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DOI: 10.1039/x0xx00000x Capacitive deionization is an emerging water desalination technology for industrial applications. Recent advancements in
electrode design and system development have led to the reporting of ultra-high salt adsorption performance, benefiting
its potential application in agricultural water treatment at a potentially low cost. In this study, we provide a comprehensive
summary of the porous electrode design strategy to achieve ultra-high ion adsorption performance, considering factors
such as experimental parameters, chemically-tuned material properties, redox chemistry and smart nanoarchiteture for
future electrode design. Furthermore, we endeavor to establish a correlation between capacitive deionization (CDI)
technology and its applicability in the agricultural sector, specifically concentrating on water treatment with an emphasis
on undesirable ions associated with salinity, hardness, and heavy metals, to achieve harmless irrigation. Additionally, to
ensure the efficient and cost-effective application of CDI systems in agriculture, a thorough overveiew of the literature on
CDI cost analysis is presented. By addressing these aspects, we anticipate that ultra-high salt adsorption CDI systems hold
great promise in future agricultural applications.

1. Introduction

Water usage in agriculture accounts for 70% of total freshwater withdrawal on a global scale and 80% of total freshwater
withdrawal in the United States, highlighting the importance of efficient agricultural water utilization for food production.?
Ensuring the quality of water used for irrigation is essential as it can directly impact crop health and productivity.2 Water
pollution caused by organic, inorganic, and biological pollutants3= poses a challenge in maintaining appropriate water quality for
irrigation purposes. Dissolved ions in water play a critical role in determining water quality, with certain elements like boron,
arsenic, and uranium having adverse effects on crop growth and productivity if present in excessive amounts. 367 Thus, the
removal of ions from brackish water is significant in agricultural areas to ensure optimal crop growth and mitigate potential
challenges associated with water pollution.

Currently, a variety of water desalination technologies have been developed to address the removal of ions from brackish
water, including chemical treatment,® thermal driven technologies such as multi stage flash® and pressure driven technologies
like reverse osmosis.1® These advancements are poised to have a significant impact on agricultural applications. However, these
technologies have their limitations such as the generation of secondary waste, high energy assumption associated with thermally
driven technologies, and membrane fouling challenge.1112 In light of these limitations, capacitive deionization (CDI) has emerged
as a promising alternative.!3 For its potential in addressing the challenges associated with ion removal from brackish water, CDI
has gained attention and extensive research over the past decades.

CDI is a novel electrochemical adsorption method utilized for removing ions from brackish water.* During the adsorption
process, the charged electrode attracts oppositely charged ions (Fig. 1), which are subsequently released and stored separately
during desorption. Salt adsorption capacity (SAC) is the essential parameter used to evaluate the salt adsorption performance,
calculated by dividing the mass of salt being adsorbed by the total mass of the electrodes.’> In recent years, a wide range of
conditions related to salt adsorption have been extensively studied. These conditions include system operating parameters such
as cell voltage, cycle duration, temperature, saline solution flow rate.1®17 Moreover, the properties of the electrode, such as
porous structure and electrical properties, have been thoroughly investigated.1! Additionally, the characteristics of ions within
the electrolyte, including their valence and ion radius, have also been taken into account.1>1819 Extensive research has been
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conducted to develop advanced electrode materials aiming at achieving high SAC value. These advanced electrode materials,
including but not limited to iron-nitrogen-carbon, tungsten oxide (W13049)/graphene composite electrode, and aluminum oxide
coated electrode, displayed a superior salt adsorption performance than commercial activated carbon.20-23 Inspired by the
excellent ion removal property, a growing number of works focus on developing the ultra-high salt adsorption CDI system to
further enhancing the potential for agricultural industrial applications.2*

This mini-review first presents a comprehensive review of ultra-high performance of different electrodes used in CDI. In
addition, we discuss the strategies for designing electrodes by chemical activation and redox reaction with enhanced salt
adsorption performance. Additionally, the application of CDI in agricultural areas for salinity, water hardness and heavy metal
removal is investigated. Furthermore, an overview of the cost analysis studies of CDI for agricultural applications is presented.
This mini-review will also contribute to the understanding and potential implementation of CDI technology in agricultural areas.
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Figure 1. Schematic illustration of CDI adsorption process and its application in agricultural water treatment.

2. Ultra-high performance CDI lab design

In recent years, there has been a significant focus on achieving ultra-high SAC in CDI system for electrode design and future
industrial applications. Over the last decade, the reported ultra-high SAC has been increased from less than 5 mg g-! to over 100
mg g1.2526 |n this section, the mechanism of ultra-high CDI performance is analyzed by summarizing the relevant papers that
claimed “ultra-high” or reported a SAC higher than 50 mg g1. Furthermore, the design strategy of future electrode with ultra-
high salt adsorption performance is provided.

2.1 Experimental setup design

CDlI is an electrochemical method used to remove the ions from brackish water. It involves the utilization of a pair of porous
electrodes, which are installed into a CDI cell connected to the saline solution and a power supply. The desalination occurs when
a voltage is applied to the electrode after the saline solution flows into the cell and immerses the electrode (Fig. 2a). During this
process, the ions are effectively absorbed onto the electrode surface, leading to the removal of salts from the solution (Fig. 1).
Nowadays, tremendous efforts have been invested in optimizing materials design, salt adsorption kinetic to enhance the ion
adsorption property. Meanwhile, researchers also study the experimental parameters to understand their roles in CDI
performance.

During salt adsorption process, it is generally observed that a higher initial saline solution concentration could lead to a higher
SAC. This is attributed to the presence of a greater number of ions in the solution at high concentration, which benefits the ion
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transport and increases the salt adsorption performance. For example, when NaCl concentration increase from 250 ppm to 1000
ppm, the SAC of a hierarchical porous carbon electrode increases from 24 to 83 mg g (Fig. 2b).16 Meanwhile, voltage also have
an impact on the final SAC result. Usually, a higher voltage will provide a strong electric field, which benefits the salt adsorption
behavior.2” For example, when increase the voltage from 1.2 V to 1.8V, the SAC of a NTP/C electrode reaches approximately 35
mg g according to Fig. 2c.'7 Similarly, the SAC of Ti.CoTx MXene electrode exhibits an approximately 25% enhancement by
increasing the voltage from 1.2 to 1.6 V.28 However, the voltage needs to be carefully designed to prevent the decomposition of
water. Chen et al.?7 studied the relation between voltage and SAC by using a composite electrode that are comprised of NTP and
MXene prepared by autoclave, and an AC as another electrode for hybrid CDI system. The SAC increase from 26.0 (1.2V) to 128.6
(1.8V) mg g1 in 1000 mg L1 saline solution without water electrolysis observed.

