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Abstract:



Zeolitic imidazolate framework-8 (ZIF-8) offers good hydrothermal, chemical, and thermal stabilities, and is therefore of interest in membrane synthesis. In this work, an interfacial polymerization (IP) method was applied by anchoring ZIF-8 to the skin layer of thin-film nanocomposite (TFN) membranes in order to obtain monovalent selectivity in electrodialysis. Organic trimesoyl chloride (TMC, 0.1 wt %) solutions and aqueous m-phenyl diamine (MPD, 2% w/v) solutions were used during the interfacial polymerization process. A range of polyamine (PA)/ZIF-8 based membranes was fabricated by varying the concentration of ZIF-8 in the organic solution. The properties of the primary and modified membrane were characterized by scanning electron microscope (SEM), energy dispersive X-ray analysis (EDAX), atomic force microscopy (AFM), water uptake, ion exchange capacity, and contact angle measurements. No significant changes of the surface structure of the PA/ZIF-8 based membranes were observed. Nevertheless, the presence of ZIF-8 under the PA layer plays a key role in the separation process. For single salt solutions that were applied in electrodialysis (ED), faster transport of Na+ and Mg2+ was obtained after introducing the ZIF-8 nanoparticles, however, the desalination efficiency remained constant. When the hybrid membranes were applied to electrodialysis for binary mixtures containing Na+ as well as Mg2+, it was demonstrated that the monovalent selectivity and Na+ flux were enhanced by a higher ZIF-8 loading.
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1. Introduction


Population growth and economic development have resulted in global water challenges. Already today, 50% of the world population are suffering medium water shortage, while 10% are undergoing extreme water problems [1]. Moreover, it is expected that the global population would grow by nearly 40% in the next forty years [2]. During the Global Risks 2015 Report of the World Economic Forum, water shortage had been identified as the most serious challenge for human beings in the next few decades [3]. The improved demand for water sources has posed a worldwide threat to water supply systems. More than seventy percent of the Earth’s surface is covered by water, but the available freshwater only accounts for a tiny fraction of the earth’s total water supply [4]. The available drinking water that is obtained from groundwater and lakes is limited because much of it is too deep to access or cannot be exploited in a sustainable way. Furthermore, severe ecosystem damage caused water depletion at a striking rate across the world [5]. Oceans, containing the most abundant water resources on the earth, can provide an inexhaustible, continuous, and high-quality water supply without damaging the original freshwater ecosystems [6]. Thus, developing advanced water treatment technologies for desalination is imperative.



Over the past decades, membrane technology for water desalination has rapidly changed from an academic pursuit to commercial reality. When compared with reverse osmosis (RO), electrodialysis (ED) is the most commonly applied process for the production of drinking and process water. Electrodialysis, as an electrochemical separation process, is the most economic process using ion exchange membranes (IEMs) for producing drinking water when the salinity of target water is less than 5 g/L. In order to generate high quality water to meet the requirements of specific industrial processes, membranes with selectivity for given ions are critical. Monovalent selectivity is governed by the affinity towards the fixed charge groups and the migration speed within the membrane matrix [7]. Based on these effects, IEMs with selectivity for specific ions have been explored, by including a thin charged skin layer or by generating a compact functional layer on the surface of IEMs. Thin film composite (TFC) membranes, comprising an ultrathin separating barrier layer that was prepared by interfacial polymerization on top of a membrane, could be used in electrodialysis for the purpose of separating multivalent ions from a mixed solution containing monovalent and multivalent ions [8]. However, the inevitably higher area resistance that is caused by a surficial functional layer increases the energy consumption at the same time. In recent years, thin film nanocomposite (TFN) membrane emerged as a new type of composite membranes, have been widely studied and industrially applied. Nanoparticles are incorporated within the interfacial layer of the TFC membrane, with the aim of enhancing the properties of the surface layer, such as hydrophilicity, permeability, selectivity, stability, and surface charge density [9]. Currently, TFNs are widely used in forward osmosis (FO), reverse osmosis (RO), and nanofiltration (NF) [10,11,12]. However, they are seldom applied in electromembrane processes.



