group | or Il sulfate,
carbonate, chloride, acetate, sulfate, chloride, nitrate, iodide or bromide salt. The total salt
concentration may be any suitable concentration, e.g., it may be about 0.1 M, or between
about 0.01 and about 1 M, or between about 0.01 and about 0.1, 0.1 and 1, 0.05 and 0.5, or
0.5and 1,e.g, 0.01,0.05 0.1,0.2,03,04,0.5,06,0.7,0.8, 0.9 or 1 M, or between about 1
M and about 10 M, or between about 0.1 and 8 M, 0.1 and 1 M, 1 and 6 M, 4 and 10 M, or 4
and 6 M, e.g., about 1, 2, 3,4, 5,6,7, 8,9, or 10 M. For example, the eluting solution may
comprise sodium chloride, wherein the sodium chloride concentration is about 1%(w/v) and the
pH is between about pH 1 and about pH 5, or may comprise sodium or ammonium sulfate,
wherein the total sodium or ammonium sulfate concentration is between about 0.01 and about
0.5 M, or may comprise sodium or ammonium acetate, wherein the sodium or ammonium
acetate concentration is between about 0.1 and about 1.0 M and the pH is between about pH 2
and about pH 4. The extracting solution of step C) may comprise any suitable mineral acid,
e.g., hydrochloric acid, sulfuric acid, or nitric acid. The acid may have a concentration of
between about 0.01 M and about 1.0 M, e.g., between about 0.01 and 0.1 M, 0.05 and 0.5 M,
or0.5and 1.0 M, e.g., about 0.01, 0.05, 0.1, 0.5, or 1.0 M.

[0180] The generator process described above may be performed prior to the purification
method described in the section entitled "Purification "catch without release™, or may be
performed prior to the purification and concentration methods described in the sections entitled
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'Purification and concentration "catch and release” (I)' and "Purification and concentration
"catch and release” (ll)'. Where the generator process described above is performed prior to
the purification and concentration methods described in the section entitled 'Purification and
concentration "catch and release" (l)', the eluate collected in step ¢) comprising substantially
no target species and substantially no contaminant species may be used as the extracting
solution in step C) of the above method. Thus, the eluate collected in step c) in the section
entitled 'Purification and concentration "catch and release” (I)' may be recycled for use in step
C) of the above method. The recycling process may be performed more than 1 time, e.g.,
more than 2, 5, 10, 20, 50, 100 or 150 times, e.g., between 1 and 150 times, or between 1 and
50, 50 and 100, or 100 and 150 times, e.g., 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 50, 80, 100, 120,
or 150 times.

[0181] Advantageously, the adsorption capacity of the sorbent material for the contaminant or
parent ions as used in the generator method described in this section is high, for example,
between about 400 and 1 000 mg Mo/g sorbent or between about 700 and 2000 mg W/g
sorbent, or adsorption capacities as described in the section entitled 'Sorbent material'. This
high adsorption capacity may be due to a high density of M'-OH moieties on the inner and/or
outer surface of the sorbent, which may irreversibly bind contaminant or parent species. The
high adsorption capacity of the sorbent material for the contaminant or parent ions may be
achieved by synthesising sorbent materials with a particularly high content of tetravalent M’
atoms, for example, where M' is Ti or Zr.

Summary of the use of sorbents for radiochemical separation processes

[0182] The present invention provides for the use of any suitable sorbent material described
herein for concentrating a target species from a solution comprising one or more contaminant
species and the target species. The present invention also provides for the use of any suitable
sorbent material described herein for separating a target species from a contaminant species
from a solution comprising one or more contaminant species and one or more target species.
The contaminant species may be a parent species that decays over time to form the target

species. For example, the contaminant species may be of formula [Z'04]% and the target
species may be of formula [Z204]", wherein Z! = Mo or W and Z2 = Tc or Re. Alternatively or

additionally, the contaminant species may be a D** ion, wherein D is selected from the group

consisting of Ti, Ge, Zr, Sn and Hf and the target species may be an X3* ion, wherein X is
selected from the group consisting of Sc, Ga, Y, In or Lu. The present invention provides for
the use of any suitable sorbent material described herein in a radiocisotope concentrator
device. The radioisotope concentrator device may separate and/or concentrate a target
species from a solution comprising one or more contaminant species and one or more target
species. For example, the radioisotope concentrator device may be an ULTRALUTE® device
(multi-use radioisotope concentrator).

Summary of purification andlor concentration methods
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[0183] As described in the above sections, the sorbent materials of the present invention may
be selected for purification and/or concentration methods based on either the capability for
covalent bonding/chemisorption (i.e., "catch without, release™) or capability for ion-exchange
(i.e., "catch and release"), or a combination of both capabilities within the same sorbent
material. The wide ranging pK; values of the hydroxyl groups of metal hydrous oxides (e.g.,

pKs = 4.2 for hydrous titanium oxide and pK,; = 6-8 for hydrous zirconium oxide) and of the
amino groups (pKg = 9.7-11.2) on the oligomeric chains coated on the solid silica support
provides scope for high separation resolution in purification and/or concentration methods
described herein when solutions of specific pH are chosen. Further, the multifunctional nature
of the sorbent materials of the present invention makes them suitable for use in %MTc/?°Mo
and 188Re/188 generators as generator column packing materials, where they may act both

to purify and concentrate generator eluate, as well as in further separation and/or
concentration processes.

[0184] The present embodiments and the detailed description are to be considered in all
respects as illustrative and not restrictive.

Examples

[0185] The present invention will now be described with reference to specific examples, which
should not be construed as in any way limiting.

