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ABSTRACT: 

Membrane capacitive deionization (MCDI) is a promising technique to achieve desalination of low-salinity 

water resources. The primary requirements for developing and designing materials for MCDI applications 

are large surface area, high wettability to water, high conductivity, and efficient ion-transport pathways. 

Herein, we synthesized ionic covalent organic nanosheets (iCONs) containing guanidinium units that 

carry a positive charge. A series of quaternized polybenzimidazole (QPBI)/iCON (iCON@QPBI) nano-

composite membranes was fabricated using solution casting. The surface, thermal, wettability, and elec-

trochemical properties of the iCON@QPBI nanocomposite membranes were evaluated. The 

iCON@QPBI anion-exchange membranes achieved a salt adsorption capacity as high as 15.6 mg g−1 

and charge efficiency of up to 90%, which are 50% and 20% higher than those of the pristine QPBI 

membrane, respectively. The performance improvement was attributed to the increased ion-exchange 

capacity (2.4 mmol g−1), reduced area resistance (5.4 Ω cm2), and enhanced hydrophilicity (water uptake 

= 32%) of the iCON@QPBI nanocomposite membranes. This was due to the additional quaternary am-

monium groups and conductive ion transport networks donated by the iCON materials. The excellent 

desalination performance of the iCON@polymer nanocomposite membranes demonstrated their poten-

tial for use in MCDI applications and alternative electromembrane processes. 

 

Keywords: Membrane capacitive deionization, nanomaterials, covalent organic nanosheets, ion-ex-

change membranes, water desalination 
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1. Introduction 

Scarcity of freshwater is one of the most pressing issues currently faced by populations worldwide. Ac-

cording to the water development report of the United Nations, the availability of clean water will worsen 

in the next 15 years. Desalination technologies such as reverse osmosis (RO), electrodialysis (ED), mul-

tistage flash distillation, and mechanical vapor compression have been widely applied in an attempt to 

alleviate worldwide water shortages [1]. Unfortunately, the high energy consumption and maintenance 

costs of current commercial desalination technologies have so far limited their widespread application 

[2]. Capacitive deionization (CDI) has emerged as a technology that can operate at ambient tempera-

tures, atmospheric pressures, and low voltages. Desalination is achieved by applying voltage between 

two porous electrodes. The electrodes are regenerated by zeroing or reversing the voltage, causing ions 

to be desorbed from the electrode pores [3]. This has led to the exploration of CDI as a potential low-

energy alternative to RO, especially for brackish water [4]. These factors, coupled with the ability to re-

generate electrodes, afford the possibility of modular desalination devices with long lifetimes [5]. Further, 

the ability to recover “contaminant” ions during electrode regeneration indicates that CDI can contribute 

to a circular water economy [6]. Overall, CDI has demonstrated the ability to meet the requirements of a 

low-cost environment-friendly route toward clean water. Despite CDI’s ability to remove a wide variety of 

ions from contaminated water [7], CDI electrodes often suffer from limitations such as low charge and 

process efficiency due to parasitic redox reactions occurring at the electrode surface [8]. The constant 

diffusion of ions into the feed stream in a membrane-free CDI technology is a detrimental phenomenon 

that reduces the overall salt removal and efficiency of the desalination process. By contrast, membrane 

capacitive deionization (MCDI) uses ion-selective barriers over the electrodes to limit co-ion expulsion 

back into the feed stream. The retention of co-ions within electrode pores in MCDI attracts more salt ions 

across the electrode-membrane interface, allowing the electrode pores to remain electroneutral [9]. This 

markedly increases the net salt removal in MCDI, compared with CDI. Furthermore, effective ion-ex-

change membranes (IEMs) can mitigate degrading electrode reactions, providing a barrier to prevent the 

electrode material contacting the feed solution [10]. This increases the charge efficiency and improves 
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device lifetime. Commercial anion-exchange membranes (AEMs) and cation-exchange membranes 

(CEMs) have been used extensively for MCDI application [11, 12]; however, these membranes suffer 

from drawbacks such as high thickness and resistance and low ion-exchange capacity (IEC). All these 

factors can hinder the performance of MCDI. 

 

 

Figure 1. Schematic of the preparation of both the ionic covalent organic nanosheet (iCON) materials 

and nanocomposite membranes used for membrane capacitive deionization in this study.

 

Nanomaterials such as graphene [13], molybdenum disulfide (MoS2) [14], and metal-organic frameworks 

(MOFs) [15] have been extensively studied as CDI electrode materials owing to the features such as 

high porosity and surface area for ion adsorption. However, the use of nanomaterials in IEMs for MCDI 
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is considerably less widespread. Nevertheless, they remain strong candidates to augment the perfor-

mance of IEMs owing to their unique functional, mechanical, and electrical properties [16]. Nanocompo-

site AEMs that incorporated reduced graphene oxide/polyaniline (rGO/PANI) have been prepared for 

MCDI applications [17]. This study demonstrated that the addition of rGO increased the conductivity of 

the membranes, improving the salt removal efficiency compared with the membranes without the nano-

material. Moreover, sulfonated graphene oxide (sGO) has been exploited as a stand-alone membrane 

for MCDI; the CEM was assembled via the dip coating of carbon nanofibers (CNF) into sGO solution 

[18]. Because of the additional ion-exchange groups and hydrophilic nature of the sGO material, the 

sGO/CNF composite was able to nearly double the salt removal and charge efficiency compared with 

the pristine CNFs. An innovative atomic layer deposition method was used to deposit titanium oxide 

(TiO2) particles onto the CNT membrane electrodes [19]. The TiO2 layer more than doubled the electro-

sorption capacity of the CNT membrane electrodes relative to the pristine electrodes, which was at-

tributed to the hydrophilic layer facilitating the transport of a greater number of ions into the electrode 

pores. These studies demonstrate the beneficial effect of incorporating nanomaterials into IEMs for 

MCDI. 

