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Abstract: Saline irrigation water accounts for 15% to 30% of global, anthropogenic, water usage,
and around 10% to 15% of global arable food production. Decreasing the salinity of this irrigation
water has the potential to substantially increase the yields associated with these crops. In this
paper, 87 sol–gel hydrophobic and supra-hydrophobic, hollow, metal, hydroxyoxide and polymer
formulations (constructed using inexpensive, agricultural chemicals) were demonstrated to remove
Na+ ions and Cl− ions from saline water. The process operates without producing a waste brine or
requiring an external energy source and is designed to desalinate water within existing tanks and
impoundments. The desalination results of the polymer were combined with the salinity reduction
profiles of 70 crops suitable for cultivation, including arable, orchard, horticultural, and livestock
forage crops. The analysis established that use of the desalinated water may result in both substantial
increases in crop yield, and an increase in the variety of crops that can be grown. Analysis of the ion
removal process established a novel methodology for assessing the salinity of the product water. This
methodology allows the salinity of the product water to be determined from a combination of EC
(electrical conductivity) and pH measurements.

Keywords: crop yields; desalination polymers; Ostwald ripening; sustainable precision agriculture;
Fischer Tropsch

1. Introduction

The primary goal [1] of precision agriculture (PA) is to increase efficiency and pro-
ductivity, while reducing input costs and increasing environmental sustainability [2–5].
PA aims to optimize the use of resources (e.g., saline irrigation water) [2–4], maximize
crop [6,7] and livestock yields (through the use of desalination or partial desalination of
irrigation water) [8–10], and raise the quality of some high-value crop [11–13] and livestock
products [14,15] (through the desalination or partial desalination of irrigation water [16,17]).
PA strategies are promoted by both national and supra-national organizations (e.g., United
Nations, Sustainable Development Goals, the European Green Deal, and the EU Farm-to-
Fork Strategy). These strategic objectives must respond to both anthropogenic and natural
environmental changes (e.g., climatic variation, anthropogenic over exploitation of water
resources, desertification resulting from anthropogenic activities, etc.). These changes can
be progressive, or very rapid.

The chemical partial desalination approach [18] documented in this study may assist in
the management and protection of soil, water, and environmental resources. The strategic
approach outlined in this study falls within the generic category “Sustainable Precision
Agriculture (SPA)”.

1.1. Benefits of Chemical Desalination

The ideal chemical desalination approach is undertaken (i) without specialist training,
(ii) on a typical agricultural holding (1 to 100 ha−1), and (iii) using existing water tanks
and/or impoundments. It reduces the overall feed water required to produce x m3 of
water (relative to reverse osmosis). It produces minimal or no waste products that require
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disposal. The delivered desalinated (or partially desalinated) irrigation water cost is a
fraction of the cost of providing desalinated water using reverse osmosis (RO) [19–22] or
another physical process (e.g., evaporation [23–25], cryo-desalination [26]).

The only desalination routes with the potential to achieve all of these objectives involve
chemical desalination [18]. Chemical desalination involves one or more of adsorption (on
functionalized surfaces) or chemical separation approaches. The adsorption approaches
that have been investigated include:

(i) The use of crown ether desalination (patent US2011/0147314A1 [26,27]. Crown ether
technology is currently focused on the recovery of Li+ ions from water. The same
technology can also be used to selectively recover Na+, K+, and Li+ ions from a water
body [28–30]. It is being evaluated for use in the recovery of Cs+ and Mg2+ ions [31–33].
The ion recovery process from the absorbent is energy intensive (US2011/0147314A1).
This technology tethers the Na+ ion to the absorbent site and forces the Cl− ion to
become a spectator ion. Polymer desalination can reverse the adsorption site charges
to tether the Cl− ions and maintain the Na+ ion as a spectator ion;

(ii) Functionalization of the surface of a particle with negative charged or positive charged
sites. Negatively charged sites attract Na+ ions and positively charged sites attract
Cl− ions. The use of a charged particle in water remediation has been the focus of
substantive patent activity (e.g., JP5405454B2; RU2463256C2; US9617175B2). The
application of this adsorption technology to water desalination is addressed in patents
US8636906B2 and FR2983191A1 [34];

(iii) The use of hydrophilic polymers. These polymers actively adsorb water but not
Na+ ions and Cl− ions. The desalination requires recovery and dehydration of the
hydrated hydrophilic polymers to release desalinated water. This approach produces
a waste brine and is not considered further;

(iv) The use of hydrophobic polymers, which preferentially adsorb Na+ and Cl− ions from
water was first outlined in patent US9617175B2. This approach was largely ignored
in the academic literature until 2022 [18,34]. The discovery, in 2013 (GB2520775A),
that these polymers abstract Na+ and Cl− ions from water and sequester them within
dead-end pores (Equation (1)) has since been confirmed by patent US10919784B2 and
academic publications [18,34]. These polymers combine chemical adsorption with
chemical separation [18,34].

Saline Water = Reduced Salinity Water + Salinity contained in polymer pores, (1)

Chemical separation can be operated, using membranes, or particles. Hydrophilic
membranes, e.g., US10179842B2, use a functionalized membrane to separate water from
saline water [35]. This process produces partially desalinated water and a concentrated
brine [35]. Hydrophobic membranes, e.g., US10179842B2, are used to remove ions from
water. The removed ions (Na+ and Cl− ions) are concentrated within the membranes.

Hollow, entrained, hydrophobic and hydrogel spheres can be used to scavenge and
sequester Na+ and Cl− ions from a water body [18]. The spheres can be created by
templating (e.g., ES2908075T3; ES2891098T3) or they can be produced using a sol–gel
precipitation approach, e.g., US20090061226A1 [18]. The sol–gel spheres (Figure 1) are
constructed from rod-like, polymer crystallites, which radiate from the sphere’s center [36].
The spheres grow by a process termed Ostwald ripening [37]. In this process, the crystallite
located in the sphere’s center dissolves to release motile polymer ions. These ions are
replaced by water or another fluid [37]. The motile polymer ions then migrate to the outer
surface of the sphere (Figure 1). They are incorporated within the diffuse, hydrated outer
layer of the sphere (Figure 1). This surface contains the growing edge of the polymer
crystallite [37]. The Ostwald Ripening process results in the sphere diameter and sphere
core volume increasing in size with time [37]. The outer, diffuse, hydrated layer of the
spheres (Figure 1) is highly functionalized. It contains both positive charged and negative
charged adsorption sites. These sites allow the growing crystallites, within the diffuse
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layer, to adsorb ions from the water [38,39] (Figure 1). These ions are then incorporated
within the crystallite structure as additional hydroxy oxides accrete onto the end of the
crystallites [38].
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Figure 1. Hydrophobic, metal polymer, hydrogel sphere.

The crystallite packing within the rim increases (and hydration decreases) towards
the interior of the sphere (Figure 1). This creates a dense rim of polymer surrounded by a
diffuse rim of polymer. A typical diffuse rim may be 500–800 nm thick, whereas the typical
dense rim may be 100–800 nm thick.

The Ostwald ripening process results in the dense rim surrounding a diffuse inner
margin (Figure 1). Active dissolution of the crystallites occurs within the diffuse inner
margin. The typical diffuse margin thickness is within the range 300–800 nm. The diffuse
inner margin surrounds a fluid core which expands with time.

All the ions captured in the diffuse rim are eventually transferred to the sphere’s
core [39]. The polymer surface (in the diffuse rim) contains both –[H+], and –[OH−]
molecular end elements. Removal of –[H+], creates a –[−ve] site, which can be used to
adsorb Na+ ions. Similarly, removal of –[OH−] creates a –[+ve] site, which can be used
to adsorb Cl− ions. Supra-hydrophobic structures are created [40], by incorporating (into
the polymer formation) one or more of ZnO (Zn(OH)2), MO2 (e.g., TiO2, MnO2), clays
(e.g., Ca-montmorillonite), feldspars (e.g., K-feldspar), polysiloxanes (-Si-O-Si- groups),
carbon (n-C0, -C-C-), non-polar materials containing CH3/CH2 groups, and polymers with
combined chemistry. These supra-hydrophobic polymers are characterized [39–41], by
having a rough surface. This surface is created through the incorporation of one or more
metals or metal oxides. They are selected from the transition group metals in the periodic
table groups III to XII (e.g., Fe, Mn, Zn). A detailed review of these different approaches is
provided in the Supplementary Information File; Sections SA, SA1, SA2 (SA2.1–SA2.6), SA3
(SA3.1–SA3.3), SA4 (SA4.1; SA4.2), SA5–SA13; Figures S1–S11; and Equations (S1)–(S16).
Removed ions are stored within the rim and the fluid-filled core (Figure 1).

