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ABSTRACT 

The ion desorption behavior from carbon electrodes onto high concentration brine was 

examined in this work because the ionic resources in brine are accumulated to attain high 

concentration in membrane capacitive deionization (MCDI) during mineral resource recovery. 

Several major issues were explored to demonstrate the suitability of MCDI for mineral 

recovery: ion discharge behavior using different solution chemistries (0 to 10 mM of NaCl, 

KCl, and MgCl2) of feed and brine, desorption efficiencies of various electrode regeneration 

methods (reverse polarity, short-circuiting and power disconnection) for enrichment of ions, 

and ion desorption selectivity among selected cations (Na, K, and Mg). The desorption 

efficiency was inversely proportional to ionic strength of aqueous brine solution as the ions 

from electrodes migrate toward the brine solution against ionic-strength gradient. Furthermore, 

the desorption onto brine was constrained by utilizing energy-efficient short-circuiting, 

whereas the electrochemically adsorbed ions were well discharged by reversing the polarity 

compensating for its cost. The ions were preferentially released from the electrodes in order of 

Na>K>Mg in the results, showing a reverse trend with the selectivity of electrosorption. From 

ammonium recovery tests, a high concentration of ammonium in brine (78.54 mg/L) was 

obtained from the synthetic wastewater through continuous operation of five cycles, attributing 

to its selective desorption over sodium ions present. However, it must be noted that its 

incomplete discharge from the electrodes is a challenging issue to overcome the limitations of 

MCDI as a mineral recovery process, and to attain highly concentrated ammonium. 

Keywords: Membrane capacitive deionization (MCDI); Electrosorption; Ion desorption; 

Resource recovery; Nitrogen recovery   



1. Introduction 

As all the scarcity of fresh water, needs of mineral resources, and energy generation are the 

major issues facing the world, the paradigm of wastewater industry is in a time of transition 

today [1, 2]. Aside from water purification and low energy consumption, a new role has been 

assigned to conventional wastewater treatment plants; mineral resource recovery, especially 

nutrients such as nitrogen and phosphorus led by the global trend. Wastewater is now 

considered as a potentially important source of recoverable nutrients and other valuable 

materials, and thus, resource recovery from wastewater has become a field where technological 

innovation is being developed for providing social, environmental and economic benefits [3]. 

The technologies recovering nitrogen and phosphorus from wastewaters, however, are still in 

progress of development as they are yet economically challenging [4, 5].  

Capacitive deionization (CDI) has been known to have potential for deionization of saline 

water to harvest potable water through capturing charged impurities by applying electrical 

potential difference over two porous carbon electrodes. This electrosorptive technology has 

been one of the most promising and feasible technology especially for sustainable fresh water 

production from low saline unconventional water resources [6, 7]. Besides this process has 

been significantly improved by the researches on development of advanced materials of 

electrode, energy recovery, especially based on effective process designs, led this process be 

feasible for potable water production [8, 9]. Aside from focusing on the generation of purified 

water, CDI also has a great potential for recovering mineral resources from water wastes [10-

25]. Using this technology, the charged species can be recovered by being adsorbed onto the 

electric double layers formed at the interface between an electrode and wastewater solution. As 

the electrosorption of CDI process roots in ion separation from water, it is effective for 

recovering the charged nutrient compounds by gathering the ions in minute amounts from a 

low salinity water. 

Several studies that assessed the practical suitability of CDI for recovering mineral 

resources clarified that CDI can be a useful tool for mineral resource recovery attributing to its 

efficient ion separation from low salinity water and economic feasibility. Most earlier studies 

with CDI for mineral recovery carried basic tests to evaluate adsorption capacity and selectivity 

of target species. Especially, the works on CDI for reclamation of nitrogen [10-16] from 

municipal wastewaters have been only recently performed considering the nutrients as one of 

the most possibly renewable target. The ionic ammonium which is faradaically separable was 



shown to be stably stored in the pores of carbon electrodes by the non-faradaic electrochemical 

CDI process [10]. More than 65% of ammonium of recovery was attained by using a hybridized 

membrane CDI (MCDI) and ion exchange process with three successive operating cycles [11]. 

The ammonium concentration in the brine solution was concentrated up to 322 mg-N/L via 

flow-electrode CDI allowing simultaneous removal and concentration of ammonia from the 

influent stream [12]. As the adsorption mechanisms in the CDI process has been widely studied, 

many solutions to optimize the performance and selectivity during nutrient recovery in CDI 

have been suggested. In the meanwhile, however, the behavior of ion discharge during the 

regeneration process has been barely investigated.  