Covalent organic nanosheets (CONs) are an alternative family of nanomaterials comprising organic link-

ers that are symmetrically covalently bonded to form a two-dimensional (2D) network [20]. Considerable 

efforts have been made in recent years to advance the preparation of covalent organic framework mate-

rials, especially in the monolayer form or few-layered CONs [21, 22]. CONs are attractive candidates for 

functional materials to be used in (M)CDI and other water remediation processes owing to their material 

characteristics such as high surface area, porosity, nanoscale channels, and chemical stability [23]. Fur-

ther, the CON’s few-layered structure and organic nature make them amenable to predesigned function-

alization. Recently, a redox-active CON was prepared for use as a CDI electrode [24]. This material 

provided a high capacitance and achieved a high salt-adsorption capacity owing to the redox-active na-

ture of the CON and high porosity for maximum ion removal. The possibility to further modify the CONs 

with charged species makes them ideal additive materials for nanocomposite IEMs. The incorporation of 
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functional nanomaterials (with ionic charge) into a polymer matrix has previously been shown to increase 

the IEC and conductivity of IEMs [25]. The improvement of these membrane properties can considerably 

enhance salt removal and charge efficiency of the MCDI process [26]. Recently, CONs with a positive 

charge (quaternary ammonium) have been added to brominated poly(2,6-dimethyl-1,4-phenylene oxide) 

(PPO) polymer to prepare membranes with enhanced hydroxide conductivity for AEM fuel cells [27]. 

In this work, for the first time, we demonstrate the loading of ionic CONs (iCONs) into a polymer matrix 

of quaternized polybenzimidazole (QPBI), to prepare AEMs tailored for MCDI applications. The complete 

preparation procedure is outlined in Figure 1. The introduction of guanidinium-linked iCONs with built-in 

positive charge was hypothesized to increase the IEC and conductive transport pathways within the 

QPBI membranes. When this membrane is used in MCDI, these factors have the potential to improve 

the desalination performance. The iCON@QPBI AEMs’ surface, hydrophilic, thermal, and electrochemi-

cal properties were determined and compared with those of a pure QPBI membrane (without the addition 

of iCON). When compared with QPBI polymer membranes and similar ion-exchange materials reported 

in the literature, the iCON@QPBI membranes with an in-built positive charge were able to increase the 

salt removal and charge efficiency of the MCDI process. This performance improvement was attributed 

to the introduction of the iCON materials, which imparted additional functionality and a greater number 

of ion-transport pathways throughout the polymer matrix of the membranes. 

 

2. Experimental Section 

2.1. Materials. Poly[2,2'-(m-phenylene)-5,5'-bisbenzimidazole] (PBI) dope solution (26 wt% in N-N-di-

methylacetamide (DMAc)) was purchased from PBI Performance Products (Charlotte, NC, USA). Iodo-

methane (MeI, >99%), N,N-diisopropylethylamine (DIPEA, >98%), sodium chloride (NaCl, >99%), and 

1-methyl-2-pyrrolidone (NMP, 99%) were purchased from Sigma-Aldrich. DMAc (>99.5%) and potassium 

nitrate (KNO3, >99%) were purchased from Acros. Acetonitrile (CH3CN, >99.5%) and silver nitrate 

(AgNO3, 99.7%) were purchased from Fisher-Scientific. Activated carbon (YEC-8A) was obtained from 

Fuzhou Yihuan Carbon Company. Carbon black (CB, Super P) conductive additive was purchased from 
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Alfa Aesar. Poly vinylidene fluoride (PVDF, Kynar 761) binder was purchased from Arkema, and graphite 

current collectors (99%) were purchased from Gee Graphite Ltd. 

2.2. iCON Fabrication. A solvothermal Schiff-base condensation reaction between 0.2 mmol of triamino-

guanidinium iodide (TGI) and 0.2 mmol of respective trialdehydes (1,3,5-triformylphloroglucinol [Tp] [28], 

1,3,5-triformyl-2,4,6-trimethoxybenzene [Tp(OMe)], and 2,5-dimethoxy-1,4-terephthaldehyde 

[Ta(OMe)]) in dioxane:water (1:1 v/v) was performed in a vacuum sealed Pyrex tube heated at 120 °C 

for 72 h to produce the three iCONs i.e., Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI, respectively (see 

supporting information (SI)). The obtained iCONs were washed sequentially with hot DMAc and water to 

remove any residual starting material or oligomers. Prior to characterization studies, the iCONs were 

washed with water and then with acetone before being dried under vacuum at 90 °C for several hours. 

2.3. Electrode Preparation. Porous carbon electrodes were prepared using a slurry comprising acti-

vated carbon powder, CB, and PVDF binder (8:1:1 ratio) in NMP solvent. The slurry was coated onto a 

graphite current collector using a doctor blade with an air gap of 800 µm and annealed in a vacuum oven 

at 90 °C for 12 h. The final electrodes had an approximate area of 1 cm2 and mass loading between 9–

12 mg cm−2. 

2.4. Membrane Preparation. iCON@QPBI nanocomposite membranes were prepared using the solu-

tion casting method. A given mass of iCON was initially dispersed in 1 mL of DMAc via sonication for 1 

h. The iCON suspension was added to 0.77 g of PBI solution (26 wt% in DMAc, 0.2 g of polymer) and 

mechanically stirred (80 rpm) at 60 °C for 12 h. The final polymer concentration of all dope solutions was 

10 wt%. The dope solution was degassed using an incubator shaker (30 °C; 300 rpm) for 12 h and blade 

coated (air gap of 200 µm) onto a clean glass plate using an Elcometer 4340 film applicator. The film 

was dried at 60 °C for 12 h before being precipitated by immersion in deionized (DI) water, causing the 

membrane to peel away from the glass plate. The PBI polymer was quaternized within the membrane 

via methylation using MeI, as outlined in our previous work [29]. Anion substitution of the membranes 

was initiated by soaking them in NaCl solution (1 M) for 48 h to prepare them for desalination application 

(chloride form). Six membranes were prepared in total, designated iCON@QPBI-x, where iCON refers 
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to the identity Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI and x is the total mass percentage of iCON in 

the membrane (x = 2.5, 5, and 10). 

