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Abstract: This study establishes that processed zero valent iron can be pelletised and used to desali-
nate water. The pellets desalinate water using a zero-order reaction, where: product water salinity
= −[a][Reaction Time] + Feed Water Salinity. Desalination using the pellets requires no onsite energy,
no onsite infrastructure, and produces no reject brine. Potential applications for the pellets, include
desalination of saline impoundments, desalination of agricultural water, desalination of irrigation
water, desalination of irrigated salinized soils, and aquifer desalination. The examples demonstrate
30% to 60% desalination for saline feed water within the salinity range of 4 to 10 g L−1. The product
water has a low outcome variability for a specific pellet charge. The achievable desalination increases
as the pellet weight: water volume ratio increases. The pellets can also be used for water purification,
wastewater desalination, treatment of domestic wastewater, treatment of industrial wastewater,
treatment of livestock feed water, treatment of oil field and mining wastewater, water purification to
allow reuse, and the treatment of polluted soils. This study addresses the manufacture of the pellets,
their effectiveness in desalinating water, and the outcome variability associated with desalination.

Keywords: catalysis; crop yields; desalination; desalination pellets; pressure swing adsorption
desorption; saline irrigation; saline raised fields; water treatment; zero valent iron

1. Introduction

In 2013, it was discovered (UK Patent GB2520775A) that zero valent iron (ZVI), which
had been exposed to a synthesis gas, formed a high-porosity solid product, which could
be pelletised. The solid product was vuggy and contained a high proportion of dead-end
pores. These pellets, when placed in a static body of saline water, resulted in a gradual
desalination of the water over time [1]. They operate by adsorbing Na+ and Cl− ions from
the water and concentrating these ions within the porosity within the pellets [2].

This discovery was academically interesting, but had limited practical application,
unless: (i) a method of volume production for the pellets could be established; (ii) a means
of predicting the amount of desalination that was likely to arise from a specific application
of the pellets could be developed; and (iii) a means of predicting the variability associated
with the desalination that was likely to arise from a specific application of the pellets could
be developed. This paper specifically addresses the resolution to these three problems.

1.1. Other Applications for the Pellets

While the primary application for the pellets is the desalination of water, they will
also remove [1] the following ions from water: (i) anions: Cl−, F−, NO3

−, NO2
−, SO4

2−,
PO4

2− and (ii) cations, and associated anions of (As, B, Ba, Ca, Cd, Co, Cu, Cr, Fe, K, Mg,
Mn, Mo, Na, Ni, P, S, Si, Sr, Zn). They therefore have a wide potential application for the
passive treatment of contaminated and polluted water bodies. The pellets can be used for
water purification, wastewater desalination, treatment of domestic wastewater, treatment
of industrial wastewater, treatment of livestock feed water, treatment of oil field and mining
wastewater, water purification to allow reuse, and the treatment of polluted soils. These
applications are not expanded on in this study, as the study focuses on the removal of Na+

and Cl− ions from water. Future studies may consider their effectiveness in removing a
variety of other organic and inorganic pollutants.
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1.2. Potential Markets

The focus in this study, is to develop the pellets to assist in addressing the largest
global water remediation and water purification market. Currently about 66% of the global
population lives under conditions of water stress [3]. The global area used as agricultural
land is about 5 billion ha, of which about 1.24 billion ha is arable land [4]. Irrigation
accounts for about 70% of anthropogenic water usage [5–9] and 90% of global consumptive
water usage [5,7]. Global water demand is currently between 5500 and 6000 km3 a−1 [9].

The potential markets for the desalination pellets includes: the desalination of the
1 billion hectares of salinized soil [10], the desalination of 15% to 20% of global anthro-
pogenic water usage, where crops are irrigated with saline water [10,11], the desalination
of saline aquifers [2,12], the desalination of aquifers impacted by seawater incursion [13],
the desalination of saline water, and seawater to form potable water [14–17], the desalina-
tion of reject brine from conventional desalination plants, which is currently discharged
into the environment [18–21], the desalination of saline livestock feed water [22–24], the
desalination of associated water produced by shale gas and oil shale wells [25,26], and the
desalination of saline mining impoundments [27].

The principal conventional options for addressing these issues include reverse osmo-
sis, thermal desalination methods and electro-coagulation. These approaches are energy
intensive and require substantial economies of scale and extensive water distribution
infrastructure to be cost effective.

1.3. Zero Valent Iron Desalination

Zero valent iron (ZVI, Fe0) desalination was first documented in the academic literature
in 2010 [1,28], and in the patent literature in 2008 (US Patent US8636906B2). Since 2008, the
ZVI technology has evolved along four different, but related, routes.

1.3.1. Continuous Flow, Flow line, Contact Flow Approach

This approach adds n-Fe0 (nano zero valent iron) to a continuous flow of saline water
(e.g., seawater), in a concentration of about 20 g L−1. After a residence time of about 10 min,
the dilute slurry is passed into a magnetic separator, which recovers the n-Fe0 + NaCl, to
leave a partially desalinated/desalinated water product. The recovered n-Fe0 is washed to
recover the NaCl, and allow the n-Fe0 to be reused. This technology is described in [US
Patent US8636906B2 (2008); French patent FR2983191A1 (2011); Spanish Patent ES2,598,032
(2015)]. No results from this technology have been placed in the academic literature.

1.3.2. Batch Flow Emulsified n-Fe0, Approach

This approach adds emulsified n-Fe0 (<10 g L−1) and an air, or CO2 gas flow, to a batch
of saline water (e.g., flowback water, or mine impoundment water, or drilling cuttings
saline wash water), in a bubble column reactor. The reactor operates with a continuous flow
of gas, and a batch flow of water. A residence time of about 30 min is required to remove
>50% of the Cl− ions. This technology is designed to target the remediation of saline
impoundments, and will remove a suite of other organic, and inorganic, contaminants
from the water. This technology is described in the 2015/2018 US Patents US9624113B2;
US9828258B2; US2018/0009678A. No results from this technology have been placed in the
academic literature.

1.3.3. Fluidised Bed n-Fe0, Approach

This approach adds about 20 g L−1 of n-Fe0 to saline water in a fluidised bed reactor.
The patent specification indicates that a residence time of >8 h is required to achieve about
60% desalination. This technology is designed to target the remediation of reject brine
from conventional desalination plants, and the remediation of saline impoundments. This
technology is described in the 2018/2021 US Patent US10919784B2. No results from this
technology have been placed in the academic literature.
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1.3.4. Batch Flow, Diffusion Bed n-Fe0, m-Fe0, Fe0 Approach

This approach places a static bed of Fe0 (zero valent iron, ZVI) in a saline water body.
The water body interacts with the ZVI bed by diffusion. This technology is described in
the 2013 UK patent GB2520775A. The preliminary desalination results using this diffusion
technology have been described in the academic literature as follows:

• The discovery and proof of concept studies for the diffusion reactors are provided in
six academic book chapters, and six academic papers, e.g., [1,2]. They consider the
desalination of water, in [13]: (i) static water, static bed reactors, using n-Fe0, m-Fe0,
Fe0 and processed ZVI; (ii) a batch flow, circulating water, static bed diffusion reactor.
The ZVI body is static and is located outside of the path of the circulating water. The
water circulation is driven by either, thermal convection or pumped flow; (iii) A batch
flow, bubble column, static bed diffusion reactor. The gas is bubbled through the
water body but not through the ZVI. (iv) A batch flow, bubble column, static bed,
recirculating, diffusion reactor. The gas is bubbled through the water body, but not
through the ZVI. The water is continually recirculated between the bubble column
and a storage tank. The circulating water does not flow through the ZVI.

• A proto-type commercial scale, desalination reactor train (0.24 m3), capable of process-
ing up to 1.9 m3 d−1, using a steel wool charge, has been constructed and tested [13].
It produced a 24.5% average desalination over 70 sequential water batches [13]. This
reactor train uses a catalytic, rapid-pressure-swing-adsorption–desorption/separation
process, to achieve the observed desalination. The reactor train is designed to pro-
vide a solution to the desalination of saline irrigation water, and the desalination of
saline aquifers, over the product delivery range 1 to 2000 m3 d−1. The reactor used
was a batch flow, bubble column, static bed diffusion reactor [13]. The reactor train
demonstrated that 1 t Fe0 had the potential to partially desalinate >42,000 m3 of saline
water [13].

The diffusion desalination technology described in UK patent GB2520775A has been
further developed in three areas, which have not currently been published:

• Approach A: Proto-type commercial scale, desalination reactor train (0.86 m3), capable
of processing up to 24 m3 d−1, using a n-Fe0 charge, and producing a 40% average
desalination over 50 sequential water batches (an a single Fe0 charge). This reactor
uses a catalytic, rapid-pressure-swing-adsorption–desorption/separation process, to
achieve the observed desalination. This technology is designed to provide a cost-
effective solution to the desalination of saline irrigation water, the desalination of reject
brine from conventional desalination plants and the desalination of saline aquifers,
over the product delivery range 1 to 2000 m3 d−1. The reactor used in this trial series
was a batch flow, bubble column, static bed, recirculating, diffusion reactor.

• Approach B: Proto-type engineering scale, reactor designed to commercially manu-
facture desalination pellets, which when placed in a saline water body gradually
desalinate the water body. Unlike all previous desalination technologies, the pellets
produced by this approach require no onsite energy, or infrastructure to undertake
the desalination, and produce no reject brine. They are suitable for the desalination
of saline impoundments, salinized soil and salinized groundwater. This desalination
technology forms the focus of this paper. This study builds on the initial discovery
documented in 2015, in reference [1]. The reactor type used in this study to desalinate
water is a static water, static bed, diffusion reactor.

• Approach C: Proto-type continuous flow, contact flow reactors, where a 10 to 70%
desalination is achieved within 10 min of the diffusion desalination catalyst being
added to the water. This technology is being developed to provide a rapid, low cost,
low technology, zero energy solution for saline irrigation water, capable of delivering
20 to 2000 m3 d−1 of partially desalinated water.
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This study addresses the desalination results associated with Approach B. The de-
salination results associated with Approach A and Approach C may be addressed in
future publications.

In 2013/2015/2018 (UK patent GB2520775A [1,2]), the controls on the manufacture of
the desalination pellets were unknown. This study establishes that they are manufactured
using an aqueous, catalytic, rapid-pressure-swing-adsorption–desorption/separation pro-
cess [29–31], which requires a gas feed containing CO and CH4. The separation process
produces n-C0 (which is retained in the ZVI bed), H2 gas and CO2 gas. The gas production
is used to create a high porosity ZVI product.

The product produced by the manufacturing process used in this study, results in a
linear decline in water salinity with time. This is associated with a relatively low degree
of outcome variability. These are major technical innovations, which affect the potential
commercial usage of this material.

2. Methodology, Materials and Equipment Used
2.1. Data

The quantitative data generated by this study are provided in the Supplementary
Information file (Figures S1 to S11; Tables S1 to S5). The measured data were collated and
processed, in accordance with the methodology defined in Reference [32]. Regression trend
lines and associated statistics were calculated in MS Excel 2019.

Interpretation of R2

The coefficient of determination, R2, is the square of the Pearson Correlation Coefficient
(PCC). This coefficient (calculated automatically by Excel 2019 and displayed as R2 using its
trendline function) is used to give an indication of the strength of the statistical correlation
between two variables, associated with a specific regression trend line [33,34]. By definition,
R2 falls within the range 1 and 0, and PCC falls between +1 and −1 [33,34]. The following
interpretations are made [33,34]:

• 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

The PCC is affected by the presence of outliers [35]. For example, Supplementary
Information Figure S1, shows a R2 of 0.99 for a linear relationship between CO and CH4,
where few outliers exist. The other three relationships in Supplementary Information Figure
S1, CO:CO2, CO:H2, and CO:C2+ show a pattern of decreasing R2 as the number, and range,
of the outliers increases. In the Supplementary Information file, cross-plot graphs, where a
linear correlation is not shown, have a R2 value of <0.5.

In order to create kinetically meaningful linear correlations of salinity vs. time, the
data in the graphs in the text (Figure 1), Supplementary information files (Figures S10 and
S11) have been terminated at the point when effective desalination ceases.

2.2. Gases

The reactor train (Figure 2) contains two reactors, a Halite Reactor and a ZVI Reactor.
The Halite Reactor receives a gas feed. The product gas from the Halite Reactor is passed
to a downstream ZVI Reactor.
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Figure 1. Desalination associated with the ZVI Pellets. Feed water salinity = 9.24 g NaCl L−1. Five
1 L, static water bodies, 8 cm water depth, with an air-water contact. Each water body, contained
5 × 15 mm O.D. Cu0 pellets produced using 8.8 g NaCl L−1 in the ZVI Reactor. The pellets contained
about 25 g L−1 of ZVI Pellet Material + about 25 g L−1 of Cu0 sheathing. (a) Salinity vs. hours on
line; (b) Desalination vs. hours on line.