, Power
supply
Nacl sclqtlon
l i Peristaltic pump
2 J €D cell

(a)

Conductivity
meter
(b) oo }e ; (c) " =
Py ° Iw e ol
g ey o i- ~ 30 ’,-"/- x
& ¢ = L
g ok . Bl o PR,
S I » E 0| /7~
Seis\ 1 g |/
-‘,'J‘ 00+ il K wlff 12v
- —18V
uhk o J ——18V
N m fm m 0 10 20 30
Time (min) Time (min)

Figure 2. (a) Schematic illustration of single-pass mode CDI experimental setup.1* Copyright 2022 Wiley. (b) The SAC of carbon
electrode under different NaCl concentration.1® Copyright 2020 American Chemical Society. (c) The SAC of electrode under
different applied voltage.l” Copyright 2023 American Chemical Society.

For some ultra-high related CDI papers, it is noticeable that excellent SAC results were reported under conditions of high cell
voltage and high feed water concentration. These CDI could be used effectively when the parameters match the actual
application conditions. For example, the desired voltage and the initial salinity of the feed could closely reflect environmental
conditions. In specific application like agriculture irrigation water treatment, it is important to set the initial concentration of the
wastewater to a value that closely resembles the concentration of brackish groundwater or agricultural wastewater found in the
target environment. Additionally, the water after desalination should meet the relevant requirements such as acceptable
electrical conductivity and total dissolved solids (TDS) for irrigation purpose, while the energy assumption is also significant to be
considered.29:30 Therefore, from the application evaluation, it is critical to specifically design the experimental conditions instead
of using the most commonly used ones.

2.2 Non-faradaic electrode design strategy

In non-faradaic electrode for CDI, also named capacitive electrode, ion adsorption occurs through the formation of electrical
double layers (EDLs). The electrode becomes charged when a voltage is applied, attracting oppositely charged ions from the
saline solution. The process leads to the formation of a stern layer and a diffuse layer.1®> The electrode design typically focuses on
aspects including surface properties and electrical performance.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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2.2.1 Advanced materials with enhanced specific surface area and pore size distribution. Surface properties, including specific surface
area (SSA) and pore size distribution play an important role for effective salt adsorption in CDI. In general, the greater the surface
area, the more ions can be attached to the surface of charged electrode and be adsorbed, while the porous structure determines
the EDLs when the charge is given to the electrode. This is why porous carbon materials are the most popular electrode material
for CDL.14 In addition to directly select the materials with high SSA, activation of carbon substrate is a common method to further
increase the surface area. This involves creating a porous structure by removing part of carbon substrate at the nanoscale, which
would reduce the total weight while maintaining the overall volume.

During the activation process, the extra porous structure on the surface of carbon substrate will be largely created by the
reaction between the activating agent and carbon. The created porous will provide additional surface area to the total carbon
electrode, further improving the salt adsorption performance. For example, Liu et al.3! prepared a biochar using an agricultural
waste - lotus leaf as precursor for water desalination (Fig. 3a). After activation by potassium hydroxide (KOH) followed by
equation 1 and 2,14 the surface area of carbon increased from 4.5 m2 g1 to 4482 m2 g1, leading to the ultra-high SAC of 65 mg g1.
According to scanning electron microscope (SEM) images, Zhang et al.1® obtained a porous electrode using a-cellulose and
potassium bicarbonate (KHCOs) as precursor and activating agent (Fig. 3b,c). After thermal activation at 800 °C, the BET surface
area reached 1911.9 m2 g-1(Fig. 3d), which is more than twice than the one without activation and leading to an 83 mg g* SAC
performance. Meanwhile, large amount of micropores (pore width <2 nm) and mesopores (pore width 2-50 nm) are observed
after activation process (Fig. 3e). In addition to KOH and KHCO3, some other activating agents that could react with carbon at
high temperature have been explored and utilized in water desalination area, including ZnCl,, CO3, H3P04.32735 As a result, how to
find a high efficient activating agent, in other words, to achieve the high surface area carbon using less amount of reagents and
low temperature needs to be studied in the future. In summary, activation process is one prominent method to increase the
surface area and fabricate the designed pore-size distribution, further leading to an ultra-high salt adsorption performance of
carbon electrodes, especially for those prepared by the carbonization of natural agricultural waste. By tuning the amount of
activating agent and activation temperature, the extent of pore formation can be controlled, which further modifies the surface
properties of carbon electrodes. The surface area of the carbon electrode maximized by activation enhances the SAC to improve
the desalination performance, making these porous carbon electrodes highly desirable for efficient desalination application.
6KOH+2C — 2K+3H,+2K,CO3 (1)
K2CO3+2C — 2K+3CO (2)
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Fig. 3 Activated carbon (AC) electrode for CDI. (a) schematic illustration of activated lotus leaf carbon preparation.3! Copyright
2020 Elsevier. SEM image of a-cellulose (b) before and (c) after activation.1® Copyright 2020 American Chemical Society. (d) N»
adsorption/desorption curve of a-cellulose carbon.® Copyright 2020 American Chemical Society. (e) Pore size distribution of
activated carbon.® Copyright 2020 American Chemical Society.