Desalination using hollow, entrained, hydrophobic, hydrogel particles (Figure 1)
makes it possible to (i) reduce the feed water input for irrigation (using sea water and
reverse osmosis (RO)) from about five units of water [42] to one unit of water [18]; (ii) reduce
the associated waste brine volume for disposal into the environment (when compared with
RO) from four units of water [42,43] to zero units of water [18]; and (iii) reduce the energy
required to operate the process from a theoretical level of about 0.9 kWh m−3 (actual level
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of 2.4–5 kWh m−3) using reverse osmosis [44] to an actual level of <0.05 kWh m−3 (for
pumps delivering and removing the water) [18].

1.2. Ion Removal Selectivity

Both Na+ ions and Cl− ions are stable in water over the pH range 5 to 14 and the
Eh range −0.7 to 1.0 V [45]. It is not possible to remove them from water by direct
precipitation [45]. They can only be removed from water by adsorbing them into another
species (e.g., a charged metal-polymer (chloride green rust [46–49] or akageneite [50–53]).
In the layered double hydroxide (green rust), chlorides are physically adsorbed into the
inter layer porosity [46–49]. In the Brucite structure of akageneite, Cl− ions are removed
by physical adsorption into its internal tunnel structure [50–53]. Na+ ions are removed by
negatively charged sites. Cl− ions are removed by positively charged sites. The primary
processes, removing each of these ions, are different. The different mechanisms that can be
used, to remove these ions are reviewed in the Supplementary Information Sections SA,
SA1, SA2 (SA2.1–SA2.6), SA3 (SA3.1–SA3.3), SA4 (SA4.1; SA4.2), SA5–SA13).

In a typical physical desalination process using a reactor, water is separated from the
Na+ ions and Cl− ions through physical molecular filtration techniques using a membrane
(e.g., reverse osmosis), thermal evaporation, or cryogenic separation. These processes
produce high-purity water [42]. The residual (waste) brine contains all the Na+ ions and
Cl− ions, which were present in the feed water [42]. In this study, the Na+ ions and Cl−

ions are passively removed from the water by the polymer [18]. This produces a partially
desalinated water with no waste saline brine [18].

All chemical desalination processes remove Na+ ions and Cl− ions from water at
different rates. The process produces a partially desalinated equilibrium water composi-
tion [18]. This is achieved over a timeframe, which is dependent on the polymer formulation
used [18]. This time frame can be as short as 0.1 h, or longer than 10 days [18].

If the reaction period is shorter than the equilibrium time period, then Na+ ions may
be preferentially removed, relative to Cl− ions, or vice versa. The desalination outcome
is further complicated by the fact that some polymers at equilibrium will preferentially
remove Na+ ions, relative to Cl− ions, and vice versa. Saline water does not always contain
Na+ ions and Cl− ions in equal molar proportions [18]. Most saline groundwater has an
excess of either Na+ ions, or Cl− ions [54–56]. Removal of the ions in equal proportions
will either increase or decrease the Na+:Cl− molar ion ratio in the product water. Chemical
desalination allows the ion removal to be selective. This allows the product water salinity
to be controlled together with the product water Na+:Cl− molar ion ratio.

1.3. Entrained, Hydrophobic, Hydrogel, and Spherical Polymers

Chemical absorbents and reaction processes are constrained in the amount of Na+ ions
and Cl− ions they can physically remove from water [47,57]. Typically, the equilibrium
ion removal is below 0.2 g of adsorbed material per gram of adsorbent. Hollow, fluid-
filled, entrained, hydrophobic, hydrogel and spherical polymer particles overcome these
site-availability limitations [18]. They perform this by transferring the adsorbed ions
through the polymer into the fluid-filled core. The process involves three steps: (i) Step 1 is
adsorption of the ion from the water body onto a surface site; (ii) Step 2 is migration of the
ion from the surface site through the polymer and to an internal site located adjacent to the
fluid core of the sphere; and (iii) Step 3 is desorption of the ion from the internal site to the
fluid core.

This change has two major effects: (i) firstly the site availability limitation is removed.
This is because transfer of the adsorbed ion from the polymer surface to the core results
in the release of the polymer adsorption site (Figure 1). The released site is then able to
remove another replacement ion from the water [18]; and (ii) the amount of Na+ and Cl−

ions removed from the water becomes constrained by the holding capacity of the fluid
core [18]. The net impact of these changes is that it becomes potentially possible for 1 g
polymer to remove >>1 g NaCl.
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1.4. Purpose of This Study

This study reviews a desalination data set associated with 87 polymer formulations
(2.3 L reactor size) [18]. Each formulation produces hollow, entrained, hydrophobic, and
hydrogel particles. These particles scavenge and sequester Na+ ions and Cl− ions from
a water body (Supplementary Information, Tables S1–S6). The data set has a Technology
Readiness Level (TRL) on the European Space Agency’s TRL scale [58,59] of TRL3/4.

The purpose of the data review is fourfold. The study seeks to determine: (i) if it is
possible to find a polymer formulation where the ion removal process is linked to redox
parameters (Eh, and/or pH); (ii) if the polymer spheres change in size with time; (iii) if
their ability to hold sequestered ions increases with time; and (iv) if the polymers could
potentially reduce the water salinity sufficiently to make the use of saline irrigation water
technically viable and potentially economically viable.

1.5. Summary of the Study Results

The microscopic analysis established that the polymer spheres (Figure 1) grow in size
with time and their fluid core volume (ability to store sequestered ions) increases with time.
A redox analysis of Fe(b,c)@MnO2 polymers established that (i) Na+ ions and Cl− ions are
removed at different rates, (ii) the rate of ion removal is a function of the water body pH
change, which is a change that results from polymer formation, and (iii) if the reaction time,
EC (estimated salinity) of the feed water, pH of the feed water, and pH of the product water
are known, the salinity of the product water can also be determined.

Integration of the observed desalination with the salinity crop yield decrements for
a number of crops [60], established that: (i) crop yield increased; (ii) the number of crops
that could be grown increased; (iii) areas that were previously not viable for crop growth
may become viable for irrigated agriculture; and (iv) water that was previously too saline
to use for livestock feed water may have had its salinity reduced sufficiently to allow use
as livestock feed water [61–63].

2. Materials and Methods
2.1. Background Information, Data, and Statistical Methodology

The past work on the use of metal-polymers for desalination and the concepts utilized
in this study are reviewed and detailed in the Supplementary Information File Sections SA,
SA1, SA2 (SA2.1–SA2.6), SA3 (SA3.1–SA3.3), SA4 (SA4.1; SA4.2), SA5–SA13; Figures S1–S11;
Equations (S1)–(S16).

2.1.1. Polymer Terminology

The polymer terminology and the definition of polymers used in this study is provided
in references [64–66]. For example, a Fe:Fe(a,b,c)@C0 desalination polymer catalyst has a
layered structure where the innermost layer is Fe0. It has a chemically bonded corrosion
surface of Fe(a,b,c) polymer (iron oxyhydroxides). The outer surface contains physically
adsorbed, n-C0. The symbol [:] is used to denote chemical bonding. The symbol [@] is used
to denote physical bonding. A detailed explanation of the terminology used is provided in
Supplementary Information File, Section SA6.

2.1.2. Primary Data Sets

The trial formulation numbering/identifiers used in this study are F1 to F87. The
primary data sets used in and generated by this study are provided in the Supplementary
Information File Section SB, Tables S1–S6, Figures S12–S15. Secondary data sets used to
analyze the application of the primary data set on the irrigation of arable (including forage)
crops are provided in Supplementary Information File Section SC, Tables S7–S17.

Table S7 contains primary data for 48 arable, orchard, and horticultural crops, includ-
ing grains, root crops, fabric crops, pulses, nuts, and fruit. Table S8 contains the primary
data for 22 livestock forage crops (for grazing, hay and silage). Tables S9–S17 integrate the
data in Table S1 with the data in Table S7 to illustrate the impact of the partial desalination
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of irrigation water on crop yield. The crops selected for this illustrative analysis are cotton,
dates, rice, tomatoes, and wheat.

The primary data set Tables S3–S5 have been used to develop a classification for
metal-polymers. This is provided in Supplementary Information File Section SD, SD1–
SD5, SD5.1–SD5.4. Microscopic analysis of the polymers is provided in Supplementary
Information Section SE, SE1, SE2, SE2.1–SE2.9, SE3, Figures S16–S24.

The information contained in this Supplementary Information file includes the techni-
cal background and data sets used to provide and support the conclusions drawn.

2.1.3. Statistical Methodology Used

The measured data for Trials F1 to F87 (Supplementary Information File SB, Tables
S1–S6), for photomicrograph polymer sphere sizes were collated. The data was processed
in accordance with the standard UK statistical methodology [67]. No assumptions have
been made regarding the underlying statistical distributions associated with the data set.
No data items were excluded from the analysis. The statistical analysis approach used is
non-parametric [68,69].

