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Selective Membrane System and Method for Desalination and Mineral Recovery

JECHNICAL FIELD

[0001] The present disclosure is diractad {0 a selective membrane for separating desalinated water
and a selected mineral salt from seawater or another high-salinity sclution. The present disclosure is
further directed to a seawaler reverse osmosis system comprising the seleclive membrane; as well as
a system and method for recovering a selected mineral salt from seawater using a seawater

desalination plant,

BACKGROUND

[0002] Seawater contains a large number of valuable mineral salts and metals such as sodium
chioride, magnesium, calcium, potassium, lithium, rubidium, and salls thereof. Conventional seawater
desalination reverse osmosis (SWRO) membranes, as shown in Figure 4, are widely used in
commercial seawater desalingtion systems. Such membranes, acting under pressure, only aliow
water molecules to pass through them and retain mineral salts contained in the seawater as brine.
Brine from such SWRO membranes is then conveyed to the brine exit of the membranes by the force
of feed pressure and this results in an output with a high concentration of minerals and salls (brine).
The mineral salls discharged from SWRO membranes in conventional desalination plants {collectively
kinown as brine or reject) are a mixiure of salls (mixed bring). Although SWRO concentrates the
mineral salts in the seawater into a brine solution, it is not a selective process for concentrating
specific largel mineral salis and it is only designed to generate a permeate comprising low salinity
water. When found in a mixture {brine}, these mineral salis have no commercial value and to become
commercially valuable, they must be separated. However, with the currently available industrial
technologies, it is very difficult and/or costly to separate and recover the individual mineral salts from
the mixed brine. The cost is high because of the amount of energy required to achieve the isolation of
the selected mineral salt. Alternatively, lower cost options such as systems for separating monovalent
and polyvalent streams are known, but they are complex, costly and energy intensive. Some of these

prior art approaches are mentioned below,

[0003] To separate specific mineral saits from water, it is known to use ion exchange methads which
exiract selected ions by atiracting them on a resin carrier and recovering them by chemical

regeneration. This process does not involve membranes and is highly capital cost intensive.

[Q004] Cther known methods of extracling a specific mineral salt, such as lithium salis, from
seawater brine have involved evaporating brine, where a mineral salt-rich brine is pumped into large
surface ponds for solar evaporation. This method disadvantageously requires extensive land use and
significant amounts of water and involves lengthy processing times.



WO 2025/120574 PCT/1B2024/062277

[0008] whils the use of a selective membrane, similar {0 those seen in nature, may provids a
potential solution 1o some of these challenges, efforis to dale {o replicate highly selective membranes
seen in nature have not been very successtul. Particular challenges have been identified with
producing membranes for the selective transport of potassiun ions, and in particular the seleclive

transport of potassium ions over sodium ions.

[0008] The present disclosure seeks to address at least some of these concerns.

SUMMARY OF THE DISCLOSURE

[O007] The present disclosure is directed fo g selective membrane for separating desalinated water
and a selected mineral salt rom seawater or another high-salinity solution. The selective membrane
may be a conventional seawater reverse osmosis (SWRO) membrane comprising one or more
ionophores. The present disclosure is aiso directed to a seawater reverse gsmosis (SWRO)

membrane comprising the seleclive membrane.

[0008] The present disciosure is further directed o an industrial integrated system that uses a
mineral salt-selective membrane separation process {0 extract a selected mineral sailt from seawater.
The mineral sali-selective membranes of the disclosure aliow selective passage of a calion ofthe
selected mineral salt. The cation may then be combined {(e.g. recombined) with an anion of the
selected mineral salt al a later stage in the sysiem {0 from the selected mineral salt. This industrial
integrated system also uses one or more valorisation processes, including membrane crystaliization
and brine concentration, which enable reclaiming of the selecied mineral salt from seawater and
enable optimum production of selected target mineral salis and desalinated potable watsr from
seawater. Use of these techniques is more cost effective than using alternative techniques such as
thermal crystaliisation and solar evaporation ponds. instead of brine from desalination plants, other
high-salinity sources may be used as input, such as produced water (i.e. high-salinity waste water)
from the oil industry or geothermal industry (in particular from ol wells), brackish water, high-salinity
water fromt lakes and seas, high-salinity groundwater, mineral water from springs and wells, as welf as
other natural or human-made high-salinity streams with a total dissolved solid (TDS)/salinity
concentration of about 1,000 mg/L or more, for example about 2,000 mg/L or more. Typically, suitable
high-salinity solutions have a salinity of up to about 300,000 mg/L. Typically, suitable high-salinity
solutions have a salinity of from about 1,000 mg/L fo about 300,000 mg/l. Naturally, it will be
undersiood that the different sources of high-salinity solutions may have different salinities. For
example, typically seawater has a salinity in the range of from about 35,000 mg/L 1o about 44,000
mg/L. Typically, produced water has a salinily in the range of from about 100,000 mg/L to about
300,000 mg/L. Typically, brackish water has a salinity in the range of from about 1,000 mg/l to about
4,000 mg/L.. It should be understood that where seawater is referenced throughout the disclosure,

other high-salinity solutions may be used instead of, or as well as, seawater,
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[0009] In order to extract selected valuable mineral salts from seawater, the system of the present
disclosure comprises the same processes as a conventional seawater reverse osmosis (SYWRO)
sysiern bul incorporates a special chernically modified membrane with an embedded active substance
{e.g. an ionophore) for mineral salt-selective separation. The chemically modified selective
membransgs allow seiective passage of a cation of a selected mineral salt through the membrane. The
cation may then be combined (e.g. recombined) with a suitable anion to form the selected mineral salt
at a later stage of the process. The anion may be an anion present in the input seawater or other
high-salinity solution. As such, the mineral salt-seiective membranss may be used to extract a specific
mineral salt from the seawater or another high-salinity solution. Advantageously, the mineral salt-
selective membranes described herein can be readily implaemented in existing SWRO systems
without an additional cost or complexity and thereby valorise a particular mineral salt contained in
seawater, thereby combining fresh water production and selected mineral salt extraction by the same
membrane. This approach can be applied for seawater mining of mineral salts such as potassium
salts (2.q. potassium chioride), magnesium salis (e.g. magnesium chioride), lithium salis {e.g. thium
chioride) and rubidium salts (e.q. rubidium chioride}. The mineral sali-selective membrane allows the
cation of the selected mineral salt {e.g. K+, Mg+, Li+ or Ru+) to pass through the membrane, the
anion may then be recombined with a negative ion {e.g. a chioride ion) &t a later stage ofthe
valorisation method, for exampie via crystailization, {o extract the selected mineral sait. Also, the
present system can advantageousiy be relrofitted 1o existing desalination plants to greatly improve
their seawater valorisation. Advantageously, the present system is 2 10 3 times less capital cost
intensive than the ion exchange methods mentioned above.