2.5. Membrane Characterization. Surface and cross-sectional scanning electron microscopy (SEM) 

and energy dispersive X-ray (EDX) images of membrane samples were obtained using an FEI Quanta 

250 ESEM instrument. Membranes were sputtered with Pt coating (10 nm) prior to imaging for enhancing 

image resolution. Thermal stability of membranes was analyzed via thermogravimetric analysis (TGA) 

using a TA Instruments Q500 under N2 atmosphere. Water-in-air contact angle measurements were per-

formed using a Kruss Drop Shape Analyzer (DSA 100 Instrument) with a droplet volume of 1.5 µL. Water 

uptake (WU) and linear swelling ratios (LSR) were obtained using the following equation: 

WU (%) = 
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
 × 100%    (1) 

LSR (%) = 
𝐿𝑤 − 𝐿𝑑

𝐿𝑑
 × 100%    (2) 

where mw, md, Lw, and Ld are the hydrated mass, dry mass, hydrated length, and dry lengths of the 

membrane pieces, respectively. Hydrated masses and lengths of the membrane pieces were obtained 

after their immersion in DI water for 24 h and dry masses and lengths were recorded after drying them 

in a vacuum desiccator for 24 h. IECs were measured using Mohr’s titration method [30] with AgNO3 

(0.01 M), in a manner similar to a previous work [29]. Contact angle, WU, LSR, and IEC measurements 

were performed in triplicate for all membrane samples. Area resistance (RA) values for membranes were 

determined via electrochemical impedance spectroscopy (EIS) using a potentiostat (Metrohm, Autolab) 

equipped with a frequency response analyzer (FRA32M). A two-electrode sandwich setup was employed 

with Pt mesh electrodes and 1 M NaCl electrolyte in each compartment Impedance measurements were 

conducted using an alternating current signal with 0.1-mA amplitude in the frequency range of 1 Hz–1 

MHz. The resistance of the membrane in 1-M NaCl solution (RMS) was calculated through Bode modulus 

plots and normalized by the exposed membrane area (A = 0.2 cm2) using the following equation: 

𝑅𝐴 = (𝑅𝑀𝑆 −  𝑅𝑆)𝐴     (3) 
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where RS is the solution resistance of 1-M NaCl. Detailed explanation and interpretation of the EIS meas-

urements can be found in the SI. 

2.6. MCDI Desalination Tests. The flow-between MCDI cell comprises an iCON@QPBI nanocomposite 

as the AEM and a commercial CEM (Fumasep FKS-50) placed over the anode and cathode, respectively. 

Membranes were conditioned in the electrolyte (NaCl, 200 mg l−1) for 24 h prior to the experiments and 

the anode and cathode were AC/CB/PVDF (8:1:1) electrodes for all MCDI tests. The electrodes were 

separated using an acrylic spacer (width = 1 mm) to create a water flow channel. MCDI desalination was 

conducted in a batch mode where the effluent water was recycled into the feed reservoir. The feed elec-

trolyte (NaCl, 200 mg l−1) was purged with Ar (30 min) and pumped through the MCDI cell using a peri-

staltic pump (VWR) at a flow rate of 5 mL min−1. The system was cycled for 10 adsorption/desorption 

(1.2 V/0.0 V) cycles for 1 h, followed by at least 5 adsorption/desorption cycles for 2 h. This verified the 

cycling stability of the system over >40 h of continuous operation. The desalination was monitored using 

a conductivity meter (Seven Excellence, Mettler Toledo), and voltages were applied using a potentiostat 

(Metrohm, Autolab). Conductivity values (µS cm−1) were converted to salt concentration (mg L−1) via a 

calibration plot using a reference temperature of 25 °C. MCDI performance was quantified via salt-ad-

sorption capacity (SAC), charge efficiency (𝛬), average salt-adsorption rate (ASAR), and energy normal-

ized to adsorbed salt (ENAS) given by 

𝑆𝐴𝐶 (𝑚𝑔 𝑔–1) =  
(𝐶0 − 𝐶𝑒𝑓𝑓)𝑉𝑠

𝑚𝑒
   (4) 

𝛬 (%) =  
(𝐶0 − 𝐶𝑒𝑓𝑓)𝑉𝑠𝐹

𝑀𝑄
 × 100%   (5)  

𝐴𝑆𝐴𝑅 (𝑚𝑔 𝑔–1 𝑚𝑖𝑛–1) =  
𝑆𝐴𝐶

𝑡
   (6) 

𝐸𝑁𝐴𝑆 (𝜇𝑚𝑜𝑙 𝐽–1) =  
(𝐶0 − 𝐶𝑒𝑓𝑓)𝑉𝑠

𝑀𝐸𝑎𝑑𝑠
  𝐸𝑎𝑑𝑠 = 𝑉 ∫ 𝐼𝑑𝑡  (7) 

where C0, Ceff, Vs, and me are the initial concentration (mg l−1), effluent concentration (mg l−1), reservoir 

volume (l), and electrode mass (g), respectively. F is the Faraday constant (96 485 C mol−1), M is the 
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molar mass of NaCl (58.5 g mol−1), Q is the charge supplied per adsorption cycle (C), t is the duration of 

the adsorption cycle (min), and Eads is the energy supplied during an adsorption cycle during constant 

voltage MCDI. Average values of each of these parameters was calculated from the respective values 

of at least five cycles when the MCDI system had attained equilibrium. 

 

3. Results and Discussion 

3.1. iCON Characterization. As-synthesized Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI iCONs com-

prise guanidinium units (TGI) and three different trialdehdyes i.e., Tp, Tp(OMe), and Ta(OMe), respec-

tively, as shown in Figure 1. The cationic charge present in the framework structure has been exclusively 

inherited from the guanidinium linker unit. In the powder X-ray diffraction (PXRD) pattern of Tp–TGI, the 

first peak displayed at 2θ = 9.43° corresponds to the [100] plane, as shown in Figure 2. The breadth of 

this peak indicates low crystallinity of the as-synthesized Tp–TGI iCON. 