The main goal of this work is to understand the behavior of ion discharge in the regeneration 

stage of MCDI during mineral recovery, which is presently known as one of the most advanced 

CDI systems in this field [26]. The ions adsorbed onto the carbon electrode surface is 

discharged onto a high concentration brine for enrichment of mineral, the effect of brine 

concentration on ion desorption was investigated by changing the ionic compositions and 

strength of the synthetic feed and brine solutions. Besides the desorption efficiency of three 

different ion discharging methods (i.e., reverse polarity, short circuit and zero-voltage discharge) 

were evaluated during releasing the adsorbed ions onto brine. The selectivity of ion desorption 

was also studied using a mixture of different ions in the feed solution. The 

adsorption/desorption of MCDI was repeatedly run to attain high concentration of ammonium 

ions from a synthetic wastewater, and the improvement was discussed based on the findings 

through this study. 

 

2. Experimental  

2.1. Synthetic Na, K, and Mg solutions for desorption tests and synthetic wastewater feed for 

ammonium recovery tests 

ACS graded sodium, potassium, and magnesium chlorides (Sigma-Aldrich, MO) were used 

as both feed and brine solutions for the experiments examining the ion discharge behavior 

under different ionic compositions (0.1-10.0 mM). A synthetic wastewater effluent was used 

during the tests of nitrogen recovery from municipal wastewater. The ionic composition of the 

synthetic feed solution was based on the water quality of the secondary effluent from selected 

wastewater treatment plants in California, USA (Table 1) [27]. The enriched synthetic 



wastewater was prepared by dissolving all ACS graded chemicals (Sigma-Alidrch, MO) in 

deionized (DI) water. Potassium phosphate and magnesium sulfate were replaced to potassium 

chloride and magnesium chloride, respectively, in order to prevent any possible scaling 

formation caused by the chemicals in the synthetic wastewater [28]. The total ionic strength of 

the modified synthetic wastewater was adjusted to be the same with that of the original 

wastewater. The organic matters originally contained in the wastewater were ruled out to ignore 

the effect of adsorption of negatively charged organics or possible fouling onto the carbon 

electrode surface.  

Table 1. Chemical compositions of the synthetic wastewater solution as a feed solution.  

 Constituent 
Molecular weight 

(g/mol) 

Concentration 

(mM) 

Ionic 

composition 

Sodium citrate 294.09 1.16 

Ammonium chloride 53.49 0.94 

Potassium phosphate 136.09 0.45 

Calcium chloride 147.01 0.5 

Sodium bicarbonate 84.01 0.5 

Sodium chloride 58.44 2.0 

Magnesium sulfate 246.47 0.6 

 

2.2. Carbon electrodes and ion exchange membranes 

The symmetric two porous carbon electrodes used in this study were provided by Siontech 

Co. (Republic of Korea). The commercial carbon electrodes were composed of a graphite body 

sheet coated with a carbon slurry blended with activated carbon, P-60 (Kuraray Chemical Co., 

Japan) and PVDF (Inner Mongolia 3F-Wanhao Fluorin Chemical Co. Ltd., China). The 

dimensions of the carbon electrodes were 10x10 cm2, and the consequent total carbon mass of 

each of them was 0.8 g. Commercial anion and cation exchange membranes (Neosepta AFN 

and CMB, respectively) purchased from Astom Corporation (Japan) have been used for 

inhibiting the adsorption of the counter-ions during electrode regeneration.  

 

2.3. Bench-scale MCDI setup 

The MCDI experiments were carried out in a lab-scale flow-through system as described 

in our previous work [29, 30]. The dimensions of the rectangular feed channel of the test cell 

were 10 cm W x 10 cm L, and thus the effective electrosorption area was determined to be 100 

cm2. Two carbon electrodes were symmetrically inserted within the test cell, and the 



anion/cation exchange membranes were placed between those two electrodes. The anion and 

cation exchange membranes were separated by a non-electrically conductive nylon spacer, 

ensuring the water flow and preventing short-circuit. The feed water was completely in contact 

with the carbon electrodes by punching a 1 cm diameter sized hole in the center of the carbon 

electrodes, ion exchange membranes, and nylon spacer [31].  