[0010] As mentioned above, an embodiment of the present disclosure usss membranes with an
embedded active substance which can actively select a particular cation such as potassium ions (K*
ions) from seawaler or other high-salinity water source (aiso referred to as other high-salinity
solution). Prior to the present disclosure, mambranes that can atiract the desired cation and carry it
through the membrane, while repelling other mineral salts based on their charge and conductivity
were not commercially available. The present system then recovers and concentrates this mineral salt
in a subsequent brackish reverse osmosis system more cost effectively than any other mineral salt
recovery systems mentioned above. While conventional SWRGO membranes have a layer designed io
only transfer and separate fresh water from seawater, the membrane of the present disclosure is
capable of transferring fresh water and a particular selecled cation of a selected mineral salt. The
capability of the present disclosure is to select two commercially viable products: fresh walerand a
fargeted selected mineral salt. Such selectivity is achieved by embedding a chemical substance that
modifies the structure of the membrane, enabling the membrane to select both water and a cation of
the targeted mineral salt. The chemical substance is chosen 10 have the characleristics of atiracting
the cation of the target selected mineral salt whilst repelling other ions of non-selected mineral salis.
The chemical substance is an ionophore. it is understood that there will be numerous ionophores in
the membrane o form ionophore channels through the membrane for the ransport of cations of the
selected mineral sall. As such, where an ionophore is referred to, this is intended to refer to one type

of ionophore and nol necessarily a singular ionophore in the membrane. Accordingly, where two or
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maore ionophores are referred 1o, this is infended to refer to two or more types of ionophore (8.g. two
different types of crown ether ionophores). In some embodiments, when the selecled mineral saliis a
potassium salt, the ionophore may be a crown ether ionophore. Each different target selected mineral
salt will require a specific chemical substance with qualities 1o attract the specific cations of the target
mineral salt and repel all other ions. For example, when the selected mineral salt is a potassium saft
{e.g. KCf}, the ionophore may be selected from 18-Crown &8-Ether (1,4,7,10,13,16-
hexaoxacyclooctadecans), 4-Aminobenzo-18-crown-6 (2,5,8,11,14 17
hexaoxabicyclo[16.4.0jdocosa-1(18),18,21-tren-20-aming), 2-Hydroxymethyl-18-crown-6

{1.4,7,10,13 16-hexaoxacycisoctadecane-2-methanol), Potassium lonophore | (valinomycin,

(38,83 9R,12R,158,188,21R 24R 278,308 33R, 36R)-6,18,30-trimethyl-3,8,12,15,21,24 27 ,33,36-
nona{propan-2-yi}-1,7,13,19,25,31-hexaoxa-4,10,16,22 28, 34-hexazacyciohexatriacontane-
2,5,8,11,14,17,20,23,268,29,32,35-dodecone), Polassium lonophore i (bis(2,5,8,11,14-
pentacxabicyclo[13.4.0nonadeca-1(15),18,18-trien-17-ylmethyl) heptanedicate) and/or Potassium
ionophore H {2-methyl-2-[(18-nitro-2,5,8,11,14-pentacxabicycie]13.4 Olnonadeca-1(15),16,18-trien-
17-yhcarbamoyloxymethyijtetradecyl] N-{(18-nitro-2,5,8,11, 14-pentacxabicycic]13.4.8lnonadeca-
1{15),16,18-trien-17-yl)carbamate). In particular embodiments where the selected mineral saltis a
potassium salt {(e.q. KCh, the ionophore may be selected from 18-Crown-8, 4-Aminobenzo-18-crown-
8 and/or Potassium {onophore 1l In particuiar embodiments where the selected mineraisaliis a
potassium salt {e.q. KCD, the ionophore may be Potassium ionophore H. In other embodiments, when
the selected mineral sal is a lithium salf, the ionophore may be selected from Lio.selgoss TiOs (LLTO),
Lithium lonophore Vi (6,8-Dibenzyl-1,4,8-11-letraoxacyclotelradecane, 8,8-Dibenzyl-14-crown-4)
and/or Lithium fonophore VI (NN N N N" N"-Hexacyclohexyl-4 4" 4"-propylidynetnis(3-
oxabutyramide)). in other embodimenis, when the sslscted mineral salt is a magnesium sall, the
ionophore may be selected from Magnesium lonophore H{ETH 1117, Magnesium-ligand, NN
Diheptyl-N N'-dimethyl-1 4-butanediamide), Magnesium fonophore I (ETH 4030, NN
Octamethylene-bis{N'-heptvi-N-methyimalonarmide)), Magnesium tonophore IV (ETH 7025, NN N"-
Tris{3-(heptyimethylaming)-3-oxopropionyi}-8,8-iminodioctylaming) and/or Magnesium lonophore Vi
{1,3,5-Tris{10-(1-adamaniy})-7,9-dioxo-8,10-dlazaundecylloenzene, ETH 5508}, in other
embodiments, when the selected mineral sall is a rubidium salt, the ionophore may be ssiected from
potassium cobalt hexacyanoferrate (KCoFC) or zeolitic imidazole frameworks (ZIF) grafted with
KCoFC (KCoFC@ZIF).

[0011] The chemically modified membranes used in the SWRO system described herein are
semipermeable for water molecules and a specific cation of the target mineral sall. Thus, when these
membranes are used in a conventional reverse osmosis process, they allow cations of the target
mineral salt (selected mineral salt) and desslinated water to pass but filter out all other seawater
impurities such as NaCl and other mineral salis. The target mineral salt is then separated from the
permeate, which has passed through the SWRO stage, in a subsequent stage of brackish water
reverse osmosis (BWRO) using a conventional membrane,
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[0012] In the present system, the targst mineral salt is separated from the desalinated water
permeate by the membrane of the BWRO process, into a further brine which has a high concentration
of the selected mineral salf. Then the target mineral salt is valorised from the brine so as o harvest
the selected mineral salt as a commercially valuable mineral salt with low production costs and high
purity levels. The process of brine valorisation described herein, recovers a specified type of mineral
salt, the selected mineral salf, which would othernwise be considered to be waste and as such
provides an advantage over conventional SWRO systems that produce brine mbdures of no

commercial value, in addition to desalinated water.

[0013] Embodiments of this disclosure are also directed to recovering the selecled minsral salt in a
solid form such that the recovered mineral salt is commercially useful without the need for further
industrial processing. For exampie, the concentrated brine with the seiected material may be
subjected o membrane crystallisation 10 recover the selected mineral salt in solid usable form.

[0014] The design and operating parameters of a mineral salt-selective reverse osmosis process
described herein, can be altered 10 target specific individual ions. This results in a customized
production (reclaiming) of mineral salls when further processes, such as brine concentration and
membrane crysiallization, are included in the sysiem. The system of the present disclosure
significantly reduces the energy and capital costs for valorisation of mineral salts contained in

seawater,

{00187 The present disclosure provides a selective membrane for separating desalinated water and a
selected mineral salt from seawaler or another high-salinily solution, wherein the seleclive membrane
comprises a polysulfons layer and a salt separation layer, and wherein the salt separation layer

comprises a polyamide layer comprising one or more ionophore.

[0018] The selective membrane may be a seawater reverse osmosis membrane.,

[0017] In some embodiments of the selective membrans according to the disclosure, the selected
mineral salt is g potassium salt and the lonophore is a crown ether ionophore.