Metal-organic frameworks (MOFs), as a class of hybrid inorganic-organic solid compounds, has gained interest due to their structural and functional tunability [13]. They can serve as porous materials similar to zeolites, while having a better affinity for the polymeric chains [14]. In addition, the flexibility in pore size of MOFs can be controlled by choosing appropriate organic ligands and inorganic secondary building units, which significantly broadens their application in molecular sieving. Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs with large surface areas and pore volumes. Notably, ZIF-8, which was obtained by the reaction of Zn2+ with 2-methylimidazole as linker, has gained great interest in membrane utilization due to its high chemical and thermal stability [14,15,16]. Duan et al. added 0.4 % (w/v) ZIF-8 nanoparticles to a TFN membrane with an 162% permeance increase while maintaining a high salt rejection [17]. However, the interfacial nanogaps that were present in the functional layer of the decorated membrane cannot be fully avoided [18]. ZIF-8 has a small aperture with a size of 3.4 Å and a comparatively large cavity with a size of 11.6 Å [19]. The small aperture of ZIF-8 can serve as an effective filter to separate hydrated cations of Mg2+ (4.28 Å) through a size sieving effect [20,21]. Although there is a significant variation on the reported values of hydrated Na+ (between 2.99 and 3.58 Å), in general, the hydrated cations with larger crystal radii have weaker hydration shells, so that the detachment of the hydration shell would occur when ions pass the solution-membrane interface [22,23]. Consequently, ZIF-8 has the right size to separate dehydrated Na+ (0.95 Å) and hydrated Mg2+ [24,25].



Different from the previously reported strategy to form a dense cationic charged layer by chemical modification, this study presents an interfacial polymerization strategy with nanoparticles to separate monovalent and multivalent ions. Porous ZIF-8 was used as a nanofiller underneath the surficial functional layer to separate monovalent ions. The influence of the ZIF-8 content on the desalination performance was explored to determine the optimal preparation parameters.




2. Materials and Methods


2.1. Materials


Ion exchange membranes that were used during the experiments were supplied by Fujifilm Manufacturing Europe B.V (Tilburg, The Netherlands). Sodium chloride (NaCl, ≥99.5%), magnesium chloride (MgCl2, ≥99.8%), sodium sulfate (Na2SO4, ≥99%), trimesoyl chloride (TMC, ≥98%), m-phenylenediamine (MPD, ≥99%), and hexane (anhydrous, 95%) were acquired from Sigma-Aldrich (Overijse, Belgium). Basolite® Z1200 (ZIF-8) was produced by BASF (Antwerpen, Belgium) and acquired from Sigma-Aldrich. Deionized (DI) water was applied throughout the experiments. All of the reagents and solvents were commercially available and were used as received.




2.2. Membrane Preparation


The monovalent cation exchange membranes were prepared by an IP method on commercial Fuji films. The membranes were first soaked in distilled water for one day to remove the impurities and then fixed in a lab-made device for interfacial polymerization. MPD concentration was fixed at 2.0% (w/v). Organic phase solutions that were used in these experiments were prepared via weighing specific amount of ZIF-8 to the TMC/n-hexane solution (0.1 wt %) under sonication for 1 h. The as-prepared membranes with different ZIF-8 loadings (0.00%, 0.02%, 0.04%, 0.06%, and 0.08% in 50 mL n-hexane solution) were designated as M-1, M-2, M-3, M-4, and M-5. The commercial cation exchange membrane was first immersed into the aqueous solutions for 5 min to implement the adsorption of MPD. After removing the remaining aqueous solutions on the membrane surface, the organic phase solution with a specific amount of ZIF-8 was poured on the surface of the membrane to execute the polymerization, and ZIF-8 anchoring process for 2 min. After the organic solution was removed, the excess organic solution was drained at the fume hood. The fresh prepared membrane was washed three times with n-hexane and dried completely to enhance the surface layer stability.




2.3. Characterization and Performance Assessment


The surface morphology of the prepared membranes was observed by using a Philips scanning electron microscope XL30 FEG (SEM, Eindhoven, The Netherlands). The membrane samples were first dried in an oven and then attached on a holder before sputtering. SEM detection was working at 10 kV. Elemental analysis of the membrane surface was conducted using EDAX that was equipped with a PGT-IMIX PTS EDX system. The surface roughness information of the membranes with and without ZIF-8 were revealed by a Dimension FastScan AFM device (Bruker, Karlsruhe, Germany) with scan areas of 1 μm × 1 μm under ambient conditions. The surface wetting nature of the membranes was characterized at room temperature via a contact angle system (OCA20, Dataphysics Instruments, Filderstadt, Germany). A circle fitting method was utilized by drop shape analysis software. The membrane resistance was determined by electrochemical impedance spectroscopy (EIS, Solartron Electrochemical System), within the frequency range from 1 kHz to 1 MHz at a 0.5 M NaCl solution. The water uptake was calculated by Equation (1):
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(1)