2.2.2 Advanced materials with enhanced electrical property. EDL and ion transport pathway are significant factors need to be
analyzed for electrode design in CDI. When a charge is applied, the pair of electrodes will exhibit positive and negative charge,
resulting in the attraction of oppositely charged ions on the electrodes (Fig. 1). This leads to the formation of a Stern layer, which
is directly adjacent to the surface of the porous structures, and a diffuse layer further away from the electrode surface, as shown
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in Fig. 4a.3® Meanwhile, the diffuse layer overlaps within the micropore (pore width <2 nm) structure according to modified
Donnan model (Fig. 4b).1° A higher specific capacitance, as well as a fast ion transport pathway are directly linked to the superior
salt adsorption performance. To achieve ultra-high salt adsorption, a variety of advanced materials with excellent electrical
properties have been utilized in electrode fabrication. For example, N-doped graphene sponge was prepared using freeze drying
and annealing in NH3, for which exhibits a 286.86 F g1 specific capacitance compared to 204.66 F g1 of graphene sponge without
N doping. The superior capacitance is contributed to the inclusion of N element, which could increase the electrical conductivity
and improve the hydrophilic of the graphene electrode, leading to a SAC of 21 mg g1.37 This SAC result is claimed to be the
highest reported value reported in 2015 using carbon electrode.3” Xu et al.38 developed a MOF tube structure by grow zeolitic
imidazolate framework (ZIF) on polyacrylonitrile (PAN) nanofibers. After dissolving PAN, a MOF electrode is obtained with hollow
tube structure. The unique morphology supplies supplementary SSA and efficiently shortens the ion transport pathway.
Meanwhile, the N dopant largely enhances the electron transfer and improves the SAC. The simulated SAC result is 56.9 mg g
according to Langmuir isotherm in 10 mM NaCl solution.38 Xing et al.3° demonstrate that particle size influences the electrical
properties of the material. By controlling the particle size of ZIF from 100 nm to 450 nm, they observe that smaller particles
exhibit a shorter charge transfer pathway. Additionally, the incorporation of conductive carbon powder improves the ion
transfer bridge properties for smaller MOF particles. The electrode prepared with 100 nm particles showed a maximum SAC of
28.54 mg g1 (Langmuir method) in a 40 mM saline solution with a voltage of 1.2 V. This finding highlights the importance of
particle size control in optimizing the electrical properties of electrodes design strategy for CDI applications.
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Figure 4. Electrical properties of electrodes in CDI. (a) The formation of EDLs by Gouy-Chapman-Stern model and (b) modified
Donnan model.1® Copyright 2015 Royal Society of Chemistry. (c) Faradaic NFeP/C electrode CV curve, red and green areas
indicate the capacitive and diffuse controlled capacity, respectively.*? (d) NFeP/C electrode SAC results.*® Copyright 2021
Elsevier. (e) Yolk-shell nano architecture design illustration.’ (f) NTP/Carbon yolk shell electrode and its faradaic salt adsorption
performance.l” Copyright 2023 American Chemical Society.

The utilization of advanced materials with exceptional surface and electrical properties has shown promise in achieving ultra-
high SAC, as summarized in Table 1. However, transitioning these materials from lab-scale to industrial applications, such as
agriculture brackish water desalination, requires careful consideration of feasibility, cost-effectiveness, energy cost, and other
practical factors (details in section 3 and 4). By addressing these considerations, the successful integration of advanced materials
can lead to practical and sustainable solutions for water desalination.

Table 1 Summary of works claimed ultra-high adsorption using carbon electrodes.

Electrode Specific Surface Area  Capacitance Voltage NaCl salinity SAC Published Reference
[
material [m2g1] [Fg1] [V] [mg L] [mgg?] year
(Conductivity
Graphene 305 57 1.5 495 2014 25
106 uS cm™1)
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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N-doped
526.7 286.86 1.2 500 21 2015 37
graphene sponge
Nonporous
445 ~200 1.6 500 17.1 2016 4
graphene
Graphene 517 ~35 2 500 49.34 2018 42
hydrogel
(100
N-doped GO/CNT 83.6 34.1 2500 75 2019 43
mA g?)
lotus leaf carbon 4482 225 1.6 2000 65 2020 31
P, N doped
1336 228 1.2 1000 39.34 2021 44
carbon

2.3 Faradaic electrode design

Faradaic electrode, in contrast to non-faradaic electrode, utilized redox reactions for ions storage. The electrodes typically
incorporate intercalation materials that can store specific ions present in brackish water. Taking NaCl as an example, metal- or
metal oxide-based intercalation materials such as NaTi>(POg4)s (NTP), Nag.44MnO, (NMO), NasTisO20 (NTO) are commonly used for
Na* ion capture, while intercalation materials like bismuth oxychloride (BiOCI), iron oxychloride (FeOCI) are popular choices for
Cl- ions as described by the equations below:

NaTiz(POs)3+2Na*+2e = NasTiz(POa)s (3)
Nag.4ax MNO; +x Na*+xe- < Nag.g4 MNO, (4)
NasTisO20+9Na*+9e" < Nay3TigO20 (5)
3BiOCl + 3e~ = Bi + Bi,03 + 3CI- (6)

Recently, several groups have reported the ultra-high SAC by using faradaic intercalation material as electrode. For example,
Wang et al.%? reported a NasFe,(PO4)s (NFeP)/C electrode through a two-step preparation method: NH4H,PO4, CeHgO7, Fe(NO)s
and NaNOs; were mixed and autoclaved, then calcination to directly obtain NFeP/C composite. By tuning the calcination
temperature, they found 750 °C is the most suitable one to obtain the large surface area electrode, which performed a 85.3 %
capacitive charge storage (also known as pseudocapacitance) based on Dunn’s approach,*> and a 97.8 mg g adsorption behavior
in 200 mg L1 NaCl solution (Fig. 4c and d).4° Moreover, a sol-gel method was used to prepare NasV,(PO4)3 (NVP)/C electrode with
an open framework strucutre.*® The ultra-high salt adsorption (137.2 mg g1) was observed under 1V and 100 mM NaCl
concentration experimental conditions. Meanwhile, Chen et al.%” reported a superior salt adsorption performance by combining
NMO and BiOCI electrode into one CDI system to achieve a dual-ions faradaic deionization. The SAC of the electrode reached
68.5 mg g1 under 100 mA g1 constant current charge process. Compared to metal- or metal oxide- based faradaic materials and
their redox reaction kinetics, MXene, as another advanced 2D material, is also applied as an intercalation electrode in CDI. Due to
its special layer-by-layer structure, MXene stores the ions between the layers by pseudocapacitive intercalation mechanism.2* Jie
Ma et al.28 used TizC,Tx as a binder-free electrode. Although the surface area of the electrode is only 2.1 m2 g1, a strong specific
capacitance (127.76 F g) at 100 mA g! owned by MXene guarantees its high salt adsorption performance, while the
pseudocapacitive charge transfer have a major impact on its desalination performance other than EDL capacitance.*® The
hydrophilic electrode further provide a surface with high wettability, and therefore reduce the ion transport pathway and
enhance the desalination performance (68 mg g1).28 Chen et al.?’ also reported a TisC; MXene derived NTP hybrid electrode by
mixing the prepared MXene and other chemical components and autoclaved together. The hybrid electrode was found to have
128.6 mg gt ultra-high adsorption property.