[0018] In some embodiments of the selective membrane according to the disclosure, the selected
mineral salt is a potassium sait and the one or more ionophore is selected from 18-Crown-6, 4'-

Aminobenzo-18-crown-6 and/or Potassium ionophore 1L

[0018] In some embodiments, the polyamide iayer comprises two or more ionophores. in some such
embodimenis, the two or more ionophores are selected from the group consisting of 18-Crown-8, 4'-

Aminobenzo-18-crown-8, and Polassium lonophore 1L

[0028] In some embodiments of the selective membrang according to the disclosure, the selected
mineral salt is a lithium salt and the ionophore is selected from Lin.2sbae se TIOz (LLTO), Lithium

fonophore Vi and/or Lithium lonophore Vil
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[0021] In some embodiments of the sslective membrans according to the disclosure, the selected
mineral salt is a magnesium salt and the ionophore is selecled from Magnesium ionopghore |,
Magnesium fonophore i, Magnesium lonophors IV and/or Magnesium lonophore Vi

[0022] In some embodiments of the selective membraneg according to the disclosure, the selected
mineral salt is a rubidium salt and the ionophore is selecied from potassium coball hexacyanoferrate
(KCoFC) or zeolitic imidazole frameworks (ZIF) grafted with KCoFC (KCoFC@ZIF).

[0023] In some embodiments, the selective membrane comprises the following layers, in order:
i a polyester support iayer;
ii. a polysuilfone laver; and
iit. a salt separation layer,
wherein the salt separation layer comprises a polvamide layer comprising one or more ionophore.

[0024] In some embodiments, the polysulfone layer comprises polysorbate 20 (PS20).

[D028] The disclosure also provides a seawater reverse osmosis (SWRO) system comprising a
selective membrane according to the disclosure.

[0028] Further provided is a system for recovering a selected mineral salt from seawater or another
high-salinity solution, the system comprising:

a. a seawater reverse osmosis (SVWRQO) system according to the disclosure for separating the
seawater or other high-salinity solution into an SWRO permeate comprising desalinated water
and the selecied mineral salt, and an SWRO retentate;

b, a brackish water reverse osmaosis (BWRO) system comprising one or more BWRO stage for
concentrating the SWRO permeste to produce desalinated water and a BWRQO brine
comprising the selected mineral sali; and

¢. a selected mineral valorisation system for exiracting the selected mineral salt from the BWRG

brine.

[0027] In some embodiments, the SWRO permeate substantially consists of desalinated water and
the selected mineral sall.

[0028] The SWRO permeate may comprise 90% or greater of the selected mineral salt presant in the

input seawater or other high-salinity solution.

[0028] The SWRO retentate may comprise less than 10% of the selected mineral salt present in the
input seawater or other high-salinity solution.

[0038] In some embodiments, the BWRO system comprises two or more BWRO stages for further

increasing the percentage concantration of the selected mineral salt in the BWRO brine.

6
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[0031] In some such embodiments where the BWRO system comprises two or more BWRO stages,
the BWRO system comprises:
a. a first BWRGO stage for concentrating the SWRO permeate {0 produce desalinated water and
a BWRO reteniate comprising the selected mineral salt; and
b. a second BWRO stage for concentrating the BWRO retentate to produce desalinated water

and a BWRO brine comprising the selected mineral salt.

[0032] In embodiments where the BWRO system comprisas two or more BWRO stages, the BWRO
brine may comprise 80% or greater of the selected mineral salt present in the SWRO permeate.

[0033] In some embodiments, the selected mineral valorisation systern comprises:
a. 3 brine conceniration system for concentrating the BWRCO brine to produce a concentrated
BWRG brine; and
b, a corystallization system for orystallizing the seiected mineral salt out of the concentrated
BWRQ brine.

[0034] The brine concentration system may comprise one or more osmotically assisted reverse
osmosis (OARQO) membraneas or a thermal evaporation unit. The brine concentration system may
comprise one or more CARC membranes. The brine concentration system may comprise two or more
OARO membranes.

[0035] The crystallization system may comprise a thermal crysialiization unit or a membrane

crystallization unit. The crystaliization system may comprise a membrane crystallization unit.

[0038] The membrane crystallization unit may comprise one or more membrane crystaliizers that use
magnesium chioride or sodium chioride as a draw solution to crysiallize the selected mineral salt out
of the concentrated BWRO brine.

[0037] In embodiments where the selected mineral salt is a potassium containing mineral salt, the

ene or more membrane crystaliizers may use a magnesium chioride draw solution.

[0038] The disclosure additionally provides a methoed for recovering a selected mineral salt from
seawater or ancther high-salinity solution, the method comprising:

a. processing the seawater or other high-salinity solution in g seawater reverse osmosis
(SWRO) system according o the disclosure, 1o separate the seawaler into an SWRO
permeate comprising desalinated water and the selecled mineral sall, and an SWRO
retentate;

b. concentrating the SWRO permeate in a brackish water reverse osmosis (BWRO) sysiem
comprising one or more BWRO siage to produce desalinated water and a BWRO brine

comprising the selecled mineral salt;
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¢,  exiracling the selected mineral salt from the BWRO brine in a selected mineral vaiorisation

sysiem.

{80391 In some embadiments of the method for recovering a selected mineral salt from seawater or
another high-salinity solution, the SWRO permeate substantially consists of desalinated water and the

selected mineral salt.

[0040] The SWRO permeate may comprise 80% or greater of the selected mineral salt present in the

input seawater or other high-salinity solution.

[0041] The SWRO retentate may comprise less than 10% of the selected mineral salt present in the

input seawater or other high-salinity solution.

[0042] The BWRO brine may comprise 80% or greater of the selected mineral salt present in the
SWRO permeate.

[0043] In some embodiments of the method, concentrating the SWRO penmeate in the BWRO
system comprises passing the SWRO permeate through two or more BWRO stages and wherein
each conseculive BWRO slage further increases the percentage concentration of the selecled

mineral salt in the BWRO brine.

[0044] in some such embodiments, concentrating the SWRO permeate in the BWRO systam
comprises:
a. concenirating the SWRO permeats in a first BWRO stage fo produce desalinated water and a
BWRO retentate comprising the selected mineral salt; and
b. concentrating the BWRO retentate in a second BWRO stage o produce desalinated water

and a BWRO brine comprising the selected mineral salt.

[00458] In some such embodiments, the BWRO retentate may comprise 80% or greater of the
selected mineral salt present in the SWRO permeate, and the BWRO brine may comprise 85% or

greater of the selecied mineral salt present in the BWRO retentate.

[0046] In some embodiments of the method, extracting the selected mineral salt from the BWRO
brine comprises:
a. concentrating the BWRO brine in a concentration system 1o produce a concentrated BWRO
brine; and
b. crystaflizing the selected mineral salt out of the concentrated BWRO brine in a crystallization

system.

{00471 Concentraling the BWRO brine may comprise passing the BWRO brine through one or more
osmolically assisted reverse osmosis (QARQO) membranes or a thermal evaporation unit.

8
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Concentrating the BWRO brine may comprise passing the BWRO brine through one or more QARO
membranes. Concentrating the BWRO brine may comprise passing the BWRO brine through two or
more OARO membranes.

[0048] The concentrated BWRO brine may have a concentration of from about 215 g/l to about 235
g/l

[0048] The crystallization system may comprise a thermal crystallization unit or a membrane

crystallization unit. The crystallization system may comprise a membrane crystallization unit.