 

Figure 2. Structural representation of eclipsed AA stacking model of a) Tp–TGI, b) Tp(OMe)–TGI, and 

c) Ta(OMe)–TGI iCONs. Color assignment: Tp is shown in light gray, Tp(OMe) in light blue, Ta(OMe) in 
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green, TGI in dark blue, and counter iodide ion in brown. d–f) Side views demonstrate the distance be-

tween the two adjacent layers of the corresponding iCONs. g–i) Comparison of the PXRD patterns 

among the as-synthesized g) Tp–TGI (gray), h) Tp(OMe)–TGI (light blue), and i) Ta(OMe)–TGI (green) 

iCONs against the simulated eclipsed (AA) model. 

 

However, in the case of Tp(OMe)–TGI, the first peak is broader than the corresponding peak for Tp–

TGI. An intense broad peak exists at 2θ = 26.68° (for Tp–TGI) and 26.40° (for Tp(OMe)–TGI), indicating 

the existence of weak π–π interactions between the adjacently stacked iCON layers. In the case of 

Ta(OMe)–TGI, the first peak appears at 2θ = 5.05° corresponding to the [100] plane and the peak at 2θ 

= 26.29° corresponds to the [001] plane. According to a previous report [28], the presence of inherent 

cationic character within the guanidinium unit and the presence of iodide counter anion in the framework 

structure act to weaken the π–π interactions between the adjacent iCONs. This is also considered re-

sponsible for the intrinsic self-exfoliation of the framework structure, resulting in the structure’s low crys-

tallinity. Moreover, this self-exfoliation reduces the material’s overall porosity, which may result in a low 

surface area and nonuniform pore-size distribution. However, these weak π–π interactions are favorable 

for dispersing the material in organic solvents, which is required for use of the iCON as filler particles in 

nanocomposite membranes. 

To elucidate the structure of the prepared iCONs, eclipsed (AA) and staggered stacking models were 

simulated (Figures S11–S16, SI). Monolayer models of each iCON were built using either the hcb (Tp–

TGI and Tp(OMe)–TGI) or hca (Ta(OMe)–TGI) nets. Monolayers were optimized using the universal 

force field. Before eclipsed (AA), slip-stacked and staggered (AB) bilayer models were optimized using 

the density-functional tight-binding method with the 3ob-3-1 parameters. All calculations were performed 

in AMS [31]. For Tp–TGI, the XRD pattern was in agreement with the eclipsed AA model, as shown in 

Figure 2g. The fitting parameters obtained after Pawley refinement are Rwp = 4.52% and Rp = 3.34%, 

and the lattice parameters are as follows: a = 10.746 Å, b = 10.758 Å, c = 3.454 Å, α = 90.04°, β = 

89.233°, and γ = 120.56° (see SI for refinement fitting parameters of Tp(OMe)–TGI and Ta(OMe)–TGI). 
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According to the simulated structure of Tp–TGI, the distance between two adjacent layers is calculated 

to be approximately 3.60 Å, with an iodide ion situated between the two layers. Meanwhile, in the case 

of Tp(OMe)–TGI, the interlayer spacing distance is calculated as 4.48 Å, which is slightly greater than 

that of Tp–TGI. This could be attributed to the presence of iodide ions as well as the methoxy groups 

between the two adjacent layers. In the case of Ta(OMe)–TGI, the distance between two adjacent layers 

is approximately 4.32 Å, which is 0.72 Å greater than that in Tp–TGI and 0.16 Å smaller than that in 

Tp(OMe)–TGI. 

In the Fourier transform infrared (FTIR) spectra of the as-synthesized Tp–TGI and Tp(OMe)–TGI iCONs, 

the bands observed at ~1574 and 1610 cm−1 (for Ta(OMe)–TGI) are assigned to the characteristic C=C 

stretch and the stretching band at ~1280 cm−1 is assigned to the C–N bonds (Figures S2–S4, SI). In 

addition, the disappearance of the characteristic C=O peak (1634 cm−1) of aldehyde and primary amine 

of the guanidinium precursor indicates complete consumption of the starting materials. The solid-state 

13C CP-MAS NMR spectroscopic studies were performed to determine the structure of the as-synthe-

sized iCONs in a crystalline state (Figures S5–S7, SI). The structure for the Tp–TGI iCON is in agreement 

with the reported study [28]. For Tp–TGI iCON, the sharp peak seen at 100 ppm was assigned to the 

carbon atom adjacent to the carbonyl carbon atom. The signal at 150 ppm was assigned to the carbon 

atom bonded to the nitrogen atom of the guanidinium unit. A low-intensity peak appeared at 192 ppm, 

which was assigned to the characteristic C=O carbon and strongly indicated the existence of the keto-

form of the as-synthesized Tp–TGI iCON [22]. On a similar line, the 13C NMR spectra of Tp(OMe)–TGI 

and Ta(OMe)–TGI are straightforward to interpret; the characteristic peaks for the methoxy group appear 

at 35 and 57 ppm, respectively (For details see SI). All three iCONs are stable up to a temperature of 

200 °C, as evidenced by the TGA profiles. (Figure S8, SI). Analysis of SEM images substantiate the 

existence of as-synthesized iCONs as micrometer-sized sheets, and the corresponding EDX profiles 

show that C, N, O, and I elements are the major components of the prepared iCONs (Figures S22–S24, 

SI). 
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The N2 adsorption isotherms of all three activated iCONs were measured at 77 K and all three iCONs 

displayed a type-II reversible adsorption isotherm. The Brauner–Emmett–Teller (BET) surface areas for 

the as-synthesized Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI iCONs were calculated as 287, 296, and 

313 m2 g−1, respectively (Figure 3). Weak π–π interactions between adjacent layers, small pore size, and 

the presence of iodide ions within the structure were the most probable factors responsible for the low 

surface area values. The nonlocal density functional theory (NLDFT) was used to calculate the pore-size 

distributions of all three iCONs. A wide range of pore diameters was observed in a pore-size distribution 

profile (Figures S25–S27, SI). This could be attributed to the lack of a proper channeled structure and 

the iodide-ion assisted blocking of pores. These observations are consistent with the literature where the 

exfoliation of 2D layers led to a loss in the finite porosity of the resulting nanosheets [22]. 