Performance of sorbent: Synthesis

[0186] Large surface area and high porosity silica gel suitable for use in the present invention
may be synthesised as follows:

In a first step, potassium permanganate is reduced with ethyl alcohol in aqueous solution at
room temperature to form a hydrated manganese dioxide sol. This hydrated manganese
dioxide sol is then added to an acidic and/or a pH buffer controlled solution containing sodium
silicate, resulting in a hydrogel precipitate. The hydrogel precipitate is then aged and
hydrothermally treated in a sealed Teflon bottle at increasing temperatures of between 70 and
110 °C under autogenous pressure for several hours until a semicrystalline product is formed.
The precipitate is then dried at 60 °C for several hours and ground into powder with a particle
size of less than 100 ym. The obtained powder is then washed with 1 M oxalic acid solution

until all the manganese dioxide has been converted into soluble Mn2* ions, resulting in a white
solid powder. The soluble small Mn?* ions are not adsorbed by silica gel and are therefore

easily washed out from the solid gel powder together with K™, Na* and nitrate ions. The white
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powder is then washed with deionised water to afford silica free of Mn2*, K*, Na*, nitrate and
other counter-ions. Finally, the white powder is washed with ethyl alcohol to remove any
organic residues generated from the oxidation of oxalic acid. The solid gel is then dried in an
oven at 135 °C for several hours and sieved to receive the solid hydrous silica powder of
suitable particle size (e.g. 50 to 100 ym). This silica gel powder is then used as a starting
material in the following methods.

[0187] Solution parameters for the performing the synthesis of the MnO», nanoparticle-

templated silica above are given in Table 1. A scanning electron microscope image of the silica
synthesised by the MnO»-templated method is shown in Figure 1. The pore distribution of the

silica synthesised by the MnOax-templated method is shown in Figure 2. Thermoanalysis

diagrams for silica synthesised using the MnO»-template method are shown in Figure 3.
Table 1: Solution parameters for the performing the synthesis of the MnQ; nanoparticle-

temiplated silica

Solutions Parameters Higher Medium Lower
porosity silica | porosity stlica | porosity silica
Solution A: | Vohmae, Vg mb .50 1.0 1.00
Silicate sol S0, concentration, Caos. 35000 36835 36835
sitation mg/ml
Si0), confent, myg F75.00 FER3S 368.35
Base concentration, Cyon M 3.50 475 475
Solution B: Voalome, Ve, mk 3.00 300 3,00
Mn, so} MunO: concentration Cugon, 14.20 21.30 14.20
solation mu/mlL
MaQy, content, mg 42,66 63,93 42,60
Acid congentration, Cywes, M 023 028 .25
Mixed Base concentiation (.285 FRE 1.00
sohution, Crpon, M
Solution A+ | B0, concentration 30.00 92 08 Q208
Sohation B Clai, mg/ml
Solutien C: Volume of 12 M acetic acid 1.50 2.50 250
Acetate solution, mL
buffer Valume of 1.0 M spdium 150 2.30 250
solution dcetate, mL
Gelation Volume, mL 8.5 2.00 RALY
solation S concentration Caon, 2642 4042 40.52
nixnure, mgimL
Sofution A+ | pH ~§ w5 %
Selution B+ |
Sotution £ |

Method 1: Silicon oxide mediated covalent coupling (SiO4+MCC) method

[0188] In the first step, silanol groups on the surface of the silica gel are reacted with silicon
alkoxide in toluene solvent in a condensation reaction. This reaction is followed by the
hydrolysis of the residual alkoxy groups of silicon-alkoxide with a defined amount of water to
form silanol groups. Then, the silanol groups formed are reacted with either an aminoalkyl
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silane compound, with one or more tetravalent metal alkoxides, or with a mixture of aminoalkyl
silane/s and one or more tetravalent metal alkoxides in a further condensation reaction. The
final sorbent material product is then obtained after washing and drying at controlled
temperature.

Example 1: Synthesis using Method 1

[0189] As an example of the above described SiO4-MCC process, tetraethylorthosilicate
(TEOS)-mediated covalent coupling (TEOS-MCC) is performed as follows: 10 g silica gel

powder synthesised above (S =703 m?/g, C = 2.82 mmol OH/g) is suspended in 75 mL toluene
in a glass reactor equipped with a reflux condenser capped with a desiccator-vent plug. The
reaction is kept under a dry nitrogen atmosphere during processing/reflux and the required
amount of TEOS (28.0 mmol) is added. The reaction mixture is then stirred under reflux at 70
°C for several hours (minimum 48 hours) under a dry nitrogen atmosphere. In the following
step, the required amount of water dissolved in ethanol (84.0 mmol water in 5 mL dried
ethanol) is added whilst stirring, and then the mixture is stirred for a further 10 hours. The
required amount of aminoalkyl silane compound (42 mmol [3-
(diethylamino)propyl]trimethoxysilane/ (CoHs5)2N(CH3)3Si(OCH3)4, dissolved in 20 mL toluene)

is then added, followed by the addition of the required amount of a tetravalent metal alkoxide
(42 mmol titanium ethoxide/Ti(OCoHs)4 dissolved in 20 mL toluene) or a mixture thereof

dissolved in 40 mL toluene. During addition, and for 48 hours thereafter, the mixture is stirred
under reflux. The solid powder of the reaction mixture is then filtered and washed, first with
toluene and then with ethanol and followed by water. The final sorbent material product is
obtained after drying the solid powder at 75°C for 24 hours. The [3-(diethylamino)propyl]
hydroxyl silane/titanium-hydroxyl-fuctionalizsed silica sorbent produced by this method
contained 99.4 mg Ti/g sorbent material and 28.5 mg Ni/g sorbent material.

Method 2: Self-mediated covalent coupling (S-MCC) using an aminoalkyl silane
mediator

[0190] In the first step, silanol groups on the surface of silica gel are reacted with an
aminoalkyl silane compound in toluene solvent in a condensation reaction. This reaction is
followed by the hydrolysis of the residual alkoxide groups of amino silane compound with a
defined amount of water to form silanol groups. Then, the silanol groups formed are reacted
with either an aminoalkyl silane compound, one or more tetravalent metal alkoxides, or a
mixture of aminoalkyl silane/s and one or more tetravalent metal alkoxides in a further
condensation reaction. The final sorbent material product is then obtained after washing and
drying at controlled temperature.