Recent works have found that nanoarchitecture design has emerged as a promising approach to enhance the SAC of faradaic
electrodes. Researchers have explored novel electrode structures with improved electron transfer and ion storage capabilities.
For example, Liu et al.17 developed a yolk-shell NTP/C electrode from MOF/covalent organic polymer (COP) precursor (Fig. 4e).
The carbon shell nano structure efficiently improves the total electron transfer, and prevents the dissolution of NTP during the
charge period (Fig. 4f). The electrode achieved an ultra-high SAC of approximately 200 mg g1 at 100mA g1 under a constant
current method using a 600 mM NaCl solution. Similarly, Zhang et al.*® successfully synthesized a N,P-doped carbon/MXene
electrode with core-shell nanostructure through the calcination process of MXene/ZIF-67 precursor. Compared to pure MXene,
the C/MXene exhibited over 60 F g1 capacitance at current density 0.5 A g'1. The heterostructure structure effectively resolved
the stacking issue of MXene, leading to significantly improved electrical conductivity of the whole electrode. The core-shell
electrode has a maximum SAC value of 74.8 mg g1 (Langmuir method) with 1.4V voltage applied.

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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The faradaic electrode exhibits an ultra-high SAC due to its redox reaction even though with a low surface area as summarized
in Table 2. Therefore, in the design of such electrodes, carefully controlling the amount of intercalation materials, as well as the
selection of suitable faradaic materials, becomes crucial for future practical applications. Especially for agriculture brackish water
treatment, when addressing the removal of hardness or heavy metal ions other than NaCl, thorough consideration must be given
to the appropriate choice of faradaic intercalation materials. On the other hand, the development of smart nano architecture
design offers solutions to key challenges faced by faradaic materials in CDI systems. By addressing issues like material dissolution
during charge and the stacking problem of certain materials like MXene, these designs ensure the stability and high performance
of the electrodes, leading to ultra-high SAC results. Furthermore, exploring diverse material combinations and optimizing their
properties holds the potential to further enhance SAC efficiency. Therefore, as we move towards practical applications in
agricultural areas, it becomes crucial to explore methods for simplifying the fabrication process of these electrodes.

Table 2. Summary of faradaic electrode with ultra-high SAC performance.

. SSA Capacitance . N.aCI SAC
Electrode material Voltage [V] salinity [mg Reference
[m?g7] [Fg™] L) [mgg]

NTP/MXene//AC 243 - 1.8 1000 128.6 27

NTP/C//LiMn,0,4/C 10.23 - 1.8 1170 140.03 26

NTP/C//AC 246.7 164.8 1.8 1000 167.4 50

NFeP/C//AC 46.2 163.2 1.2 500 94.5 40

C/NTO//AC 193.65 153.34 14 1000 66.14 51

BiOCI/CNF - 846.12 1.2 3000 124 52
(Current

CuFe@NiFe - - density 0.5 2925 71.8 53
mA cm~2)

Bismuthene/MXene 25 332 1.4 1170 95.7 54

TisCyTy 2.1 127.76 1.2 585 68 28

TiO2/TizCa 50.74 207 1.2 500 64.32 55

Noticeably, the oxidation of electrode is a common faradaic reaction in CDI. The oxidization process generates hydrogen
peroxide and decreases the stability of the electrode, which negatively affects the ion adsorption process.>® To address this
challenge, the advanced material that can reduce the oxidation process needs to be carefully designed. For example, using MOFs
as precursors to prepare carbon electrodes has been found to exhibit excellent oxidation reduction reaction properties.>®
Alternatively, designing oxidation-resistant MOFs offers another direction to prevent negative faradaic reactions.>” Moreover,
Zhang et al. %8 developed a MXene/covalent organic framework (COF) electrode in a heterostructure. The composite material
exhibited over 80% SAC retention after 100 cycles, while the SAC reduction rate for pure MXene electrode is over 50% within 20
cycles charge/discharge period. Thus, the design of electrode materials with high oxidation reduction reaction performance is
crucial for maintaining a stable salt adsorption process, guaranteeing the long-term usage of CDI in practical water treatment.

As a summary for future electrode design, several crucial factors influence the salt adsorption performance of non-faradaic
electrodes, primarily focusing on surface and electrical properties. Future advancements should encompass more accessible
experimental techniques to create additional sites for ion absorption, shorten ion transport pathways during adsorption, and
increase the area of ELDs. For instance, employing more efficient activating agents to enhance surface area, utilizing sacrificial
materials to control porous structures, and innovating advanced materials with enhanced electrical properties are essential steps.
On the other hand, faradaic electrodes rely on the specific interaction between intercalation materials and ions for high
selectivity. Yet, wastewater often contains multiple ions, necessitating careful design to trim different harmful ions to the safe
irrigation level. Thus, mixing various intercalation materials in one electrode could provide a solution. Furthermore, in lab-scale
contexts, nanoarchitecture design has proven effective in enhancing faradaic electrode stability and electrical properties,
warranting further exploration. Meanwhile, from an industrial perspective, cost-effective and viable electrode production is vital
for agricultural application. By addressing these factors comprehensively, the next-generation electrodes can be successfully
applied to agricultural water treatment.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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3. CDI in agricultural applications

In recent years, CDI technology synergizes effectively with the agricultural sector due to the abundance of suitable materials
that can be utilized to prepare the source of electrode materials for CDI. Numerous agricultural resources can be employed in
the production of high salt adsorption and low-cost electrode materials, thereby establishing a complementary relationship
between CDI and agriculture. On the other hand, CDI has emerged as a promising and emerging water treatment technology,
particularly for brackish water desalination and ion-selective separations. This is of utmost importance, given the crucial role that
desalination plays in meeting the growing water demands for agricultural irrigation, particularly in regions facing water scarcity.
As a result, a clear link exists between CDI technology and its application in the agriculture domain. This section aims to establish
the connection between CDI technology and its agricultural applications by summarizing relevant case studies and exploring the
potential benefits and opportunities associated with combining their respective applications.