 

Figure 3. Nitrogen gas uptake isotherm for the Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI iCONs rec-

orded at 77 K. 

 

As-synthesized iCONs were found to form a stable aqueous dispersion when immersed in water for 3 d; 

the formation of a stable colloidal suspension was further verified via the typical Tyndall effect (Figure 

S31, SI). Chemical stability of the iCONs was assessed by their immersion in different solvents such as 

aqueous HCl (3 M), aqueous NaOH (3 M) solution, DMAc, methanol (MeOH), water, and tetrahydrofuran 
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(THF) for 7 d (Figures S33 and S34, SI). Analysis of PXRD patterns and FTIR spectra substantiate the 

high stability of these iCONs in all these solutions except in the alkaline medium (Figure S35 and S36, 

SI). 

As previously mentioned, porosity and conductivity are considered as two important properties that con-

tribute to the selection of the ICONs as electrode materials for use in the CDI process. Owing to the 

interfacial nature of ion electrosorption, these porous iCON materials can facilitate maximum contact 

between membrane surface and the feed saltwater stream when incorporated into a polymer membrane. 

This condition could increase the membrane wettability and expedite ion transport through the AEM into 

the electrode pores, improving its MCDI performance. It has previously been found that because of a 

weak electric double-layer overlap, materials comprising mesopores were preferred over the mi-

croporous structure [32, 33]. Subsequently some microporous materials such as activated carbons[34, 

35] and carbide-derived carbons [36] were found to be more efficient toward desalination and thus were 

preferred over mesoporous analogs. Tp–TGI, Tp(OMe)–TGI, and Ta(OMe)–TGI iCONs are microporous 

in nature. However, the presence of positive charge inherited from the guanidinium unit, leading to their 

self-exfoliation, has resulted in a nonuniform pore-size distribution in the framework structure. 

3.2. Membrane Characterization. The membrane surface and cross-sectional morphologies were ex-

amined using SEM imaging. Representative SEM and EDX images are displayed in Figure 4, and com-

plete SEM images for all membranes are displayed in Figure S39 (SI). The comparison of surface images 

of QPBI (Figure 4a) and Tp–TGI@QPBI-10 (Figure 4b) highlight the effect of iCON loading into the pol-

ymer matrix. The addition of 10 wt% of iCON to the polymer resulted in an increase in the number of 

surface features and undulations compared with the pristine QPBI membrane surface. This is reinforced 

by the full SEM images (Figure S39, SI), which show an increasing number of surface features as the 

iCON loading is increased up to 10 wt%. The cross-sectional SEM images (Figure S37, SI) show a dense 

and nonporous ion-exchange film formed during phase inversion for all the nanocomposite AEMs. Cross-

sectional thicknesses (Table 2) were between 22–25 µm for all the membrane samples. EDX mapping 

of oxygen distribution across the membrane surface is displayed in Figures 4c and 4d. As the QPBI 
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polymer contains no oxygen-bearing functionalities, any EDX signals due to oxygen were assigned to 

the iCON. The EDX map shows a uniform distribution of oxygen across the surface, indicating the thor-

ough mixing of iCON and polymer phases during the preparation process. The oxygen EDX map of QPBI 

(Figure 4c) shows negligible oxygen intensity; thus the small signals were assigned to residual water 

within the membrane after drying. This confirmed the successful embedding of iCON into the polymer 

matrix. The organic nature of the iCON filler ensured its good compatibility with the PBI polymer phase. 

This ensured a higher mass loading into the polymer matrix (10 wt%) compared with the similar PBI 

nanocomposite membranes prepared using fillers such as graphene or graphene oxide [37]. The uniform 

distribution of iCON throughout the polymer matrix can provide chloride-ion-transport pathways via qua-

ternary ammonium groups within the iCON framework. Overall, the membranes showed promising mor-

phological characteristics to be used as IEMs in MCDI. 

 

Figure 4. Representative surface SEM images and oxygen EDX map of (a and c) QPBI and (b and d) 

Tp–TGI@QPBI-10 AEMs. 
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Thermal properties of the nanocomposite IEMs were determined using TGA analysis. Decomposition 

curves for all membranes are displayed in Figure S41 (SI). All membranes displayed high thermal stability 

up to 250 °C. Although the iCON membranes with a mass loading of 5–10 wt% displayed more acceler-

ated decomposition than that of QPBI, all membranes retained ~80% of the initial mass up to T = 600 

°C. This is partially due to the excellent thermal stability of PBI polymer [38], and the thermal properties 

of membranes were not sacrificed by the addition of iCON to the polymer matrix.  

Hydrophilicity and wettability characteristics of the iCON@QPBI membranes were determined via water-

in-air contact angle measurements as well as WU and LSR. The results are presented in Table 1 and full 

contact angle images are displayed in Figure S40 (SI). 

 

Table 1. Selected hydration and dimensional properties of iCON@QPBI anion-exchange membranes. 

Thickness values were determined using ImageJ software and taken as an average of at least three 

separate measurements. 