Figure 2. Conceptual Process Design Reactor Train Framework used to construct the desalina-
tion pellets.

A dry, synthetic gas was constructed by BOC/Linde, Glasgow, UK (46.03% N2, 16.88%
H2, 8.33% CO2, 11.97% CO, and 16.79% CH4. This feed gas was delivered to the Halite
Reactor at a pressure of 0.3 MPa, and at ambient temperatures (270 K to 300 K). The gas
composition used, was based on the gas composition, from a Maclaurin internally heated
carbonization retort (Retort number 4, Grangemouth, UK) [36].

This gas composition was chosen, because it was unclear from the initial investiga-
tion [1], which gases (selected from CO, CO2, CH4 and H2) reacted with the ZVI to produce
the solid desalination product. The presence of the inert gas N2 in the feed gas, allows the
interaction of the other gas components with the ZVI to be investigated.

2.3. Gas Measurement Equipment

A thermal conductivity detector (TCD) gas chromatograph (GC), manufactured by SRI
Instruments Inc. (Torrance, Ca., USA) was used to analyse the gases. The GC was calibrated
using standards purchased from BOC/Linde. Samples for GC gas analysis were extracted
using a syringe, through a Shimadzu BTO septum. Syringe gas sample size = 0.7 cm3.
Carrier gas = He. Operating conditions: Start temperature: 283 K; Ramp temperature:
20 K/min; Stable temperature: 523 K; Run time: 40 min to obtain molar concentrations of:
H2, N2, CO, CO2, CH4, C2Hx, C3Hx, C4Hx, C5Hx, C6Hx.

The hydrogen concentration, was determined as:

Hydrogen, % = 100 − N2 − CO − CO2 − CH4 − CxHy (1)
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2.4. Adjusting for Gas Contraction within a Reactor

The N2 in the feed gas is assumed to act as an inert. Therefore, the number of moles
of N2 entering the reaction environment, equals the number of moles of N2 leaving the
reaction environment. This allows the normalised gas species, Gs, concentration, in the
product gas, relative to the feed gas, CN, to be determined as:

CN, moles = CA(Nf/Np) (2)

CA = Observed molar concentration of Gs in the product gas. Nf = molar concentration
of N2 in the feed gas; Np = molar concentration of N2 in the product gas.

2.5. Chemicals

The m-NaCl powders and SiO2 granules (1–10 mm), used in the experiments, were
purchased from a variety of commercial industrial and agricultural sources. The halite
used, was a natural geological product, and contained, varying concentrations of: hydrated
NaCl, CaCl2, KCl, CaSO4, CaCO3, MgSO4, MgCO3, FeOOH, Fe(OH)x and FexOy. The
halite granules (0.5–5 mm) were purchased from Wickes Ltd., Perth, UK.

The zero valent metals (m-Fe0, m-Al0, m-Cu0) were purchased from MB Fiberglass.
Newtownabbey, UK. Powders had a particle size within the range 0.002 to 0.08 mm.

The fresh water used in experiments was natural spring water emanating from frac-
tured andesites belonging to the Devonian, Old Red Sandstone Volcanic Series (Source
National Grid Reference: NO 02,817 14399; 56◦18′43′′ N, 003◦34′21′′ W).

2.6. Reactors

The pellet manufacturing process requires two reactors to be placed in series (Figure 2).
They are termed a Halite Reactor and a ZVI Reactor. The halite bed within the Halite
Reactor was constructed using particulate halite. Details of the halite bed construction
constraints are provided in UK patent GB2463878B. The reactor process configuration used
(Figure 2) was constructed for pressure oscillation operation. The design requirements are
provided in UK patent GB2470764B, and are summarised in Appendix A, Appendix A.1.

Patent GB2470764B requires the process plant train to contain three key elements
(Figure 2). These are termed, in the patent specification, the USA, EPB and DSA. The USA
is an upstream gas storage area, or volume, or plenum. It can contain catalyst or particulate
material. In this study, the USA contains particulate halite + ZVI, and is termed a Halite
Reactor (Figure 2). The EPB, is termed an elastic permeable barrier. Its function is to vary,
automatically, the flow of the fluid (gas) from the USA to the DSA, where the flow rate
is cyclically varied between low and higher values (Figure 2). In this study, the EPB is
constructed from a liquid (water), and is termed the ZVI Reactor.

Gas can only flow from the USA to the DSA, when the fluid pressure in the USA is
sufficient to displace the water column in the EPB. The DSA is a volume of the reaction
environment, which is designed to receive the gas discharged from the EPB. It is a down-
stream storage area or downstream plenum. The more detailed fluid flow construction
issues associated with this process train (Figure 2) are documented in Appendix A,
Appendix A.1. The design and operation of the ZVI Reactor is in accordance with the
construction and operation requirements of UK Patent GB2520775A. This specification
requires the ZVI to be placed outside the pathway of any flowing or circulating fluids,
while remaining in contact with the water body. The ZVI body interacts with the water
body by diffusion.

The reactor train (Figure 2) was constructed from standard Cu0 tubular conduit
material. This approach was adopted, as it allows a compact multi-train reactor to be
placed in a bunded subsurface location (borehole, or trench), in accordance with the design
and construction requirements of UK Patent GB2475479B.
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2.6.1. Basic Reactor Operating Principles

The reactor train (Figure 2) is operated as a catalytic-rapid-pressure-swing-adsorption–
desorption reactor [29–31]. This type of reactor train configuration has been used very
intermittently over the last 50 years, as they can be difficult to construct and operate. They
are designed for operations where:

• A reactant is physically adsorbed onto a catalytic site and is then desorbed as a product;
• The rapid pressure swing is designed to reduce the incidence of site blocking, and

increase the availability of sites for adsorption to occur;
• The rate constant increases with decreasing space velocity;
• The adsorbed species is less voluminous than the reactant species;
• The adsorption rate constant increases with increasing pressure;
• The desorption rate constant increases with decreasing pressure.

Adsorption is associated with increases in pressure. Desorption is associated with
decreases in pressure [13,29–31]. The rate of adsorption and desorption is controlled
by the construction of a pressure wave (e.g., Appendix A, Appendix A.1), where the
pressure wavelength, amplitude, and frequency are controlled by reactor and process
design (e.g., Appendix A, Appendix A.1).

This type of process is known as a rapid-pressure-swing-adsorption–desorption (sepa-
ration) process (RPSAD), or a catalytic-rapid-pressure-swing-adsorption–desorption (sep-
aration) process (CPSAD). Its advantage over a conventional (constant flow, constant
pressure) reaction environment is that it can enhance the reaction rate for a specific reaction
by several orders of magnitude [13,29–31].

2.6.2. Reactor Construction

The Halite Reactor and ZVI Reactor (Figure 2), were constructed using 4 mm, 6 mm,
8 mm, 10 mm, 15 mm and 22 mm Cu0 copper tubing, and associated, gas quality, brass
fittings and valves purchased from Wickes Ltd. Perth, UK; Screwfix Ltd. Perth, UK; and
Cole Parmer, Saint Neots, UK. Pressure gauges, regulators, flow meters, flow controllers,
and valves were purchased from Cole Parmer and BOC/Linde. Their process flow diagram
is provided by Figure 3.

Figure 3. Process flow diagram for the manufacture of ZVI desalination pellets: P = pressure; F = flow
rate. Black flow lines are gas. Blue flow lines are recycled water, which was abstracted from the
product gas. The Halite Reactor is a fixed bed/packed bed reactor, containing granular halite, which
can be supplemented with ZVI. The ZVI Reactor is an aqueous bubble column reactor, containing a
static ZVI bed located below the gas distributor.

2.6.3. Reactor Train

The Halite Reactor (Figure 3) was constructed from 15 mm O.D. Cu0 conduits. The
ZVI Reactor was constructed from a 22 mm O.D. Cu0, conduit. The DSA was constructed
from 22 mm O.D Cu0 tubing. The halite and ZVI compositional fill are provided in Table 1.



Water 2022, 14, 2639 8 of 41

The gas filled porosity of the halite bed was about 50%. The ZVI was held in a cartridge
attached to the ZVI Reactor.

The reactor train (Figures 2 and 3) was operated at ambient temperatures (283 K
to 293 K), with the feed gas delivered at 0.3 MPa. The average feed gas flow rate was
30 mL m−1, for 83.3 days

The gas entered the ZVI Reactor at an elevation, which was located 10 cm above the
ZVI-water contact. The reactor contained 2.65 L water, above the gas distributor, in an 8.3 m
column. The gas bubble diameter, at the point of discharge, in the gas distributor, was 3 mm.
Gas was only bubbled through the ZVI Reactor, when the pressure differential (potential)
between the USA and DSA (Figure 2) exceeded 0.083 MPa. The reactor was placed on
continuous operation. Saline make-up, fresh water (+8.8 g NaCl L−1) was supplied to
this reactor, during the reaction period. This structuring (Figures 2 and 3) resulted in a
continuous pressure oscillation within the two reactors.

Table 1. Halite and ZVI composition used. All amounts are in grams. Halite Reactor column
length = 6 m, 15 mm O.D. ZVI Reactor water column length above the gas distributer = 8.3 m, 22 mm
O.D.; Fe0 = zero valent iron; Al0 = zero valent aluminium; Cu0 = zero valent copper.

NaCl Fe0 Cu0 Al0 SiO2 H2O

Halite Reactor 322.7 0 0 0 176.2 0
ZVI Reactor 23.3 405.6 43.4 141.7 0 2650

2.6.4. The Halite Rector

The Halite Reactor was constructed for easy maintenance and easy removal/addition
of granular halite (Figure 4). Recrystallization of the halite bed, can occur within the Halite
Reactor, during prolonged periods of operation. While this recrystallization does not
noticeably impede the flow of gas, it may require the use of water dissolution of halite, to
empty the reactor.

Figure 4. Halite Reactor showing access points for solids addition and removal, and access points for
water used to wash and clean the reactor.

2.6.5. The ZVI Reactor

The ZVI Reactor was constructed for easy maintenance and easy removal/addition
of the ZVI (Figure 5). The conduit containing the ZVI, was structured as a demountable
cartridge, and was attached to a manifold. The manifold was structured, to be able to allow
a ZVI cartridge, to be added to the reactor, or to be removed from the reactor, without
requiring the reactor to be taken off line. Further details of the manifold structuring
arrangements and options, together with further cartridge design details, are provided in
UK Patent GB2520775A.
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Figure 5. ZVI Reactor Process Flow Structure.

The removed ZVI cartridges, contained the finished ZVI water treatment product. The
removed cartridges were then drained and allowed to dry at ambient temperatures. They
were then cut to form finished Cu0 encased pellets about 2.5 cm long (Figure 6).

Figure 6. Example set of desalination pellets.

3. Results

The operating results associated with the Halite Reactor and the ZVI Reactor are
detailed in the Supplementary Information file, Figures S1–S9, and in Appendix A,
Appendix A.2, Tables A1 and A2. The reactor train (Figure 3) produced two products:
(i) a hydrogen enriched fuel gas and (ii) desalination pellets. The nature of the gaseous
products produced by the Halite Reactor and the ZVI Reactor is addressed in Appendix A.

3.1. Desalination Pellets: Characterisation

Fe hydroxyoxides have traditionally been characterised in terms of the Eh and pH
of their formation environment [37], and as the minerals white rust (Fe(OH)2) [38], green
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rust (Fe(OH)(2<n<3)) [38] (e.g., formate green rust [39], chloride green rust [40,41], sulphate
green rust [42,43] and carbonate green rust [44,45]); red rust (Fe(OH)3; FeOOH species and
ferrates. While this approach is useful for mineral characterisation, it is not particularly
meaningful when it comes to analysing Fe-polymers [46,47]. The chemical characterisation
of Fe-polymers is in its infancy, but they effectively occupy the mineralogical space (and
redox space [37]), currently filled by the Fe2+ to Fe3+ minerals (e.g., Akaganeite (FeOOH),
Green rust formate; Green rust chloride; Green rust sulphate; green rust carbonate).