3.1 Agricultural-related sustainable CDI electrode

In the quest for sustainable solutions in agriculture, the utilization of biomass waste as a viable source for CDI holds great
promise. Taking advantage of abundant, economical, and environmentally friendly agricultural waste, consisting primarily of
carbohydrates, serves as a significant and renewable energy source with remarkable ion storage capabilities. Previous studies
investigate the potential of coffee endocarp, macadamia nutshell, corncob, bagasse bottom, cassava peel ash, sunflower seed,
and sawdust fly ash as precursors for producing agricultural waste converted carbon through thermal carbonization methods.5%-
64 Thermal carbonization is typically conducted at high temperatures in the presence of protective gas to prevent biomass
precursor oxidation, after which the CDI electrodes are manufactured. Li et al.3! grounded the lotus leaf carbon to powder and
mixed with 10 wt% carbon black and 10 wt% polytetrafluoroethylene (PTFE) to fabricate a porous carbon film by casting onto a
graphite sheet. The obtained electrode exhibits an ultra-high salt adsorption performance as introduced in section 2.2. Gonzalez-
Garcia et al.®> produced a binder-free affordable activated bamboo biochar by directly carbonized bamboo materials without the
addition of polymer binders. The produced biochar exhibited a nanostructure composed of highly disordered graphene-like
layers, along with a relatively high surface area and micropore structures, making them suitable for use as electrodes in CDI. The
utilization of agricultural waste for the preparation of carbon electrodes in CDI applications represents a green approach to
agricultural recycling. Moreover, the modification of these carbon electrodes through activation and composite with advanced
materials, as discussed in Section 2, proves to be an effective method for enhancing their salt adsorption performance to achieve
ultra-high ion removal. This makes them highly suitable for irrigation water treatment. Therefore, the reuse of agricultural waste
and the purification of agricultural feed water position agricultural-related carbon electrodes as a promising solution for future
CDI applications in high salt adsorption for an environmentally friendly and cost-effective purpose.

3.2 Application of CDI technology for agricultural irrigation

CDI offers several key advantages for agricultural water treatment, including scalability, remote operation capability, and
potential cost-effectiveness.®¢ CDI's ability to selectively remove TDS optimizes energy consumption, making it a sustainable
choice in agricultural water purification (Fig. 1). Meanwhile, its modular design allows for efficient resource utilization, and it can
be powered by photovoltaic arrays from remote locations.®® As a result, CDI is a promising technology to improve water quality
for irrigation, enhance crop productivity, with potentially low maintenance and operating costs. Since in the real world, the
concentration of the ions in groundwater is far below the one used in lab-scale as introduced in section 2,3 the removal efficiency
is also used to studies to represent the salt removal properties.

3.2.1 Salinity. Desalination is crucial for addressing agricultural irrigation scarcity, and CDI offers a promising solution. By utilizing
porous electrodes, CDI removes harmful ions from wastewater to reduce salinity. Additionally, membrane capacitive
deionization (MCDI), which utilizes ion-selective membranes attached to the porous electrode surface, has gained popularity in
agricultural irrigation water treatment.®” This technology offers improved performance in terms of ion removal, energy
efficiency, and selectivity, making it a preferred choice for agricultural applications Elshafei et al.?® conducted a study to assess
the viability of desalinating brackish water for irrigation purposes by designing a modular unit with a production capacity of 32
m3 d specifically for use in a 9 m*40 m greenhouse. The feed brackish water had a TDS concentration of 4000 ppm, while the
desired TDS level for irrigation was set at 800 ppm. In general, the recommended range is less than 450 ppm while the
uppermost limitation is 2000 ppm®°. The operation lasted approximately 1.3 h, consuming 3.728 kWh of energy. Notably, the
energy consumption of this modular unit was found to be comparable to that of conventional reverse osmosis technology. The
advantage of this system lies in the ease of fabricating the carbon electrode and the extended longevity of the membrane used.
Bales et al.”® developed a CDI sizing model that incorporated process simulations calibrated with experimental data. This
model, in conjunction with an agricultural economics model featuring a crop-water-salinity function, was utilized to assess crop
yield and farm profitability. Under the constant current model, the CDI simulation data set the feed water salinity at 1500 mg L
and applied a current of 175 Amps. The resulting purified water had a decreased salinity of approximately 1000 mg L. The study
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encompassed several fruits and crops such as grapes, apples, and tomatoes. By calculating the internal rate of return and
annualized profit for different scenarios, the research demonstrated the economic viability of small-scale on-farm CDI
desalination systems that employ brackish groundwater. Furthermore, the application of CDI technology can be optimized based
on location-specific information, allowing for efficient and tailored implementation. Similarly, Bales et al.®” developed a farm-
scale economic model to assess the annualized profits of implementing an MCDI desalination system over a 10-year investment
period. The study focused on evaluating MCDI system on different crops and their profitability in southeastern Australia, with
known groundwater quality. The model served as a tool to estimate the economic viability and potential returns associated with
utilizing MCDI to reduce the salinity of the water from 3.2 dS m'1 to 1.2 dS mL. The research highlights the versatility of the MCDI
system, which can be tailored to produce different product salinities based on specific crop needs, making it potentially suitable
for a wide variety of crops across different regions around the globe.