Example 2: Synthesis using Method 2
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[0191] As an example of the above described S-MCC process, 10 g silica gel powder

synthesised above (S = 703 m2/g, C = 2.82 mmol OH/g) is suspended in 75 mL toluene in a
glass reactor equipped with a reflux condenser capped with a desiccator -vent plug. The
reaction is kept under a dry nitrogen atmosphere during processing/refluxing and the required
amount of aminoalkyl silane (28.0 mmol [3-(diethylamino)propyl]trimethoxysilane/
(CoH5)oN(CH2)3Si{(OCHa4) 3, dissolved in 20 mL toluene) compound or 28.0 mmol of a mixture of

aminoalkyl silane and metal alkoxide compound dissolved in toluene or alcohol is added. The
reaction mixture is stirred under reflux at 70 °C for several hours (minimum 48 hours) under a
dry nitrogen atmosphere. In the following step, the required amount of water dissolved in
ethanol (56.0 mmol water in 5 mL dried ethanol) is added whilst stirring, and then the mixture
is stirred for a further 10 hours. The required amount of aminoalkyl silane compound (56 mmol
[3-(diethylamino)propyl]trimethoxysilane/(CoHg)oN(CH2)3Si(OCH3)3, dissolved in 30 mL

toluene) is then added under a dried nitrogen atmosphere. During addition, and for 48 hours
thereafter, the mixture is stirred under reflux. The solid powder of the reaction mixture is then
filtered and washed, first with toluene and then with ethanol and followed by water. The final
sorbent material product is obtained after drying the solid powder at 75°C for 24 hours. The [3-
(diethylamino)propyllhydroxyl silane-fuctionalised silica sorbent material synthesised by this
method contained 46.5 mg N/g sorbent material

Method 3: Self-mediated covalent coupling (S-MCC) using a metal oxide mediator

[0192] In the first step, silanol groups on the surface of silica gel are reacted with a tetravalent
metal alkoxide compound in toluene solvent in a condensation reaction. This reaction is
followed by the hydrolysis of residual alkoxy groups of metal alkoxide compound with a defined
amount of water to form the hydroxyl groups. Then, the metal hydroxyl groups formed are
reacted with an aminoalkyl silane compound, one or more tetravalent metal alkoxides, or a
mixture of aminoalkyl silane/s and one or more tetravalent metal alkoxides in a further
condensation reaction. The final sorbent material product is then obtained after washing and
drying at controlled temperature.

Example 3: Synthesis using Method 3

[0193] As an example of the above described metal oxide mediated covalent coupling process,

10 g silica gel powder as synthesised above (S = 703 m?/g, C = 2.82 mmol OH/g) is suspended
in 75 mL toluene (alcohol for ZrOH coating) in a glass reactor equipped with a reflux
condenser capped with a desiccator-vent plug. The reaction is kept under a dry nitrogen
atmosphere during processing/refluxing. The required amount of a tetravalent metal alkoxide
(28 mmol titanium ethoxide/Ti(OCyHsg)4 dissolved in 20 mL toluene; or 28 mmol zirconium

tetrachloride/Zr(Cl)4 or zirconium ethoxide/Zr(OCsHsg)4 dissolved in 20 mL isopropyl alcohol) is
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then added. The reaction mixture is stirred under reflux at 70 °C for several hours (minimum
48 hours) under a dry nitrogen atmosphere. In the following step, the required amount of water
dissolved in ethanol (84.0 mmol water in 5 mL dried ethanol) is added whilst stirring, and then
the mixture is stirred for a further 10 hours. The required amount of (84 mmol titanium
ethoxide/Ti(OCyHsg)4 dissolved in 40 mL toluene or 84 mmol zirconium tetrachloride/Zr(Cl)4 or

zirconium ethoxide/Zr(OC2oHs)4 dissolved in 40 mL isopropyl alcohol) is then added under a

dried nitrogen atmosphere. During addition, and for 48 hours thereafter, the mixture is stirred
under reflux. The solid powder of the reaction mixture is then filtered and washed, first with
toluene and then with ethanol and followed by water. The final sorbent material product is
obtained after drying the solid powder at 75°C for 24 hours. The tetravalent metal hydroxyl-
functionalised silica sorbent material product contained 386.2 mg Zr/g sorbent material.

Summary of methods

[0194] Possible combinations of mediator and functional groups according to synthetic

methods 1 to 3 above are shown in Table 2.
Table 2; Possible combinations of mediatar and funetional group according to synthetic
methods 1 to 3 above.

g;:;izf;}i;c Me:[};lmd Attachied EQ, Assigied as Combination™* ij{;lg?é ‘;f
Silane Silanc®-Silane 1 A
, Sitanct 5105 Not investigated 2 -
< SHane TiO, Silane*-TiO 3 B
FrQy Silane®-Zr( 4 B
SiQ; Not investigated 3 -
Stlang S10,*-Silane 6 D
| Si0,* i} TiOil 4 si?_‘*'TiQ _ 74 F
TiQ; Stlane Si0),¥(Silane y -Ti0 7h E
Q) SO *-Zi0 ga F
Zx0y Silane Si0.*(Silane ) 210 Kb E
Ti04 Ti*-TiO Qa C
Ti(h; Silane T, (Silaney -Ti} Oh M
Silans Ti0*-Silane Hla G
3 Ti0,* Silane; TiOy Ti0% TiOy) -Bilane 10b H
S50y Not invesfigated 11 -
Zxly TiO*-Zr() 12a .
S ROJ(SJIam}—ZxO ,,,,,,,,,,,,,,,,,,,,,,,, G P
Zrly ZrQ*-Zx0 13a C
Ly Silane ZrQy*{ Silane) -ZrQ 13b M
Silane Zria-Silane t4a (i
3 Lrly® Silane; ZeQy ZrOg* Zx0,) -Silane 14b H
Si0s Not investigatad 15 -
TiO, 2 -TiO Tha C
TiQy; Silane 2o Silane} -TIO 16h M
*These coupling options are illustrated in Figure 7.
** These conmibination designations are referenced in Tables 5 and 6,
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Calculations

[0195] As the present invention relates to coupling certain functional groups to the surface of a
porous silica substrate, optimising the density of OH groups on the silica surface is used, in
turn, to optimise the density of functional groups on the silica surface. Performing this
optimisation may lead to sorbent materials with an enhanced capacity to effect purification and
concentration.

[0196] To assess the geometric compatibility of metal alkoxy and aminoalkylsilano groups, it
has been assumed that these groups exist in tetrahedral units (EQy4). Further, the following

calculations are based on the calculation of the maximum numbers of covalently bonded
tetrahedral units (EQ4) able to be accommodated in a defined area of the silica surface. The

tetrahedral unit used to model the tetravalent metal alkoxy and aminoalkylsilano groups is
shown in Figure 4.

[0197] The radii of the ions used for the further calculations are shown in Table 3.