Fen+ ions hydrolyse to form different ion polymers (e.g., Japanese patent JP6017768B2;
Chinese patent CN111606464A). These polymers include mono-nuclear hydroxyl com-
plexes, e.g., Fe3+, Fe(OH)2+, Fe(OH)2

+, Fe(OH)3 (molecule), Fe(OH)4
− (Fe2(OH)2

4+

and Fe3(OH)4
5+), some small polymers, and instantaneous reaction products (termed

Fe(a)) [48,49]; polynuclear hydroxyl complexes, with medium and high molecular mass
(e.g., Fe(OH)2

4+; Fe(O2H6)3+; Fe3(OH)4
5+; Fe5(OH)9

6+), termed Fe(b) [48,49] (e.g., Chinese
patent CN113880208A; CN210261456U; CN210261453U; CN210261454U; CN113197151A);
and larger polymer or colloidal species which include inert macro-molecular coagulation
(termed Fe(c)) [48,49].

Fe(b) has a high flocculation activity and the flocculates grow by aggregation and
accretion [48,49]. This polymer (Fe(b)) is an effective pollutant scavenger and is the target
polymer in the desalination pellet construction. The polymers present will comprise a
mixture of Fe(a), Fe(b) and Fe(c).

3.1.1. Fe(b) Polymers

The type of Fe(b) structure produced is a function of water pH and the anions used to
template the structure. In this study, the Fe(b) is created in pH neutral to alkaline conditions,
where the templating is undertaken by Cl− ions and HxCO3

(2−x) ions to produce a [n-
Fe(b)]p@[n-C0]3a polymer. Operating in acid to neutral conditions (pH = 1 to 6) templating
can be undertaken using one or more of Cl−, SO4

2−, or NO3
− ions, R-OH, and R-COOH

species. Polymer formation typically requires the pH to be shifted from acidic (or neutral) to
alkali conditions. The term @ is used to indicate that the species is physically (or ionically)
adsorbed on the base polymer.

Examples of a nano-desalination catalyst polymer ([n-Fe(b)]p@[n-organic]a polymer).
have been produced with phenols, substituted phenols, enols, ketoacids, ketones, some
alkaloids, some sugars, amides, some carboxylic acids, amino acids, urea, and polyphe-
nols. Effective polymers have been constructed using polyphenols, phenols, pyrocatechol,
resorcinol, hydroquinone, pyrogallol, phloroglucinol, o-cresol, m-cresol, p-cresol, nitro-
phenol, salicylic acid, naphthol, orcin, histidine, urea, leucine, isoleucine, methionine,
norvaline, phenylalanine, tryptophan, tyrosine, valine, tannic acid, ketoisocaproic acid, ke-
tomethylthiobutyric acid, phenylpyruvic acid, indole-pyruvic acid, hydroxyphenylpyruvic
acid, ketoisovaleric acid, gallic acid.

The polymer catalyst can be supported, or unsupported. This study focuses on
producing a catalyst which is supported. The support used can be m-Fe0, or m-Cu0, or
m-Al0, as in this study. Both Fe0 and SiO2 can form effective supports for a polymer
(e.g., Figure 7).
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Figure 7. Detail of an iron fibre-coated with a [n-Fe(b)]p@[n-urea]a polymer catalyst. (a) transmitted
light; (b) false colour. Field of view 0.4 mm.

An example of an effective rapid operation [n-Fe(b)]p@[n-urea]a polymer desalination
catalyst supported on iron fibres is shown in Figure 7. The polymer forms a very thin
coating on the outer surface of the metal support (highlighted in blue in Figure 7). This
example, shows a polymer which operates [13] as follows:

• Under constant oxygen partial pressure conditions

◦ The polymer sites show rapid physical adsorption and extremely slow product
desorption, i.e., no effective desalination. Any physical desorption of ions is
into the water body.

• Under oscillating oxygen partial pressure conditions

◦ The polymer sites show rapid physical adsorption and rapid product desorption;
◦ The rate of ion removal decreases rapidly with time as the proportion of sites

blocked with competing ions, e.g., OH−, increases. The effective desalinating
operating life of this catalyst type in a batch of water is 3 to 35 h. Switching to
a new, lower pH, batch of water results in OH- desorption from the sites and
allows the desalination process to be repeated. The desalination products have
not been fully elucidated from this process, but will include HClO, ClOxn−,
NaClO, etc.

In the example, in Figure 7, the polymer is in contact with a support (Fe0) and an open
pore which is in contact with the water body.

The desalination pellets are constructed to contain a mixture of both open pores (which
are in contact with the water body) and dead-end pores (which are not in direct contact
with the water body). They are encased by polymer. The polymers form a continuous
surface, which is in contact with both the open pores and the dead-end pores.

This structuring creates a situation where:

• Under constant oxygen partial pressure conditions

◦ The polymer sites show rapid physical adsorption and extremely slow product
production and desorption.

◦ The physically adsorbed ions are desorbed into the dead-end pores, without
change (resulting in an observed desalination), or the open pores (resulting in
no change to the water salinity).

• The salinity of the water will remain unchanged over time, if the pellets contain no
accessible dead-end pores.
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• The salinity of the water will change over time, if the pellets contain accessible dead-
end pores.

• Once the salinity in the dead-end pores reaches an equilibrium level, no further
movement of saline ions from the open pores to the dead-end pores occurs and the
desalination process effectively ceases.

3.1.2. Fe(b) Polymer Construction

The ZVI Reactor was designed to coat the ZVI particles with a n-Fe(b)-polymer@n-C0,
where the carbon was derived from the gas feed, i.e.,

Fe-[n-Fe(b)]p + 2aCO + aCH4 = Fe-[n-Fe(b)]p@[n-C0]3a + 2aH2O, (3)

The Fe-[n-Fe(b)]p@[n-C0]3a polymers change composition to reflect changes in the Eh
and pH of the surrounding water environment, within the ZVI cartridge during formation.

3.1.3. Pellet Operation

The underlying desalination reaction associated with a Fe-[n-Fe(b)]p@[n-C0]3a polymer
is an aqueous, redox, electrochemical reaction. The pellet acts as a natural hydrogen-iron
battery (e.g., [50]), using a sodium hydroxide electrolyte, where the sodium (or potassium)
hydroxide is produced by the pellet from the water. Fe0 (and associated polymers), when
placed in saline water, concentrate NaOH around the ZVI [51].

The pellet design uses a tripolar cell containing Fe0, Al0, and Cu0 (Table 1). In a
hydrogen-nickel cell Zircar is often used as a separator for cells as it is relatively incom-
pressible, is chemically stable, and holds the electrolyte in relatively large pores [52]. This
structuring is the primary control on the effectiveness of a cell of this type. Character-
isation, therefore focuses on the construction of a structurally sound, rigid framework
encompassing a porosity, which will not collapse during prolonged exposure to water.

Hydrogen generation within the ZVI Reactor, is used to create a strong porous frame-
work, where the pores (and metals) are coated with a n-Fe-polymer@n-C0. An example is
illustrated in Figure 8. During pellet manufacture, the redox environment within the ZVI
bed is designed to be within Hydrogen Stability Zone 2 (as defined in Reference [53]). The
water body within the ZVI Reactor is maintained in Hydrogen Stability Zone 1 (as defined
in reference [53]).

Figure 8. Photomicrograph of a freshly manufactured pellet. Polished surface, reflected light. Field
of view = 0.1 mm. White areas are polished Fe0 metal. Brown/black areas show porosity coated in
n-Fe-polymer@n-C0 polymer. The cross-sectional porosity is about 80%.

The assumed electro-chemical operating model for the pellets, within the polymer,
is summarised in Figure 9. The polymers are positively charged and will preferentially
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remove Cl− ions from the water, leaving a residual Na+ ion (NaOH) concentration in the
pores. As a simplification, to illustrate the basic principles, Figure 9, shows the end points
as Fe(OH)2, Fe(OH)3, and FeOOH.

Figure 9. Simplified, electrochemical model associated with the Fe-polymers. Charge indicates
directions, where the change is an increase in the oxidation number of the iron. The terminology
and charge relationships shown are for a natural Hydrogen-Iron Battery. The β* notation indicates
that the polymer has an oxidation number and ion charge, which can vary in response to changing
environmental conditions. The electrochemical terminology used here follows the recommendations
of Reference [52].

NaCl Removal

It is assumed that the Fe-polymers are in a dynamic, but oscillatory, relationship with
their environment, and provide a link between the open water body and dead-end pores
within the pellet. This relationship can be used to provide a transport mechanism for the
Cl− ions and Na+ ions, from the water body to the dead-end pores. The internal movement
of these ions [13] within the polymers is associated with Schottky defects (e.g., [54]) and
Frenkel defects (e.g., [55]). A simplified example of how this movement of ions through the
polymer, may operate is summarised in Figure 10.

Confirmation, that the NaCl removal mechanism includes sequestration of NaCl in
dead end pores, was obtained by extracting pellets from the water following desalination.
The pellets were dried in air, and then examined in polished cross sections in reflected light
(Figure 11).

This removal mechanism, indicates that one of the controls on the NaCl removal is the
availability of dead-end storage porosity of the pellets. NaCl has an anhydrous density of
2.167 g cm−3. A 2.5 cm pellet, with an internal diameter of 2 cm has an internal volume
of 7.8 cm−3. A 2.5 cm pellet, with an internal diameter of 1.3 cm has an internal volume
of 3.3 cm−3. If a water body contains 9 g NaCl L−1, removal of 3 g NaCl L−1 will require
>1.5 cm3 of dead-end pore storage in the pellets. Removal by this mechanism will not occur
if the NaCl is deposited from the polymer into an open pore, which is in contact with the
water body.
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Figure 10. Simplified electrochemical model showing how the Fe-polymers transport Na+ and Cl−

ions from the water body into dead-end pores. The β* notation indicates that the polymer has an
oxidation number and ion charge, which can vary in response to changing environmental conditions.

Figure 11. Example reflected light, polished cross section through a desalination pellet following
operation. Dead-end porosity is infilled with NaCl (white). Field of view = 1 mm.

Reuse Significance

The design constraint for the pellets, is not on the total porosity of the pellets, but is
a function of the proportion of dead-end pores in the pellet, which have access to NaCl
contained in adjoining open pores.

This mechanism for NaCl removal, allows for potential recovery of the NaCl from the
pellets by redox reversal of the processes in Figures 9 and 10, and by grinding the pellets
to produce a powder, which allows for direct removal of the NaCl and reconstitution of
the pellets.

Cl− Ions Removed on Each Cycle

Conventional electrochemical desalination (EDI) technology coupled with conversion
materials, such as Ag/AgCl and Bi/BiOCl couples, can selectively capture Cl− ions over a
short time span (e.g., <20 min) and have achieved Cl− removals of 30 to 120 mg Cl− g−1
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Bi cycle−1 [56]. They have been tested for up to 200 charge, discharge cycles, and have
achieved toral removals of up to 12 g Cl− g−1 Bi [56]. This compares with around 140 mg
Cl− removed g−1 Fe (including support) cycle−1 by the desalination pellets in this study.
EDI technology is perhaps the technically closest actively managed redox desalination
technology. It is energy intensive, requires substantial onsite infrastructure, and obtains a
rapid desalination result.

3.2. Desalination Pellets: Desalination Results

5 pellets to 10 pellets, of the ZVI product (Figure 6), were placed in open vessels
containing 1 L of static, saline water The vessels were then left at ambient, external, tem-
peratures for a period of 170 days. The salinity of each vessel was measured through
this period (e.g., Figure 12, Supplementary Information, Figures S10 and S11). Each
vessel demonstrated a linear decline in salinity, until a critical basal salinity was achieved
(Figure 12). At this point all further desalination effectively ceased. To assist with the kinetic
statistical analysis, only the data associated with the period when desalination occurred are
shown in Supplementary Information, Figures S10 and S11.

Figure 12. Example of desalination using a desalination pellet. Note a linear reduction in salinity
with time (brown dots) followed by a period with no salinity change (blue dots). Reaction Details:
5 pellets containing 27.12 g desalination catalyst, produced using 40 g NaCl L−1 in the ZVI Reactor;
Feed water salinity = 7.6 g NaCl L−1; Reactor size 1 L; temperature range during operation = 0 to
14 ◦C. (a) Salinity vs. Hours on line; (b) pH vs. Hours on line.

Repeat Analyses

Repeat analyses (Figure 1) demonstrated a high degree of repeatability, with a low
outcome variation. The basic reaction is:

Na+ + Cl− in open pore = Na+ + Cl− ion transfer through the polymer = Na+ + Cl− in dead-end pore (4)

The termination of the desalination reaction (Figures 1 and 12), could be interpreted
as indicating that the available storage space in the pellets is full.