The probability distributions provided were calculated using Sen’s nonparametric
rank order probability distribution methodology. All statistics were determined using MS
Excel’s 2019 statistical functions. All regression statistics and regression trendlines were
determined using the MS Excel 2019 trendline function. Each data set was checked against
a linear, exponential, power, and polynomial regression function. The function chosen on
the graph (when shown) was the function that maximized the coefficient of determination
R2. R2 is the square of the Pearson Correlation Coefficient (PCC). It is used to give an
indication of the strength of the statistical correlation between two variables [70,71]. By
definition, R2 falls within the range 1 and 0, and PCC falls between +1 and −1 [70,71]. A
detailed breakdown of the statistical interpretation used between R2 and the statistical
correlation strength is provided in references [70,71]. They suggest:

PCC = 0.9 to 1.0 (R2 = 0.81 to 1.00): Interpretation = very strong correlation
PCC = 0.7 to 0.89 (R2 = 0.49 to 0.79): Interpretation = strong correlation
PCC = 0.4 to 0.69 (R2 = 0.16 to 0.47): Interpretation = moderate correlation
PCC = 0.1 to 0.39 (R2 = 0.01 to 0.15): Interpretation = weak correlation
PCC = 0.0 to 0.10 (R2 = 0.00 to 0.01): Interpretation = negligible correlation

This tool is designed [70,71] to indicate the proportion of the result (y-axis), which
can be explained by the variation of a second parameter (x-axis) or vice versa. It should
be noted that if the x-axis varied between 1 and 100, and all the y-axis values remained
constant at 20, the R2 test will give a value 0, indicating no correlation. Even if some
readings were 5 and others were 35, if the average of the y-values remained constant at 20
as a function of the x-axis value, the result would still be the same.

Prior to the start of this study, there were no known statistical relationships show-
ing a dependency between pH (or Eh) and Cl− removal, or Na+ removal [45]. All the
dependencies (or partial dependencies) shown are new.

The PCC was originally designed to measure the linear co-movement between two
variables [72]. It is commonly extended to analyze non-linear co-movement. The PCC
is heavily influenced by sample outliers, especially co-incidental outliers. In a first stage
analysis, the PCC is determined by incorporating the outliers. In a second stage analysis,
the PCC is determined by (i) excluding the outliers or (ii) partitioning the data set in a
manner that excludes the outliers to determine a true PCC [72].

The distortion caused by outliers can be very large [72]. The magnitude of the distor-
tion is increased when outliers are present in both variables simultaneously [72]. In such
cases, a true PCC of 0 may give an observed PCC of >0.8. Conversely, the outliers may
indicate a PCC of <0.2 when the true PCC is >0.8. The cross-plotted (unpartitioned) data set
includes outliers. A more detailed statistical analysis of the unpartitioned data set would
require the use of robust measures, which are not influenced by coincidental outliers, e.g.,
the Spearman measure [72].
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2.2. Collection and Measurement of Data
2.2.1. Primary Water Composition Data Measurements

The primary data measurements are provided in Supplementary Information File
Section SB, Tables S1 and S2. They were determined using the following equipment
and settings: (i) an ORP (oxidation reduction potential) meter (HM Digital) calibrated at
ORP = 200 mV; the measured ORP (oxidation reduction potential) values are converted to
Eh, mV as: Eh, mV = −65.667 pH + 744.67 + ORP (mV) using a quinhydrone calibration at
pH = 4 and pH = 7; (ii) a pH meter (HM Digital) calibrated at pH = 4.01; 7.0; 10.0; (iii) Cl−

ISE (Ion Selective Electrode); Bante Cl− ISE, EDT Flow Plus Combination Cl− ISE; and
a Cole Parmer Cl− ISE attached to a Bante 931 Ion meter. Calibration was undertaken
using 0.001, 0.01, 0.1, and 1.0 M NaCl calibration solutions; (iv) Na+ ISE (Ion Selective
Electrode); Bante Na ISE, Sciquip Na ISE, Cole Parmer Na ISE attached to a Bante 931
Ion Meter. Calibration was undertaken using 0.001, 0.01, 0.1, and 1.0 M NaCl calibration
solutions. Temperature measurements were made using a temperature probe attached to a
Bante 931 Ion Meter.

2.2.2. Photo Micrograph Data

A ME580TWB-PZ-2L-14MP dual-light (reflected and transmitted light), trinocular,
polarizing (both plane polarized and circular polarized light), metallurgical microscope
((×40 to ×2000) incorporating a 14 MP digital camera (14 MP Aptina color CMOS model
MU1400-204)) was used to examine the entrained polymers, concentrated polymers, evap-
orated water, and evaporated polymers. The microscope and camera were branded by
Amscope Inc., Irvine, CA, USA, and supplied by United Scope (Ningbo) Co., Ltd., Ningbo,
Zhejiang, China. The camera was linked to an Amscope x64, 3.7.13522.20181209 (version
date: 20 September 2018) digital microscope software package (branded by Amscope,
Irvine, CA, USA), and operated in MS Windows 10. Calibration slides were used to scale
the digital microscope image: (i) divisions at 0.15 mm, 0.1 mm, 0.07, and 0.01 mm supplied
by No. 1 Microscope Wholesale Store, Zhengzhou, Henan, China; and (ii) divisions at
0.01 mm supplied by United Scope (Ningbo) Co., Ltd., Zhejiang, China. All field of view
measurements provided for the photomicrographs were calculated using the 0.01 mm
calibration standards.

2.2.3. Feed Water

Feed water (Supplementary Information File Section SB, Table S1) was either seawater
extracted from the North Sea, at Blackness Castle, Blackness, Scotland, UK (National
Grid Reference NT 05107 80063; 56◦00′15” N, 003◦31′24” W), or was artificial saline water
constructed by mixing natural halite (containing NaCl, CaCl2, CaCO3, MgCO3, CaSO4,
MgSO4, Fe(OOH), and clays) with fresh water.

2.2.4. Sol–Gel Polymer Formulations

All the self-assembly sol–gel polymer formulations (Supplementary Information File
Section SB, Tables S1–S6; Figures S12–S15) were constructed in the feed water. The chemicals
used to construct the polymers (Supplementary Information File Section SB, Tables S3–S5)
were purchased from agricultural suppliers.

All the sol–gel polymer formulations (and associated ion removal reactions) were
undertaken at normal temperatures (275–293 K) and pressures (NTP). A reactor size of
2.3 L was utilized as the standard for the batch diffusion process. The approach used [18] is
described as follows: (i) The feed water was added to the reactor vessel; (ii) the polymer
ingredients were added to the feed water and the reactor was stirred (shaken) for between 10
and 30 s; (iii) the water-polymer mixture was allowed to rest at NTP; and (iv) measurements
were undertaken for the feed water, the water contained in the reactor, and for the product
water. A 2.3 L sample of the feed water was retained and used as a control to ensure that
no instrument drift had occurred during the reaction period. The observed first order, ion
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removal, and rate constants are provided in the Supplementary Information File Section SB,
Table S6).

2.3. Analysis of Polymer Data
2.3.1. Ostwald Ripening Model Analysis

The polymer spheres (Figure 1) will enlarge with time [73]. This expansion may
involve capture from the water body, of polymers and ions. It will involve dissolution of
polymer material adjacent to the fluid core (with reprecipitation on the sphere rim). These
two different ion sources create two groups of polymer spheres: (i) Group 1 = polymer
spheres that expand without capturing fresh polymer or ions from the water body [73].
This will result in: (a) a growth in the overall sphere diameter; (b) growth of the internal
fluid core diameter; (c) a general thinning of the sphere rim. (ii) Group 2 = polymer spheres
that expand by capturing fresh polymer, or ions from the water body. This will result in:
(a) a growth in the overall sphere diameter; (b) growth of the internal fluid core diameter;
(c) an unchanged thickness for, or a thickening in, the sphere rim. The photomicrographs
are used to ascertain which of these two processes occurred.

The original Ostwald ripening model assumed that spheres would grow by coales-
cence with smaller spheres [74]. While this occurs, the situation is more complex with
hydrophobic spherical polymers. These spheres grow by a Group-1 [73], or Group-2 pro-
cess. The spheres then aggregate, without breakdown, to form larger hollow (fluid filled)
bodies [73]. Creating an understanding of the redox controls on the growth of these spheres
will allow their growth and size to be controlled [75]. The polymer spheres contain hydro-
gen. The role of hydrogen in Ostwald ripening has only occasionally been investigated [76]
but is considered to be an important part of the desalination process [73].

2.3.2. Redox Model

Until 2023 [77], the only accepted method of handling (interpreting and integrating)
Eh and pH in a redox environment was via the Nernst Equation [45,57]. In 2021, Patent
US10913665B developed a new parameter termed a pH specific Eh parameter, PSE, V. This
parameter is defined as:

PSEt=n, V = Eht=n/pHt=n, (2)

It was designed for use in water with a constant pH. In 2023, this approach was
extended [77] to be able to analyze water where both the Eh and the pH changes as part of
the reaction process.