3.2.2 Hardness. Water hardness refers to the presence of multivalent ions like calcium and magnesium in water. For agricultural
irrigation, hard water can cause soil compaction, hinder water drainage, and lead to scaling in irrigation equipment.’? Thus,
softening water is necessary to remove these mineral ions, such as Ca?* and Mg?* (Fig. 1) and further improve soil structure,
promote efficient irrigation, and ensure optimal crop growth. For example, the recommend concentration of Mg?2* in irrigation
water should be less than 50 mg L1.5972 By considering the reported SAC of lab-scale electrodes, the concentration of feed
wastewater can be determined, thereby determining the suitability of the electrode for different water desalination applications.
van Limpt et al.73 established a cooling tower for water and hardness ion storage by using MCDI technology with carbon
electrode. The results showed that MCDI was effective in reducing the concentration of both CaZ* and Mg?* ions. For high
concentration wastewater containing 46 mg L1 Ca?* and 5.1 mg L1 Mg?*, the removal efficiency could reach 74% and 71%
respectively, ensuring the application of feed water directly to irrigation. Moreover, Wouters et al.7 utilized a SiO, coated
carbon electrode for Ca ions removal. Due to the inducement of hydrophilic surface group, the CDI system exhibited an
approximately 98% ion removal efficiency in 2.5mM CacCl; solution, providing an advanced electrode design method for brackish
water desalination with agricultural irrigation application.

3.2.3 Heavy metal. Various anthropogenic activities such as industrial discharges, agricultural runoff and mining operations
contribute to the introduction of heavy metals into natural water sources. The presence of heavy metals in agricultural irrigation
water poses a significant threat to crop productivity and quality due to their accumulation in soil. This accumulation can result in
reduced plant growth, diminished yield, and potential toxicity to humans consuming the affected crops.’> Consequently, the
removal of heavy metals from agricultural irrigation water is imperative to ensure the protection of crops, maintain agricultural
productivity, and uphold food safety standards.

Several studies have investigated the effectiveness of CDI for the removal of various heavy metals from different water
sources. In the case of arsenic removal, the maximum concentration of the ions for agricultural irrigation water is recommended
to be below 100 pg L1.5° In recent study a novel titanium oxide/active carbon fiber (TiO,/ACF) electrode, with a maximum
electrosorption capacity of 8.09 mg g, efficiently reduced the concentration of As(V) in a 100 ug L! arsenic solution to below 10
ug L1 within 1.5 hours, meeting WHO drinking water standards.’”® Meanwhile, an AC electrode has demonstrated promising
results in the removal of As(V) from water. In an experimental setup with a voltage of 2V and a feed water concentration of 1
mg/L, the AC electrode achieved a high removal efficiency of 98.8%.77 The high removal efficiency guarantees the feasibility for
irrigation water treatment. Gaikwad et al.”® developed an AC electrode for chromium(VI) adsorption. The maximum adsorption
of Cr (VI) reaches over 90 % with 1.2V and below 30 mg L initial concentration. The high removal efficiency indicates that this
CDI system is an excellent candidate for groundwater heavy metal removal and produce irrigation clean water.3 For lead
removal, the commercial AC electrode has been proved to exhibit over 98% removal efficiency to reduce the concentration
below 5 mg L (Fig. 5a).”? This number already fit the recommended concentration (<5 mg L) for agricultural usage,® it is
noticeable that the initial feed water concentration was 100 mg L1, which is much higher than groundwater Pb concentration.3
Thus, CDI for Pb2* removal can be applied to treat the waste water from the sources other than ground water.
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Figure 5. Heavy metal removal in CDI. (a) The removal efficiency of Pb ions at different voltage applied.”® Copyright 2021 Royal
Society of Chemistry. (b) The ion selective of Pb, Cd and Cr removal efficiency.8° Copyright 2015 Elsevier.

Additionally, the groundwater in nature usually contains more than one single ions.3 Thus, the ion selectivity is another
significant parameter for irrigation water desalination. For example, the removal efficiency of Pb2*, Cd?*, and Cr3* ions follow the
order of Pb2* (80.82%) > Cr3* (78.36%) > Cd?* (41.87%) at 1.2V in a mixed solution (Fig. 5b). This can be attributed to the influence
of ion size and charge on the desalination process. Generally, ions with higher valence charge and smaller ion radius exhibit a
higher affinity for adsorption onto carbon electrodes, resulting in a higher removal efficiency. Thus, a strategy is provided that
for real-world brackish water desalination, the concentration of all ions, especially for these with relatively low valence charge
and large radius, need to meet the standard for agricultural irrigation.

In summary, these studies collectively underscore the efficacy of CDI as a potential technology for the removal of heavy
metals, emphasizing its applicability in wastewater treatment. Heavy metal ions, which usually have higher valence than Na*, are
expected to result in a higher SAC than Na*. Thus, the porous electrode is more likely to have an ultra-removal efficiency for
irrigation water desalination through CDI technology.

3.2.4 Perspective for agricultural irrigation. The application of CDI in agriculture is progressing systematically; however, research on
the ultra-high SAC of CDI in agricultural irrigation is relatively limited, with scarcely documented cases. The available cases
demonstrate that CDI’s ability to efficiently remove a wide range of salt ions from water ensures the provision of a suitable
irrigation source with reduced salinity levels, promoting healthier plant growth and preventing soil salinization. The ultra-high
SAC of CDI significantly enhances the removal efficiency of salts. Consequently, it becomes evident that CDI, incorporating ultra-
high SAC, holds immense potential for agricultural irrigation in the future. By addressing the challenges associated with water
scarcity and salinity, the application of ultra-high SAC CDI has the capacity to revolutionize water treatment in irrigation, thereby
ensuring sustainable and efficient agricultural production. It is worth pointing out that the fabrication of some high-SAC CDI
electrodes involves complex procedures and the use of expensive chemicals, thus leading to high costs of electrode materials.
The prospects of CDI in agricultural applications need to be holistically evaluated considering both material performance and
electrode costs based on the specific environmental situations.