 Contact Angle 
(°) 

Water Uptake 
(%) 

Linear Swelling Ratio 
(%) 

Thickness 
(µm) 

QPBI 65.1 ± 1.6 20.6 ± 6.9 5.6 ± 1.0 23.0 ± 0.8 

Tp–TGI@QPBI-2.5 61.8 ± 1.5 21.1 ± 3.5 10.3 ± 1.6 23.5 ± 0.5 

Tp–TGI@QPBI-5 61.5 ± 0.3 27.4 ± 2.1 7.9 ± 4.0 22.0 ± 0.3 

Tp–TGI@QPBI-10 58.4 ± 1.7 31.1 ± 2.4 7.1 ± 0.5 23.1 ± 0.8 

Ta(OMe)–TGI@QPBI-10 59.8 ± 0.3 30.0 ± 6.7 6.9 ± 0.7 23.5 ± 0.4 

Tp(OMe)–TGI@QPBI-10 53.7 ± 2.0 32.2 ± 1.6 11.4 ± 1.3 24.3 ± 0.4 

 

The measured contact angle for all the examined membranes was <90°, indicating a hydrophilic surface 

that is suitable for water desalination [39]. Notably, increasing mass loading of iCON into the QPBI matrix 

increases the hydrophilicity and wettability of the membrane surface. This is evidenced by a gradual 

decline in contact angle from QPBI (65°) to values in the range of 54°–60° for 10 wt% of iCON loading. 
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The Tp(OMe)–TGI@QPBI-10 membrane exhibited the highest hydrophilicity with a contact angle of 54° 

and a corresponding WU of 32%. The reduction in the contact angle with iCON loading can be rational-

ized by the increasing number of oxygen atoms arising from the functional groups of the various iCONs. 

The alcohol, aldehyde, and methoxy groups present in the iCON frameworks (Figure 1) contribute the 

oxygen atoms that get embedded in the QPBI backbone, which is more hydrophobic in nature. These 

oxygen-containing functionalities can form hydrogen bonds with water droplets suspended on the mem-

brane surface, thereby improving the surface hydrophilicity and reducing the contact angle [40]. The 

reduction in the contact angle is accompanied by an increase in WU for membranes as the mass loading 

of iCON increases. The WU values (20%–32%) match closely with the values for commercial IEMs used 

in water treatment processes [41]. The increased hydrophilicity and WU of the membrane has the poten-

tial to improve ionic conductivity and the subsequent ion uptake and storage in the carbon electrode. It 

has previously been reported that carbon electrodes coated with a polydopamine (PDA) layer increased 

SAC owing to the hydrophilic PDA facilitating ion transport into the electrode pores [42]. Furthermore, all 

membranes demonstrated limited swelling in aqueous environments, with LSR values in the range of 5–

11 wt%. These hydrophilic and dimensional properties imply that the membranes could be used effec-

tively in MCDI. 

 

3.3. Electrochemical Characterization. Electrochemical characteristics of the iCON@QPBI mem-

branes may considerably affect the final salt removal and charge efficiency of the MCDI process. The 

IEC of an IEM represents the number of functional groups that contribute to counterion (chloride) 

transport. A membrane with high IEC is beneficial to MCDI desalination because more ions can be re-

moved from the feed stream. The IEC results are displayed in Figure 5. The measured IEC values in this 

study (1.9–2.4 mmol g−1) exceeded the typical values of the commercial IEMs [41]. QPBI displayed the 

lowest IEC (1.86 mmol g−1), which matched closely with the previously reported values for QPBI nano-

composite membranes [37]. The addition of iCON led to a noticeable improvement in the IECs for all 

membranes. For the Tp–TGI@QPBI membrane series, the increase of mass loading from 2.5 to 10 wt% 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



18 

 

resulted in a steady increase of IEC up to a maximum value of 2.42 mmol g−1 for the Tp–TGI@QPBI-10 

membrane. This observation was crucial as it demonstrated the contribution of the iCON to the IEC, in 

addition to that of the QPBI polymer. Identical quaternization conditions were employed for each mem-

brane, thus any differences in IECs were attributed to the functional groups and counterions donated by 

the guanidinium linker unit within the iCONs. Moreover, Ta(OMe)–TGI@QPBI-10 (2.32 mmol g−1) and 

Tp(OMe)–TGI@QPBI-10 (2.28 mmol g−1) showed noticeable improvement in IECs compared with that 

of the QPBI membrane, albeit achieving slightly lower values than Tp–TGI@QPBI-10. The increase in 

IEC results for iCON@QPBI membranes is in line with the positive zeta potential values measured for 

each iCON material (Figure S28–S30, SI). These positive values indicate a material with cationic nature 

(higher positive charge), which favors their use in AEMs. The zeta potential values of Ta(OMe)–TGI (30 

mV) and Tp(OMe)–TGI (28 mV) indicate a greater cationic nature than Tp–TGI (18.4 mV), which could 

enhance the IECs of AEMs. However, the subsequent embedding of iCONs within the membrane can 

lead to factors such as ion trapping in the matrix, implying that not all ions contribute to ion-exchange 

[37]. The IEC results confirmed a successful impregnation of iCON and its ability to increase the IEC of 

the polymer membrane, which can increase SAC during MCDI desalination. 
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Figure 5. Ion-exchange capacity and area resistance values for iCON@QPBI nanocomposite mem-

branes. 

 

Corresponding area resistance (RA) values for all iCON@QPBI membranes are displayed in Figure 5. 

Similar to IEC, the area resistance is a critical electrochemical property that quantifies the resistance to 

the transportation of ions through an exposed area of the membrane. For MCDI, low RA values are pre-

ferred to facilitate ion transport into the electrode pores, which can in turn improve salt removal and 

reduce the energy consumption of the system [43]. The Bode magnitude plots obtained from the two-

electrode configuration (Figure S37, SI) are displayed in Figure S41 (SI). Resistance values were ex-

tracted directly from the high-frequency intercept of these plots (Figure S42a, SI), and the membrane 

resistance was determined via the difference between the resistance of the membrane immersed in an 

electrolyte (RMS) and the resistance of a blank cell (RS, electrolyte only). As depicted in Figure 5, QPBI 

(10.1 Ω cm2) and Tp–TGI@QPBI-2.5 (11.1 Ω cm2) show similar RA values, indicating that the membrane 

resistance is not considerably affected by the low loading of iCON into the QPBI matrix. However, further 
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loading of Tp–TGI into the QPBI matrix decreases the area resistance, producing the values of 8.2 Ω 

cm2 and 7.6 Ω cm2 for Tp–TGI@QPBI-5 and Tp–TGI@QPBI-10, respectively. This trend confirmed the 

inherent conductivity of the iCON materials, which could incorporate additional ion-transport channels 

throughout the polymer matrix. This observation was confirmed when examining the other membranes 

with 10 wt% iCON loading. Tp(OMe)–TGI@QPBI-10 (5.4 Ω cm2) achieved the lowest area resistance 

between all studied membranes, a reduction of almost 50% compared with the area resistance of the 

pristine QPBI membrane. This result was in agreement with the enhanced WU (32%) of the Tp(OMe)–

TGI@QPBI-10 membrane, which can also contribute to ion conductivity through the membrane. The 

reduced RA values of the iCON@QPBI membranes relative to QPBI highlight the ability of the iCONs to 

augment ion transport through the polymer, owing to the additional ionic groups throughout the QPBI 

backbone. 