The change in PSE, when the product water is compared with the feed water, is a
measure of redox efficiency (US10913665B). The normalized PSE determines the expected
Eh associated with the change in pH between the feed water and the product water. This
model assumes that no changes in the reaction environment have occurred (other than an
Eh change):

Normalized Eh at t = n = Eht=0 − (0.0591(pHt=n - pHt−0)) (3)

PSEnormalized, is determined as:

PSEnormalized = (Eht=0 − (0.0591(pHt=n − pHt-0)))/pHt=n (4)

The effective change in PSE, is determined as:

PSEchange = PSEnormalized − PSEt=n (5)

The constant 0.0591 assumes a constant reaction temperature of 298 K [45,57]. It can
be adjusted to accommodate any operating temperature [45,57].

The calculated PSE measured Eh, pH, and observed changes in salinity are provided
(for each trial in the data set) in Supplementary Information, Tables S1–S6. Cross plots of
the full data set (Tables S1–S6) have demonstrated that: (i) Na+ ion removal is independent
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of Cl− ion removal; (ii) Na+ ion removal is independent of pH, or pH change; (iii) Na+ ion
removal is independent of Eh, or Eh change; (iv) Na+ ion removal is independent of PSE, or
PSE change; (v) Cl− ion removal is independent of pH, or pH change; (iii) Cl− ion removal
is independent of Eh, or Eh change; and (iv) Cl− ion removal is independent of PSE, or
PSE change.

The polymers were placed into a series of compositional categories (Supplementary
Information Section SD). These categories were then analyzed separately to determine if
any statistical relationships were present with PSE.

2.3.3. Polymer Categories Evaluated

The polymer data set was partitioned into four broad categories of metal-polymer.
The categories were based on the principal formational components. These categories are
defined as follows. (i) Category A is a polymer developed around a Fe layered double
hydroxide (LDH); (ii) Category B is a polymer developed around a Ca(OH)2 layered
hydroxide salt (LHS); (iii) Category C is a polymer developed around a Mg(OH)2 LHS and
a MgAl(OH)x LDH; (iv) Category D is a polymer developed around a Zn(OH)2 LHS to
Zn(OH)3/ZnOOH LDH.

These four broad categories were further partitioned into a number of subcategories.
These categories are detailed in Supplementary Information File Sections SD (SD1–SD4).
Each of the 87 trials was assigned to a specific polymer category or polymer subcategory
(Supplementary Information, Table S3).

A detailed discussion of the impact of changing polymer compositional ingredients on
selectivity in the 87 trials, for each of Category’s A, B, C and D, is provided in Supplementary
Information, Sections SD (SD5.1–SD5.4).

2.4. Crop Yield Parameters

Crop yield is a function of many parameters, of which irrigation water salinity is an
important factor. As a rough guide, the expected crop yield Ye, as adjusted by irrigation
water salinity, can be defined [60] as:

Ye = Ys (1 − (a(1 + c)S − b)), (6)

Ys = expected crop yield when irrigated with fresh water (t ha−1, or another yield
unit). S = Irrigation water salinity, g L−1. [a], [b] and [c] are constants (Supplementary
Information, Section SC, Tables S7 and S8); (1 + c)S = soil water salinity.

Partially desalinated water can be used for livestock feed water. It can also be used
for arable crop irrigation (Supplementary Information, Section SC, Tables S7) or for the
irrigation of livestock forage crops (Supplementary Information, Section SC, Tables S8).

Example values of Ys are provided in Supplementary Information, Section SC,
Tables S9–S17, for a selection of crops. The general principles demonstrated by these tables
apply to all of the crops listed in Supplementary Information, Section SC, Tables S7 and S8.
Livestock yields, although varying in species and variant, are directly proportional to
forage crop yields and the salinity of feed water [61–63]. Desalination of the irrigation
water changes the indicative crop yield equation to:

Yd = Ys (1 − ( a(1 + c)(1 − e)S − b)), (7)

where [e] is the expected desalination. Yd = the expected crop yield using partially desali-
nated water. The expected increase in crop yield due to irrigation with desalinated water
can be assessed as:

Increase in crop yield due to desalination = Yd − Ye, (8)

Supplementary Information, Section SC, Tables S9–S17 provide an indication of the
expected increase in crop yield (t ha−1) associated with desalination using the 87 polymer
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formulations. This analysis indicated that it may be possible to use the polymers to obtain
usable irrigation water from a variety of saline water types, including seawater.

3. Agricultural Crop Yields

Global cropland comprises about 1724.08 million ha [78]. The majority of this land
(about 1320 million ha) is farmed without irrigation [78]. There are an additional 21,368 mil-
lion ha of salinized land [79]. This land has been identified as being potentially suitable
for irrigation using saline water or desalinated water [79]. Salinized land, currently used
for agriculture (livestock farming and arable farming), is estimated to exceed 1000 mil-
lion ha [79]. The global population of around 8 billion people is forecast to rise by about
25% by 2050, and 45% by 2100 [80,81]. Currently, about 72.5% of cropland is rain fed,
receiving about 8325.12 km3 a−1 [78]. The remaining 27.5% of global cropland is irrigated
with blue water (surface water (riparian, lacustrine) + groundwater) and consumes about
1299.19 km3 a−1 [78]. Blue water represents >87% of the global consumptive water us-
age [78]. Bluewater consumption due to irrigation is about 1130 km3 a−1 [78]. This is split
into about 910 km3 a−1, which is used for arable crop irrigation [78], and 220 km3 a−1

which is used for municipal areas (park lands, etc.), leisure activities (golf courses, etc.),
and other anthropogenic activities.

About 5% of the global land area is used for arable crop agriculture, whereas 25%
is used to rear livestock [82]. Irrigated arable land accounts for about 40% of global crop
production [83]. About 20% of irrigated cropland is adversely affected by salinization [84].
Around 90 million ha are directly irrigated from groundwater [82]. The increased food
requirement, associated with a projected 45% increase in global population by 2100, can
only be met by: (i) expanding arable and livestock farming into land areas, which are not
currently intensively farmed; and (ii) increasing the amount of cropland which is irrigated.
This latter strategy will require irrigation with new, dominantly saline groundwater sources.

Globally, saline irrigation water accounts for 15% to 30% of global, anthropogenic,
water usage. Land irrigated with saline water produces between 10% to 15% of global arable
food production. A small decrease in the saline irrigation water salinity has the potential to
increase substantially increase crop yields and livestock yields. This is demonstrated in
Supplementary Information Tables S9–S17.

With most crops, no separate distinction is made between the impact of Cl− ions, and
Na+ ions, on crop growth. Therefore, a simplistic degradation model is used. Salinity is
determined as, the total weight of Na+ ions (g L−1, or moles L−1) plus the total weight of
Cl− ions (g L−1, or moles L−1).

In some geographical areas, saline irrigation water may be the only source of water
for the crops. In most areas, saline irrigation water is used to supplement shortfalls due to
rainfall deficiencies (droughts, etc.). The impact of saline water irrigation on crop yield can
be considered using a worst-case scenario. In this scenario, the only water available for the
crop is provided by saline irrigation (Scenario 1). In most areas, saline irrigation is used to
supplement rainfall deficiencies (Scenario 2).

3.1. Scenario 1

The saline water for each trial was used as the primary data base for saline irrigation
water (Supplementary Information, Table S1). This data base was used to determine
the expected crop yields for five example crops (dates, wheat, cotton, rice and tomatoes
(Supplementary Information, Table S9)).

The partially desalinated water for each trial was used as the primary data base for
partially desalinated saline irrigation water (Supplementary Information, Table S1). This
data base was used to determine the expected crop yields for five example crops (dates,
wheat, cotton, rice and tomatoes (Supplementary Information, Table S10)), following
irrigation with partially desalinated water.

These results indicate that some polymer formulations (e.g., Trial F1) may be able
increase a wheat crop yield by 10 t ha−1 (Supplementary Information, Table S11). The
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desalination process is only economic if the cost of providing the desalinated irrigation
water and associated agricultural costs is less than the increased revenue resulting from the
increased crop yield.

3.1.1. Measurement of Salinity

Salinity can only be measured by accurately measuring the concentration of Na+

ions and Cl− ions separately. The most common agricultural irrigation water salinity
measurement tool is electrical conductivity, EC (mScm−1 or dSm−1). It measures the
conductivity of water. This conductivity is affected by all the ions contained within the
water. Increasing the concentration or decreasing the concentration of any soluble ion
within the water will change the EC. An indicative guide to the salinity of saline water is
provided by the equation:

Salinity, g L−1 = f EC, (9)

f = a constant. It is commonly stated to be 0.5 to 0.55 [85], but is actually from chemical
tables [86]:

f = 0.001967(EC) + 0.605453, (10)

Most natural saline water has a complex chemistry. The actual relationship between
salinity and EC can follow a complex polynomial arrangement [87]:

Salinity, g L−1 = a(EC)4 + b(EC)3 + c(EC)2 + d(EC) + e, (11)

a to e are constants, which are unique to a specific water body. EC can be used to provide
an indication of the feed water salinity, using a value f within the range 0.5 to 1.0. It cannot
be used to properly define the salinity of the partially desalinated product water. This is
because the desalination process adds soluble components to the water (Supplementary
Information, Tables S3–S5). These soluble components increase EC [86].