3.3. Desalination Pellet: Reaction Kinetics

A zero-order reaction is described by the relationship [57–59]:

Ct = n = −kt + Ct = 0 (5)

Where Ct = n = ion concentration at time t = n; k = rate constant; t = time, Ct = 0 = initial
ion concentration.

A first-order reaction is described by the relationship [57–59]:

Ln(Ct = n) = −kt + Ln(Ct = 0) (6)
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A second-order reaction is described by the relationship [57–59]:

1/(Ct = n) = −kt + 1/(Ct = 0) (7)

The linear relationship in Figures 1 and 11, and Supplementary Information,
Figures S10 and S11, between Ct = n and t, indicates that the desalination reaction is a
zero-order reaction, or a pseudo-zero-order reaction [57–59].

A pseudo-zero-order reaction can occur if a rapid adsorption reaction is followed by a
relatively slow desorption reaction, [60,61]: i.e.,

Cl−aq(open porosity) = Cl−ads(on polymer) (Equilibrium) (8)

Cl−ads(on polymer) = Cl−desorbed(dead−end porosity) (Slow) (9)

Langmuir–Hinshelwood (LH) kinetics indicates that the kinetics of a heterogeneous
catalytic systems is given by [60,61]:

r = −dC/t = (kKC)/(1+KC) (10)

r = the rate of reaction. This can change with time. C = concentration; k (rate constant)
and K (adsorption equilibrium constant) are a function of C [60]. For a pseudo-zero-order
reaction KC>>1 [60,61], and (kKC)/(1+KC) = k0 at time t = 0 [60].

Characteristics of zero-order reactions [62–64] are that:

• The reaction rate is independent of ion concentration in the open pellet porosity. The
associated kinetic controls in this type of environment are provided in reference [65]

• The observed reaction rate is constant and is independent of the concentration of the
reactants [66].

• The desalination rate does not increase, or decrease, if the concentration of the ZVI
treatment product is altered (compare Supplementary Information Figure S10 with
Figure S11). This is a confirmatory characteristic of a zero-order reaction [61,66].

• The reaction rate at high substrate concentration is independent on its availability [61].
• The ion removal ceases abruptly after a period of ion removal (e.g., Figure 12).

3.3.1. Impact of Changing Temperature

No specific, constant temperature, experiments have been undertaken to determine
the impact of changing temperature on the desalination rate constant. Consequently, the
activation energies associated with the desalination reaction have not been determined.

3.3.2. Impact of Changing Pressure

No specific, constant temperature, constant pressure, experiments have been under-
taken to determine the impact of changing temperature and pressure, on the desalination
rate constant. Consequently, the activation energies associated with the desalination re-
action under conditions of elevated temperature, elevated pressure, and both elevated
temperature and pressure have not been determined.

3.4. Predicting Desalination as a Function of Reaction Time

The examples in Figure 1; Supplementary Information Figures S10 and S11, indicate
that over a period of time, the achievable desalination may fall within the range 30−70%.
The product water salinity (Pws), for a specific water batch, can be described by the linear
zero-order equation [62–64]:

Pws, g L−1 = a[Tr] + Fw (11)

where [a] = a constant; [Tr] = reaction time, hours; Fw = feed water salinity, g L−1. Exam-
ples of these regression equations are provided in Figure 1; Supplementary Information
Figures S10 and S11.
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There is a linear regression relationship between [a] and Fw, for the data set in Supple-
mentary Information Figures S10 and S11, where:

Mean [a] = −0.0002149[Fw] + 0.000005 (12)

R2 = 77.47%; PCC = 0.880, indicating a strong statistical correlation [34,35]. The
standard deviation of [a] varies with [Fw], where:

Standard Deviation [a] = 0.000008[Fw] + 0.000046 (13)

R2 = 86.45%; PCC = 0.929 indicating a very strong statistical correlation [34,35]. These
relationships, appear to hold for between 1500-h and 4000-h reaction time, for ZVI pellets
created using a water salinity of 8.8 g NaCl L−1 in the ZVI Reactor. The shorter time period
relates to a ZVI product concentration, of about 25 g L−1 (Supplementary Information,
Figure S10). The longer time period relates to a ZVI product concentration of about 50 g L−1

(Supplementary Information Figure S11). At the end of the time period, desalination
effectively ceases (e.g., Figure 12). The observed desalination period relationship, (for ZVI
pellets created using a water salinity of 8.8 g NaCl L−1) in the ZVI Reactor approximates to:

Active desalination period, hours = 80.263[ZVIw] − 39.474 (14)

R2 = 98.83%.; PCC = 0.994 indicating a very strong statistical correlation [34,35].
[ZVIw] = weight of ZVI product in the water, g L−1. Figure 13 provides an illustrative
relationship between the desalination period and the amount of desalination achieved. A
[ZVIw] of 25 g L−1, will require 1 t of ZVI product for each 40 m3 processed.

Figure 13. Example relationship for the expected desalination as a function of time. Determined
for feed water with a salinity of 5 g L−1. Red line = 90% probability of a greater desalination. Blue
line = mean outcome; black line = 10% probability of a greater desalination. Water containing 20–30 g
ZVI treatment product L−1 is expected to cease desalinating after 1500–2000 h. Water containing
50–60 g ZVI treatment product L−1 is expected to cease desalinating after 2500–4000 h.

Controls on the Desalination Rate

Desalination is a two/three-stage process (Equations (8) and (9); Figure 10), where
an initial adsorption, is followed by transportation through the polymer and desorption
into the dead-end pore. Transport through the polymer is by one or more of diffusion and
ionic transport. At time t = 0, the salinity of the dead-end pore is < salinity of the water. At
time t = n, the salinity of the dead-end pore >salinity of the water. This implies that the ion
movement is not solely in response to the NaCl potential difference, between the water and
the dead-end pore. It implies that the Na+ and Cl− ions are desorbed as either a product,
or by ion exchange. The redox environment within the dead-end pores (and open pores),
will result in the disassociation of water to H+ and OH− [37], and ion exchange between
the pores and the water body results, in the pH of the water body increasing (Figure 12).
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Movement of an OH− ion from a dead-end pore can create appropriate Schottky and
Frenkel defects [13] to allow a countermovement of OH− ions to the water body, and Cl−

ions to the dead-end pore. Similarly, a countermovement of H+ ions to the water body, and
Na+ ions to the dead-end pore, would result in a net concentration of Na+ ions and Cl−

ions in the dead-end pores. The principal control on chemical potential controlling this this
fluid movement is the pH (and Eh) of the water body.

Analyses of the water Eh, pH, and NaCl, have established (e.g., Figure 14):

• The pellets initially increase water pH. The subsequent decline in water pH is associ-
ated with a decline in water salinity. Desalination effectively ceases when the water
pH drops below about 8.2.

• Desalination is associated with a general increase in Eh within the range 200 to 450 mV.
Cessation of desalination is associated with a drop in Eh towards −400 mV.

Figure 14. Redox controls on desalination. 47.5 g desalination pellet L−1. (a) Salinity vs. pH; (b) Eh
vs. pH; (c) Salinity vs. Eh; (d) salinity vs. hours on line.

3.5. Pellet Construction: ZVI Reactor Water Salinity

This study used m-Fe0 to construct the desalination pellets and a feed water salinity
of 8.8 g L−1, within the ZVI Reactor. Increasing the feed water salinity in the ZVI Reactor
increases the desalination rate constant k and increases the NaCl storage capacity of a pellet.
This observation applies to water salinities in the ZVI Reactor, within the range 8 to 200 g
NaCl. Increasing the NaCl content of the water increases the hydrogen production rate in
the ZVI Reactor.

An example relationship between NaCl removal and time, is shown in Figure 15, for
a desalination pellet manufactured using a water salinity of 40 g NaCl L−1. This pellet is
a more effective desalination agent than the pellets manufactured using a water salinity
of 8.8 g L−1. 18 g of this pellet (Figure 15), is able to remove the same amount of NaCl as
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50 g of pellets created using a feed water with a salinity of 8.8 g NaCl L−1 (Supplementary
Information, Figure S11).

Figure 15. Comparison of three different materials for the desalination of static saline water: EC
(electrical conductivity) = 15.2 mScm−1; Salinity = 7.52 g L−1 for the desalination pellet; EC (electrical
conductivity) = 24.9 mScm−1; Salinity = 13.44 g L−1 for the n-Fe0; Temperature = 0.2 to 14 ◦C; water
volume = 1 L). Red = Desalination pellet, 18 g L−1; black = 1 g L−1 n-Fe0; Blue = 25 g L−1 n-Fe0.
The 25 g L−1 n-Fe0 displayed a 20% instantaneous desalination associated with the formation of
Fe polymers.

Comparison of Desalination Using a Pellet with Desalination Using n-Fe0

Figure 15 shows the relationship between desalination and time for two concentra-
tions of n-Fe0 (50 nm particle size; coated with tetraethyl orthosilicate (TEOS); surface
area = 20 m2 g−1) powders. The desalination pellets ceased desalinating the water after
100 days. The n-Fe0 ceased effective desalination of the water after 130 days. The pH
changes associated with the three different desalination approaches are shown in Figure 16.
Specific points are:

• All three approaches increase the pH of the product water, by increasing the availability
of OH− ions, i.e., desalination is associated with an increase in water salinity;

• The desalination pellets typically produce a product water with a pH in the range 7.5
to 8.5. This compares with n-Fe0, which typically produces a product water in the pH
range 8 to 11.

The n-Fe0 and desalination pellets operates according to different kinetic models. The
different kinetic models can be summarised as:

• Zero order reaction [62–64]: Desalination pellet

Ct = n = −0.047t + Ct = 0 (15)

R2 = 0.979; PCC = 0.988. This is a very strong statistical relationship [34,35]. The n-Fe0

(Figure 15) does not have a relationship between Ct = n and Ct = 0 which is linear. A different
order reaction is in operation in the n-Fe0.

• First order reaction [62–64]: n-Fe0 (25 g L−1)

Ln(Ct = n) = −0.0116t + ln(Ct = 0) (16)

R2 = 0.9786; PCC = 0.989. This is a very strong statistical relationship [34,35], and
indicates that the n-Fe0 operates using a first-order desalination reaction [62–64]. The
NaCl or NaCl products are not recoverable from n-Fe0. The products produced by n-Fe0

desalination have not been specifically identified. Figure 15 demonstrates that 1 g n-Fe0

can remove 9.4 g NaCl.
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Figure 16. Comparison of three different materials for the desalination of saline water: Salin-
ity = 7.52 g L−1; Temperature over the reaction period = 0.2 to 14 ◦C; water volume = 1 L. Red = De-
salination pellet, 18 g L−1; black = 1 g L−1 n-Fe0; Blue = 25 g L−1 n-Fe0.

3.6. Pellet Construction: Polymer Type

This study has demonstrated manufacture of a Fe0:Fe(b)-polymer@n-C0 desalination
catalyst. Switching the carbon source to a phenolic acid, or carboxylic acid, or a carbonyl,
results in the formation of a Fe0:n-Fe(b)-polymer@n-R-CxHyOz polymer.

Examples of entrained n-Fe(b)-polymer@n-R-CxHyOz polymer were trialled using
seawater (Figure 17). Initial trials, indicate that this construction results in a very rapid
initial desalination, with all desalination effectively ceasing after 0.1 to 5 days (Figure 17).
The n-Fe-polymer@n-R-CxHyOz polymer desalination powders represent a future product
development route.

Figure 17. Comparison of different materials for the desalination pellet construction: Salin-
ity = 7.52 g L−1; Temperature = 0.2 to 14 ◦C; water volume = 1 L. Red = Desalination pellet, m-Fe0:
n-Fe-polymer@n-C0, 18 g L−1; Salinity = 7.52 g L−1; Other colours: desalination pellet: unsupported
n-Fe-polymer@n-R-CxHyOz polymer (four different polymer combinations; Blue, green, brown,
buff = different n-Fe-polymer@n-gallic acid polymers; light blue: n-Fe-polymer@n-urea polymers);
Each polymer contains 2 g Fe L−1; Feed water seawater salinity for the organic polymers = 32 g L−1.
These polymer examples, show an almost instantaneous, 20% to 35% desalination after the polymer
is added to the water.