[O050] The membrane crystallization unit may comprise one or more membrane crystallizers that use
magnesium chioride or sodium chioride as a draw solution to crystaliize the selected mineral salt out
of the concentrated BWRQO brine.

[0051] In embodiments where the selected mineral salt is a potassium containing mineral sall, the

one or more membrane crysiallizers may use a magnesium chioride draw solution.

[0052] The disclosure further provides a method of manufacturing a selective membrane according
o the disclosure, the method comprising the following steps, in order:

a. Mixing one or more ionophore into an amine solution;

b, Depositing the amine solution on a polysulione layer;

¢.  Depositing an acid chioride solulion on the amine solution to form a polyamide layer.

[0053] The method of manufaciuring a selective membrane according to the disclosure may
comprise mixing one or more ionophore into an amine solution, as well as the following steps, in
order:

a. Depositing a polysulfone layer on a polyester layer;

b. Depositing the amine solution on the polysulfone layer;

¢. Depositing an acid chioride solution on the amine solution to form a polyamide layer.

[0054] In some embodiments, the polysulfone layer may comprise polysorbate 20 (PS20).

BRIEF DESCRIPTION OF THE DRAWINGS

[0055] Embodiments of the disclosure will now be described, by way of example, with reference 1o

the accompanying drawings, in which:

[00586] Figure 1 shows a conventional SWRO systemy,
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[0087] Figure 2 shows a system for recovering a selected mineral salt from seawater or another

high-salinity solution, according 1o an embodiment of the present disclosure; and

[0058] Figure 3 shows the system as shown in Figure 2 in greater detail,

DETAILED DESCRIPTION

[0058] Varicus exemplary embodiments and details are described hereinafier, with reference to the
figures when relevant. i should be noted that the figures may or may not be drawn fo scale and that
elements of similar structures or functions are represented by like reference numerals throughout the
figures. it should be noted that the figures are only intended 1o facililate the descriplion of the
embodiments. They are not intended as an exhaustive description of the disclosure or as a limitation
of ihe scope of the disclosure. in addition, an illustraled embodiment needs not have all the aspecis
or advantages shown. An aspect or an advantage described in conjunction with a pariicular
embodiment is not necessarily limited o that embodiment and can be practiced in any sther

embodiments even if not so Hlustrated, or if not so explicitly described.

[O080] The figures are schematic and simplified for clarity, and they merely show details which aid

understanding of the disclosure, while other details have been left oul.

[0061] Figure 1 shows a conventional seawater reverse osmosis (SWRO) membrane system,
comprising a conventional SWRGO membrane, for separating seawater into desalinated waterand a

brine comprising a high concentration of all mineral salts from the seawater.

[0082] Generally, the prasent systemn 10 can be considerad schematically as shown in Figure 2.
Here seawater is provided to a Selective Membrane System (aiso referred 10 as a SWRO system)
100, which is then used to generate a SWRO permeale 103 comprising a brine containing water and
the target mineral salt. Typicaily, the SWRO permeate 103 substaniially consists of desalinated water
and the selected mineral salt. Typically, the SWRO permeate 103 comprises 80% or greater of the
selected mineral salt, Tor example 80% or greater of the selected mineral salf present in the input
seawatsr or other high salinity solution. For exampls, the SWRO permeate may comprise from about
360 mg/L to about 400 mg/L potassium chioride (for example about 380 mg/L potassium chioride).
The Selective Membrane System 100 comprises seawater reverse osmosis {(SWRO) membranes that
are chemically modified o be semi-permeable to water {(e.g. distilied water} and cations of the
selected mineral salt. The SWRO membranes therefore reject the retentate of all other mineral salts
as a brine 110 (also referred to herein as SWRO retentate} containing a high concentration of mineral
salts but with a very low concentration of the selecied mineral salt. | is noted that the high
concentration of mineral salis other than the selected mineral salt in the SWRO reteniate, will be of a
similar concentration to the input seawatser or other high-salinity solution (e.q. within 3% of the
concentration of each mineral salf other than the selected mineral salt in the input seawater), in the

same way as for a conventional SWRQO membrane. Typically, the SWRO retentate comprises 20% or

10
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less of the selecied mineral sall, for example 10% or less of the selected mineral sall present in the
input seawater or other high salinity solution. it is possible for this brine 110 {0 be subsequently

processed by other systemns or disposed of in the conventional manner.

[0063] The SWRO parmeats 103 output by the Selective Membrane System 100, is passed through
a conventional Brackish Water Membrane Reverse QOsmosis (BWRO) System 102, This generates
desalinated water 105 as the permeate, and the selected mineral salt is retained in the relentate
{(BWRQO brine 104). By processing the SWRO permeate 103 in the BWRO system the selected
mineral salt is separated from water by applying pressure against the BWRO membranes. This resulis
in the mineral salt being retained and concentrated in a2 BWRO brine 104, Typically, over 98% (wiw)
of the salis in the BWRO brine 104 are the selected mineral sall. The BWRO permeate 105 contains
all the fresh desalinagted water. The concentrated BWRO brine 104 is then passed {0 & selecled
mineral salt valorisation system 106 {o extract the selected mineral sait 108 from the concentrated

brine 104 in crystal form.

[0064] As mentioned above, the BWRO selective membrane system 102 also produces desalinated
water 105 and can be applied to any existing or new seawater reverse osmosis desalination plant.
Therefore, the SWRO Selective Membrane System 100 in combination with the BWRO membrane
sysiern 102 and the Selected Mineral Valorisation System 106, can be used to enhance the funclion
of conventional desalination planis to not only produce fresh water but {o also recover the valuable
mineral salts contained in the seawaler, instead of disposing of them in brine mixiures {typically back
into the sea) with little 1o no commercial value. The present embodiment of the disclosure can thus be

widely implemented for brine valorisation worldwide.

[0085] Figure 3 shows the present system 10 in grealer detail. In particular, Figure 3 shows the
components of the BWRO Membrane System 102 and the Selected Mineral Valorisation system 108.
The BWRO Membrane System 102 comprises a plurality of membrane processes including in this
embodimeant two stages of brackish water reverse osmosis (BVWRO) 102a, 102b. The second BWRO
stage 102b outputs the brine with the selected mineral salt 104 to the Selected Mineral Valorisation
System 108, The purpose of having two stages of BWRC Membrane system 102 is {0 increase the
concentration of the minsral salt which is captured by the membranss of this stage. This not only
heips to enable the brackish water to become purer desalinated water permeate 105 but also
increases the concentration of the brine with the selected mineral sait 104, it will be understood that
the rejection rate of the selected mineral salt wilf vary with a number of faciors, including the source
and temperature of the input seawater or other high-salinity solution. However, as has been
mentioned before, this arrangement typically produces a BWRO brine 104 with a selected mineral sait
rejection rate of greater than 80%, typically greater than 85%, for example greater than 90%, or
greater than 85% (e.g. in some embodiments the mineral sall rejection rate may be >88%). More
specifically, the oulput of the first stage BWRO system 102a may recover a BWRO relentate 116
comprising 80% or greater of the mineral sall in the SWRO permeats 103, for example 85% or