It is not practical (or cost effective) to assume that most agricultural unit workers will
be able to or wish to use ISE, flame photometry, or titration methods to define the product
water salinity.

In order to address this issue, a statistical methodology, based on regression analysis,
using a pH meter, has been established here. This methodology would allow an estimation
of the expected product water salinity, if: (i) the EC value of the saline feed water is known,
(ii) the pH of the feed water is known, (iii) the product water is known, and (iv) if the time
taken to produce the product water (seconds) is known.

3.1.2. Scenario 1a

If a water body contains 1 mole Na+ ions L−1 and 2 moles Cl− ions L−1, it will contain
3 moles [Na+ + Cl−] ions L−1, but only 1 mole NaCl L−1. Following addition of a polymer,
the product water may contain 1 mole Na+ ions L−1 and 1 mole Cl− ions L−1. It will contain
2 moles [Na+ + Cl−] ions L−1, but only 1 mole NaCl L−1. The addition of the polymer will
have removed 50% of the Cl− ions but made no alteration to the concentration of NaCl in
the water.

Conversely, if following the addition of a polymer the water now contains 0.5 mole
Na+ ions L−1 and 1 mole Cl− ions L−1, then it will contain 1.5 moles [Na+ + Cl−] ions L−1,
but only 0.5 mole NaCl L−1. The addition of the polymer will have removed 50% of the
Cl− ions, and 50% of the Na+ ions. This will have reduced the concentration of NaCl in the
water by 50%.

The intuitive assumption that the salinity is always equal to the sum of Na+ and Cl−

ions is only correct when the two ions are present in equal molar concentrations.
The data set (Supplementary Information, Table S1) contains a very strong positive

linear regression relationship between the proportion of [Total Cl− + Na+ ions] removed
and the proportion of NaCl removed (Figure 2a). The variability in the regression line
may indicate one or both of the following: (i) unequal removal of ions; (ii) non-equimolar
concentrations of Na+ and Cl− ions in the feedwater.
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Figure 2. Observed Desalination. (a) Relationship between Total Cl− + Na+ ions removed
(average = 56.4%; standard deviation = 23.9%) and NaCl Removed (average = 53.5%; standard
deviation = 24.5%); The observed deviations occur when the number of moles Na+ is not equal to the
number of moles of Cl− in the water; the NaCl value only considers the maximum amount of NaCl
which would precipitate from the water where 1 mole NaCl = 1 mole Na+ + 1 mole Cl−; (b) relation-
ship between the molar Cl−:Na+ ratio in the feed water (average = 1.035; standard deviation = 0.646)
and the molar Cl−:Na+ ratio in the product water (average = 0.786; standard deviation = 0.616).
Feed water: Total Cl− + Na+ ions (average = 33.26 g L−1; standard deviation = 21.698 g L−1); NaCl
(average = 30.53 g L−1; standard deviation = 19.90 g L−1); Product water: Total Cl− + Na+ ions
(average = 17.81 g L−1; standard deviation = 14.36 g L−1); NaCl (average = 15.32 g L−1; standard
deviation = 12.95 g L−1); data source: Supplementary Information, Table S1.

Analysis of the Cl−:Na+ molar ratios in the feed water and product water (Figure 2b)
indicates a preferential removal of Cl− ions relative to Na+ ions. This selectivity increases
as the molar (Cl−:Na+) ratio in the feed water increases.

The [Total Cl− + Na+ ions] is always greater than the [NaCl] concentration in the
feed and product waters. This difference may have an impact on the expected crop yields
documented in Supplementary Information, Tables S9–S11. These were determined using
the [Total Cl− ions + Total Na+ ions]).

The revisited results are provided in Supplementary Information, Tables S12–S14. They
indicate a marginal increase in expected yield when compared with the results determined
using [Total Cl− + Na+ ions]. The conclusion drawn from these results is that for most
agricultural purposes, EC may be a useable indicator of feedwater salinity. This is because
the crop yield resulting from a change in salinity based on [Total Cl− + Na+ ions], is similar
to the crop yield resulting from a change in salinity, which is based on [NaCl concentration].

3.2. Scenario 2

In most agricultural environments, the saline irrigation water will only form part of
the total water received by the crop. Saline feed water can be diluted with fresh water (in a
ratio of 1:1) prior to irrigation. This can result in an increase in crop yield (Supplementary
Information, Table S15). This increase is relative to the base case of irrigation with saline
water (Supplementary Information, Table S9).

If the saline water was partially desalinated prior to dilution with fresh water (in a
ratio of 1:1) and prior to irrigation, then a further (and substantial) increase in crop yield
would be expected (Supplementary Information, Tables S16 and S17).

This increase in crop yield is substantial. These results indicate that a strategy of par-
tially desalinating saline irrigation water, prior to irrigation, can contribute to a substantial
increase in crop yield.
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3.3. Livestock

The crop yield results in Tables S9–S17 can be repeated using any of the 22 forage crops
in Table S8. This repeat analysis will illustrate that use of partially desalinated (diluted or
undiluted) water will increase forage yields. Increases in forage yields are associated with
increases in livestock yield.

4. Changes in Redox Chemistry

No statistical relationships are expected between Cl− and Na+ ion concentrations, and
pH, Eh, or PSE [45]. Similarly, no statistical relationships are expected if the change in ion
concentration is plotted against pH, Eh, or PSE, or alternatively against the change in pH,
Eh, or PSE [45].

The desalination process can be simplified into three steps. (i) Step 1: adsorption of
the ion from the water body; (ii) Step 2: transfer of the ion from the outer surface of the
polymer to the inner surface of the polymer; and (iii) Step 3: desorption of the ion from the
inner polymer surface to the fluid core of the polymer sphere.

If Step 1 is rapid, and one or more of Steps 2 and 3 are slow, then the ion removal
rate is limited by Steps 2 and 3. The ion concentration will show a linear decline in ion
concentration with time. This type of removal is termed a pseudo-zero-order removal
reaction [57].

If Step 1 is less rapid than Steps 2 and 3, then the rate of ion removal is limited by
Step 1. This type of removal will show a power decline or a logarithmic decline, or a
virtually instant decline in ion concentration with time. This type of removal will have
the characteristics of a pseudo-first-order removal reaction [57], or a pseudo-second-order
removal reaction [57].

If the ion transport characteristics of Stages 2 and 3 are a function of the water’s redox
properties, then it may be possible to develop a predictive model for the ion removal rate
constant and the ion removal selectivity [45]. The data set, the data set categories, and
subcategories were analyzed. The analysis considered whether changes in one more of pH,
Eh, or PSE directly impact on Steps 2 and 3.

The redox (Eh) change [45] during partial desalination which cannot be accounted
for by the change in pH is provided by the change in PSE (Supplementary Information,
Table S2). There is no clear statistical relationship between the change in PSE and the
proportion of Na+ and Cl− ions removed (Figure 3a,b). Step 1 requires ion capture and
adsorption at a Schottky defect [88]. Stages 2 and 3 require site release, coupled with
sequential transport through Frenkel defects [89] to the sphere core. This movement is
multi-stage (Supplementary Information Sections SA4, SA4.1, and SA4.2). It is therefore
unlikely to show a distinct universal statistical relationship with a change in PSE unless
there is a strong, directional, redox overprint.

The change in PSE shows a very strong, positive statistical regression relationship to
the change in pH (Figure 3c). This is expected. Increases in pH are generally associated
with a positive change in PSE (Figure 3c). Decreases in pH are generally associated with a
negative change in PSE (Figure 3c).

There are no clear statistical relationships between ion removal and the change in pH
(Figure 2d). The relationships in Figure 3c was used to define a data partitioning strategy.
The data set was partitioned into a data set where the pH increases (Figure 3e) and a data
set where the pH decreases (Figure 3f). The data in each data set was ranked. Each rank
number was assigned a probability, which reflected the proportion of ranked numbers,
which had a lower data value. This assignment was made separately for Na+ ions and Cl−

ions. The resultant probability distributions are provided in Figure 3e,f.
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Figure 3. Redox changes associated with desalination. (a) Cl− ions removed versus change in PSE;
(b) Na+ ions removed versus change in PSE; (c) change in pH versus change in PSE; (d) change in
pH versus ion removal. Red markers = Cl− ion removal; blue markers = Na+ ion removal; (e) change
in pH is positive (increased alkalinity). Probability of a lower ion removal versus ion removal. Red
markers = Cl− ion removal; blue markers = Na+ ion removal; (average Cl− removal = 33.60%; stan-
dard deviation = 35.05%; skewness = −0.15177; kurtosis = −0.66145; average Na+ removal = 22.00%;
standard deviation = 29.35%; skewness = 0.33452; kurtosis = −1.18971); (f) change in pH is negative
(increased acidity). Probability of a lower ion removal versus ion removal. Red markers = Cl− ion re-
moval; blue markers = Na+ ion removal; (average Cl− removal = 17.75%; standard deviation = 28.57%;
skewness = 0.56273; kurtosis = −0.94606; average Na+ removal = 9.52%; standard deviation = 17.37%;
skewness = 0.65655; kurtosis = −0.24275).