3.7. Pellet Reuse

Following partial desalination of a batch of water, the pellets can be transferred to a
fresh batch of saline water. In some, but not all, instances the pellets will partially desalinate
the new batch of water.
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Once the pellets have ceased to operate as effective desalination agents, three options
are available:

• Option 1: the pellets are dried and reduced to powder. They are then washed in warm
water, to remove the NaCl, and returned to the ZVI Reactor to be reconstituted (with
ZVI makeup), as a new ZVI desalination pellet, or

• Option 2: the pellets are dried and reduced to powder. They are then washed in warm
water, to remove the NaCl, and returned to the ZVI Reactor to be reconstituted (with
ZVI makeup or n-Fe-polymer makeup); dried and then powdered, for use as a new
n-Fe-polymer powder. Alternatively (Option 2a): the pellets are dried and reduced
to powder. They are then washed in warm water, to remove the NaCl, and are then
mixed with and reconstituted (with ZVI makeup, or n-Fe-polymer makeup); dried
and then powdered, for use as a new n-Fe-polymer powder, or

• Option 3: the pellets are placed in warm fresh water under low Eh conditions (hydro-
gen stability zone 1 or hydrogen stability zone 2) to reverse the desalination storage
reaction. The warm fresh water will become saline during this process.

When Option 2 or Option 2a is used the Fe-polymers, are produced as particles within
the size range 1 to 2000 nm and are operated as a contact catalyst (e.g., Equation (10)).
Figure 18 provides a process flow diagram for a desalination plant using unsupported
entrained n-Fe-polymers.

Figure 18. Process flow diagram for a desalination plant using entrained, unsupported, n-Fe-polymer
catalyst.

3.7.1. Option 2: Example Pellet Reuse

Following desalination, the Fe0:Fe(b)@n-C0 polymer was powdered, washed and
dried. It was then reconstituted by mixing with a composite n-Fe(b)@polymer. Operating
examples from 9 different trial combinations, using the process flow defined in Figure 18,
are provided in Table 2. These trials demonstrate a high selectivity for Cl- removal, and a
variable selectivity for Na+ removal. Individual catalysts batches remained active for up to
30 days. The removed Na+ and Cl- ions are not retained in the catalyst particles. Discussion
of the products associated with this type of desalination is provided elsewhere [13].
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Table 2. Continuous flow trials decontaminating water containing Cl− ions and Na+ ions. Reactor
volume = 1.5 L; Flow rate: Trials 1, 3 = 0.25 L m−1; Trial 4 = 0.2 L m−1; Trial 5 to 9 = 0.4 L m−1;
Temperature = <20 ◦C; Product analysis was made following the processing of the initial 45 L of
feed water. Reactor: 3 m long conduit (4 cm O.D.). Product + 24 hrs indicates the product water
composition following 24 h in storage. Polymer details: (i) 1 g L−1 of reconstituted: Fe0: plus (ii)
Fe(b)@n-C0 polymer + n-Fe(b)@polymer. Trial 1: 0.3 g L−1 n-Fe(b)-S-gallic acid polymer; Trial 2:
0.2 g L−1 n-Fe(b)-S-gallic acid polymer; Trial 3: 0.7 g L−1 n-Fe(b)@Ca(b) polymer; Trial 4: 1.5 g L−1

n-Fe(b)@Ca(b)@K(b) polymer; Trial 5: 0.7 g L−1 n-Fe(b)@Ca(b); Trial 5: 0.7 g L−1 n-Fe(b)@Ca(b);
Trial 6: 1.2 g L−1 n-Fe(b)@Ca(b)@K(b) polymer; Trial 7: 1.2 g L−1 n-Fe(b)@Ca(b)@K(b)@organic
polymer; Trial 8: 1.8 g L−1 n-Fe(b)@Ca(b)@K(b)@Mn@Zn@organic polymer; Trial 9: 1.8 g L−1 n-
Fe(b)@Ca(b)@K(b)@Mn@Zn@organic polymer; Ion concentrations were measured using ion selective
Na+ and Cl− electrodes.

Trial Water pH Eh, mV Temperature, C Cl−, g L−1 Na+, g L−1

1
Feed 9.41 374 5 4.86 14.33

Product 8.92 385 4.4 0.99 11.61

2
Feed 8.92 385 4.4 0.99 11.61

Product 8.86 399 4.9 0.51 10.65

3
Feed 7.97 −26 9.3 146.15 6.22

Product 7.68 72 12.8 85.12 5.43

4
Feed 10.13 119 14.8 117.40 5.24

Product 7.68 298 15.6 106.35 5.19
Product + 24 h 7.68 327 11.2 74.73 5.17

5
Feed 9.17 254 10.3 2.45 1.79

Product 11.3 −40 10.3 1.13 1.79

6
Feed 9.17 254 10.3 2.45 1.79

Product 11.7 −41 9.9 1.79 1.68

7
Feed 9.06 215 10.3 7.89 6.03

Product 7.53 17 12.1 4.64 1.04

8
Feed 9.06 215 10.3 7.89 6.03

Product 12.25 −137 14.1 1.79 0.92
Product + 24 h 12.58 −53 11.9 1.39 0.97

9
Feed 9.1 232 10.6 9.02 4.76

Product 11.77 −399 11.5 2.62 1.18
Product + 24 h 12.24 −97 7.4 2.48 0.97

3.7.2. Potential Applications for Option 2a

One of the potential markets for n-Fe0 desalination (Figure 15), is the desalination
of reject brine from a conventional desalination plant. This market was first identified
in 2016 [67] as a possible way of achieving a zero-waste discharge from a large scale
conventional reverse osmosis desalination plant (Figure 19). In the example shown in
Figure 19, the plant receives 222,400 m3 d−1 saline water to produce 100,000 m3 d−1 of
potable water plus 122,400 m3 d−1 of reject brine, which is discharged in to the environment.
This environmental discharge could be removed, by recycling the water, following ZVI
desalination to the reverse osmosis plant (Figure 19). This is not a suitable application for
the desalination pellets (Figure 15) due to the long reaction time. The n-Fe0 operates using
a first order reaction (Figure 15). It may therefore be possible, to accelerate its desalination
reaction rate, by adjusting one or more of kins (intrinsic or normalised rate constant) as
(surface area), or Pw (Fe0 concentration), to allow n-Fe0 to potentially economically process
this reject brine.
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Figure 19. Conceptual design for a zero-waste discharge conventional desalination plant based on
2016 technology, where the n-Fe0 was not reusable. n-Fe0 requirements are reduced, if the n-Fe0

can be reused over a prolonged period. n-Fe0 reaction profile as shown in Figure 14, requiring a
24-to-48-h reaction time, and ZVI reactors containing 222,400 to 444,800 m3 of water.

An example, Option 2a catalyst constructed from a weight ratio of 1 g used desalination
pellet mixed with 6 gm n-Fe(b)@Ca@K@COx@SOx@malic acid polymer, has been trialled
using the process flow configuration in Figure 18. At a concentration of 4 g n-polymer
L−1 the catalyst has been able to reduce the salinity of seawater by 60.5%, over a reactor
residence period of 6 min from [22.11 g Cl− L−1 + 14.43 g Na+ L−1 ] to [6.61 g Cl− L−1

+ 7.84 g Na+ L−1 ] (operating conditions: temperature = 4.6 ◦C; Feed water pH = 8.69;
Product water pH = 6.91). This experimental outcome indicates that it may, in the future
(following more extensive trialling), be possible to reconstruct the used desalination pellets,
to rapidly process reject brine from a large scale conventional reverse osmosis desalination
plant (Figure 20).

This is an important potential future desalination market (and direction of research)
for the reconstituted desalination pellets. This highlighted potential future application
addresses the environmental impact, which can result from reject brine discharge into the
environment [68].

Figure 20. Conceptual design for a zero-waste discharge conventional desalination plant based on
2022 technology, using a recycled n-Fe-polymer to process the reject brine. The required n-Fe-polymer
reactor size is around 1000 m3. This figure illustrates what might be possible if the experimental
results can be transferred into a commercial environment at a future date.
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3.8. Finished Product

The manufacturing process (Figures 2 and 3) allows the pellets to be created in a
central manufacturing facility, before being sold and transported to a location, where they
can be used. It is envisaged that the pellets would be sold in bulk, 1 tonne, permeable bags
(about 0.9 × 0.9 × 0.9 m) to allow easy transportation for delivery to site, and easy on-site
movement (and insertion into the water body) using a JCB, Manitou, or equivalent vehicle.
The zero-order nature of the process, indicates that no exact calculations of the amount
of ZVI are required to effect treatment. This robustness, will allow the application of the
pellets to individual agricultural units, or to individual impoundments, to be made using
rule of thumb guidelines, e.g., An application of 1 t 40 m−3 will give the potential for 30%
desalination, while an application of 1 t 20 m−3 will give the potential for 60% desalination.

4. Applications
4.1. Pellet Applications

The pellets when placed in a static water body, will result in its gradual desalination.
They do not require any site infrastructure, or site energy supply, to operate. They require
no external energy source, and require no manned operation during the desalination period.
They only produce partially desalinated water and produce no reject brine.

The pellets operate over a long time period, and are therefore only suitable for ap-
plications where an instant desalination is not required. Three categories of potential
application meet these criteria. They are: (i) the desalination of saline, anthropogenic,
impoundments [1]; (ii) the desalination of salinized soil; and (iii) the desalination of some
saline aquifers [2].

The performance information contained in Supplementary Information Figures S10
and S11 indicates that a typical impoundment containing 2000 m3 of saline water, will
require 60 t of ZVI pellets to achieve 30% desalination and 120 t ZVI pellets to achieve 60%
desalination. A slight change to the water salinity in the ZVI Reactor (Figure 14), during
manufacture, could allow 43 t of ZVI pellets to achieve 60% desalination.

4.2. Pellet Markets

The slow desalination associated with these pellets, will allow them to be used to
address three specific markets. These are:

• Partial desalination of livestock feed water;
• Partial desalination of irrigation water;
• Partial desalination of salinized soils to allow arable usage.

Each of these approaches is discussed in the next sections.

4.2.1. Partial Desalination of Saline Livestock Feed Water

About 25% of the global land area is used to rear livestock [11]. Many of these areas
are not suitable for arable crops and are located in arid areas, or areas which are prone
to drought (e.g., much of northern and southern Africa, most of Australia, central south
America, much of central Asia, parts of China, India, and Pakistan).

Different animals have different degrees of tolerance to different water salinities
(Figure 20) [1]. Their tolerance to water salinity can be split into three categories [1,69–72]:
(i) safe, where they are tolerant to the salinity and gain weight; (ii) suitable, where they
can tolerate the salinity, but will only gain weight at a slow rate; (iii) poor, where the high
salinity will result in weight loss. The salinity ranges associated with these categories varies
with animal type and variety. The boundaries associated with each of these categories
will vary with regulatory authority, geographical region, livestock type, soil conditions,
available feed type and environmental conditions [69–72]. The regulatory boundaries used
in this study are published by the governments of New South Wales, South Australia and
Western Australia [69–72]. Figure 21 demonstrates that application of the desalination
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pellets to saline water, may convert a water body, which is classified as being unsuitable for
livestock drinking water, to water that is safe for livestock to drink.

This example demonstrates, that in the event of drought, or another environmental
event, which results in salinization of livestock feed water, it will be possible to plan to
reduce the salinity of the associated livestock feedwater pools and impoundments, by up
to 60%, by the addition of ZVI desalination pellets.

Figure 21. Tolerance of livestock to salinity. Green = safe; blue = suitable; green = poor. Black
line = average saline water salinity of 6.9 g L−1; Dashed black line = average partially desalinated
water salinity with 30% desalination, and 60% desalination; Orange arrow indicates the salin-
ity removed by 30% partial desalination. Brown arrow indicates the salinity removed by 60%
partial desalination.

4.2.2. Impact of Desalination on Crop Yield

Approximately 1000 km3 a−1 of saline water is used each year to irrigate arable
land. This water is either held in impoundments, or abstracted from saline aquifers. The
desalination pellets provide an opportunity to reduce the salinity of the saline irrigation
water held in impoundments (prior to use), by perhaps 30 to 60%.

Saline irrigation water has a negative impact on crop yield and crop value, when
compared with irrigation using freshwater [73]. However, irrigation, with saline water,
may give a higher crop yield, than no irrigation. The number of crop varieties that can be
grown, decreases with increasing irrigation water salinity, and increasing soil salinity [73].

Saline irrigation results in a gradual salinization of the soil. This is associated with
a decrease in the soil’s vertical permeability, and confines the principal throughflow to
the topsoil, or the upper part of the subsoil. As a rough guide, the pore water salinity
of the soil, will be 20 to 30% higher than the salinity of the irrigation water [73]. An
example relationship between soil water salinity and crop yield is shown in Figure 22.
The relationships shown are based on the UN parameters defined in reference [73]. This
example demonstrates that a 30 to 60% decrease in irrigation water salinity will have a
major impact on the sales revenue received for a specific crop. In this example, the impact
of the desalination pellets could increase the yield of wheat grass hay, or silage, by a factor
of 5, and could allow new crops such as barley to be grown on the land.