where Wwet and Wdry are the mass of wet and dry membranes, respectively. The ion exchange capacity (IEC) of the prepared monovalent cation exchange membranes was detected by the titration method. The membrane was immersed in a 1 M HCl solution to saturate it with H+, and then the membrane was transferred to a 1 M NaCl solution for 24 h to liberate the H+ ions. The released H+ ions concentration was quantified by a 0.01 M NaOH solution. The IEC was calculated based on the following equation:
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(2)




where [image: ] is the concentration of the released H+ ions and Wdry is the dry membrane weight (g). Surface charge was detected by a zeta potential that was equipped with a Surpass 3 (Anton Paar, Graz, Austria). The results were obtained in a 1 mM KCl electrolyte solution (pH = 6.0). Diffusion dialysis experiments were conducted using a 1 M NaCl solution and distilled water as feed side and permeate side, respectively. The effective membrane area was 13.8 cm2. Both of the compartments were vigorously stirred to minimize the effect of concentration polarization. The permeate side conductivity was recorded every 10 min to determine the concentration changes.



The selectivity of the monovalent cation exchange membranes was assessed by electrodialysis experiments. In order to deeply understand the transfer of cations during the electrodialysis process, single salt solution desalting experiments were conducted to evaluate the flux of single ions. Three streams were circulated in the ED stack: the concentrate, diluate and the electrode rising solution. The ED setup that was used in this experiment is the same as reported elsewhere [26]. The diluate and concentrate compartment were filled with 150 mL 2 g/L NaCl/MgCl2. 1 L 20 g/L Na2SO4 was used as the electrode rinsing solution with a constant flow rate of 30 L/h. The effective surface area of the membrane was 19.6 cm2. The ED experiment was carried out at a current density of 15.3 mA cm−2.



The cation flux across the ion exchange membrane was calculated from the concentration change with time (dC/dt), based on the following equation:
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(3)




where V is the volume (cm3) of the concentrate solution and A is the effective surface area of membrane (cm2).



The monovalent selectivity of the membrane was measured on the same apparatus. A solution with 0.05 M MgCl2 and 0.5 M NaCl was used as diluate compartment and a 0.5 M NaCl was used as concentrate compartment. The concentration of Na+ and Mg2+ in the diluate compartment was measured by cation chromatography after 60 min. The monovalent selectivity was calculated based on the ratio of monovalent and divalent cation fluxes [27].





3. Results and Discussion


3.1. SEM and Zeta Potential


The surface morphology of the prepared membranes with different ZIF-8 contents are displayed in Figure 1. The surface of the primary Fujifilm membrane was flat, whereas that of a MPD/TMC membrane (M-1) exhibited the typical ridge-and-valley feature. This phenomenon resulted from the violent reaction between small molecular amine and acyl chloride. With increasing ZIF-8 loading to the surface layer, the membrane showed a more net-like structure with denser and smoother zones. At higher ZIF-8 loadings, especially at 0.08%, more “cubic” structures are visible, which represent ZIF-8 nanoparticles that are covered by polyamide. No direct relation between the morphology and the ZIF-8 concentration was observed, indicating that nanoparticles were covered by a continuous PA film. It is believed that interfacial polymerization is a diffusion control process. MPD adheres on the membrane surface and diffuses and reacts with TMC in the organic phase. When no MPD permeates across the barrier layer, the reaction stops. For the monovalent ion exchange membrane that was prepared with ZIF-8 nanoparticles, ZIF-8 deposits on the membrane first and it is embedded under the PA layer, leading to similar SEM images [15]. The elemental weight distribution on the membrane surface was determined by EDAX to confirm the presence of ZIF-8. In Table 1, a low Zn content can be observed. With increasing concentration of ZIF-8 nanoparticles, a higher Zn content can be achieved. The EDAX mapping (Figure 2) demonstrated a uniform distribution of ZIF-8 on the membrane surface. However, the variation of the Zn concentration is not obvious. Thus, the results of SEM and EDAX suggest a successful encapsulation of ZIF-8 nanoparticles. The PA surface structures with various crosslinking degree can be explored by analyzing the element ratios between O and N. For the modified membrane without ZIF-8 nanoparticles, the O/N ratio is about 1.75. It was obvious that no distinct difference can be seen in the O/N ratio with the increase of ZIF-8 concentration. This indicated that the crosslinking degree of MPD/TMC copolymer was maintained as stable, while the ZIF-8 concentration is below 0.08%. The zeta potential of the as-prepared membranes was listed in Table 2. Both the primary ion exchange membrane and the MPD/TMC modified membrane are negatively charged, with zeta potentials of −16.4 and −20.3 mV, respectively. After introducing ZIF-8 into the selective layer, the zeta potential of the modified membrane shifted to −22.3 mV. With a further increasing ZIF-8 content, the zeta potential values continued to decrease. It should be noticed that the slight reduction of zeta potential is not consistent with the O/N ratio results that were obtained from EDAX, which can be explained by the detection depth of EDAX. A detection depth around 1 μm for EDAX with complex background can reduce the impact of carboxylic acid groups on O/N ratio. Thus, the ZIF-8 loading inside the MPD/TMC surface layer could generate more carboxylic acid groups.