There are some general observations that can be made (Figure 3e,f):

1. The median probabilities and mean values indicate that the amount of desalination is
pH sensitive. An increase in pH results in a higher desalination than a decrease in pH;

2. The median probabilities and mean values indicate that the proportion of Cl− ions
removed will be higher than the proportion of Na+ ions removed.
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5. Polymer Sphere Growth

Trial F21 was randomly selected to illustrate the change in polymer sphere size with
time and the associated size parameters. The product water photomicrographs were used to
provide the appropriate measurements using Amscope photomicrograph analysis software.
The measured results are provided in Figure 3. Specific points to note are:

(i) The 0.8–2.5-micron diameter entrained spheres have a sphere wall thickness of 0.3 to
0.5 microns (Figure 3, Table 1);

(ii) The aggregated spheres are larger than the individual entrained spheres (Figure 4);
(iii) Both groups of spheres adhere to the same statistical relationship between (i) the

outer sphere diameter and the inner sphere diameter (Figure 4a), (ii) the outer sphere
diameter and sphere wall thickness (Figure 4b), and (iii) the outer sphere diameter
and fluid volume (Figure 4c). The aggregated spheres have a larger porosity variance
for specific size than the entrained spheres (Figure 4d).
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Figure 4. F21—polymer colloidal, fluid-filled, sphere size distributions. Red = entrained spheres;
blue = spheres present in aggregated colloids. (a) Outer sphere diameter versus inner fluid-filled
diameter; (b) outer sphere diameter versus wall thickness; (c) outer sphere diameter versus fluid
volume; (d) outer sphere diameter versus sphere porosity.
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Table 1. Trial F21. polymer sphere sizes (microns and microns3); X = mean (average) value; SD =
standard deviation; 0%, 25%, 75%, 100% probability of a lower value. Number of measurements
analyzed in each category = 50.

X SD 0% 25% 50% 75% 100%

Entrained Spheres
Outer Diameter 1.472 0.352 0.907 1.260 1.397 1.568 2.697
Inner Diameter 0.706 0.266 0.134 0.569 0.667 0.809 1.811

Fluid Volume 0.277 0.468 0.001 0.097 0.155 0.277 3.108
Porosity 12.28% 6.59% 0.08% 7.30% 11.21% 16.97% 30.27%

Agglomerated Spheres
Outer Diameter 2.310 0.476 1.453 1.975 2.317 2.617 3.393
Inner Diameter 1.179 0.333 0.573 0.950 1.095 1.349 2.413

Fluid Volume 1.081 1.158 0.099 0.449 0.688 1.286 7.360
Porosity 16.44% 12.77% 2.73% 7.28% 12.13% 19.76% 55.37%

This analysis indicates that sphere formation and growth is via a Group-2 route.
A more detailed discussion and analysis of Trials F5, F8, F11, F25, F29, F33, F39, F52,

F68, F74, F78, and F87 is provided in the Supplementary Information File, Sections SE1,
SE2, SE2.1–SE2.9; Figures S10–S23.

6. Discussion

The polymer formulations used widely available agricultural chemicals. The concen-
trations of chemicals used were consistent with a net cost of <USD0.5 m−3 (for the partially
desalinated water), though this cost will vary with location.

The cost target of <USD0.5 m−3, implies a polymer ingredient cost of between USD
27 and 350 t−1. This may be achievable in some areas (and some polymer formulations)
without recycling. In other areas, the polymers will require to be regenerated and recycled
(Supplementary Information, Figure S5) in order to achieve the target desalination cost.

6.1. Hydrogel Characteristic

An analysis of the physical ion volumes removed by the polymers is provided
in Figure 5. This indicates that it is possible for the polymers to remove >50 g (Na+

ions + Cl− ions) g−1 metal contained in the polymers (average = 7.75 g g−1 metal; standard
deviation = 12.62 g g−1 metal; average = 1.284 g g−1 polymer; standard deviation = 1.219 g
g−1 polymer). This level of removal indicates that removal is not by adsorption or reaction,
but must be by either catalysis or adsorption, followed by sequestration [57].

The polymers are biphasic material. They comprise a mixture of a porous, permeable
solid and a fluid. The fluid represents more than 10% by weight (or volume) of the material.
These metal-polymer spheres and crystal bodies fall within the general category of super-
adsorbent hydrogel spheres (SAHS). SAHS have previously been demonstrated to remove
>4 g metal g−1 polymer [90].

Hydrogels are polymer networks which are extensively swollen with water. They fall
into three basic groups [91]:

1. Networks of polymers forming colloidal gels, where water is the dispersion medium;
2. A water swollen cross-linked polymeric network produced by one or more monomers;
3. Insoluble polymeric material that is able to swell and retain a significant fraction of

water within its structure.
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Figure 5. Ion Removal Statistics (a), polymer ingredients (average = 7.26 g L−1 ; standard
deviation = 4.31 g L−1) vs. metal contained in the polymer ingredients (average = 3.78 g L−1; stan-
dard deviation = 2.99 g L−1); (b) polymer ingredients vs. weight of Cl− ions removed (average
= 10.92 g L−1; standard deviation = 12.57 g L−1); (c) polymer ingredients vs. weight of Na+ ions
removed (average = 4.59 g L−1; standard deviation = 5.39 g L−1); (d) polymer ingredients vs. weight
of NaCl removed (average = 15.51 g L−1; standard deviation = 15.57 g L−1).

6.1.1. Hydrophobic Hydrogels

Hydrophobic hydrogels exhibit a number of characteristics [92,93]:

1. They can contain up to 99.6% water;
2. Their structure consists of hydrophobic skin and water-trapped micropores;
3. They can exhibit selective water absorption from concentrated saline solutions;
4. They can exhibit rapid water release in response to small pressure changes (chemical,

osmotic, or physical);
5. The gels expand with time.

Hydrophobic hydrogels are commonly composite and contain hydrophilic and hy-
drophobic recurring units (AU2006216655B2). They can be constructed from two or three
subunits (A, B, C), where [A] is a zwitterionic monomer and [B] is a monomer and [C] is a
hydrophobic monomer (US10730983B2). These particles, when prepared from Fen+ salts in
the presence of Na+ ions and OH− ions, can be paramagnetic (US20050019755A1).

6.1.2. Significance of Hydrogen

Hydrogen formation within the spheres provides them with buoyancy. The inclusion
of hydrophobic polymers within the spheres prevents or reduces the leakage and transport
of this hydrogen through the polymer walls and into the water body (US20210028457A1).

The presence of hydrogen gas creates the following hydrophobic situations:
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1. A gas (hydrogen) sphere, surrounded by or partially surrounded by hydrophilic
FeOOH (Figure 1). Hydrophobicity is created by the surface tensions associated with
hydrogen gas;

2. A fluid (hydrogen + water) sphere surrounded by hydrophilic FeOOH. The fluid core
of the sphere contains a gas–water contact. Hydrophobicity may be partial and is
created by the surface tensions associated with hydrogen gas.

6.2. Significance of MnO2 in Fe(a,b,c)@MnO2 Polymers

In the presence of an electrolyte (water containing Na+, K+, and OH− ions) (i) Fe(a,b,c)
polymers act as an iron negative electrode and (ii) MnO2, Mn2O3, MnO, Mn(OH)2 and
MnOOH act as manganese positive electrodes (US20210028452A1). Microscopic examina-
tion of Fe(a,b,c)@MnO2 polymers established that:

1. The Fe(a,b,c) form as nano-micron-sized hollow spheres;
2. The spheres then aggregate around one or more MnO2 particles to form hydrated

colloids containing one or more MnO2 particles surrounded by Fe(a,b,c) hollow
spheres containing water, hydrogen, Na+, and Cl− ions.

This is consistent with an electrode model (US20210028452A1), where during dis-
charge: MnO2 + e− + H2O = MnOOH + OH−; MnOOH + e− + H2O = Mn(OH)2 + OH−;
and Fe2+ = Fe3+ + e−. The maximum theoretical capacity of the Fe0:Fe3+ (MnO2:Mn(OH)2)
cell is 1276 mA g Fe (US20210028452A1).