V £ ] iy x5 V i R : ] T{'\O“» 3 z V - 3 V
Ton ST TN 2t 0" O HO | Cr Mo | WO,
R{;‘Oq— ]
Radius, A | .16 1 041 | 061 [ 072 1 132 ) 137 | 150 | 181 32 3.23 324

[0198] The parameters shown in Table 3 were combined with the geometric calculations in
Figure 4, and parameters for d, h, and k calculated. The results are given in Table 4 for
different central elements (E) of the tetrahedral units (EOy).

Table 4: Geometric parameters d, &, and & calenlated for different central elements {(F) of the

tetrahedral units (EQ4)

¢ Element, E Si Ti Fr

: Tooro tre = 1734 | doo-roirm—1934 | dog-ra rm= 2044
Parameters Frsg = 24470 A My = 27299 A Boe = 28835 4

t ko= 28256 4 ko= 315224 o= 3.5300 4

[0199] As the silica gel sorbent is used as an inert substrate for the covalent coupling of
functional groups on its surface, the following experimentally measured properties of the silica
substrate are described for use in further calculations.

S (m2g) is the surface area of the silica;

s (A2/0H-group) is the surface area per a silanol group of the silica surface; and
C (mmol/g) is the ion exchange capacity of the silica (i.e., quantity of the silanol groups per
gram of silica.
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[0200] Assuming a silanol group occupies a square of area s on the silica surface, the side D
and the diagonal L of this square are calculated using Equation 9 and Equation 10:

S 10" ¥
&= Y PR i
0T e 0 10T T O ... Equation 9
7 i < 2 s
D= e L ow=  frimies Equation 10
VEdmad VEan e ... Eguation

[0201] The assessment of geometric compatibility of the metal alkoxy and silano groups for
covalent coupling of functional groups on the silica surface is based on the calculation of the
maximum numbers of covalently bonded tetrahedral units (EOy4) arranged in this square, lying

along its diagonal L, as illustrated in Configuration 1 (Figure 5) and Configuration 2 (Figure 6).

[0202] Data for the geometric assessment of Configuration 1 is given in Table 5. Coupling
options A, B, C, D, E, F, G, Hand M are illustrated in Figure 7. These coupling options refer to
porous silica sorbent materials made according to the following Methods and corresponding to
the following Combinations (also see Table 2):

A - Method 2, Combination 1; B - Method 2, Combination 3 or 4; C - Method 3, Combination 9,
12, 13, or 16; D - Method 1, Combination 6; E - Method 1, Combination 7 or 8 (SiO4

(aminoalkylsilane) + MOy); F - Method 1, Combination 7 or 8; G - Method 3, Combination 10 or
14; H - Method 3, Combination 10 or 14 (MO4(MOy4) + aminoalkylsilane); M - Method 3,

Combination 9, 12, 13, or 16 (MOg4(aminoalkylsilane) + MOy).
Table S: Geometric assessment of Configuration | (Figure 5},

Combination Data in Coupling | Equations for Configuration 1
{see Table 2) Tahble aption®
! 7 A Ix
R o
o Eow, e T
i -~ A nﬁ‘_ip’j\j"usj,";u“){«l.) = e 7 = 3xC P
6 7 D Ao N2xdl, x(-cos 109 5 .75
}l?\\.'yfa.r:-c’— Silene ™ NSH')%"@SH(:?:.-:
3 § B T
. L= try ]
4 N B e { S o) - L {.M)
‘ ‘ Fipes V[’«l welf, w4l
T4 9 F
7 : " . i St S
7 8 E =(getn)  Yemiee w0
B aenlll = S s o
Ha 3 ¥ e N2 g x {1 —cos 09 57y =0 75
) 7 E Hyttanesio Tosone v Pagere-so = Psperso
B i1 C
”)'«.~).1~‘~‘1:-:‘/(l} = -
9h 10 M Bio
12a i C v (=i
12h 1 M
P3a H C st sy (i} = L= .
e
13b 1o M
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i6a i ¢ ot D T

i 3, {1l 0o 10931075

& 0 ; P . A
16b L M Flmoamo > H.\L.‘f,g_\.,\\\._“,.ﬂ,) = Ryt

3
Aiporanires

Hu {2 G T —
b (P + 5,3 V6aniee Uy + 250

10k 13 a Hyiren ”tn: £ me el L ARAEREE S

| i S By (1 —cos 09,510 75

- 3 ; , i (e

i4a L G Gany Py 1)
LRSI b o T ——— s -
My N2, x (I —eus IR ) (075

1db 13 H

*These coupling options are- tlustrated in Figure 7.

[0203] Data for the geometric assessment of Configuration 2 is given in Table 6.
Table 6; Geometric assessment of Configuration 2 (Figure 6).

Combination Datain | Coupling Equatians for Contiguration 2
{see Table 2) Tahle option®

1 7 A }l 1K .
a (2) = L-n,  V6023:C 7
RO Kifome\ Tl T - N

: ko 2xd3, 2 (1 —cos109.5°)

&

~3
o]

B R

Sland - X ne SO Sitane

i‘n +2,d

- = . L—{k w1,
4 & B Rgon ?:(?(.2): ,'\“ i

K »\! R nio {(1—cos 108,57

[ 2xy
o (hyo 1 1)

L=thyp+ry)  N6023xC '

. R J U

T B % [ § G <7
o 3 0 E N 2x ] —cos 10T

Atime mioo T Rgoreznr 0 P s ™ Maos s

9% 1 ¢ T
b —

. " (=tite Y 6.023xC
b 10 M T k2, x(1-cos109.5%)

‘ﬁ.’)

2=y \
\: § .:. N vik’n. + T'(-_,)
[P 6:023%

2y, (T —eos169.57)

128 i3 ¢ ik T
i k =1+ Ll + 14}

b
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Fetd

N Ll ‘ﬁj'{,; .

13 i C M a2} =

Fao  y2xdl,x{l-cos109.57)

X Lo, + 7, ¢
i i ol IV E PR T e I 1.2
) : R 2l e —ens 1057
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"M RTINS T nn\fgz“m s ® pas i
104 12 G s
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| *These coupling options are ilustrated in Figure 7.
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[0204] Results of the geometric assessment using equations presented in Table 5 and Table 6
are given for each different porous silica sorbent material combination (i.e., combinations 1, 3-
4,6-10, 12-14 and 16 as described in Table 2) in the following Tables 7 to 13.