4. Efficiency and cost analysis for CDI
4.1 Charge efficiency

Charge efficiency (CE) in CDI is an important parameter that quantifies the ratio of the amount of electric charge used to
remove salts to the charge supplied to the system during the adsorption period. It is calculated by dividing the amount of salt
adsorbed by the total charge transferred, which is influenced by factors such as current and charged duration. Earlier studies
suggest that a high CE value typically indicates a low energy consumption, as it reflects the efficiency of charge utilization of the
CDI system However, a recent analysis reveals that a high CE value is a necessary but not sufficient condition for an energy-
efficient CDI system. We will also need to consider the energy consumed for charge transfer..81 Thus, when implementing CDI
into industrial applications like agriculture irrigation, a high CE, with low charge transfer energy consumption is desirable as it is
required to lower overall energy consumption and make the system more energy efficient.

A higher voltage In CDI typically results in a higher CE due to the positive correlation between CE and the diffuse layer
potential, which is determined by the cell voltage according to the GCS model.82 Therefore, higher voltage is desirable for
achieving high CE. Another approach to improve CE is the usage of ion exchange membranes (IEMs) between the electrodes. It
has been found that MCDI, compared with traditional CDI, has a higher charge efficiency and generally lower energy
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consumption. By testing the salt concentration from 20 to 200 mM, Zhao et al.83 found that the CE of CDI ranges from
approximately 55% to 85%, while the CE of MCDI exhibits a much higher number (70% to 100%), leading to a lower energy
requirement. Additionally, Shiyong et al.®* used manganese dioxide (MnQO;) as an intercalation material to prepare a hollow
carbon/MnO; electrode, which exhibits 25% higher CE than the one without MnO,. The incorporation of intercalation materials
in the electrode design can enhance the CE by facilitating redox reactions, which improves the ion selectivity and reduces the
expulsion of ions with the same charge. Meng et al.8> further coated the carbon cloth electrode with MnO; and Ag to increase
the pseudocapacitive of the electrode, reaching the total CE of 83%. Therefore, increasing voltage, utilizing IEMs, and
incorporating intercalation materials are popular strategies to achieve high CE. Meanwhile, In order to prompt the energy
efficiency of the CDI system, which is related to the feed and deionized water concentration, it is significant to improve the SAC
of the CDI system. By achieving an ultra-high salt adsorption performance, the CDI system can operate with lower energy
consumption, making it more energy-efficient for agricultural applications.86.87

4.2 Cost analysis

To determine whether capacitive deionization is feasible for industrial applications, levelized cost of water (LCOW) is regarded
as the leading factor in technoeconomic analysis. Several studies have developed models to evaluate the financial viability of CDI
including considering operational parameters and capital cost to provide suggestions for technology selection decisions. Capital
costs (CAPEX or capital expenditures) include all expenditures to accomplish every step before practical operations, starting from
conception, through design, permitting, financing, construction, commissioning, and acceptance testing for proper operation. 8889
Capital costs include direct and indirect costs. As Ghaffour et al.?® defined, direct capital costs represent major and auxiliary
equipment, associated piping and instrumentation, civil construction for all needed buildings, water intakes and brine discharges
infrastructure,. Land costs depend on contractual agreements and may vary from zero to an agreed lump sum payment,
depending on site characteristics.®? Construction costs typically represent 50-85% of the total capital cost. Indirect capital costs
usually take a percentage of direct capital cost with 15%-50% representing interest (overheads), working capital, freight and
insurance, contingency charges, import duties, project management, and architectural and engineering (A&E) expenses during
construction. 882091

Key variable operating costs (OPEX) include labor, energy, consumables (chemicals, membrane replacement, pump
replacement), maintenance and spare parts costs, which depend on facility location in relation to manufacturing and distribution
centers.?® The levelized cost of water (LCOW) or total water cost (TWC) is the sum of capital and operating costs over the
contract period. Costs are calculated by dividing the sum of amortized (annualized) capital costs and annual operation and
maintenance (O&M) costs by the average annual potable water production.

Hand et al.?2 considered CDI desalination at pilot- and full-scale for technoeconomic analysis. They provided frameworks to
estimate various CDI systems with different setups, materials, and operating parameters, and evaluate the desalination
performance and system lifespan. Hasseler et al.?3 developed a more normalized open-source program which includes more
operational parameters. More complex factors evaluated will result in a more realistic cost estimate. Metzger et al.?* explored
more electrode materials in technoeconomic analysis from capacitive deionization to intercalative deionization. As carbon
electrodes store ions capacitively on the porous surface, intercalation electrodes store ions into the materials lattice structure by
redox reactions. They found intercalative deionization probably be cost effective for brackish water desalination applications Liu
et al.?> compared the LCOW of reverse osmosis (RO) and several CDI configurations. With 80% water recovery, the estimated
specific energy consumption is 0.52 kWh m3 for a cost-minimized RO treatment of a 1500 mg L1 feedwater and LCOW would be
0.12 $ m3. The mixing cost to a product water with TDS of 500 mg L is included but pretreatment and brine disposal costs are
not included. At the Texas Doolittle brackish groundwater desalination plant, the reported LCOW of RO is only 0.33 $ m3
including pretreatment and brine disposal (2020 value).?® The LCOW of baseline CDI, MCDI, and flow capacitive deionization
(FCDI) are regarded as 0.25, 0.30, and 0.39 $ m-3 under baseline technology assumptions of an electrode lifespan of 0.5 years for
CDI and 1 year for MCDI and FCDI (Fig. 6a). To calculate the normalized costs for three configurations, electrode and IEM costs,
other capital expenses, electricity costs, and other operating expenses are all taken into consideration. Electrode and electricity
cost the most for CDI. IEM costs are the main cost factor for MCDI, consistent with two recent analyses.?2%4 In FCDI, all of the
electricity, electrodes and IEMs are important cost drivers.
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cost-normalized capacitance [F $1].95 Copyright 2021 American Chemical Society.