The diffuse margins around some MnO2 particles are a consequence of the follow-
ing reactions:

FeSO4 + H2O = Fe(OH)+ + HSO4
−; Fe(OH)+ + 2H2O = FeOOH + 0.5H2 + H3O+, (12)

H2 + 2Cl− = 2HCl + 2e−, (13)

2MnO2 + [H2 + 2Cl− + 2H2O + 2Na+]sphere core = 2MnOOH + [2HCl + 2NaOH]sphere core, (14)

When Na+ ions are absent, the reaction is:

2MnO2 + [H2 + 4Cl− + 2H2O]sphere core = 2MnOOH + [2HCl + 2HClO + 4e−]sphere core, (15)

6.3. Selectivity Associated with Fe(a,b,c)@MnO2 Polymers

The results (Tables S1–S6) from polymer formulations containing both FeSO4 and
MnO2 but not ZnO were analyzed. This analysis established a linear relationship between
the molar ratio of Cl−:Na+ removed and PSE for the product water (Figure 6a). The R2

value of 0.59 is set by the presence of outliers. This analysis indicates a 77% dependency
between the molar ratio of Cl−:Na+ removed and PSE. The analysis indicates that for a
specific pH, (i) decreases in Eh will favor Na+ ion removal and (ii) increases in Eh will favor
Cl− ion removal.

6.3.1. Redox Controls on Molar Removal Selectivity of Cl− ions and Na+ Ions

The PSE (Figure 6b) decreased as the water body pH increased. The molar Cl−:Na+

removed ratio increased as (i) the water body pH decreased (Figure 6c) and (ii) as the water
body Eh increased (Figure 6d). Cl− ion removal is favored by increasing Eh and decreasing
pH. Na+ ion removal is favored by decreasing Eh and increasing pH.
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stant for Na+ ion removal and PSE; 

c. No significant statistical correlation between the rate constant for Cl− ion removal and 
the ratio of molar Na+ ion removed, is shown in Figure 7c. 
Figure 7b indicates that Step 2 and Step 3 (for Na+ ion transfer) are a redox process. 

This process involves both Eh and pH. Figure 7a indicates that Step 2 and Step 3 (for Cl− 
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Figure 6. Fe(b,c)@MnO2 polymers. (a) Molar Cl− removed: molar Na+ removed ratio versus water
body PSE—strong positive regression correlation; (b) water body pH versus water body PSE—very
strong negative regression correlation; (c) Molar Cl− removed: molar Na+ removed ratio versus
water body pH—strong negative regression correlation; (d) Molar Cl− removed: molar Na+ removed
ratio versus water body Eh—strong positive regression correlation. Data set: Trials F1, F2, F3, F4, F7,
F10, F13, F14, F30, F31.

6.3.2. Redox Controls on the Ion Removal Rate Constant

The first-order rate constants (k1) were determined for each polymer trial (Supplemen-
tary Information, Table S6), as [57]:

k1 = −Ln(Ct=n/Ct=0)/tr, (16)

where, tr = reaction time, seconds; Ct=n = ion concentration at time t = n; Ct=0 = initial ion
concentration. These demonstrated for Fe(b,c)@MnO2 polymers:

a. A moderate, negative statistical regression relationship (R2 = 0.3) between the rate
constant for Cl− ion removal and PSE (Figure 7a). The low R2 value results from
the inclusion of two outliers. The R2 indicates a 55% dependency between the rate
constant for Cl− ion removal and PSE;

b. A strong negative statistical relationship between the rate constant for Na+ ion
removal and PSE (Figure 7b). The R2 indicates a 94% dependency between the rate
constant for Na+ ion removal and PSE;

c. No significant statistical correlation between the rate constant for Cl− ion removal
and the ratio of molar Na+ ion removed, is shown in Figure 7c.
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Figure 7. Fe(b,c)@MnO2 polymers. (a) Log (first-order rate constant for Cl− ion removal) versus
water body PSE; (b) log (first-order rate constant for Na+ ion removal) versus water body PSE;
(c) molar Cl− removed: molar Na+ removed ratio versus log (first-order rate constant for Cl− ion
removal); (d) molar Cl− removed: molar Na+ removed ratio versus log (first-order rate constant for
Na+ ion removal). Data set: Trials F1, F2, F3, F4, F7, F10, F13, F14, F30, F31.

Figure 7b indicates that Step 2 and Step 3 (for Na+ ion transfer) are a redox process.
This process involves both Eh and pH. Figure 7a indicates that Step 2 and Step 3 (for Cl−

ion transfer) is a dominantly pH related redox process. These conclusions are supported
by the absence of a correlation between the rate of Cl− removal and the molar removed
Cl−:Na+ ratio (Figure 7c). These observations should be contrasted with the equivalent Na+

removal graph (Figure 7d). Figure 7b demonstrates that the combination of water body Eh
and pH can give a reasonable estimation of the expected Na+ removal rate constant.

6.3.3. Significance of pH and Eh Change

Very strong/strong statistical regression relationships were observed between the ion
removal rate constant and the change in water pH (during the reaction period). This was
true for the removal of Cl− ions (Figure 8a) and the removal of Na+ ions (Figure 8b). These
relationships indicate that the ion removal rate constant is maximized by increasing the
product water pH relative to the feed water pH by two to three units.
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with salinity. In most saline water, the following order of decreasing rate constants is ob-
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Figure 8. Fe(b,c)@MnO2 polymers. (a) Log (first-order rate constant for Cl− ion removal) versus
change in water body pH; (b) log (first-order rate constant for Na+ ion removal) versus change in
water body pH; (c) log (first-order rate constant for Cl− ion removal) versus change in water body
Eh; (d) log (first-order rate constant for Na+ ion removal) versus change in water body Eh; data set:
Trials F1, F2, F3, F4, F7, F10, F13, F14, F30, F31.

Whereas Figure 7a indicated that the absolute water body PSE had a moderate impact
on the Cl− removal rate constant, Figure 8a,c, demonstrate that the Cl− removal reaction is
redox. It is controlled by incremental changes in the water body pH. Figure 7b indicated
that the absolute water body PSE had a strong impact on the Na+ removal rate constant.
Figure 8b confirms that the Na+ removal reaction is redox. It is controlled by incremental
change in the water body pH.

The Cl− removed:Na+ removed ratio (as shown in Figure 7c,d) is the cumulative
result of the redox processes that are depicted in Figure 7a,b. The analysis in Figure 8a,b
demonstrates that the formation of a specific removed Cl−:Na+ ratio in the product water
is the direct result of a redox process. The lack of correlation in Figure 7c indicates that
the relationship between the removed Cl−:Na+ ratio in the product water and the Cl− rate
constant is heavily dependent on the time integral. The data results covered the analysis
period ranging between 96 and 1344 h.

The moderate correlation in Figure 6d indicates that the relationship between the re-
moved Cl−:Na+ ratio in the product water and the Na+ rate constant is partially dependent
on the time integral. These observations confirm that both Na+ ion removal and Cl− ion
removal are separate processes.

6.3.4. Relationship between Ion Removal and pH Change

The best regression fit of the data points in Figure 8a,b was obtained with a cuboid
polynomial function. This type of polynomial relationship occurs in response to redox
changes when a species [A] transforms to a species [B], and then to a species [C]. An
example is H2CO3 = HCO3

− = CO3
2− as pH increases.
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If it is assumed that the rate constant, k, is a heterogenous reaction, facilitated, or
catalyzed by FeIII, and the species [A], [B], and [C] contain FeIII, then the value of k
increases as [A] is replaced by [B], and decreases as [B] is replaced by [C].

The polymers form by the oxidation of FeII. The degree of oxidation is affected by
the pH, co-existing anions and cations, and the availability of FeII and pO2. The rate
constant relationship is Fe(OH)a > Fe(OH)3 > α-FeOOH > γ-FeOOH > β-FeOOH [94]. Each
species rate constant has a different relationship with pH and Eh [94]. The rate constant
varies with salinity. In most saline water, the following order of decreasing rate constants
is observed: Fe(OH)a > Fe(OH)3 > β-FeOOH > α-FeOOH > γ-FeOOH. The presence of
sulphate ions in the ingredients used to construct the polymers is significant. They can
transform the reaction sequence in saline water with changing pH to: Fe(OH)3 > β-FeOOH
> α-Fe2O3 [95].

The regression relationship in Figure 7a is consistent with the removal of (at least some
of) the Cl− ions, involving an intermediate tethering process (Supplementary Information
Section SA10). The stronger statistical relationship for Na+ removal in Figure 7b is consistent
with the Na+ ions being transported through the polymer as spectator ions (Supplementary
Information Section SA10).

Cl− ions form tethered components in some forms of green rust and β-FeOOH. The
rate constant for β-FeOOH formation decreases with decreasing water salinity. The work-
ing hypothesis is that the dominant polymer component is: [A] = Fe(OH)a or Fe(OH)3;
[B] = β-FeOOH; [C] = α-Fe2O3, or α-FeOOH, or γ-FeOOH. In this model, the transport
of Cl− and Na+ ions through the polymer is directly proportional to the availability of a
β-FeOOH polymer. This model would explain the cuboid polynomial best fit (Figure 8a,b).

6.3.5. Relationship between Ion Removal and Eh Change

A moderate, statistical regression correlation (Figure 8c,d) is present relating the ion
removal rate constant and the change in product water Eh. Figure 8c shows an R2 value
of 0.1728. This indicates that 41.5% of the data values can be explained by a dependency
between the two variables. Figure 8d has an R2 value of 0.2807. This indicates that 52.98%
of the data values can be explained by a dependency between the two variables.