Table 7: Assessment of silicon-gxide (5104 )-and silane-mediated covalent coupling with

aminpalkyl sitane compounds. See also Figure 7 coupling options A and I,

Variable density of silanol groups on the silica serfhce
“5 ¢ | 5 D L Bz sy N 50 g Cans
{(mg) | (mmokg) | (AYOH) {A) (A3 (mimolg)
00 0.66 12502 1118 15.81 592 513 5 332
500 1.50 5334 7.44 10.32 376 326 3 4.50
300 2.00 41.51 6.44 9,11 318 278 3 600
500 250 3321 3.76 R.13 279 242 2 300
S0 320 2594 209 7.20 244 208 2 G640
Coustant density of silanol groups on the silica surface
R ‘C & D L By %oy Bz %o N Cain
() | (mmolig) | (AYOH) (&) (&) {mmolz)
300 1.2 41.51 6.44 9.11 3.15 276 3 3.60
373 1.5 4151 6.44 9.1 3.8 276 3 4.50
00 2 41,3} 6,44 Q.11 3.18 2,76 3 600G
6258 2.5 4151 6.44 911 318 2736 3 7560
A(10 32 41.3} 6.44 411 3.18 26 3 460
® Dy s the maximum number of acgomunodated (etrahedral 510, units aficr balancing
between 1 o of configuration 1 and 1 we of configuration 2.
o Cgp s the maxamum loading capacity of the 810, units and/or the maximum foading
capacity of the alkyl amine groups of the stlane compounds. This amount is calenlated as
Cay = ngox{,

Table 8: Assessment of silicon-oxide (5104}~ and silane-mediated covalent coupling with the
covalent attachraent of tetravalent metal oxide (MO, and aminoalkyl silane compounds. See

alse Figure 7 coupling options E and B,

Variahle density of silanol gronps os the ailica surface
5 C H] Mowew | Mo | Bone | Mg | Mo | e Cran Cagens
(mg) | (mmol) | (A0H) | (mmol/g) | (numoly)
300 0.66 125402 1 4.41 3.70 | 4.7 350 3 1.498 4.62
560 1.50 3534 1 247 1 202 | 234 1.91 2 3.00 750
i § i
SiM) 3.20 2594 1 125 1 096 1.19 | 091 i 3.240 & ad
Constant density of silanol groups on the silica surface
S C 3 Bapine | Temo | fonn | Moo | Bogo By Caro Caron
fmie) | (mmolie) | (AYOH) (mmolg) | (mmol’g)
300 1.2 $1.51 1 165 157 .85 1.49 i 120 3.60
375 1 L3 ] 41S1 0 1 1195 D ns7 | ass a1 1.50 4,50
500 2 41.51 i 195 1.57 1.85 1.49 i 2.00 5.00
623 2.5 41.51 | 1.95 1.57 1.83 149 i 2,50 7.50
800 32 4151 1 195 1.57 1.85 1.49 i 320 960
® by isthe maximum number of sccommodated tewahedral MOy units after balaneing bepwoeen nyag of




s Uy ls the maximuom loading

LOUBEUELION § 81 By 0 CORREUTIoN 2.

“1ons. This amount is calenlated as

DK/EP 3046666 T3

capacity of the MO, units, This amount is calondated as Cago =yl

s Uy ds the niaxiimuie Joading capacity of the hydroxy] groups avatlable for covalent adsorption of
MoO" or W(°
Chaconr= HiyeX2) +1 =L

M iz cither one of the toravalont metals, Th or Zr.

Table 9; Assessment of sibicon-oxide (%0umediated covalent coupling with the covalent

attachment of tetravalent metal axide (MOy). See also Figure 7 coupling option F.

Variable density of silanol groups on the silica surfice

S C 8 Dipo | Dewe | Rino | Biao | Buo Cro CM»(}H
(/e | (mmolie) | (AVOH) amolg) | (mumolie)
300 0.66 12502 4411 370} 417 350 3 2.64 6.60
S00 1.50 5834 2471 202 234} 191 2 4.50 12.00
500 200 41.51 195 157 183 149 1 4.00 12.00
40 250 33.21 1600 1271 181 L20 1 .00 15,00
500 | 320 | 2594 | 125 096 | L19| 091 1 edn| 2w

Constant density of silanol groups on the silicn surface

5 C 5 B | Davie | Bawy | 8o v' Cyss Croon
(mz,«‘g’} {roniol/g) {(AYOH  (mmeliy | (mmolig)
300 1.2 41.51 1951 157 L85 | 149 i 2.4 7.20
375 1.5 41 .51 195 1571 18 14 1! 3,00 9.00
500 2 41.531% 195} 157 L8| 149 1 4.00 12.00
023 2.3 41 .51 1951 1571 135 149 1 5.00 15.00
P 32 4151 195} 157} 185 149 l 640 19.2%

«  myo is the maxamum number of acconumodated tetrabedral MO, units after balancing
between the valucs of ny 7o and ny o of Configuration | and the values of e o and no 1o
of Configuration 2.

o Cyois the maxtmoum loading capacity of the MO, units. This amount is calealated as T
=(fyntl e,

o Cygris the maximum loading capacity of the hydroxyl proups available for covalent
adsorption of Mo, or WO tons. This amount is caloulated as
Caron= [(aot 22

= M is cither onc of the eiravalent metals, Tior Zr,

Table 18; Assessment of tetravalent metal oxide (MO }-mediated covalent coupling with the
covalent attachment of tetravalent metal oxide (MO,) and aminoalkyl silane compounds. See

alse Figure 7 coupling option ML

Variable density of silanol groups on the silica surface
S C B o | Tewe | Dimo | Moso B Case Caion
(m'fe) | (mmole) | (AVOH) (mmoliz) | {mmoke}
500 .66 125.02 5311 459 302 435 4 2.64 5.28
300 1.50 3534 337 2921 Ale 278 3 4.50 g.a0
00 2.08 4151 2E3} 2471 270 2.34 2 400 800
566 .58 33.21 2500 2164 237 2.08 2 5.00 10,60
500 3.20 2594 215 1.8 204 1.76 | 3.20 6,40
{onstant density of silaviol groups on the silica surface
S C 8 Do | Mo | Mizes | Dazo By Cuo Cason
(g} | (mmoliy) | (AYOH) (mmol/g) | {nunckig)
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EITY 1.2 41.01 LBD | LA Loy 2.5% 2 £ EX-
378 1.5 41.51 IRE D 2471 270 2.34 2 3.00 RGN
500 2 AVAL | 285) 247 270 234 2 4.00 w00
625 25 41.51 285 2471 270 2.34 2 5.50 RS
R0 32 4151 2851 247 270 234 2 .40 12.50