Crop yield is a function of many parameters, of which irrigation water salinity, is an
important factor. Other factors such as climate, soil type, and agricultural practice can have
a major impact on yield. As a rough indicative guide, the expected crop yield, Ye, can be
defined [1,73] as:

Ye = Ys (1 − (a(1 + c)S − b)), (17)

Ys = expected crop yield when irrigated with fresh water (t ha−1, or another yield unit).
S = Irrigation water salinity. [a], [b] and [c] are constants; The values of these constants
used in this study are derived from the graphs in [1] and the tables in [73]; (1 + c)S = soil
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water salinity. Supplementary Information, Table S3, provides an indication of indicative
crop yield versus irrigation water salinity for a variety of crops.

Figure 22. Salinity tolerance of four livestock grass crops. Solid black line = Expected soil salinity if
it is irrigated with saline irrigation; Dotted black line = Expected soil salinity if it is irrigated with
partially desalinated water; Blue arrow indicates the change associated with 30% desalination; Dotted
brown line = Expected soil salinity if it is irrigated with partially desalinated water, Brown arrow
indicates the change associated with 60% desalination.

This study, indicates that an average of 30% to 60% desalination, may be possible. This
changes the indicative crop yield equation to:

Yd = Ys (1 − (a(1 + c)(1 − e)S − b)), (18)

Where [e] is the expected desalination. Yd = the expected crop yield using partially
desalinated water. Desalination increases the expected yield of a crop. This is demonstrated
in Supplementary Information, Table S4.

Irrigation with partially desalinated water will not be an economic solution for all
crops, which are currently irrigated with saline 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, (19)

Supplementary Information, Table S5 provides an indication of the expected increase in
crop yield associated with desalination for a variety of crop types, expressed as a proportion
of the crop yield, when the crop is irrigated with fresh water.

These observations indicate that the desalination pellets could potentially be used to
increase crop yields by either partially desalinating the saline impoundments, feeding an
irrigation system, or by directly desalinating the shallow groundwater, within the fields, to
reduce the soil water salinity.

4.2.3. Desalination of Salinized Soils

Salinized soils account for >1 billion hectares globally. Salinization results in reduced
crop yield (e.g., Figure 22), and may render agricultural ground unsuitable for arable or
livestock farming. The pellets can be used to desalinise, or reduce the rate of salinization, in
salinized soils. While the exact approach is site specific, and will require an understanding
of the local hydrology. The basic approach requires the pellets to be placed in the soil, or in
ditches intersecting the soil at an elevation, which is below the phreatic surface.

The current trend in some salinized soil areas to use raised field irrigation methods,
creates an opportunity to insert a layer of pellets within the raised field (Figure 23). While
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the hydrology of this type of scheme is complex [74,75], it is possible to draw a number
of conclusions.

• With no irrigation, the soil water salinity will increase sharply with increasing soil
depth [74];

• With fresh water irrigation the overland flow runoff and shallow throughflow will
accumulate in the ditch surrounding the raised field (Figure 23). The soil water salinity
will increase with soil depth. Lateral infiltration from the ditch will create a fresh water
influx under the base of the raised field [74];

• With saline water irrigation, the soil salinity will increase with depth, but the soil will
be less saline (Figure 24), than the situation where no irrigation occurs [74];

• Constructing the raised field, with the ZVI desalination pellets, placed within the
mound and the ditch (Figure 23), may allow the raised field to be irrigated with saline
water, and the water recovered from the associated ditch (Figure 23). This is expected
to reduce the groundwater salinity within the raised field (Figure 24).

Figure 23. Raised Field Irrigation Scheme. A raised mound is created (brown), surrounded by a ditch
(green). ZVI desalination pellet placement locations are shown in red.

Figure 24. Raised Field Irrigation Scheme-Soil Water Salinity vs. depth below ground surface. Black
line = no irrigation; Blue line is irrigation with 14 g NaCl L−1; Red and Green lines are the expected
soil salinity range following irrigation with 14 g NaCl L−1, where the ZVI desalination treatment
product placed at about 0.7 m depth within the raised field.

5. Commercial Manufacture of the Desalination Pellets

This study has demonstrated production of about 1 kg of ZVI desalination pellet
material over 84 days. The manufacturing process required 3.6 m3 of feed gas. A man-
ufacturing plant receiving 14 m3 m−1 of feed gas (from an internally heated, Maclaurin
carbonization reactor [36]) would expect to produce around 1700 t a−1 of desalination
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pellets. This pellet weight would be suitable for the desalination of between 34,000 and
68,000 m3 of saline water.

The single pass gas analysis, demonstrated in this study (Figures 2 and 3; Appendix A)
is not particularly efficient, and results in a high proportion of the carbon (CO, CH4) in the
feed gas being discharged as a waste product or fuel gas.

Two options to improve the utilization of the feed gas, are available. They are: (i) to
place a number of ZVI Reactors operating in series [76–78]; (ii) to incorporate a recycle loop
within the ZVI reactor to achieve a maximum utilization of the product gas [76–78]. Both
manufacturing options increase the weight of desalination pellets produced and increase
the hydrogen content of the product gas while decreasing the amount CO and CH4 in the
product gas.

5.1. Manufacturing the Desalination Pellets Using ZVI Reactors Placed in Series

Table 3 indicates that a plant complex comprising nine ZVI Reactors, arranged in
series, receiving 14 m3 m−1 of feed gas, would be able to produce about 9850 t a−1 of
desalination pellets with the potential to desalinate >390,000 m3 a−1, by about 30%.

Table 3. Expected Product Gas Composition, pellets manufactured and desalination water potential
of the manufactured pellets. Assumptions: ZVI Reactors are placed in series where the product gas
from one reactor is passed directly into the next downstream reactor. Manufactured volumes are
based on a feed gas flow rate of 14 m3 m−1. The product gas volume from 9 reactors placed in series
is 23.69 m3 m−1.

Number of ZVI
Reactors in Series N2 CO CO2 CH4 H2

Pellets
Manufactured, t a−1

Water Desalination
Potential, m3 a−1

1 40.98% 9.69% 8.60% 13.03% 27.35% 1700 68,000
2 37.48% 8.05% 8.83% 10.38% 34.97% 3203 128,113
3 34.85% 6.81% 8.99% 8.41% 40.71% 4532 181,274
4 32.81% 5.82% 9.12% 6.90% 45.15% 5708 228,307
5 31.19% 5.03% 9.23% 5.72% 48.66% 6748 269,936
6 29.89% 4.38% 9.31% 4.77% 51.50% 7670 306,796
7 28.82% 3.84% 9.38% 4.01% 53.82% 8486 339,449
8 27.94% 3.39% 9.44% 3.39% 55.75% 9210 368,386
9 27.20% 3.00% 9.48% 2.87% 57.36% 9851 394,041

Feed 46.03% 11.97% 8.33% 16.79% 16.88%

5.2. Manufacturing the Desalination Pellets Using a Single ZVI Reactor with Product Gas Recycle

The ZVI Reactor, resulted in a significant removal, of CO and CH4, with desorption
of both CO2 and H2. These observations allow the product gas to be recycled to the ZVI
reactor, with a high recycle ratio to produce a hydrogen rich product gas.

The use of recycle loops in catalytic reactors, is common [76–78]. The assumptions
used in designing the recycle loop are:

• New feed gas flow rate = JF
• Recycle gas flow rate = JR
• Gas feed flow rate entering the reactor, GF = JF + JR
• The gas product flow rate leaving the reactor = GP
• The recycle gas flow rate, JR = aGP
• The product gas flow rate leaving the reactor, JP = GP − JR

a = the recycle ratio; 0 < a < 1. The recycle ratio is defined as the proportion of the
product gas, leaving the ZVI Reactor, which is recycled as feed gas. The recycle process
flow is summarised in Figure 25.
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Figure 25. Summary of the reactor recycle process flow. Two reactors are shown, a Halite Reactor
and a ZVI Reactor. The product gas from the ZVI Reactor is recycled.

On each cycle, 9.1% of the CO + 12.86% of the CH4, are converted to n-C0. Each
mole of n-C0 produced, is associated with the formation of 4.26 moles H2 + 0.124 moles
C2H2 + 0.41 moles CO2. Recycling a proportion of the product gas to the reactor results
(Table 4) in the formation of a product gas dominated by hydrogen, with removal of CO,
CH4, and the production of some CO2. The associated expected pellet production volumes,
combined with the anticipated water volumes the pellets could potentially desalinate are
provided in Table 5 as a function of recycle ratio.

Table 4. Impact of recycle ratio on the stable average gas product output. Part of the gas product
(recycle gas) is recycled from the ZVI Reactor to the ZVI Reactor (Figure 24). Recycle Period = 480 min.
All gas flow rates are standardised to the feed gas supplied from a Maclaurin retort, processing 20 t
coal d−1. The bulk of the removed carbon is retained in ZVI desalination pellets. Recycle ratio is the
proportion of product gas which is recycled to the ZVI Reactor.

Recycle Ratio N2 CO CO2 CH4 H2
Product Gas,

m3m−1
Recycle Gas,

m3m−1
Carbon

Removed

98% 23.73% 1.03% 9.53% 1.03% 63.09% 27.15 1330.41 39.39%
95% 25.88% 2.24% 9.41% 2.39% 58.65% 24.90 473.13 32.65%
90% 28.65% 3.72% 9.27% 4.22% 52.91% 22.50 202.47 25.45%
80% 32.37% 5.61% 9.06% 6.79% 45.19% 19.91 79.63 17.69%
70% 34.77% 6.78% 8.94% 8.50% 40.21% 18.53 43.24 13.57%
60% 36.46% 7.58% 8.85% 9.71% 36.72% 17.68 26.51 11.01%
50% 37.70% 8.17% 8.78% 10.62% 34.14% 17.09 17.09 9.26%
25% 39.74% 9.12% 8.67% 12.11% 29.91% 16.22 5.41 6.63%
0% 40.98% 9.69% 8.60% 13.03% 27.35% 15.73 0.00 5.17%

Unprocessed 46.03% 11.97% 8.33% 16.79% 16.88% 14.00 0.00 0.00%

Table 5. Expected Pellets manufactured and desalination water potential of the manufactured pellets.
Assumptions: A proportion of the product gas is recycled to the ZVI Reactor; Manufactured volumes
are based on a feed gas flow rate of 14 m3 m−1 (Table 4).

Recycle Ratio Pellets Manufactured, t a−1 Water Desalination Potential, m3 a−1

98% 229,993 9,199,715
95% 80,602 3,224,099
90% 34,205 1,368,215
80% 13,817 552,662
70% 8046 321,822
60% 5491 219,628
50% 4096 163,836
25% 2433 97,312
0% 1700 68,000
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5.3. Manufacturing Costs and Economics

The cost of manufacturing the pellets is a function of commodity prices for the gas
feedstock, and Fe0, Al0, and Cu0 costs, and government regulation. These costs and
associated regulations vary with time and with geographic region. Currently the cost
of manufacturing the desalination pellets in an economy with proximity to the source
materials and a low net zero regulatory environment is perhaps 10 to 40% of the cost of
manufacturing the same pellets in a UK or EU location which has a high net zero regulatory
environment.

A small simple Maclaurin carbonisation reactor train [36] producing around
16,000 t Fe0-Fe(b)polymer@n-C0 desalination pellet a−1 (suitable for desalinating about
600,000 m3 a−1) could have the process structure indicated in Figure 26. An indication of
costs is provided as follows:

• Solids

◦ 20 t coal d−1 (at USD360 t−1) = USD2,628,000 a−1: Purchase Cost
◦ 9.4 t coke d−1 (at USD600 to 720 t−1) = USD2,058,600 to 2,470,320 a−1: Sale Price

� Net Loss: USD157,680 to 569,000 a−1;

• Liquids converted to fuel gas

◦ Fuel gas: 72 m3 d−1 (1051.4 kJ mol−1) = USD500 MWh = USD171,322 a−1

sale price;

• Synthesis gas sold as fuel gas

◦ Fuel Gas: 20,164 m3 d−1 (250 kJ mol−1) = USD500 MWh = USD11,406,250 a−1:
sale price.

• Net revenue (profit) if the synthesis gas is sold as a carbon rich fuel gas = USD11,008,570
a−1 to USD11,419,970 a−1.