Figure 1. Scanning electron microscope (SEM) images of the unmodified and modified ion exchange membrane. Nanoparticle loadings are (M-1) 0.00%, (M-2) 0.02%, (M-3) 0.04%, (M-4) 0.06%, and (M-5) 0.08% (w/v).
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Figure 2. Energy dispersive X-ray analysis (EDAX) mapping for the membrane after Zeolitic imidazolate framework-8 (ZIF-8) incorporation (Light dots are of Zn).
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Table 1. Atomic concentrations of C, N, O, and Zn obtained by EDAX results.





	Membrane Type
	C (%)
	N (%)
	O (%)
	Zn (%)





	M-0
	56.80
	14.31
	28.89
	-



	M-1
	59.35
	14.78
	25.87
	-



	M-2
	57.59
	16.60
	25.78
	0.03



	M-3
	57.77
	16.14
	26.01
	0.08



	M-4
	58.30
	16.92
	24.70
	0.08



	M-5
	59.07
	15.49
	25.32
	0.12








Table 2. Zeta potential results of the primary and modified membranes.





	Membrane
	M-0
	M-1
	M-2
	M-3
	M-4
	M-5





	Zeta potential (mV)
	−16.4
	−20.7
	−22.3
	−23.7
	−23.8
	−24.5









The water contact angle measurements also confirmed the presence of ZIF-8 under the PA film (Figure 3). After modification, contact angles increased from 27.6° to 43.7°. This indicates that the primary commercial cation exchange membranes are highly hydrophilic; by introducing the MPD/TMC layer, the surface becomes more hydrophobic. The addition of a certain content of ZIF-8 nanoparticles to the TFN membranes greatly reduce the surface hydrophilicity, which is in accordance with previous research [28]. Assuming that some ZIF-8 nanoparticles would be bared on the modified layer, water contact angles would increase with the increase of the ZIF-8 nanoparticles content. However, a comparatively more hydrophilic surface was obtained with increasing ZIF-8 nanoparticles content, which means that ZIF-8 nanoparticles tend to be covered by the polyamide layer [17,28]. As was proved by previous zeta potential results, increased ZIF-8 loadings suggest an increased surface charge density of the MPD/TMC surface layer, and thus increased carboxylic acid groups lead to an increased hydrophilicity. Furthermore, the increased roughness could also enhance the hydrophilicity to some extent [29]. As shown in Figure 4 and Table 3, the pristine membrane has a smooth surface, with a roughness of 1.0 nm. After modification, the Rsq significantly increases to 36.3 nm. By raising the initial concentration of ZIF-8 to 0.08%, the surface roughness increased to 70.8 nm, with the contact angles decreasing from 78° to 71° [30,31]. As a consequence, a further increase of ZIF-8 nanoparticles loadings tends to reduce the contact angles.


Figure 3. Contact angle of the modified ion exchange membranes.
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Figure 4. Atomic force microscopy (AFM) topography of the membrane with and without modification.
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Table 3. AFM surface roughness parameters of the pristine and modified membranes.