greater of the mineral salt in the SWRO permeaie 103 (e.g. 80% or greater). In embodiments where a
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potassium sall is the selected sall, the first stage of the BWRO system 102a may recover a BWRO
brine 104 comprising 95% or greater {e.g. about 99.0%) of the mineral salt in the SWRO permeate
103. The output of the second stage of the BWRO system 102b may have an increased recovery
such that the BWRO brine 104 may comprise 85% or greater of the mineral salt in the BWRO
retentate 116, for example 80% or greater of the mineral salt in the BWRO retentate 116 {(e.g. 95% or
greater). in embodiments where a polassium sall is the selected salt, the second stage of the BWRO
system 102b may recover 88% or greater {e.g. over 898.5%) of the mineral salt in the BYWRO retentate
118. In contrast, the desalinated water which may typically contain less than 1% of the selected
mineral salt in the SWRO permeate 103. Notably, this recovery of almost all of the selected mineral
salt in the seawater is achieved with no additional expenditure of energy and capital costs as the
BWRO membrane system 102 is already provided in desalination plants to produce potabis
desalinated water and the SWRO selective membrane system 100 simply requires a standard

polysulphone (polysuifone) membrane with an added chemical (see helow).

[00B6] The selecied mineral salt valorisation system 108 comprises two stages. The first is a brine
concentration systemn 112 comprising a plurality of osmotically assisted reverse osmosis (DARQO)
membranes. The brine concentration system 112 increases the concentration of the brine {o
approximately 225 g/l (for example from about 215 g/l 1o about 235 g/L) s0 as {o increase the
guantity and purity of mineral salts that are ultimately obtained. Alternatively, the brine concentration
system 112 may comprise a thermal evaporation unit. The second stage in the selecied mineral
valorisation system 108 is a membrane crysiallization unit 114 for crystallizing out the selected
mineral salt as a selected mineral salt 108, Alternatively, the selected mineral salt can be crystallized
using thermal crystallization. MHowever, membrane crystallization is preferred as it is more energy
efficient. The membrane crystallization unit 114 includes membrane crystallizers that use magnesium
chioride or sodium chioride as a draw solulion to crysialiize the selscted mineral salt on the surface of
the membrane. This method of crystallization enables the selecied mingral sall {0 be sasily collecied

from the surface of the membrane and dried o be used for commercial purposes.

[0067] The combination of obtaining a brine stream with a highly concentrated amount of a seiscted
mineral salt and then carnrying out a selected mineral salt valorisation on that stream, provides a
significantly more cost-effective way of recovering the selected mineral salt whilst at the same time
requiring little additional cost of modification of the desalination plant. In particular, the addition of
membrane crysiallizers {0 existing desalination plants is relatively inexpeansive when compared {0
other crysiallization systems such as thermal crystaliizers. Similarly, the concentration of the selected
mineral salt can be compileted using thermal evaporation. However, using OARQC is much more

energy efficient and cost-effective.

[0068] In the current embodiment, standard size seawater reverse osmosis (SWRQ) membranes are
used, which are conventional polysulfone membranes. Conventional SWRO membranes typically
comptise in order a base / support layer {8.g. a polysster layer), a polysulfone layer and a sall

separation layer. In some embodiments, the polyestier layer and the polysulfone layer are separate,
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adjacent lavers. However, in some embodiments, there may be a single layer comprising polyester
and polysuifone (e.g. a layer of polysorbate 20, PS20). Typically, the salt separation layer comprises
polyamide {for example the sall separgtion laver is a polvamide layer). In the present disclosure, the
salt separation layer of these conventional SWRGO membranes may be altered by embedding an
active chemical ingredient {e.g. an ionophore) into the chemical structure of the separation layer
which allows only cations of a particular mineral salt to pass through the membranes along with the
fresh water contained in the seawater. The altered membranes enable separation of the target
mineral salt from the rest of the mineral salis in the source seawater and allow it to be recovered for

beneficial comimercial uses as has been described above.

[0068] Various different mineral salts can be recovered from seawater using the above selective
mineral salt recovery system 10 and recovery methods described herein. Depending on the selected
mineral salt, a different active chemical ingredient can be used to achieve the mineral salt seiectivity
referred t0 above. As described above, when the selecied mineral salt is a polassium salt {e.g. KCI,
the ionophore may be selected from 18-Crown 6-Ether, 4-Aminobenzo-18-crown-6, 2-Hydroxymethyl-
18-crown-6, Potassium lonophore |, Potassium fonophore H and/or Potassium fonophaore i In
particular embodiments where the selecied mineral salt is a potassium sall (e.g. KCI), the ionophore
may be selected from 18-Crown-8, 4-Amincbenzo-18-crown-§ and/or or Potassium lonophore L In
particular embodiments where the seleclive mineral salt is a potassium salt {e.g. KCI}, the ionophore
may be Potassium lonophore i In other embodiments, when the selecled mineral salt is a lithium
salt, the ionophore may be selected from Lie.sshaoss TiO: (LLTO), Lithium lonophore Vi and/or Lithium
ionophore VL. In olher embodiments, when the selected mineral salt is a magnesium salt, the
ionophore may be selected from Magnesium lonophore |, Magnesium lonophore i, Magnesium
lonophore IV and/or Magnesium fonophore Vi in other embodiments, when the selected mineral sall
is a rubidium salt, the ionophore may be selected from polassium coball hexacyanoierrate (KCoFC)
or zeolitic imidazole frameworks (ZIF) grafted with KCoFC (KCoFC@2ZIF). Accordingly, the ionophore
it the membrane can be selected based on the selected mineral salt. For example, if the selected
mineral salt is potassium chioride (KCI), then the system and method described above can be used {o
extract potassium chioride (KCH. In the embodiment where the selected mineral salt is potassium
chloride, the special active chemical ingredient {i.e. the one or more ionophores) may be Potassium
fonophore . Potassium lonophore I may be added to the base membrane formulation to increase
the surface seleclivity of the reverse osmosis membranes. By increasing the surface seleclivity, the
reverse osmosis membranes only aliow polassium cations to pass through it along with water, and
reject mineral salts containing other monovalent ions, such as sodium.

[0070] The desalinated water containing potassium chioride is subsequently directed to the BWRO
membrane system 102, which includes two BWRO stages, as described above. The first stage
separaties the potassium chioride from the permeate (desalinated water), recovering about 80% or
greater (e.g. 10 »595%) of the potassium chioride as described above. The second sfage further
increases the concentration of potassium chioride; recovering about 85% or greater {e.g. about

898.5%) of the polassium chioride as previcusly described.
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[0071] The concentrated potassium chioride is then conveyed to the sslected mineral valorisation
sysiermn 106 to recover polassium chioride orystals that can be used for commercial purposes. in the
first stage of the selected mineral valorisation system 108, the concentrated potassium chioride is
further concentrated using an OARO membrane comprised in the brine concentration system 112,
The potassium chioride is subsequently conveyed {o the membrane crystallization system 114
comprising a membrane crystallizer to reclaim potassium chioride orystals. The membrang crystallizer
uses a magnesium chioride draw solution. Alternatively, or for the recovery of a different selected
mineral salt, a sodium chioride draw solution can be used. However, a magnesium chioride draw
solution is preferred for the recovery of potassium chioride because the amount of draw solution

reguired is lower.