• This study converts this synthesis gas to a hydrogen rich fuel gas. The appropriate
cashflow adjustments are:

• Synthesis gas converted to a hydrogen rich fuel gas:

◦ Fuel Gas: 28,658 m3 d−1 (215 kJ mol−1) = USD500 MWh = USD13,943,325 a−1:
sale price.

◦ ZVI: Around 8000 t a−1 = USD1000 t−1 = USD8,000,00 a−1; purchase cost

• Net revenue (profit) if the synthesis gas is sold as a hydrogen rich fuel gas

◦ Net revenue: if the ZVI pellet sale price is USD0 t−1 = USD5,545,645 a−1 to
USD5,957,046 a−1. The desalination pellet sale price will be a function of local
market conditions.

◦ Net revenue: if the ZVI used is completely recycled following use as a desali-
nation pellet = USD13,545,645 a−1 to USD13,957,046 a−1. Selling, or lending,
the pellets to a customer for $0 t−1, coupled with an automatic return of the
used pellets to the plant will allow the Year 3 onwards profit from the plant to
be closer to USD13,545,645 a−1 to USD13,957,046 a−1.

In August 2022, energy was selling in the EU at spot prices of around USD500 MWh.
Commodity prices were based on the FOB ranges provided by www.alibaba.com in August
2022. Energy prices and commodity prices are very volatile and vary greatly through
the year and between regional markets. The rough revenue and sales economic analysis
provided here indicates that it may be possible to operate the process at a profit. This
profit will be subject to energy costs for air, other operating costs, taxes, regulatory costs,
financing costs, and depreciated capital costs, all of which are regionally specific. A detailed
economic evaluation of this process is outside the scope of this study.

The Option2a recycle application option for the pellets illustrated in Figure 20, raises
the possibility of the pellets:

• Initially being used to process around 40 m3 t−1 pellets for irrigation;

www.alibaba.com
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• Reconstitution of the pellets to process reject brine from a desalination plant where
about 2000 m3 of reject brine are processed by 1 t of reconstituted desalination pellet
(Figure 20).

The economics of this strategy has not been fully elucidated at this stage, but it has the
potential to create a revenue stream from 16,000 t a−1 of pellets, of >USD32 million.

Figure 26. Example process flow diagram for a plant manufacturing 16,000 t a−1 of desalination
pellets.

5.4. Improving the Desalination Efficiency of the Desalination Pellets

The desalination efficiency of the ZVI pellets is directly related to the amount of n-C0

produced and retained in the reactor (within the ZVI cartridge) during their manufacture.
The amount of carbon retained in the reactor increases with an increasing recycle ratio.

Desalination is a zero-order reaction, where the rate constant, kobs, is determined [57] as:

kobs = −((Ct = n)−(Ct = 0))/t (20)

Ct = n = salinity (or ion concentration, at time t = n; Ct = 0 = initial salinity or ion
concentration; t = time interval between t = n and t = 0, in seconds. The removal of ions
from water using n-Fe0 is a function of kins (the normalised rate constant); surface area, as,
(m2 g−1) and weight, or amount of catalyst (Pw) (Figure 14) [1,57]:

kobs = kins as Pw (21)

Reactor trials pellet trials have established that, when the gas in the ZVI Reactor
(Figures 2 and 3) is N2, or CO2, or O2, then kobs = 0. In the desalination reaction involving
the desalination pellets, Pw is directly proportional to the fraction of carbon removed from
the feed gas in the ZVI Reactor. This removed fraction increases, with increasing recycling.
This decreases the time required to achieve a specific level of desalination, with a specific
dosage of pellets, where:

Pws, g L−1 = ac[Tr] + Fw (22)

[c] is a function of the ratio of the carbon removed at the selected recycle ratio relative to
the carbon removed with no recycle. The significance of the recycle ratio in the ZVI reactor
on the potential desalination efficiency of the desalination pellets is illustrated in Figure 27.



Water 2022, 14, 2639 32 of 41

This demonstrates that by increasing the proportion of n-C0 in the ZVI desalination pellets,
it may be possible to decrease the time taken to achieve a 60% desalination from around
4000 h to less than 500 h.

Increasing the water salinity within the ZVI Reactor (Figures 2 and 3), will increase
the rate of transfer of carbon from the water body to the ZVI body within the reactor,
using a sodium shuttle [53]. This in turn will increase the proportion of n-C0 in the ZVI
desalination pellets.

Figure 27. Impact of recycle ratio in the ZVI reactor, on the desalination associated with the ZVI
pellets, 50 g L−1. The n-C0 content of the ZVI pellets, may increase with increasing recycle ratio.
The graph shows the results for a feed water with a salinity of 5 g L−1, and a reaction time of 500 h.
Red = median outcome: Blue = upper quartile; green = lower quartile.

6. Novelty

The key issues that contribute to the advancement of knowledge in saline water
purification using desalination pellets can be summarised as follows:

• Prior ZVI desalination studies have established that ZVI can partially desalinate
water. The desalination rates are very variable and tend to represent a first order, or
second order, removal reaction. The desalination products from these ZVI processes
remain unknown.

• The desalination pellets are unusual in that they operate with a zero-order reaction,
and sequester the removed NaCl to dead-end porosity within the pellets.

◦ A zero-order reaction produces a desalination rate, which is independent of
the feed water salinity;

◦ Desalination ceases after a pre-determined (and predictable) amount of time;
◦ The rate constant for the pellets zero-order desalination reaction, is set in the

manufacturing process within the ZVI Reactor. It predictably changes, with
increasing feed water salinity, within the ZVI reactor during the manufactur-
ing process.

◦ The standard deviation associated with the pellets desalination rate constant
is demonstrated in this study to be small. These observations, mean that it is
possible to use the pellets to predictably desalinate water with a high of degree
of statistical confidence in the expected desalination outcome range.

• Table 6 Compares the pellet desalination outcomes with other published studies.
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Table 6. Comparison of ZVI desalination pellet performance with the desalination performance of
50 nm Fe0 (PVP (polyvinylpyrrolidone) coated) and steel wool (Fe0:Fe(b)@ureapolymer); as = particle
surface area; Pw = ZVI concentration. * = steel wool (Figure 7), which is operated in a catalytic
pressure-swing-adsorption-desorption diffusion reactor.

Reference This Study [79] [13] [13]

Fe0 Particle Size 0.002 to 0.08 mm 50 nm Steel Wool Steel Wool *
as, m2 g−1 not measured 20 not measured not measured
Pw, g L−1 25–50 25 1.67 1.67

Reactor Size, L 1 0.2 240 240
Time, h, to Achieve 24.5% desalination 1500 720 to 1400 Not Achieved 3
Time, h, to Achieve 60% desalination 3000 1400 to 2800 Not Achieved Not Achieved

Air flow, L h−1 kg Fe0 0 0 0 150
Reaction Order Zero First n/a First or second

7. Conclusions

This study established that a reducing gas feed containing CO and CH4 was required
to manufacture the desalination pellets. A by-product of the manufacturing process was
the production of significant quantities of hydrogen.

The pellets desalinate water using a zero-order reaction process. This means that the
amount of desalination achieved is primarily a function of the available reaction time. The
amount of desalination pellets placed in the water (above a critical level), will not control
the desalination rate, but will control the total amount of desalination that could occur. The
statistical analysis established that the amount of desalination, associated with a specific
pellet batch, was statistically predictable.

The next stage in the development of this process is the construction of an integrated
engineering/pilot scale desalination pellet manufacturing plant processing a live feed gas
from a synthesis gas source, combined with field tests using impoundments and tanks
(100–5000 m3) containing saline water, to confirm that the desalination observed in 1 L
containers can also be observed in field scale tanks and impoundments. This set of testing
would then allow field trials to commence targeting the desalination of impoundments for
irrigation water use and the desalination of salinized irrigated soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14172639/s1. Figure S1: Halite Reactor. Carbon Monoxide
Relationships; Figure S2: Halite Reactor. Carbon Dioxide Relationships; Figure S3: Halite Reactor.
Methane and Hydrogen Relationships; Figure S4: ZVI Reactor. Carbon Monoxide Relationships;
Figure S5: ZVI Reactor. Carbon Dioxide Relationships; Figure S6: ZVI Reactor. Methane and
Hydrogen Relationships; Figure S7: Halite Reactor: Hydrocarbon Compositions; Figure S8: ZVI
Reactor: Hydrocarbon Compositions; Figure S9: Hydrocarbon product compositions from the ZVI
Reactor; Figure S10: Water salinity decline with time. 25 g ZVI pellet L−1. Figure S11: Water salinity
decline with time. 50 g ZVI pellet L−1. Table S1: Zero valent iron reactions in redox hydrogen Stability
Zone 2. Table S2: Hydrogen producing reactions within the two-reactor system. Table S3. Indicative
crop yields as a function of salinity. Table S4. Indicative crop yields (following desalination) as a
function of the salinity of the water entering the impoundment (prior to desalination); Table S5.
Indicative crop yield value created by desalination
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Appendix A. Reactor Design Issues and Results

Appendix A.1. Reactor Fluid Flow Design

The feed gas, JF, is discharged from a reactor, as a product gas, at a rate, JP (Figure 2).
The time spent between entering the reaction environment and leaving the reaction envi-
ronment (the residence time) is tr. In a conventional continuous flow, fixed/packed bed
reactor, or fluidised bed reactor, the flow rate through the reaction environment is constant,
and the space velocity, SV (m3 gas h−1 m−3 catalyst), is constant. For most reactions, the
observed rate constant, kobs increases, as the space velocity decreases. The relationship
between kobs and SV, for most reactions is not constant. For most reactions, a decrease in SV
will result in a disproportionate increase in kobs. Therefore, creating a situation, where not
all the gas molecules spend the same length of time in the reaction environment, will result
in an increased value for kobs, e.g.,

Ct = n/Ct = 0 = Σ exponent(−(kins as Pw tr)), (A1)

The summation is for gas molecules 1 to n. kins = intrinsic (normalised) rate constant;
as = particle surface area; Pw = particle concentration.

It follows, that if a feed gas enters the reactor at a rate x, and a product gas leaves the
reaction environment at a rate x − y, that the magnitude of y is a function of the space
velocity. Oscillating the pressure (or gas flow rate) within these constraints will result
in y being a function of the magnitude and frequency of the pressure oscillation. These
objectives are met when fluids are processed in a reactor, where the reactor contains one or
more elastic permeable barriers (EPB) and fluid flow, Q, through each permeable barrier
varies cyclically, where (UK Patent GB2470764B):

1. each EPB separates an Upstream Storage Area (USA, e.g., an upstream plenum) from
a Downstream Storage Area (DSA, e.g., a downstream plenum), and

• each EPB is constructed from one or more of a fluid, membrane, particulate
material, reactant, inert material, and catalyst, and

• each EPB has a permeability, k, which changes in response to changes in driving
force, ∆P, where ∆P = PU − PD − PL, and PL = pressure losses (Pa) associated
with the fluid flow, Q, across the EPB; PU = pressure (Pa) in the area located
immediately upstream of the EPB; PD = pressure (Pa) in the area located imme-
diately downstream of the EPB; k = permeability of the EPB (m3m−2s−1Pa−1),
and

• the permeability, k, of each EPB increases as ∆P increases, and
• the permeability, k, of each EPB decreases as ∆P decreases, and
• the changes in permeability, k, of each EPB, can be gradual, or abrupt, or a

combination, and

2. ∆P associated with each EPB cyclically increases and decreases with time, and

• ∆P, PU, and PD are in a constant state of flux, and
• PU, and PD cyclically increase and decrease with time, and
• PL changes with time or remains constant, and
• fluid flow, Q, through each EPB is: Q = k ∆P, or Q = k (∆P−∆χ), where ∆χ =

correction for fugacity; Q = fluid flow through each EPB (m3 m−2 s−1), and
• fluid flow, Q, through each EPB decreases as k ∆P decreases, or k (∆P−∆χ)

decreases, and
• fluid flow, Q, through each EPB increases as k ∆P increases, or k (∆P−∆χ) in-

creases, and

3. the reactor contains one or more USA, and the reactor contains one or more DSA, and

• each USA is associated with one or more EPB, and
• each DSA is associated with one or more EPB, and
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• each USA is associated with one or more DSA, and
• each DSA is associated with one or more USA, and
• each USA contains a volume of fluid, and
• each DSA contains a volume of fluid, and
• the volume of fluid in each USA associated with a specific EPB cyclically increases

and decreases with time, and
• the volume of fluid in each DSA associated with a specific EPB cyclically increases

and decreases with time, and
• cyclic decreases in the volume of fluid in a USA correspond to cyclic increases in

the volume of fluid in the associated DSA, and
• cyclic increases in the volume of fluid in a USA correspond to cyclic decreases in

the volume of fluid in the associated DSA, and

4. each USA has a pressure, PU, which cyclically increases and decreases with time, and