Do i3 the taximam number of accommodated tetrabedral MO, units after balancing between
the vatues of 1y o and 1y g0 of Confipgration 1 and the valses of ny o and neg of
Contigaration 2.

iyt the mannnom leading capacity of the MO, uoits. This amoumt is calealated as Coge
o XC

¢ Uy is the maximum loading capacity of the hydroxyl groups available for covalent
adsorption of MaO5 or WO, fons. This aimount is calevlated as
Caron= [{mgpo-1p2+2}=C,

» M iz elther one of the tetravalent metals, T or Zr

Table 11: Assessment of tetravalent metal oxide (MO, mediated covalent coupling with the
covalent-attachment of more tetravalent metal oxides (MO,). See alse Figure 7 coupling option

C.

Variable density of silanol groups on the silica surface

s C 3 RHyvo | Qegw | Do By s B0 Ces Cormn
{m*g) | (mmolg) | (AYOH) (mmolie) | {mwmolig)
500 .66 12582 531 459 542 4.35 4 334 726
500 1.50 534 3370 292 9 2,76 3 6,00 13,50
300 2.00 41 .31 2851 247 276 3.34 2 6.00 14,00
500 2.58 3321 230 2.6 237 2,05 2 150 17,50
S 3.20 2594 21581 18| 204 1.76 I 6.40 16.00

Constant density of silanoel groups on the silica surface

S C g Byriy | Marie | Brzro B ey By Lo Cupon
(m*y) | (mmoliy) | (AYOH) {mmolie} | {numolig)
300 1.2 41,51 2854 2471 270 234 2 3,50 8.40
378 1.5 4151 2850 247 270 2.34 2 4,50 14,58
500 2 41.51 2851 2471 2170 234 2 6.00 14,96
G625 2.5 41.51 2851 247 270 2.34 2 7.50 1750
RO0 32 4151 2881 247 270 234 2 9.60 2249

& o i3 the maximiem tember of accommodated tetrabodral MO, units after balancing between
the values of oy v and 1y 7o of Configuration 1 and the values of 0o g a0d gy of
Contiguration 2.

s Cyots the maximam loading capacity of the MO, uoits. This amount is caleulated as
CMU = (HM{'; ’U’C

e (o is the naximum loading capacity of the hvdriny] groups available for covalent
adsorption of MaO™ or WO, ions. This amount ¥s caleulated as
Carop= [ 245 1=C.

M is either one of the fetravalent metals, Ti or Zr

Table 12: Assessment of tetravalent metal oxide (MOy)-mediated covalent coupling with the

covalent attachment of aminoalkyl silane compounds. See also Figure 7 coupling option G.

Variable density of silanol groups on e silica sucface

S ¢ s Msay § Maso | Basio | Meso | Bsiase Coitane Cuo Cuson
R S erveend Fret ) P .o . : =
{nin) (omot'E) | (ATOH) [riey e GO ) (ranolfy) | (mmel/g) | (molig)
EEEYEY Y 20T P3L 0T A Ky A Nt A A Y3 4 T 2y N LE i EL
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SRS fER ] [ R 2 ¥ BN CE b P e ot 4 “+ o FEL U L8312 e
5406 1.530 5534 2641 2141 2581 207 2 450 1.50 .56
SO 200 41518 2061 Lad] 200 157 ) 4.0 2.00 200
5002 250 3321 a7 L300 1sel| 123 1 500 2.50 250
S 3.0 35.94 1284 0%6 1 122 090 i 6.40 3.20 3.20
Constant density of silanel groups on the silica surface
3 & 3 Nisio | Thao | Boxe | Bigo oy Ui {EPN Creon
(oo | RV L CAYOHY | ey | e | vy | o (mmolix) | (mowlie) | (ounoliy)
300 12 41.51 2065 [ed4] 200 157 i 2.40 .20 120
375 1.5 41.31 2061 Led | 200 157 i 3.00 150 154
S 2 41.51 2061 Led{ 200 1.57 1 446 200 200
623 25 41,51 286 bady 200 157 i 5430 250 2.50
500 3z 41.31 2067 Led| 200 157 i 6,440 320 3.20

Ny 18 the maxisom monber of aceommodated teirahedial 510, units after balancmg between the
values 680 giopros and By o of Configaration 1 and the values of ny grone and 0 gope of
Configation 2.

* (o s the maxinunn toading capacity of the MO, unis. This amownt is calculated as
Chan = By

& op s the maxtmum oading capacity of the hydroxyl groups available for covalent adsorption of
Moy™ or WO, ions. This amount is caleulated a3 Cipog= 1uyoXC. Cpane= (gt 10

o M iscither one of the tetravalent metals, Ti or Z,

Table 13: Assessment of terravalent metal oxide (MQOg4)mediated covalent coupling with the
covalent-attachment of aminoalky! silane compounds and MOy groups. See also Figure 7

coupling option H.

Variable density of silapol groups on the silica surface

3 C ] Dpso | Mg § Bime | Mesio | i Citae Cuo Crgany
(m}«-’g) {mmol/g) (A lf'OH‘? SRS (T} PO (T (romolg} | {mmol/s) | (mmol/g)
561 (.66 125.02 4807 401 4741 394 4 164 .66 66
560 1.50 S5 34 2647 2141 2884 207 2 3.00 1.50 1.50
300 200 41.51 1061 E6d) 2007 157 i 2.0 2480 2.00
S00) 2.50 331 P67 ORA0 161 123 1 250 250 .50
500 3.20 3594 P28 096 1227 090 I 32 3.20 3.20
Coastant density of silanol groups on the stlwa surface
5 C 8 Mg | Mygio | W | Mgie | Bgio ot Caans Crpom
fm e) | (mwolig) | (A *0H) [1:0) (THD} 50y (Zah) {mamolie) | (mmaol/e) | (mmolip)
3041 b2 41.51 2067 bedl 200 157 1 1.2 240 4803
375 3 41 .41 266 1ad] 2000 157 i 1.5 3.60 6400
506 2 4151 2861 1ad] 2007 1.57 1 2 400 840
623 2.5 41 3% 2061 t6d] 2001 157 1 25 500 10.00
R} 3.2 4150 2861 Fod | 2000 15T i 32 6.40 {2380

®  pgy 8 e maximom number of aceommodated Weteghedral $i0; unify afler balancing between the
valuzs 0f 8y s iy 306 1y goezey of Condiguration 1 and the valees of ng simio; a0d B sipgee 0f
Confignration 2.