[0072] In other embodiments, the retentate comprising the selected mineral salt contained in the
brine, can be used in Higuid form as it is output from the BWRO membrane systermn 102, In the present
embodiment, brine comprising 85% or greater (e.g. about 99%) of the selecied mineral salt as
described above is further concentrated and crystallized by membrane crystallization (lowest cost), 1o
obtain a high-purity commercial produdt. in another embodiment which is less preferred, the
membrane crystallisation can be replaced by thermal crystallization though it is appreciated that this is
less cost effective than a membrane orystaliizer due o the increased power consumption and energy

LUse.

[0073] The disclosure further provides a method of manufacturing a selective membrane according
to the disclosure, the method comprising the following steps, in order:

a. Mixing one or more ionophore into an amine solution;

b. Depositing the amine solution on a polysulfone layer,;

c. Depositing an acid chioride solution on the amine solution {0 form a polyamide layer.

{00741 As described above, in some embodiments, the polyester layer and the polysuifone layer are
separate, adjacent laysrs. In such embodiments, the method of manufacture may comprise mixing
one of more ionophore into an amine solution, as well as the following steps, in order:

a. Depositing a polysuifone layer on a polyester layer;

b, Depositing the amine solution on the polysulfone laver,;

¢. Depositing an acid chioride solution on the amine solution o form a polyamide laver.

[00758] In other embodiments, the polysulfone layer may comprise a polysulfone and a polyester. For
example, there may be a single layer comprising polyester and polysulfone (e.g. a layer of
polysorbate 20, PS20). In such embodiments, the polysulfone laver may comprise polysorbate 20
{(PS20), for example the polysulfone layer may consist of polysorbate 20 (PS20).

[0078] variations of the disclosed embodiments can be undersiood and effectsd by thoss skilled in

the art in practicing the claimed invention, from a study of the drawings, the disclosure and the
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appended claims. In the claims, the word "comprising” does not exclude other elements or steps, and
the indefinite article “a” or “an” does not exclude a plurality. The mere fact that cerfain features are
recited in mutually different dependent claims does not indicate that a combination of these claims
cannot be used to advantage. Any reference signs in the claims should not be construed as limiting

the scope.

EXAMPLES

Example 1 - Manufacture and testing of potassium selective membranes

[0077] varicus potassium selective membranas according o embodimanis of the present disclosurs
were manufactured according to the following method. Different potassium selective compounds
{different ionophores) were used to manufacture the different membranes. The membranes weare
subsequently tested io determine their selectivity and suitability for use as a potassium selective
SWRO membrane. it should be understood that the polassium ionophores in the method described
herein could be replaced with suilable ionophores for lithium ions, magnesium ions or rubidium ions to

produce selective membranes for lithium ions, magnesium ions or rubidium ions, respectively.

[0078] A sheet of ultrafiltration (UF) membrans {e.g. a commercially available PS20 UF membrane)
was soaked in sodium hydroxide solution at pH 12 for 30 minules at 80 °C . The solution was
changed, and a fresh sodium hydroxide solution was used under the same conditions and for the
same length of time. After that, the membrane was soaked in Milli-G® water (waler purified using a
Millipore Milli-Q® lab water systemy) for 30 minutes at 50 °C . After that, the membrane was finsed
with MiliQ® water at room temperature for 30 minutes. The membrane was then dried in an oven at

30°C overnight.

[0079] A matrix of experiments was designed to preduce flat sheet membranes with the targst water
and seawater permeabilities of a seawater reverse osmosis (SYWRO) membrane. In each case, 3.4 g
of M-phenylenediamine (MPD, 88.5%) was dissolved in $3.45 g 18 MQ laboratory deionised waler
{ultrapure water). To enhance uplake by the support membrane, 0.1 wt.% Sodium dodecy! sulfate
(S8} was added to the amine solution in all cases. In addition, 2 g of (1)-Camphor-1G-sulfonic acid
{CSA, 288%) was added into the amine solution, which dropped the pHto about pH 310 4. Then, 1 g
of Triethylamine (TEA, 2 98%) was added into the amine solution {o increase the pH 10 between 8 and
8. in parallel, a specified amount of a potassium selective compound (see Tables 2 and 3 below) was
dissolved in DMSO, which was then added into the bulk amine solution. The concentration of DMSO
was designed to be 2 wt.%. To make the acid chioride monomer solution, 1,3,5-Benzenetricarbonyi
frichloride (TMC, 288%) was dissoived in Isopar™ G (e.q. procured from Gallade Chemical Inc.,
Sanla Ana, CA, USA} io make a §.17 wt.% solution.

[0080] To make the membrane, a 17 om x 13 om clean, dry polysulfone ultrafifiration membrane was

placed on a clean, dry glass plate and was clamped down under a 15 em x 10 om wooden frame. The
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amine solution was poured on the surface of the membrane. The amine monomer solution coating
time was fixed at 120 seconds. Extra solution was drained off and excess remaining on the surface of
the membrane was removed by a squeegee. After making sure no agueocus droplets remained on the
mambrane surface, the membrane was then dipped into the acid chloride monomer solution for 80 s.
The membrane was put in an oven at 60 °C for 10 minutes, and then, 125 °C for 2 minutes to produce

a cured seawater reverse osmosis (SWRO) membirane.

(00817 Next, the cured SWRO membrane was subjecied to chemical treatment to wash off unreacted
monomers. First, the membrane was soaked in a 2 g/l aqueous solution of sodium carbonate at 50
“C for 10 minutes. The residual sodium carbonate was washed off with 18 MW deionised water at 50
°C for 10 minutes. Finally, the membrane was washed with fresh deionised water at room
temperature twice, and then stored in fresh deionised water in light-proof containers in a laboratory

refrigerator at 5 °C until use.

[0082] Before the selective membrane could be tesied, it was necsssary 10 ascertain if the DMSO in
the manufacturing process had any effect on the potassium ion (K*) sslsctivily of the membrane.
DMSO is known to improve the water flux in a desalination membrane. Therefore, it was necessary to
determine whether the presence of DMSQ as a solveni would make the membrane be potassium ion
(K"} selective to any degree. This was done by comparing the performance of two control membranes
{i.e. conventional SWRO membranes), one with DMSO and one without DMSO. The results showed
that, with or without DMEO, the control membranes had higher sodium fon (Na¥) passage than
potassium ion (K% passage. Therefore, it was determined that DMSO0 does not enable the

membranes to be K selective.

[O083] The separation performance of the potassium selective SWRO membranes was evaluated in
a Sterlitech crossflow membrane filtration system equipped with three membrane cells (2.54 cm by
7.82 cm each) with an active membrane area of 19.35 cm® in each cell. The permeate flow rate (VA
was measured by a digital flow meter {for example an Optiflow 1000 from Agiient Technology). During
testing, the feed solution was held at a constant temperaiure of 23£1 °C using a recirculating

heater/chiller with an immersion coii in the fead tank

[0084] The feed solution was a standard synthetic seawater with a total dissolved salt of 35 g/l The
exact composition of the feed solution is provided in Table 1 below. This feed solution was passed
through the membranes to test both the water flux (A) and the salt rejection (Ro) for each of the

mambranes.
Tabile 1:
Salt Seawaler concentration, ma/L
NaCl 25047
NaHCOs 158
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KCi 855
MgSOs 3084
MgChL.8HO 4885
CalCl.2H0 1310
NaBQO2.4H0 45
SrChk 8H0 17

[0085] Bulk salt concentration in the feed and the permeate were measured by a conductivity meter,
and electrical conductivity (EC) calibration curves were found to be linear for concentrations between
0 and 2,000 ppm. Therefore, the observed rejection rate (Ro) was calculated directly from the feed
and permeate EC values below 2,680 ppm. The feed solution was diluted 100x and permeatle
sampies above 2,000 ppm were diluted 10x o stay within the EC meter calibration range. After the
measurements were taken, the resultant values were converted back 1o the true concentrations by

multiplying them by the dilution ratio.