 

3.4. MCDI Performance of iCON@QPBI Membranes. Batch-mode MCDI experiments were performed 

to determine the desalination capability of each iCON@QPBI membrane. These membranes were used 

as AEMs and placed adjacent to the anode, with commercial CEM (Fumasep FKS-50) adjacent to the 

cathode. The conductivity changes over time for each MCDI system are presented in Figure S44 (SI). 

The profiles presented in this figure display the system’s response to applied voltage; all systems dis-

played the depletion of conductivity during adsorption (1.2 V) and increment during desorption (0 V). This 

indicates the removal of salt from the feed stream during adsorption and the ability of the electrodes to 

regenerate after the voltage is removed during each cycle. This confirmed that iCON@QPBI membranes 

can function as effective ion-exchange barriers, enabling counter-ion transport into the electrodes during 

adsorption and back into the feed stream during desorption. Consequently, each iCON@QPBI/CEM sys-

tem received the expected cyclic MCDI response. Furthermore, the profiles shown in Figure S44 were 

obtained immediately after 10 initial adsorption/desorption cycles (duration 1 h). This highlighted that all 

MCDI systems could maintain regenerative behavior and desalination performance for more than 40 h 

of continuous operation. This indicated good membrane and system stabilities under the application of 
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voltage over repeated cycles. This is an important consideration for any novel electrode or membrane 

materials for MCDI. 

 

3.5. MCDI Performance of Tp–TGI@QPBI Membranes. Desalination performance for the systems was 

quantified by the key metrics SAC, charge efficiency, ASAR, and ENAS. The results for the iCON@QPBI 

membranes are presented in Figure 6. The QPBI membrane was used as a benchmark for this study to 

which the performance of the iCON-incorporated membranes could be compared. The QPBI system 

showed modest SAC (10.0 mg g−1) and charge efficiency (71.8%) compared with those of the 

iCON@QPBI membranes. These results reflected the IEC (1.86 mmol g−1) and RA (10.1 Ω cm2) values 

of the QPBI membrane, which were the lowest and highest, respectively, among the entire membrane 

series. Examination of the MCDI results for the Tp–TGI@QPBI series of membranes allowed the evalu-

ation of the effect of increasing iCON loading into the QPBI matrix on its desalination performance. The 

SAC results for the Tp–TGI@QPBI-2.5 (11.1 mg g−1) and Tp–TGI@QPBI-5 (13.6 mg g−1) showed a 

steady increase in the SAC relative to the QPBI membrane. This was attributed to the increasing mass 

loading of iCON, which contributed to additional quaternary ammonium groups and corresponding coun-

terions (chloride). This increased the IECs of the membranes and consequently the number of ions re-

moved per cycle. The Tp–TGI@QPBI-10 membrane produced the highest performance in terms of SAC 

(15.6 mg g−1). This equated to over 50% more salt ions being removed per cycle than for the MCDI 

system employing QPBI as the AEM. This considerable increase was attributed to the improved IEC 

(2.42 mmol g−1) and reduced area resistance (7.6 Ω cm2) of the Tp–TGI@QPBI-10 membrane, which 

allowed the transport and storage of a greater number of ions with reduced membrane resistance toward 

ion transport. This reduced area resistance had the largest impact on the charge efficiency metrics of the 

systems, increasing the charge efficiency to 87.1% for the Tp–TGI@QPBI-10 system. This implied that 

a higher ratio of salt ions was adsorbed per unit charge at this highest mass loading of Tp–TGI, indicating 

a reduction in undesirable phenomena such as co-ion expulsion and faradaic reactions in the MCDI cell 

[44]. Further, the ASAR and ENAS are important parameters that give insight into the kinetics and energy 
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consumption of the MCDI process. The ASAR of the Tp–TGI series of membranes increased with in-

creasing iCON loading, demonstrating that a greater number of salt ions can be removed in a given time 

period. Similar to the SAC and charge efficiency, Tp–TGI@QPBI-10 exhibited the highest ASAR (0.13 

mg g−1 min−1) among the membrane series. The ENAS of the membranes is perhaps the most important 

metric because it determines the system energy expended to remove one mole of salt ions from the feed 

stream. The increasing values of ENAS with Tp–TGI loading imply that more salt ions are removed per 

unit of energy input to the MCDI system. Similar to the charge efficiency, increasing ENAS can be at-

tributed to the Tp–TGI filler, resulting in a greater number of conductive ion-transport networks throughout 

the membrane, reducing resistance to the ion transport and electrical losses within the system. The high-

est ENAS value for the Tp–TGI@QPBI-10 membrane (7.5 µmol J−1) was comparable to previously de-

termined values for commercial IEMs [43], reinforcing the potential for using Tp–TGI@QPBI as AEMs 

for MCDI systems. 

 

Figure 6. Salt-adsorption capacity (SAC), charge efficiency, average salt-adsorption rate (ASAR), and 

energy normalized to adsorbed salt (ENAS) values for all nanocomposite iCON@QPBI membranes. 
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3.6. Comparison of Membranes with different iCON Materials. Following the high desalination per-

formance of the Tp–TGI@QPBI-10 membrane, two more membranes were prepared using iCON mate-

rials (10 wt% mass loading) with different framework configurations. These membranes were denoted by 

Ta(OMe)–TGI@QPBI-10 and Tp(OMe)–TGI@QPBI-10, and the MCDI results are outlined in Figure 6. 