®  Cypis the maxipnum loading capacity of the MO, umts. This antount is caleulated as Cyo = nyyoC.

e (oyeis the maximum loading capacity of the hydroxyl groups available for covaleat adsorption of
MO or WO, ions. This smount is caleutated a8 Gy ™= o220 ™ M C.

e Miseither one of the tetravalent metals, Tior Zr,

[0205] Based on the results shown in the Tables 7 to 13, values of the density of silanol groups

from s = 55.34 (A2/OH) to s = 33.21 (A%/OH) are suitable for an effective covalent coating of
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the functional groups with the silica. The preferable value of 41.51 (A2/OH) is used for the
synthesis of the sorbents. As shown in Tables 7 to 13, the surface area S of the silica (when
investigated at a constant silanol density) has a strong effect on the adsorption capacity or
functional group loading of the synthesised sorbents. The silica sorbents with a surface area

600 to 1000 m?/g, with an ion exchange capacity C >2 mmol/g and a silanol density s > 41.51

(A2/0OH), are optimised parameters for the covalent coupling of the aminoalkyl silanes and
tetravalent metal hydroxides to the silica surface,

[0206] Sorbents synthesised using a silica substrate having a constant silanol density (41.51

AZ/OH) and variable surface areas S are listed in the bottom parts of the Tables 7 to 10. As
shown, the combination of using a large specific surface area silica substrate and a properly
chosen mediator-based covalent coupling method produces a high performance sorbent
material.

Separation, Concentration and Purification Performance

[0207] The following examples describe the experimental performance of the above
synthesised sorbent materials in separating, concentrating and purifying mixtures comprising

anionic contaminant species of formula [Z'04% and at least one target species of formula

[Z204]", wherein Z' = Mo or W and Z2 = Tc or Re. Figures 8(a) and (b) illustrate the separation
and purification functionalities of the sorbent materials of the present invention, where anionic
contaminant species are irreversibly bound to the sorbent material surface (f.e., R1 in Figure
8(a) and (b)) and the target species (R204 in Figure 8(a) and (b)) pass through the sorbent

without interaction to be collected in the eluent Figure 9 illustrates the separation,
concentration and purification functionalities of the sorbent materials of the present invention,
where anionic contaminant species are irreversibly bound to the sorbent material surface (i.e.,

R1 in Figure 9) and the target species (R204 in Figure 9) reversibly binds to the charged

aminoalkyl group via an ionic interaction, before a new eluting solution is provided to release
the target species for recovery in the eluent

Example 4: Comparative adsorption capacity

[0208] The molybdenum and tungsten adsorption capacity of selected sorbent materials
according to the present invention are shown in Table 14 compared to the adsorption capacity
of selected non-inventive materials PZC (polymeric zirconium compound), nanocrystalline
zirconia, sulfated alumina/alumina sulfated zirconia and alumina. The selected multifunctional
sorbents in Table 14 are silica functionalised with ZrO4. The silica gel used in the synthesis of

the sorbent materials had a silanol group density of 40.21 A2/OH and a specific area of 308 -
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958 m?/g silica. The synthesis method used was as described above for Method 3: Self-
mediated covalent coupling (S-MCC) using zirconium-ethoxide as a mediator. The Zr metal
content of the sorbents analysed by ICP-EOS are from 378.6 to 565 mg Zr/g sorbent material.
Table 14: Mo and W-adsorption/loading capacity of inventive sorbent materials synthesised

using the silica substrates of specific surface area 300- 1000 m%/g compared to non-inventive
materials PZC, nanocrystalline zirconia, sulfated alumina/alumina sulfated zirconia and
alumina.

Mo-adsorption '\"O"O?d'”g W-adsorption W—Ioa_dmg
, capacity of . capacity of
Sorbent capacity of sorbent capacity of sorbent
sorbent mg column, mg sorbent, mg column, mg
Mo/g sorbent Mo/g column WI/g sorbent Wig column

Multifunctional
sorbent materials i 456.1 -692.0 § 313.2-4456 {874.0-1366.1}{ 446.4 - 643.6
of this invention

PZC 290.0 224 8 500.0 333.0
Nanocrystalline 250.0 200.0 312.0 327.8
zirconia
Sulfated
alumina/alumina 230 187 445 308
sulfated zirconia
Alumina 10 9.9 20 19.6

[0209] The adsorption capacity for Mo and W calculated based on data in Table 11 is given in
Figure 14 as a function of specific surface area of the silica and the silanol group
concentration. The anion exchange capacity calculated for the same sorbent materials is given
in Figure 15 as a function of specific surface area of the silica and the silanol group
concentration.

Example 5: Use of sorbent materials in a generator column

[0210] Sorbent materials as described in the section entitled 'Generator' may be used as
described below.

[0211] First, the generator column is packed with the sorbent material. A typical column may
contain between about 2 g and about 4 g of the sorbent. Before loading with %Mo 188wy
solution, the generator column is washed with about 30 mL water. The stock %Mo and 18w

solution of pH 5.0 - 6.0 may be produced from low specific activity %Mo or 188 targets,
respectively, in a nuclear reactor or in a particle accelerator facility. In this example, the Mo
concentration is about 100-110 mg Mo/mL and has a specific activity of > 1.5 Ci/g Mo. The Mo-
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adsorption capacity of the tetravalent metal hydroxide-functionalised silica sorbent used in this

example is about 675 mg Mo/g. The solution comprising [MoOg4]% and/or [WO4]% is then

contacted with the column. In this example, the 9*Mo solution volume applied to the sorbent
column is about 65 mL. The 9°Mo activity loaded on the sorbent column is about 3 Ci. The

stock Mo solution is loaded onto a sorbent column using a peristaltic pump, with a flow rate
of 1-2 mL/minute. Following the loading, the column is washed with 30 mL 0.9% saline.