A peristaltic pump (Cole-Palmer, IL) was placed to pump the feed solution throughout the 

MCDI system with a constant flow rate of 15 mL/min. A constant level of electrical potential 

was supplied through the MCDI unit by a potentiostat, WPG-100 (WonATech Co., Republic of 

Korea). More than 5 cycles of 2 min of electrosorption followed by 2 min of regeneration were 

repeated to stabilize the MCDI system under desired potential. After the stabilization, all the 

tests were performed in duplicate under room temperature. 

 

2.4. Experimental procedure for investigation of ion desorption behavior  

The experimental procedure for MCDI operation is presented in Fig. 1. The ions from a 

100 mL feed solution containing 0.1, 1.0, or 10.0 mM of NaCl, MgCl2, or KCl was fed into the 

lab-scale MCDI system for 8 min at 1.0 V applied potential under batch mode. The ions 

adsorbed onto the carbon electrodes were then discharged under single-pass mode in the 

following regeneration step. In this step, the solution with 0 to 10 mM of NaCl, MgCl2, or KCl 

(named as brine solution used in the regeneration) was flowed through the system at -1.0 V and 

8 min, and the concentrated water passed through the MCDI unit was collected in each min. 

After the experimental cycle was done, an additional regeneration stage was run with DI water 

to make sure all the ions are completely removed from the carbon electrodes. Thereby no 

further discharge of ions was detected by a conductivity meter ensuring that no ions are 

remained on the electrode surface that could be released by electrical force. A mixture of NaCl, 

MgCl2, and KCl solutions (0 to 10 mM in total) was also used for investigating the ion 

desorption behavior under co-existence of different ionic conditions. 

 

2.5. Successive five-cycle operation for concentrating ammonium 

A 100 mL portion of synthetic wastewater effluent was fed under batch mode through the 

MCDI system for 8 min at 0.9 V adsorption condition. The same volume of fresh DI water was 

prepared to circulate through the system at the same condition as electrosorption by reversing 



the potential. The desorbed ions including ammonium were kept collected onto the brine 

solution after regeneration for all cycles. This batch mode adsorption/desorption process was 

run for five cycles with 100 mL of fresh synthetic wastewater solution and 100 mL of 

concentrated brine solution for each test. 

 

 

Figure 1. The experimental procedure of MCDI tests for investigation of the ion discharge onto 

high concentration brine solution 

 

2.6. Measurement of water quality 

The microwave plasma atomic emission spectrometry (MP-AES), (4100 MP-AES, Agilent 

Technologies, CA), was used to quantify the concentration of Na, Mg, and K, whereas NH4
+ 

was measured by a UV/VIS spectrophotometer (Spectroquant NOVA 60, Sigma-Aldrich, MO) 

using an ammonium photometric test kit (Merck Millipore, MA). The solution samples were 

diluted properly before analysis by the measurement devices. The calibration of MP-AES was 

carried out before measurement of samples by external calibration with deionized water and 5 

standard Na, Mg, and K mixed solutions (1.25, 2.5, 5, 10, 20 mg/L of each ion in the mixed 

solution). 

The electrosorption removal efficiency from the feed solution after batch mode operation 

was calculated using Eq. (1): 

Removal efficiency (%) =  
(𝐶0−𝐶)

𝐶0
× 100           (1) 

where C0 and C (mg/L) are the initial and final concentrations of feed, respectively. The salt 



desorption capacity with time, t, was calculated using Eq. (2): 

Salt desorption capacity (mg/g)  =  
𝑚𝑑,𝑡

𝑚
=  

𝑄×∫ ∆𝐶𝑑𝑡
𝑡

0
×𝑀

𝑚
     (2) 

Where md,t is the total amount of desorbed ions at t, Q the volumetric flow rate (ml/min), ∆C 

the molar concentration difference (mM) between the influent and effluent at time t, M the 

molar mass of salt (mg/mmol), and m represents the total electrode mass used in the MCDI 

system. The desorption efficiency with t was calculated using Eq. (3): 

Desorption efficiency (%)  =  
𝑚𝑑,𝑡

𝑚𝑎
× 100      (3) 

where ma represents the total mass of adsorbed salt in electrosorption step. The discharge 

selectivity of ion, i, at t can be expressed by Eq. (4): 

Discharge selectivity of i =  
𝐶𝑖,𝑡,𝑏

𝐶𝑡𝑜𝑡𝑎𝑙,𝑡,𝑏
        (4) 

where Ci,t,b means the molar concentration of i and Ctotal,t,b is the total molar concentration in 

the brine solution at t, respectively. The greater value of discharge selectivity implies the ion I 

is more preferentially discharged from the carbon electrode over other co-existing ions. 