[O088] The selectivity of K™ ions and Na' ions was determined by measuring the feed and permeate

concentration using inductively Coupled Plasma (ICP).

{00871 Table 2 below shows the performance of four potassium selective membranes {accoiding {o
embodiments of the disclosure} as well as the two control membranes {one with DMSO and one
without DMSO}.

Table 2:
Mempbrane Potassium A Ro{%} | Na' pass. | K oK
lonophore{s} {imb/bar} %) pass.
{defined in Table 3) %3
- o
é%flifﬁ {wic DMSC) 168 | 9018 0.92 0.78 084
%‘;ﬁiﬂ‘;i (w/ DMSO) 182 | 908.98 1.40 1.19 0.85
KEMA {(3hr™™) KSC4 (015 2.72 99.34 0.68 0.90 1.32
KSM2 (1hi™) KSC4 (0.2% 2.23 99.19 0.55 0.69 1.25
KSM3 (1hr™ KSC1 (0.5 4.92 87.01 312 4.66 1.48
e KSCO (24 + - o 1.8
KSM4 (3hr) KSC1(0.5%) 3.80 97.28 3.49 560

*Concentration of potassium ionophore in wi.%.
“*Duration of the performance test in hours.

fable 3:

KSCO 18-Crown-6
KEC1 4’-Aminobenzo-18-crown-&
KSC4 Potassium lonophore 1

[O0B8] Al potassium selective membranes (KSMs) demonstrated higher potassium ion (K¥) passage
through the membrane than sodium lon (Na*) passage. The opposite was frue for the confrol
membranes. This is highlighted by the ax values (showing polassium selectivity) of greater than 1 for
all potassium selective membranes KSM1, KSM2, KSM3 and KSM4. This confirms that the
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jonophores are indeed facilitaling the transport of polassium ions, Without wishing 1o be bound by
theory, it is understood that this is because the potassium ionophores form an artificial continuous

channel of the K* ions across the polyamides layer of the membrane.

[O088] The membrane permeability (A) of each potassium selective membrane was also measured.
A higher membrane permeability indicates a lower rejection of salts by the membrane. Naturally the
rejection of salts will reduce as polassium ion passage through the membrane increases. However,
the balance of potassium ion passage and salt rejection is imporiant {0 ensure the membranes remain
gffective {0 exdract desalinated water as well as the selected potassium salt. All potassium selective
membranes {ested had increased membrane permeability (A} compared to the control membranes,
however the membrane permeabiifly of the potassium selective membraneas remained within an
acceptable level. Therefore, it was shown that an acceplable balance between membrane

permeabiiity (A) and polassium selectivity (o} could be obtained.

[0090] KSM4 comprised a combination of two potassium ionophores (2 wt.% KSCO and 0.5 wi.%
KSC 1), The results show that KSM4 has increased K ion selectivity {ox) without significantly
increased mambrane permeability (A) compared to the other polassium selective membranes (KSM1,
KSM2 and KSM3).
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CLAIMS:

1.

®

10.

A selective membrane for separating desalinated water and a selected mineral sailt from
seawater or another high-salinity solution, wherein the selective membrane comprises a
polysulfone layer and a salt separation laver, and wherein the sali separation layer comprises

a poelyamide layer comprising one or more ionophore,

The seleclive membrane according io claim 1, wherein the selsctive membrane is a seawaler

rBVerse gsmosis mambrane.

The selective membrane according to claim 1 or 2, wherein the selected mineral saltis a

potassium salt and the ionophore is a crown ether ionophore.

The selective membrane according to any of claims 1 to 3, wherein the selected mineral salt
is a potassium salt and the one or more ionophore is selected from 18-Crown-8, 4~

Amincbenzo-18-crown-8 and/or Potassium tonophore i,

The selective membrane according to any of claims 1 to 4, wherein the polyamide layer

comprises two or more ionophores.

The selective membrane according to claim &, wherein the fwo or more ionophores are
selected from the group consisting of 18-Crown-8, 4-Aminohenzo-18-crown-6, and

Potassium fonophore L

The selective membrane according {o claim 1 or 2, wherein the selecied mineral saltis a
lithium salt and the ionophore is selected from Lip.asbanse TiO: (LLTO), Lithium lonophore Wi

and/or Lithium ionophore Vil

The selective membrans according to claim 1 or 2, whergin the selected minerai saltis a
magnesium sall and the jonophore is selected from Magnesium lonophore |, Magnesium

lonophore i, Magnesium lonophore IV andfor Magnesium tonophore Vi,

The selective membrane according to claim 1 or 2, wherein the selected mineral saltis a
rubidium salt and the ionophore is selected from potassium cobalt hexacyanoferraie (KCoFC)
or zeolitic imidazole frameworks (ZIF) grafted with KCoFC (KCoFC@ZIF).

The selective membrane according to any of claims 1 to 8, wherein the selective membrane

comprises the following layers, in order:

i a polyester support layer;
i a polysulfone layer; and

iil. a salt separation layer,

19



WO 2025/120574 PCT/1B2024/062277

11.

12.

13.

14.

15.

16.

17.

18.

wherein the sall separation layer comprises a polyamide layer comprising one or more

jonophore,

The selective membrane according to any of claims 1 to 9, wherein the polysuifone layer

comprises polysorbate 20 (PS20).

A seawater reverse gsmosis (SWRO) system (100} comprising a selective membrane

according o any of claims 1 {o 11.

A system (10} for recovering a selected mineral salt (108} from seawaster or another high-

salinity solution, the system comprising:

i a seawater reverse osmoesis (SWRQO) system (100) according to claim 12 for
separating the seawater or other high-salinity solution into an SWRO permeate (103)
comprising desalinated water and the selected mineral salt, and an SWRO retentate
(110);

ii. a brackish water reverse osmosis (BWRO) systemn (102) comprising one or more
BWRO stage (102a/b) for concentrating the SWRO permeate (103) io produce
desalinated water (105) and 3 BWRO brine (104) comprising the selected mineral

salt; and

iii. a selected mineral valorisation system (108) for extracting the selected mineral sall
(108) from the BWROQO brins {104},

The system (10} according to claim 13, wherein the SWRO permeate (103} substantially
consists of desalinated water and the selected mineral sali.

The system (10} according to claim 13 or 14, wherein the SWRO permeate (103) comprises
30% or greater of the selected mineral salt present in the inpul seawater or other high-salinity

solution.