Liu et al.®5 further investigated the LCOW of CDI and MCDI systems as a function of cost-normalized capacitance [F $1] (Fig.
6b). AC and two hypothetical materials are included in the figure for comparison. Increasing the specific capacitance from the
current 80 F g1 (activated carbon) to 160 F g1 using expensive electrodes would result in a high LCOW, and the combination of
high specific capacitance and low cost would make CDI competitive with RO. However, developing such high-capacitance, low-
cost electrode materials may face technical challenges. Overall, their findings suggest that, in addition to increasing specific
capacitance, future research on electrode material innovation should aim to prolong electrode lifetime and reduce unit
electrode cost. The conclusion is consistent with similar cost analysis studies on the sensitivity of different cost drivers for CDI.
Longer system lifetime and stable materials for electrode and membranes will significantly decrease the LCOW. When the actual
concentration of brackish water is applied, lifespan is considered as the leading indicator of produced water price in CDI and
MCDI. The importance of system lifetime is more pronounced at larger concentration reductions (e.g. by extending system
lifespan from 2 to 5 year, water prices in MCDI are reduced from $0.2-0.65 m=3 to $0.17-0.36 m3 for influent with 2.5 dS m'* and
5 dS m salinity.?? In recent years, significant progress has been made in the development of electrode materials for CDI,
focusing on achieving higher adsorption capacity, longer lifespan, and lower cost. These advancements enhance the potential of
CDI for industrial applications, particularly in agricultural areas. The properties of these electrode materials, such as the
abundance of precursors, simple assembly processes, and general availability contribute to their low-cost nature and facilitate
large-scale production, thereby effectively reducing the overall cost of CDI systems used in agriculture.37.97

Irrigation, as one of the most feasible applications of CDI, indeed needs intensive cost analysis to demonstrate the potential
industrialization. Bales et al.’? analyzed the low-cost brackish water desalination for irrigated agriculture. Using a farm-scale
economics model coupled with a CDI performance model, potentially viable agricultural applications of CDI have been
investigated from various crop types and CDI configuration. Scenarios for grapes, oranges, almonds, apples, and tomatoes were
modeled to determine the maximum internal rate of return (IRR) and annualized profit (AUD (AS) hectare (ha)? year?).
Groundwater salinity thresholds above which it is considered infeasible to be profitable were 4.2 dS m-1 for grapes, 5.5 dS m-! for
oranges, 4.4 dS m for almonds, 14 dS m for apples, and 8.5 dS m-! for tomatoes 60 hectares of crop during the investment
period of10 years. Cost calculations for CDI desalinated water depend on the scenario, with a significant number below A$1 kL1,
CDI desalination was found to be economically viable in a range of scenarios and should be further explored as an option to help
address global water and food security concerns. Their study shows that compared with reverse osmosis and electrodialysis, it is
economically feasible to install small CDI desalination units on farms using brackish groundwater. Pilot studies of CDI
desalination in irrigated agriculture will be the next step in determining whether CDI can be part of future irrigation water supply
options. Bales et al.6” developed further accurate crop-water-salinity functions to provide location-based assessments of MCDI
desalination for agriculture irrigation. They investigated the profitability of different kinds of crops at different locations (Table
3). From cost breakdown analysis, similar conclusions are made that electrode cost dominates the desalinated water production
(Fig. 7). The MCDI system has the flexibility to deliver different product salinities depending on crop requirements, making it
ideal for multi-crop farms. Meanwhile, locations factors, especially rainfall, are also important for the profitability of MCDI
desalination systems because rainfalls can flush soils and prevent solutes from accumulating in soils when irrigated with brackish
water. As a result, , the novel CDI system with advanced ultra-high adsorption performance electrode will be a promising cost-
effective desalination method for future agricultural applications.
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Table 3 Bore salinity thresholds (dS m-1), lower limit of profitability increase using MCDI compared to irrigation with brackish
groundwater (dS m1), maximum IRR increase (%) and maximum annualized profit increase ($ ha yr?) for all crops at Clare and
the Hunter region.57 Copyright 2020 Elsevier.

The The The The Hunter,
Clare, The Hunter,
Clare, SA, Hunter, Hunter, Hunter, NSW,
Item SA, NSW, .
apples NSW, NSW, NSW, . strawberries
oranges strawberries
grapes oranges apples (glasshouse)
Bore salinit
v 6.3(8.2) 9.2 (9.9) 1.8(3.4) 4.9(7.2) 8.6 (9.2) 4.3 (6.6) 6.0 (6.9)

threshold (dS m-1)2

Lower limit of
profitability 3.9(1.8) 4.7 (1.1) NA (2.0) 3.6 (1.7) 4.4 (2.2) 3.8(1.5) 1.2 (1.1)
increase (dS m1)2

Maximum IRR

) 10.0 21.4 NA 6.1 17.2 1.6 1.2b
increase (%)
Maximum
annualized profit $15,750 $34,900 $2500 $13,750 $30,850 $12,750 $44,200

increase ($ halyr?)

a First set of numbers is based on internal rate of return (IRR) and number in brackets is based on annualized profit.
b IRR for the glasshouse scenario based on a 50-year investment period due to the high capital cost of the glasshouse.
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Figure 7. Cost breakdown of the MCDI desalination water production costs for C1, full installation (bore, storage, desalination
and brine disposal) and C2, MCDI only (storage and desalination).%” Copyright 2020 Elsevier.

Conclusions

The ultra-high electrochemical adsorption achieved in CDI system ensures their feasibility in industrial areas. Attaining ultra-high
CDI performance can be approached through various means. For example, the material properties, including surface area and
capacitance enhanced by chemical activation and advanced materials, as well as the occurrence of faradaic reactions between
the electrode and ions, significantly contribute to the superior ion adsorption performance. Meanwhile, we will also need to
evaluate the CDI performance based on the real environmental conditions. The recent literature review has shown that such CDI
system could be a promising candidate for agricultural applications, in which a thorough investigation of water quality is crucial
to control the levels of salt, hardness, and heavy metals within acceptable limits. Due to the high removal efficiency of the ions,
CDlI is a feasible alternative for irrigation water treatment. Moreover, the charge efficiency and cost of the system must be
carefully managed to ensure economic feasibility. Benefiting from ultra-high salt adsorption, superior ion removal efficiency,
high charge efficiency and low cost, specifically designed CDI systems could be effectively utilized in the purification of
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agricultural irrigation water and hold promise for extension to the treatment of seawater and industrially produced water in the
future.
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