	Membrane Type
	M-0
	M-1
	M-2
	M-3
	M-4
	M-5





	Root mean square height (Rsq)
	1.0 nm
	36.3 nm
	43.4 nm
	51.5 nm
	65.2 nm
	70.8 nm



	Maximum height (Rsz)
	4.4 nm
	210 nm
	230 nm
	274 nm
	347 nm
	335 nm










3.2. IEC and Water Uptake


The ion-exchange capacity is yields the ionic conductivity of the membranes, while the water uptake can affect the transport behavior of ions across the membrane. The IEC and the water uptake values as a function of ZIF-8 content for all of the prepared membranes are presented in Figure 5. Changes of the IEC and water uptake values can be observed after surface modification of the MPD/TMC layer from 1.34 mmol/g to 1.42 mmol/g and 33.4% to 30.6%, respectively. Since MPD/TMC composites are negatively charged [32], the IEC was increased after introducing more negative functional groups. The dense structure of the MPD/TMC layer is more hydrophobic, which indicates the reduced water molecular accessibility to the surface matrix. Therefore, an increased IEC and reduced water uptake for the MPD/TMC modified membrane was obtained. Furthermore, all of the membranes exhibited an increase in IEC and water uptake with increasing ZIF-8 content. Besides, a large cavity of ZIF-8 that can accommodate water molecules, which can be another factor that contributed to the higher water uptake. Consequently, the prepared PA/ZIF-8 membrane surface has an enhanced water uptake, and a more negative charge density with increased ZIF-8 content.


Figure 5. Ion exchange capacity (IEC) and water uptake of the membranes with different ZIF-8 loadings.
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3.3. Diffusion Dialysis


Diffusion dialysis using the synthesized membranes with different ZIF-8 content was carried out to study the diffusional ion transport process. In Figure 6, it can be seen that the conductivity of the permeate side increases during the experiments, which is caused by the diffusion of ions from the high concentration chamber to the low concentration chamber. However, the rate of conductivity change is different. After 1 h self-diffusion, the conductivity of the M-0 membrane changed from 10 µs/cm to 275 µs/cm. The interfacial polymerization between MPD and TMC limited the diffusion process; as a result, the diffusion of NaCl for the M-1 membrane becomes slower, and consequently, the conductivity change reduced. Theoretically, the dehydrated radius of Na+ is around 0.95 Å [21,23], which is smaller than the ZIF-8 pores (3.4 Å). Therefore, a small addition of ZIF-8 to the TFN increased the Na+ flux. With a higher ZIF-8 loading in the surface selective layer, the Na+ flux further increases, which may be caused by two reasons. First, increased ZIF-8 loadings introduce more free space that can facilitate the Na+ migration. More importantly, the structural changes with ZIF-8 incorporation and the possible voids between the organic/inorganic interphase could facilitate the NaCl permeance [17,33].


Figure 6. Conductivity change of diluate compartment during diffusion process.
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3.4. Membrane Resistance


Electrochemical impedance spectroscopy is an important tool to elucidate the electrochemical parameters of a membrane, allowing for quantifying the resistance of the membrane matrix. As can be observed in Figure 7, for M-0 membrane, the membrane resistance increased by a factor 1.5 for MgCl2 when compared to the NaCl solution. The increased resistance for NaCl solution indicates that the presence of the MPD/TMC layer near the cation-exchange membrane hinders the ionic transport. Since the similar IEC and water uptake yield a relative constant resistance, which means that the transport of Na+ is not much affected by the ZIF-8 incorporation. In the case of Mg2+, the reduction of membrane resistance was observed, because carboxylic acids are inert diluents that the interaction between Mg2+ was greatly mitigated. As a consequence, Mg2+ permeates through the cation-exchange membrane becomes easier and the membrane resistance reduced. The variation of resistance with ZIF-8 content on the membrane surface was large. Since the incorporation of ZIF-8 would increase the water uptake, in this regard, the further enhancement of membrane conductivity is produced. However, with the increase ZIF-8 loading to a certain content, the membrane resistance continuous increasing. In this condition, the steric hinderance effect of ZIF-8 and enhanced crosslinking play a much more important role, rather than electrostatic effect. In contrast, while ZIF-8 loading reached 0.8%, higher filler concentration caused the unselective voids with a significant drop in rejection, as a result, membrane resistance in MgCl2 solution drops again.


Figure 7. ZIF-8 effect on electrochemical impedance spectroscopy (EIS) of membrane for NaCl and MgCl2 solutions. ((a) EIS results obtained in NaCl solution; (b) EIS results obtained in MgCl2 solution)
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3.5. Electrodialysis Experiments