The system (10} according 1o any of claims 13 to 15, wherein the SWRO refentate (110)
comprises less than 10% of the selected mineral salt present in the input seawater or other
high-salinity solution.

The system (10} according to any of claims 13 to 16, wherein the BWRO system (102}
comprises two or more BWRO stages (102a, 102b) for further increasing the percentage

concentration of the selected mineral salt in the BWRO brine (104).

The system (10) according to claim 17, wherein the BWRQ system comprises:
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18.

20.

21.

22.

23.

24.

25.

26.

i a first BWRO stage (102a) for concentrating the SWRO permeate (103} to produce
desalinated water (108) and a BWRO retentate (116) comprising the selected mineral
salt; and

ii. a second BWRO stage (102D}, for concentrating the BWRO retentate (118} 1o
produce desalinated water (105) and a BWRO brine (104} comprising the selected

mineral salt.

The systam {10} according to claim 17 or 18, wherein the BWRO brine {104} comprises 80%

or greater of the selecied mineral salt present in the SWRO permeate (103).

The system (10) according 1o any of claims 13 10 19, wherein the selecied mineral
valorisation system (108) comprises:

i a brine conceniration system (112) for concentrating the BWRO brine (104) to
produce a concentrated BWRO brine; and

it. a crystallization system for crysiallizing the selected mineral salt (108} out of the
concentrated BWRO brine.

The system (10} according {o claim 20, wherein the brine concentration syslem (112)
comprises one of more osmotically assisted reverse osmosis (CARDO) membranes or a
thermal evaporation unit,

The system {10} according {o claim 20 or 21, wherein the brine concentration system {(112)
comprises one of more OARQO membranes.

The system (10} according to claim 22, wherein the brine concentration system (112)
comprises two or more CARO membranes.

The system (10} according 1o any of claims 20 to 23, wherein the crystallization system

comprises a thermal crystallization unit or a membraneg crystallization unit (114).

The system (10} according to claim 24, wherein the crysiallization system comprises a
membrane crystallization unit (114).

The system (10} according to claim 24, wherein the membrane crystaliization unit (114)
comprises one or more merbrane crysialiizers that use magnesium chioride or sodium
chioride as a draw solution to crysiallize the selected mineral salt (108) out of the
concentrated BWRO brine.
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27. The system according o claim 28, wherein the selected mineral salt is a potassium containing
mineral salt and wherein the one or more membrane orystallizers use g magnesium chioride

draw solution.

28. A method for recovering a selected mineral salt (108} from seawater or another high-salinity

solution, the method comprising:

i processing the seawater or gther high-salinity solution in a seawater reverse osmosis
SWRQO) systemt (100) according o claim 12, to separate the seawaler into an SWRO
permeate (103) comprising desalinated water and the selected mineral salf, and an
SWRO retentate (110},

it concentrating the SWRO permeate (103) in a brackish watler reverse osmosis
EBWRO) system (102) comprising one or more BWRO stage (102a/b) to produce
desalinated water {105) and a BWRO brine (104) comprising the selected mineral

salt;

iit. extracting the selected mineral salt (108) from the BWRO brine (104} in a selecied

mineral valorisation system {(106).

28. The method according to claim 28, wherein the SWRO permeaie (103) substantially consisis

of desalinated water and the selecied mineral sait.

30. The method according to claim 28 or 28, wherein the SWRO permeate (103) comprises 80%
or greater of the selected mineral salt present in the input seawaler or other high-salinity
solution.

31. The method according 1o any of claims 28 o 30, wherein the SWRO retentate (118)
comprises less than 10% of the selected mineral salt present in the input seawater or other
high-salinity solution.

32. The method according to any of claims 28 o 31, wherein the BWRO brine (104) comprises

80% or greater of the selected mineral salt present in the SWRO permeate (103).

33. The method according to any of claims 28 to 32, wherein concenirating the SWRO permeate
{103} in the BWRO system (102) comprisas passing the SWRO permeate (103) through two
ar more BWRO stages (102a, 102b) and wherein each consecutive BWRO stage (1023,
1026} further increases the percentage concentration of the selecied mineral salt in the
BWRO brine (104).
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34, The method according 1o claim 33, wherein concentrating the SWRO permeate (103) in the

35.

36.

37.

38.

38.

44.

41.

BWRO system (102) comprises:

i concenirating the SWRO permesate (103} in a first BWRO stage (102a) to produce
desalinated water (105) and a BWRO retentate (118) comprising the selected mineral
salt; and

ii. concentrating the BWRO retentate (116) in a second BWRO stage (102b) to produce
desalinated water (105) and a BWRO brine (104) comprising the selected mingral

salt.

The method according to claim 34, wherein the BWRO retentate (118) comprises 80% or
gregter of the selected mineral salt present in the SWRO permeate (103), and wherein the
BWRO brine (104} comprises 85% or greater of the selected mineral salt present in the
BWRO retentate (116).

The method according to any of claims 28 to 35, wherein exdracting the selected mineral salt
{108} from the BWRO brine (104) comprises:

i concentrating the BWRO brine (104) in a concentration system (112) to produce a
concentrated BWRCO brine; and

ii. crystallizing the selected mineral salt (108) cul of the concenirated BWRO brine in a
crystallization system.

The method according 1o claim 38, wherein concentrating the BWRO brine (104) comprises
passing the BWRO brine (104) through one or more osmiotically assisted reverse osmaosis

(OARQ) membranes or a thermal evaporation unit.

The method according 1o claim 36 or 37, wherein concenirating the BWRO brine (104)

comprises passing the BWRGO brine (104) through one or more QARG membranes.

The method according to claim 38, wherein concentrating the BWRO brine (104) comprises
passing the BWRO brine (104) through two or more OARO membranes.,

The method according to any of claims 36 to 38, wherein the concentrated BWRO brine has a
concentration of from about 215 g/l 1o about 235 g/,

The method according 1o any of claims 36 {0 40, wherein the crystallization system comprises

a thermal crystallization unit or a membrane corystalfization unit (114).
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42.

43.

44,

45.

46.

47.

The method according 1o claim 41, wherein the crystallization system comprises a membrane

crysiallization unit (114).

The method according to claim 41 or 42, wherein the membrane crystallization unit (114)
comprises one or mare membrane orysiallizers that use magnesium chioride or sodium
chioride as a draw solution to crystallize the selected mineral salt (108} out of the
concentrated BWRO brine.

The method according to claim 43, wherein the selected mineral salt is a potassium
containing mineral salt and wherein the one or more membrane crystallizers use a

magnesium chloride draw solution.

A method of manufacturing a selective membrane according to any of claims 110 11, the
method comprising the following steps, in arder

i Mixing one or more ionophore into an amine solution;

ii. Depositing the amine solution on a polysuifone laver,

iit. Depositing an acid chioride solution on the amine solution io form g polyamide layer.

The method of manufacture according to claim 45, the method comprising mixing one or more
ionophore into an amine solution, as well as the following steps, in order:

i Depositing a polysulfone laver on a polyester layer,

ii. Depositing the amine solution on the polysulfone ayer,;

iif. Depaositing an acid chioride solution on the amine solution to form a polvamide layer.

The method of manufaciure according to claim 45 or 48, wherein the polysuifone layer

comprises polysorbate 20 (PS20).
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