• ∆P decreases and PU decreases, as the volume of fluid in each USA associated
with a specific EPB decreases, and

• ∆P increases and PU increases, as the volume of fluid in each USA associated
with a specific EPB increases, and

• each DSA has a pressure, PD, which cyclically increases and decreases with
time, and

• ∆P decreases and PD increases, as the volume of fluid in each DSA associated
with a specific EPB increases, and

• ∆P increases and PD decreases, as the volume of fluid in each DSA associated
with a specific EPB decreases, and

• at any instant in time, the pressure, PU, in each USA is greater than, or equal to,
the pressure, PD, in the associated DSA, and

5. the reactor is used to undertake catalytic reactions, and

• catalyst is present in one or more parts of the reactor, and
• the catalyst is a solid, or a fluid, or a combination thereof, and
• the reactor processes one or more fluids, and
• reactants include one or more fluids, and products include one or more fluids, and
• fluids enter the reactor through one or more upstream conduits, which are

attached to each USA, and

6. the maximum fluid flow through each EPB is greater than the average fluid flow
entering the associated USA through one or more upstream conduits, and

• the minimum fluid flow through the EPB is less than the average fluid flow
entering the associated USA through one or more upstream conduits, and

• fluids entering the reactor through one or more upstream conduits are either
reactants, or are reactants and non-reactants, and

• fluids are removed from the reactor through one or more downstream conduits,
which are attached to each DSA, and

• fluids leaving the reactor through one or more downstream conduits are either
products and residual reactants, or are products, residual reactants, and non-
reactants, and

• conduits which allow fluids to enter the reactor and fluids to leave the reactor
are controlled by valves, and

• fluids entering each USA through one or more upstream conduits are liquids or
gases, and

• liquid fluid flow into each USA is independent of PU, ∆P, the volume of fluid in
the USA, fluid flow, Q, through the associated EPB, and the permeability, k, of
the associated EPB, and

• gaseous fluid flow into each USA cyclically increases and decreases with time,
where decreases in gaseous fluid flow into the USA are associated with increases
in PU, and increases in gaseous fluid flow into the USA are associated with
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decreases in PU, and the pressure in the upstream conduits is always greater
than PU.

In this study, the USA receives a gas feed and is the Halite Reactor (Figures 2 and 3).
The EPB contains water and ZVI, and is the ZVI Reactor (Figures 2 and 3). The DSA, is
constructed as a 22 mm O.D. conduit (10 m in length).

Appendix A.2. ZVI Pellet Manufacturing Reactor Train

The operating results associated with the Halite Reactor and ZVI Reactor (Figures 2
and 3) are graphically detailed in the Supplementary Information file, Figures S1–S9.

Appendix A.2.1. Halite Reactor

The average product gas composition, normalised to the feed gas, is provided in
Table A1. The average product gas flow rate = 24.471 mL m−1. The quantitative data
results are provided in the Supplementary Information File Figures S1–S3, and S7. C2+
compositions are provided in Figure S7. The positive regression correlations between
CO:CH4, CO:CO2 and CO2:CH4 in these figures are consistent with a rapid-pressure-swing-
adsorption–desorption process [13,29–31].

The net adsorption reaction is:

15.99H2 + 3.89 CH4 + 1.21CO = [5.1C0] + 1.21H2O + 29.56 H2(ads) (A2)

The net desorption reaction is:

[2.74C0] + 5.16H2O = 0.08C2H2 + 2.58 CO2 + 5.08 H2(ads) (A3)

The excess n-C0 is either retained in the halite bed, or is entrained in the product gas
and transported to the ZVI Reactor.

Statistical linear relationships (Supplementary Information Figures S1, S2 and S3) exist
between the different data sets:

• CO:CH4; R2 = 0.9981; PCC = 0.999; Very strong positive linear statistical relationship
containing a data clump, where CO = >12%. This results from CO desorption, which
is associated with low rates of CH4 adsorption. Where CO = <12%, both CH4 and CO
adsorption have occurred.

• CO:CO2; R2 = 0.9733; PCC = 0.9865; Very strong positive linear statistical relationship
containing a data clump, where CO = >12% and CO2 >8.33%, indicating desorption of
both CO and CO2. The relationship contains outliers which could be interpreted as
indicating CO2 adsorption associated with CO desorption. This linear correlation, and
the linear correlation between CO and CH4, are interpreted as indicating a common
intermediary adsorbed product of C0. This concept was first demonstrated in 1905 in
French Patent 355,900.

• CO:H2; R2 = 0.908; PCC = 0.952; Very strong positive linear statistical relationship
containing a data clump, where CO = >12% and H2 outliers. The data could be
interpreted as indicating that H2 desorption is associated with CO desorption, e.g.,

nCO + [C0] + H2O = (n+1) CO + H2 (A4)

• CO:C2+; R2 = 0.078; PCC = 0.279; Weak positive linear statistical relationship contain-
ing a data clump, where CO = >12% and C2+ outliers are >0.5%. The data could be
interpreted as indicating that C2+ and H2 desorption is associated with CO desorp-
tion, e.g.,

nCO + [4C0] + 2H2O = (n+2) CO + C2H4 (A5)
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Under this model, periods of CO adsorption will be correlated with lower levels of
C2+ formation, e.g.,

2CO + 4H2 = [2C0] + 2H2O + 2H2 = C2H4 + 2H2O (A6)

• CO2:CH4; R2 = 0.9749; PCC = 0.987; Strong positive linear statistical relationship con-
taining a data clump, where CO2 = >8.33%. The data could be interpreted as indicating
that CH4 adsorption is associated with both CO2 adsorption and CO2 desorption,
through the provision of C0 for desorption, and hydrogen for adsorption, e.g.,

[C0] + 2H2O = CO2 + 2H2 (A7)

CH4 = [C0] + 2H2 (A8)

• CO2:H2; R2 = 0.9749; PCC = 0.987; Strong positive linear statistical relationship con-
taining a data clump, where CO2 = >8.33% and H2 >0.5%.

• CO2:C2+; R2 = 0.0763; PCC = 0.276; Weak positive linear statistical relationship con-
taining a data clump, where CO2 = 8.33% and C2+ outliers are >0.5%. This relationship
indicates that the C2+ outliers may result from a desorption reaction of the form:

[5C0] + 2H2O = CO2 + C2H4 (A9)

• CH4:H2; R2 = 0.9127; PCC = 0.955; Strong positive linear statistical relationship contain-
ing a data clump, where CH4 = >12% and H2 >0.5%. This is interpreted as indicating
that H2 desorption occurs during periods when low levels of CH4 adsorption occur.
The primary interpreted process associated with CH4 adsorption is interpreted as:

CH4 + 2CO = [3C0] + 2H2O (A10)

• CH4:C2+; R2 = 0.077; PCC = 0.277; Weak positive linear statistical relationship contain-
ing a data clump, where CH4 = >12% and some C2+ = >0.5%. This is consistent with
the primary role of the CH4 being to provide a source of C0.

• H2:C2+; R2 = 0.1423; PCC = 0.377; Weak positive linear statistical relationship contain-
ing a data clump, where H2 = <1.5% and C2+ = <0.5%. The data could be interpreted
using a polynomial expression, where C2+ = 39.129[H2]2 − 0.6058[H2] + 0.0028. This
gives a R2 = 0.3184; PCC = 0.564; representing a moderate positive statistical correlation
where C2+ increases with the availability of H2.

• CH4: Product Gas volume: R2 = 0.9646; PCC = 0.982; Strong positive linear statisti-
cal relationship, indicating that product gas volumes are always less than the feed
gas volumes.

Table A1. Product gas composition from the Halite Reactor. Product gas compositions are normalised
to the feed gas composition.

H2 N2 CO CO2 CH4 C2+

Feed 16.88% 46.03% 11.97% 8.33% 16.79% 0.00%

Product
Mean 0.89% 46.03% 10.75% 10.91% 12.90% 0.08%

Standard Deviation 0.30% 0.00% 3.14% 3.76% 3.55% 0.28%
Minimum 0.09% 46.03% 0.00% 0.02% 0.00% 0.00%

1st Quartile 0.75% 46.03% 10.18% 9.21% 12.24% 0.01%
Median 0.89% 46.03% 12.29% 12.33% 14.50% 0.03%

3rd Quartile 1.02% 46.03% 12.71% 13.62% 15.12% 0.07%
Maximum 3.41% 46.03% 14.77% 15.48% 16.14% 4.43%
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Appendix A.2.2. ZVI Reactor

The average product gas composition, normalised to the feed gas, is summarised
in Table A2. The average product gas flow rate = 27.44 mL m−1. The quantitative data
results are provided in the Supplementary Information File Figures S4–S6, S8 and S9.
The hydrocarbon product compositions are provided in Figures S8 and S9. The average
generated gas composition was: 89.4% H2 + 8.6%CO2 + 2.0%C2+. The positive regression
correlations between CO:CH4, CO:CO2 and CO2:CH4 in these figures are consistent with a
rapid-pressure-swing-adsorption–desorption process (RPSAD) [13,29–31].

The net adsorption reaction is:

1.66 CH4 + CO = 2.66 C0 + H2O + 2.32 H2 (A11)

The net desorption reaction is:

1.09 C0 + 2.18H2O = 1.09CO2 + 2.18H2 (A12)

The net hydrogen balance reaction, from other processes is:

[Fe0@1.57C0] + 13.72H2O + 13.72e− = [Fe0@1.57C0] + 13.72OH− + 6.86H2 (A13)

Equations A11 to A13 indicate that, based on the average outcome, all the required
n-C0, is generated within the ZVI Reactor. This allows the manufacturing process design to
be simplified, such that the Halite Reactor is omitted. Detailed discussion of the adsorption
and desorption process is outside the scope of this study. However, the hydrocarbon and
hydrogen production routes present in the reaction environment within the ZVI bed are
summarised in Supplementary Information, Tables S1 and S2.

Statistical linear relationships (Supplementary Information Figures S4, S5 and S6) exist
between the different data sets:

• CO:CH4; R2 = 0.9449; PCC = 0.972; Very strong positive linear statistical relationship
containing outliers, where CO = >10%.

• CO:CO2; R2 = 0.5679; PCC = 0.7535; Strong positive linear statistical relationship
containing a data, where CO = >10.75% and CO2 >10.9%, indicating desorption of
both CO and CO2 can occur.

• CO:H2; positive linear statistical relationship where substantial H2 discharges are
associated with CO discharges.

• CO:C2+; Negligible positive linear statistical relationship where high levels of CO
desorption are associated with C2+ outliers of >0.5%.

• CO2:CH4; Negligible linear statistical relationship containing a data clump, between
CH4 = 5% to 15% where CO2 outliers can exceed 50%.

• CO2:H2; Positive linear statistical relationship indicated by outliers where CO2 = >8.33%
and H2 >20%.

• CO2:C2+; Weak positive linear statistical relationship where C2+ outliers are >0.5%.
• CH4:H2; No obvious statistical relationship between these two parameters, suggesting

that the H2 is not produced directly from the CH4.
• CH4:C2+; No obvious statistical relationship between these two parameters, suggesting

that the C2+ is not produced directly from the CH4.
• H2:C2+; No obvious statistical relationship between these two parameters, suggesting

that the C2+ is not produced by the same process as the H2.
• CH4: Product Gas volume: Positive linear statistical relationship, with high volume

outliers resulting from hydrogen production.
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Table A2. Product gas composition from the ZVI Reactor. Product gas compositions are normalised
to the feed gas composition. FBR = Halite Reactor. The table demonstrates CO + CH4 adsorption and
H2 + CO2 + C2+ desorption.

H2 N2 CO CO2 CH4 C2+

Feed from FBR 0.89% 46.03% 10.75% 10.91% 12.90% 0.08%

Product
Mean 12.25% 46.03% 9.76% 12.01% 11.25% 0.18%

Standard Deviation 31.46% 0.00% 4.05% 13.09% 4.12% 0.64%
Minimum 0.07% 46.03% 0.00% 0.00% 0.01% 0.00%

1st Quartile 0.92% 46.03% 7.74% 6.02% 9.25% 0.02%
Median 1.29% 46.03% 10.78% 10.90% 12.74% 0.04%

3rd Quartile 6.12% 46.03% 12.19% 13.27% 14.42% 0.12%
Maximum 365.22% 46.03% 38.68% 211.93% 20.63% 9.90%
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