This comparison gave insight into whether the material properties of the iCON could influence the MCDI 

performance. The SAC values of Ta(OMe)–TGI@QPBI-10 (14.4 mg g−1) and Tp(OMe)–TGI@QPBI-10 

(13.7 mg g−1) were slightly lower than that of Tp–TGI@QPBI-10 (15.6 mg g−1). This was in agreement 

with the lower IEC results of the membranes, being 2.32 and 2.28 mmol g−1 for Ta(OMe)–TGI@QPBI-10 

and Tp(OMe)–TGI@QPBI-10, respectively. This signified fewer salt ions being removed per adsorption 

cycle during MCDI. Nevertheless, all nanocomposite membranes with 10-wt% iCON loading achieved a 

higher SAC than the next-best Tp–TGI@QPBI-5 membrane (13.6 mg g−1), reinforcing the finding that 

higher iCON loading provides improved MCDI performance. Despite having the lowest SAC among the 

membranes with 10-wt% iCON loading, the Tp(OMe)–TGI@QPBI-10 membrane produced the highest 

values of charge efficiency (89.7%) and ENAS (7.7 µmol J−1) of all MCDI configurations. This reflected 

the excellent conductive properties of this membrane, with the lowest RA value (5.4 Ω cm2) and most 

hydrophilic character (WU = 32%) among all the tested membranes. These factors expedited ion 

transport through the membrane into the electrode, enhancing the amount of salt removed per unit of 

energy supplied to the system. Additionally, the Ta(OMe)–TGI@QPBI-10 system displayed excellent 

charge efficiency (86.5%) and ENAS (7.5 µmol J−1), which was comparable to the results achieved using 

the Tp–TGI@QPBI-10 membrane. The three iCON frameworks investigated in this study had similar 

framework structures, varying only slightly in specific factors such as functional groups of precursors 

(e.g., methoxy) and the number of guanidinium linker units. Therefore, the influence of the type of iCON 

material on desalination performance, when equivalent mass loadings of each material (10 wt%) are 

employed, cannot yet be accurately stated. This issue is exacerbated when the iCONs are embedded in 

the polymer backbone, where specific interactions between the two phases (iCON/QPBI) affect the mem-

brane’s properties and subsequent desalination performance. Future research should focus on iCON 

fabrication using a variety of linkers and framework structures, in order to better understand the influence 
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of specific iCON frameworks on the MCDI performance. Nevertheless, the study highlighted the potential 

of iCONs to improve the electrochemical properties of polymer IEMs, which improved their desalination 

performance when used in MCDI. 

The performance of the iCON@QPBI membranes was further validated by their comparison with similar 

ion-exchange materials that were prepared for MCDI. Comparison results are presented in Table S7 (SI). 

The iCON@QPBI membranes outperform several similar IEMs regarding both SAC and charge efficiency 

when a similar feed concentration is employed (200–500 mg L−1). Further, the “R-factor” of the MCDI 

configuration was determined for the iCON@QPBI membranes and compared with similar ion-exchange 

materials. This parameter was defined in our previous review and quantifies the ratio of improvement of 

SAC of the MCDI system compared with that of CDI (without membranes) [45]. This metric enables the 

comparison between different MCDI systems, regardless of feed salt concentrations and electrode ar-

chitectures, given that data for both CDI and MCDI are stated. For membranes with 10 wt% iCON loading 

prepared in this study, the R-factor values were determined to be 3.5, 3.3, and 3.1 for Tp–TGI@QPBI, 

Ta(OMe)–TGI@QPBI-10, and Tp(OMe)–TGI@QPBI-10, respectively. With both CDI and MCDI data 

available from the literature, we found these values to be exceeded by only one system (R-factor = 3.7), 

which employed a novel IEM in MCDI [17]. This reaffirmed the considerable improvement in the desali-

nation performance of the iCON@QPBI AEMs compared with that of the CDI with uncovered electrodes. 

As mentioned previously, this R-factor can be improved further by optimizing the iCON framework struc-

ture with a larger number of quaternary ammonium groups and different linker groups. The optimization 

of membrane processing should be a focus of future research. This could allow a higher mass loading 

(>10 wt%) of iCON into the polymer matrix, thereby potentially improving the membranes’ desalination 

performance. 
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4. Conclusions 

In summary, guanidinium-linked iCONs have been fabricated, where a positive charge was inherited from 

the TGI. The as-synthesized iCONs exhibited chemical stability and porosity and were successfully in-

corporated into a polymer matrix. To the best of our knowledge, these iCON@QPBI nanocomposite 

AEMs were used for MCDI application for the first time. When compared with pristine QPBI, the 

iCON@QPBI membranes showed increased hydrophilicity and improved electrochemical performance 

with high IEC values of up to 2.4 mmol g−1 and low area resistance of 5.4 Ω cm2. When the iCON@QPBI 

AEMs were used in conjunction with commercial CEM over the cathode, all MCDI systems demonstrated 

stability for at least 40 h of operation. The highest SAC (15.6 mg g−1) was achieved using the Tp–

TGI@QPBI-10 membrane, indicating that 50% more salt ions were removed per cycle compared with 

that using QPBI (without iCON filler). Additionally, charge efficiency (90%) and ENAS (7.7 µmol J−1) val-

ues were markedly improved when employing the Tp(OMe)–TGI@QPBI-10 membrane. These results 

highlight the beneficial effect of embedding iCONs into a polymer matrix, in order to improve performance 

in MCDI. We surmise that the increased number of quaternary ammonium groups and ion-transport 

pathways inherited from the iCONs result in enhanced electrochemical properties of the membranes. 

This causes increased salt removal, charge efficiency, and reduced energy consumption of all 

iCON@QPBI configurations compared with those of QPBI. The results from our study show the capability 

of functional covalent fillers to augment the properties of traditional polymer membranes for improving 

desalination. This can be applied in future MCDI membrane development and beyond into alternative 

electromembrane processes such as electrodialysis. 
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