The electrochemical behavior of the modified membranes was investigated by electrodialysis using single NaCl and MgCl2 systems. During the NaCl desalination experiment, 2 g/L NaCl was used as diluate and concentrate compartment, respectively, while it is replaced by 2 g/L MgCl2 during the MgCl2 desalination experiment. 1 L 20 g/L Na2SO4 was used as the electrode rinsing solution with a current density of 15.3 mA cm−2. The conductivity of the diluate compartment decreased with desalination time for both systems (Figure 8). No obvious variation on desalination performance can be observed after surface modification and incorporation of nanoparticles. For ED, constant-current or constant-voltage major can be applied as operating modes. In previous studies using a constant-voltage strategy, the conductivity of the diluate compartment continually decreased. The elevated system resistance, and thus lower current density, retards the transfer of ions through the ion exchange membrane. Since a constant-current system could maintain a stable current, the effect of current density variation on concentration change of the diluate compartment would be expected to be minimized. In order to obtain a better understanding of this specific process, the concentrations of Na+ and Mg2+ at 15 min were considered to calculate the cation flux, due to the fact that the voltage of the system would exceed the maximum voltage of the power supply after 15 min. It can be seen from Figure 8c that a reduction of the Na+ and Mg2+ ion flux after surface modification is obtained. Conversely, a higher Na+ transport and a smaller Mg2+ transport were found after introducing the ZIF-8 nanoparticles. Generally, the increased IEC could facilitate the transport of Na+ and Mg2+ transport, however, ZIF-8 under the PA surface layer could hinder the Mg2+ transport. The results were different from previous results, which were carried out by incorporating Mil53-(Al) nanoparticles [34]. The free diameter of Mil53-(Al) is close to 0.85 nm, which makes it easier to transfer Na+ and Mg2+ than ZIF-8. With more ZIF-8 being incorporated into the membrane matrix, both the Na+ and Mg2+ transport was increased, which can be explained by the higher IEC and the formation of unselective voids. When compared with the membrane with Mil53-(Al), the interfacial polymerization with ZIF-8 method provides an enhanced IEC and diffusion ability with a lower water uptake. Furthermore, a higher electro-resistance to Mg2+ ions could impose the membrane with the possibility to separate monovalent ions. The energy consumption that was required during the ED process was also considered (Figure 8d). The energy consumption was found to decrease with increasing ZIF-8 loadings, which confirmed the facilitated migration of cations.


Figure 8. (a) Conductivity change of diluate compartment for Sodium chloride (NaCl) system; (b) Conductivity change of diluate compartment for the magnesium chloride (MgCl2) system; (c) Flux of ions in 15 min; and, (d) Energy consumption for different systems.
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3.6. Monovalent Selectivity


For the separation of monovalent and divalent cations, a comparison of monovalent and multivalent cations fluxes is presented in Figure 9. In the binary mixtures, MPD/TMC modified membranes show a much lower Na+ and Mg2+ flux than the untreated membrane, demonstrating the improvement of the steric hindrance effect. Simultaneously, the monovalent selectivity of the modified membrane increased from 1.77 to 3.66. Particularly, with incorporating ZIF-8 nanoparticles, the monovalent selectivity notably increased to 4.03. However, the flux of Na+ was reduced, which is different from the observations in single salt desalination. The larger affinity of Mg2+ for the ion exchange groups inside the membrane matrix would allow for them to occupy more ions exchange transfer sites; as a consequence, a strong suppression was imposed on the transfer of Na+ ions. Furthermore, the more hydrophobic membrane surface could reduce the permeation of strongly hydrated cations, while facilitating the less hydrated ones [35]. Combining the contribution of the dense MPD/TMC layer as well as the size sieving effect of ZIF-8, the monovalent selectivity was greatly enhanced. Further increasing the ZIF-8 content has no obvious effect on the monovalent selectivity; however, in this case, the both the Na+ and the Mg2+ permeance increased. In this condition, the increased amount of ZIF-8 reduced the thickness of the dense surface, which would also contribute to the increase of the ion flux. For M-5, although the transfer resistance was further decreased, the voids facilitated both the Na+ and Mg2+ migration from the membrane matrix to the solution. In this case, a lower monovalent selectivity was obtained.


Figure 9. The ion flux and monovalent selectivity of Na+/Mg2+ system during electrodialysis (ED).
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4. Conclusions


ZIF-8 was successfully anchored under the skin layer of commercial ion exchange membranes by interfacial polymerization. The monovalent selectivity of the modified membrane increased from 1.77 to 4.03, which is more than a twofold increase. Furthermore, during the separation process, the Na+ flux maintained a similar level when compared to the primary membrane, while the Mg2+ flux was significantly reduced. When single salt solution desalination experiments were conducted, the ZIF-8 incorporation could decrease the energy consumption by facilitating ion transport. When considering the increased monovalent selectivity and Na+ flux, introducing nanoparticles to the surface functional layer could be a promising way to enhance the ion flux in monovalent ion exchange membrane applications.
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