[0212] As described in the section entitled 'Purification and/or concentration methods' the %Mo

and/or 188W may then decay and produce [**™MTcO,4]" and/or ['88ReQy4] ions, respectively,

which may then be eluted from the sorbent column with between about 3 and about 5 mL of
saline solution. If more than 4 g of the sorbent material is used in the generator column, the
volume of the saline used for elution may be proportionally increased to more than 5 mL. The

resulting saline eluate may contain the %MTc/188Re as pertechnetate or perrhenate ions, with
sodium as the counterbalancing cation.

[0213] A suitable apparatus (generator) for separating and purifying the target species %MTc

or 1®Re is shown in Figures 10 and 11. The %°™Tc/%Mo and '88Re/18W generator may
comprise a generator column loaded with about 10 g of a tetravalent metal hydroxide-
functionalised sorbent material The generator column, which may be made from glass or
thermoplastic material (e.g., polyetheretherketone (PEEK), polypropylene, polyethylene,
cellulose acetate etc.) and may comprise fritted sintered quartz or fritted polypropylene filter
disks at both its ends, may be filled with dry sorbent. The fritted filter disks may be of 20 ym
porosity. The ends may be closed by polypropylene plastic septa together with neoprene and
silicon rubber gaskets. The column may then be capped by aluminum clamping lids. The
generator column may then be housed in a radiation protection shielding lead container, which
may comprise both an outlet and inlet port for tubing. An eluent supply system comprising an
eluent container may then be coupled to the generator column inlet for supplying an eluent to
the sorbent column.

[0214] The eluent flow rate through columns may be controlled within a range of about 1.0
mL/minute to 5 mL/minute. Due to the irreversible binding of molybdate and tungstate ions on
the tetravalent metal hydroxide-functionalised silica sorbent, the affinity of the sorbent in the

generator column for the parent species %Mo or 18W may be high, and therefore negligible
quantities of the parent species may be eluted from the sorbent. However, as the affinity of the

sorbent in generator and purification columns for 9MTc or 188Re species may be relatively
lower, these species may be readily eluted, resulting in an eluate that comprises a solution of

99MTc or 188Re substantially free of contaminant ions. The 2°™MTc concentration of the eluate in
this example is about 1.0 Ci #°MTc/mL. The recovery yield of the daughter nuclide 9™MTc or

188Re is greater than 9 5%.

Example 6: Use of sorbent materials in a purification and/or concentration column
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[0215] Sorbent materials as described in the sections entitled 'Purification "catch without
release™, 'Purification and concentration "catch and release" (I)) or 'Purification and
concentration "catch and release” (lI)' may additionally or alternatively be used as described

below.

[0216] The generator column in Example 4 may be used in conjunction with a purification
and/or concentration column as described below. The combined generator/purification column
system may be referred to as an 'integrated generator system'. Alternatively, the purification
and/or concentration column may be used in combination with an existing generator column or
generator column not comprising any inventive sorbent material.

[0217] The purification process illustrated in Figure 11 may be the 'integrated generator
system' used for the purification of 9°MTc and/or '88Re eluates produced from 99MTc/%Mo

and/or 18Re/188\ generators when eluted with normal saline. The purification column may
comprise about 1.0 g of a sorbent material as described in the section entitled 'Purification
"catch without release™. Additionally, the process may comprise a peristaltic pump for pumping
liquids through the generator and purification and/or concentration columns. The pump may be
separately installed or may be shared with a pump located in a purification module. The pump
may be located downstream of generator column or purification and/or concentration column
so as to cause the liquids to pass through said columns by way of suction from the pump. Inlet
and outlet valves may be coupled to the generator column. A controller or computer may be
provided for controlling the operation of the generator. It may, for example, be capable of
operating the valves and the pump. In the process of Figure 11, 0.9 % NaCl solution may be

used to elute 2*MTc or 188Re when required, and the valves may be opened and pump may be
turned on. This may cause eluent of 10 mL volume to flow from eluent supply system through
generator column via the purification and/or concentration column so as to elute and purify the

99MTe or 188Re before collection.

[0218] To avoid any spoiling effect on the purification and/or concentration column, which may
be caused by radiolysis products of the eluent and/or breakthrough of contaminant ions, the
purification and/or concentration column may be cleaned up after each elution performed. In
this example, the clean-up process is performed by first washing with 3 mL of 0.5 M NaOH and
then washing with 5 mL water. The clean-up effluent is collected in a waste container. By
regenerating the column in this way, the lifetime of the purification column is increased. This
feature also represents a significant benefit of the purification and/or concentration columns
using sorbents materials as described herein over shorter life spans of sorbent columns
presently available.

[0219] The purification and/or concentration column may alternatively comprise a sorbent
material as described in the section entitled 'Purification and concentration "catch and release"
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(I)'. A process using such a column is described below with reference to Figure 12, and the
performance of this system is shown in Figure 20(c).

[0220] The integrated generator system may comprise the generator column preparation,
apparatus setup and loading of stock solution as described in Example 4; however, in this

example, the 2°Mo-loaded generator column is washed with 30 mL of 0.5 M acetic acid/0.05%
(w/v) NaCl solution mixture or with 50 mL of <0.05%(w/v) NaCl solution before coupling with
the purification and/or concentration column as follows: 10 g of a tetravalent metal hydroxide-
funetionalised silica sorbent is loaded in the generator column. The sorbent in generator

column is fully loaded with parent species %Mo or 188 of 4-7 Ci activity. A mixture of 0.5 M
acetic acid/0.05%(w/v) NaCl solution or a <0.05%(w/v) NaCl solution is used as an eluent for

elution of 2°MTc or '8Re. Once loaded in the generator column, the *Mo or 88w gradually

decays to form 2°MTc or 18Re, respectively. When a solution of daughter nuclide is required,
valves are opened and the pump is turned on. This causes 20-30 mL of eluent to flow from
eluent circulation system through generator column, optionally via the purification and/or
concentration column and back to the eluent reservoir. The eluent flow rate through the
columns is controlled within a range of about 1.0 mL/minute to 5 mL/minute.

[0221] The purification and/or concentration column may be smaller than generator column,
and may be additionally or alternatively packed with a sorbent material according to the
invention. A typical purification and/or concentration colum