This observation is highly significant. The Eh associated with a reaction is deter-
mined [45] as:

Eh, V = [a] − [b]pH + [c]Log(Productsd/Reactantse), (17)

[a], [b], [c] are reaction constants, and the values of [b], [c] are dependent on the amount
of e− required in the reaction stoichiometry. [b] = ([f]m)/n, where n = number of electrons
(e−) in the stoichiometric equation and m = the number of protons (H+) in the stoichiometric
equation. [c] = [f]/n; [f] = 2.303 RT; R = universal gas constant; T = temperature, K; At 25 ◦C
[f] = 0.0591; [a] = the cell EMF; superscripts [d] and [e] relate to the reaction stoichiometry,
where (Productsd/Reactantse) = the reaction quotient [45,57].

This equation indicates that at a constant change in pH, there should be a statistical
relationship between a change in Eh and the rate constant. The strength of this relationship
changes from 0, when n = 0, to a higher value, as n increases. If the pH change is variable
(as in this instance), the correlation between the change in Eh and the rate constant will be
further reduced.

6.3.6. Statistical Model

It has been shown by this analysis that a basic polymer formulation for desalination,
which can self-assemble, can be developed. This formulation could be used in a non-
specialist setting (e.g., an agricultural unit). The ion removal rate constant varies as a
function of the pH change in the water body. This feature allows on-site formulation and
application of the process using a standard tank or impoundment as the reactor. To field
operate the process, the salinity of the feedwater is estimated using an EC meter, and its pH
measured. After a reaction time, t, the pH of the water is remeasured. The change in pH is
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directly correlated with the pre-determined ion removal rate constants. These observations
allow the process to be operated on an agricultural unit provided the operator has access to
an EC meter, a pH meter, and time piece.

7. Implications
7.1. Agriculture

The polymers are able to remove 30–70% of the salinity of most water bodies analyzed.
They would therefore, if used to treat saline irrigation water, expect to reduce the salinity
of the saline irrigation water by 30–70%.

Saline irrigation water, in most areas, is used to supplement fresh water from other
sources, e.g., rainfall. According to the tables provided (Tables S7–S17), changes in salinity
levels have the potential to (i) convert unproductive land into productive land, (ii) expand
the variety of crops that can be cultivated on a single farm, and (iii) increase the yield of
various crops such as arable, forage, vegetables, fruits, fabrics, and nuts on a farm. The
increase in forage crop yield will be associated with an increase in livestock yield.

Most agricultural holdings have a high fixed cost (labor, equipment, land, buildings,
finance) and a low incremental variable cost (USD t−1, USD ha−1). Their revenue (apart
from government subsidies, if available) is entirely variable (USD t−1, USD ha−1 crop
yield). Polymer desalination has a relatively low fixed cost (reaction and holding tanks)
and a relatively low variable cost (USD m−3). The replacement of saline irrigation with
partially desalinated water will not increase existing irrigation application costs. It will
increase the cost of irrigation water. This increase is dependent on location and polymer
formulation but could (in some regions) be <<USD0.5 m3.

The resultant increased crop yields will have an increased variable cost associated
with harvest, storage, and sale. The increased crop yield will be associated with increased
revenue (USD ha−1). The process will only be economically viable (without a government
subsidy) provided the increased net revenue exceeds the increased cost of providing
irrigation water. In areas where government subsidies are applied, a different economic
model may be used.

7.2. General Water Remediation

The observations in this study have a wider implication for the remediation of water
using sol–gel polymers. This is because the conveyor process, by which entrapped cations
and anions are transported from the spheres outer surface to the fluid core, will apply
to any ion that can be adsorbed by Fe0, or FexOyHz. The sol–gel approach has not been
examined for general water remediation. The results of this study indicate that if this
approach is applied to general water remediation, then it may be possible for 1 mole Fe to
remove >1 mole pollutant. This approach has the potential to increase ion removal by a
factor of >10 when compared to ion removal using Fe0.

7.3. Catalysis

It has recently been discovered [96] that the Fe(a,b,c) polymers can physically adsorb
entrained n-C0 in the water. This has two effects: (i) the acceleration of rate constants linked
with removal of Na+ ion, and Cl− ion by Fe(a,b,c) polymers; and (ii) the catalysis of the
formation of CH4, CO, CO2, and C2Hx (where 1 < x < 6). This process, which occurs at
ambient temperatures, is an aqueous variant of the Fischer Tropsch Process.

The n-C0, can be added to the water. Alternatively, n-C0 can be derived by the polymer
from a polymer surface reaction. The polymer converts dissolved HxCOy to oxalate or
formate (R-COO−). This product is then transformed on the polymer surface (Figure 1), to
form a Fe-[C], site.

This study has established (Tables S1–S6) that very high rates of desalination can occur
when the sol–gel ingredients include low concentrations of R-COO−. These observations
are consistent with the concept that desalination associated with Fe(a,b,c) polymers may
be a by-product of an aqueous FT process [96]. Increasing the concentration of R-COO−
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within the saline water results in extensive H2 production combined with extensive CxHy
production (1 < x < 10) [97]. This process occurs simultaneously with water desalination
(GB2520775A).

Integrating the current model for this hydrocarbon formation [96,97] with the results
of this study suggest:

1. The polymer spheres (Figure 9) agglomerate to form larger fluid-filled spheres;
2. The outer –[Fe(a,b,c)]- polymer crystallites interact with R-COO− to form –[[[Fe2+]

((CO2)2)2−]]- polymers (Figure 9);
3. Over time, the Ostwald ripening effectively transports the –[[[Fe2+]((CO2)2)2−]]- poly-

mers to the fluid–rim boundary (Figure 9); during this transport, the polymers are
first hydrogenated to form –[[[Fe2+][[CO]2−]]- polymers. They are then further hydro-
genated to form –[[[Fe2+][[CH]3−]]- polymers;

4. At the fluid–rim boundary (Figure 9), the –[[[Fe2+][[CH]3−]]- polymers act as FT
catalysts to produce CxHy products [96,97].
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The basic desalination process is accelerated by adding carboxylic acids to the water.
This allows the formation of oxalates on the outer surface of the polymer spheres (Figure 9).
The oxalates are incorporated within the Fe(a,b,c) polymers, forming at this location. Their
large molecular size distorts the molecular structure of the Fe(a,b,c) polymers. This creates
dead-end porosity, into which Na+ ions and Cl− ions are sequestered.

Within the Fe(a,b,c) lattices, Cl− can substitute for oxalate. This results in very high
and very rapid rates of Cl− removal. The net result can be a >94% desalination of seawater
over a 6 min period (Table 2). The residual Na+ ions remain in the water and will precipitate
as one of sodium bicarbonate, sodium formate, and sodium hydroxide.
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Table 2. Accelerated desalination due to the presence of carboxylic acid. Data Source Tables S1–S6.

Trial Reaction Time,
Minutes

Feed Water,
Cl− g/L

Feed Water,
Na+ g/L

Cl−
Removal

Na+

Removal
Product Water,

Salinity g/L Desalination Acid

F5 6 22.11 17.21 93.2% 0.0% 2.44 93.8% Tartaric
F6 6 22.11 17.21 91.3% 16.4% 3.12 92.1% Tartaric
F8 6 22.11 17.21 47.2% 0.0% 18.91 51.9% Malic
F9 6 22.11 17.21 70.1% 45.7% 10.71 72.8% Malic
F11 6 22.11 17.21 94.0% 0.7% 2.15 94.5% Citric
F12 6 22.11 17.21 94.2% 11.2% 2.08 94.7% Citric

8. Conclusions

This study has examined 87 different, self-assembly, hydrophobic, metal–polymer
hydrogels which can operate as desalination agents. These polymers may have potential for
future use in an agricultural environment and could be used to supply partially desalinated
saline irrigation water.

The underlying desalination process is redox. A statistical relationship has been
established between the change in water pH and the ion removal rate constants for both
Cl− and Na+ ions. The polymers can simultaneously process a number of ion removal
operations. They remove carboxylic acids, via an oxalate recovery (aqueous Fischer Tropsch)
process. This oxalate process produces one or more of CH4, CO2, CO, CxHy within the
polymer spheres fluid core. This process is associated with a very high preferential removal
of Cl− ions from the water. Over a 6 min period, this has resulted in >94% of the salinity in
seawater being removed.

These observations indicate that, although the mechanics of the process is complex,
it will be possible to develop for any specific polymer formulation a simple statistical
relationship between the ion removal rate constant and the change in water pH. Future
development of these statistical relationships may allow self-assembly, hydrophobic, metal-
polymer hydrogels to be used as effective desalination agents.

A potential future role of these polymers to combine water desalination (and “green”
hydrocarbon formation) with the removal of carboxylic acids from saline water has
been highlighted.
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