 

3. Results and discussion 

3.1. The behavior of ion discharge from the electrodes onto a brine with high ionic strength 

The target ions for recovery are to be highly enriched through successive CDI operational 

cycles in order to achieve a brine with high ion concentrations. To explore the effect of the 

ionic strength of the rinse solution on ion desorption during electrode regeneration, the CDI 

adsorption/desorption operation was carried out under various ionic compositions in the feed 

and rise solutions. 

 

3.1.1. Effect of the rinse solution concentration on ion desorption 

The desorption rate in MCDI was firstly evaluated using different NaCl feed and rinse 

solution concentrations to observe the effect of concentration difference at the interface 

between the carbon electrode surface and rinse solution, without the influence of other co-

existing ions. Fig. 2 shows the desorption rate of MCDI in a single-pass mode operated under 

different NaCl feed concentrations (i.e., 0.1, 1, 10 mM) followed by desorption using different 



concentrations (0, 1, 10 mM of NaCl) of rinse solutions. The desorption rate has been measured 

in terms of the Na+ ions only for discussion. As expected, the ion desorption rate was high 

initially in the first minute of desorption time which then decreased as most of the Na+ ions 

was released to the rinse water. The average initial desorption rate of electrode regeneration for 

electrodes operated with 0.1, 1, and 10 mM NaCl as feed solution were 5.6, 54.5, and 547.0 

mg/L-min, respectively when DI water was used as rinse water. However, when 1 mM NaCl 

solution was used as a rinse water, the initial desorption rate decreased to 3.5 mg/L for 0.1 mM 

feed and 48.0 mg/L for 1.0 mM feed. When a 10 mM NaCl solution was used as rinse water, 

the desorption rate further decreased to 0.2, 29.1 and 492.5 mg/L for electrodes operated with 

0.1, 1 and 10 mM NaCl feed. The influence of the rinse water concentration on the decrease in 

the initial desorption rate was obviously more significant when the electrodes were operated at 

lower feed concentrations. For example, for electrodes operated with 0.1 mM feed, the 

desorption rate decreased by 35% and 96% when 1 mM and 10 mM solutions were used as 

rinse water compared to DI rinse water. However, for electrodes operated with 1 mM feed, the 

desorption rate decreased by only13% and 47% when 1 mM and 10 mM solutions were used 

as rinse water compared to DI rinse water. For electrodes operated with 10 mM feed, the 

desorption rate decreased by only 9% using 10 mM rinse water compared to DI water rinse 

which is not very significant.  

The main differences between the electrodes operated under three different feed 

concentrations presented in Figures 3(a), (b) and (c) are the mass of the ions adsorbed on the 

electrode surface. Electrodes operated with higher feed concentrations are expected to have 

correspondingly higher total mass of ions adsorbed on the electrodes as evident in the same 

Figure. Although the desorption rate generally decreased when a solution with higher 

concentrations is used as a rinse water, the results in Fig 3(c) are very promising because it 

shows that, the brine can be used with multiple times as rinse water for the successive 

desorption cycles thereby helping to have a high concentrated brine which is essential for 

enhancing the feed recovery rates and the recovery of resources from the more concentrated 

brine. When more concentrated rinse water is used, the decrease in the desorption rate can be 

explained due to the increased ionic concentration gradient between the electrode surface and 

the rinse water as elucidated by the Gouy-Chapman Theory [32]. Theoretically the electrical 

double-layer (EDL) capacity can be referred to determine the adsorption performance in CDI, 

which increases with the increase of electrolyte concentration in the feed water [33]. Oppositely, 

the high electrolyte concentration in the brine solution results in a low or reverse ion 



concentration gradient between the two phases (rinse water solution phase and carbon electrode 

surface), interrupting the ions being freed from the porous carbon surface. However this 

influence becomes less significant when the 

 

Why the discharge rate is lower for Fig 2(a) compared to (b) and (c)? Is this because there 

was too much ions on the electrodes which is more easily removed by reversing polarity? How 

about the discharge efficiency in terms of the amount of ions desorbed to amount of adsorbed? 

Can this be calculated?   
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Figure 2. The average concentration of desorbed Na+ onto brine solution (0 to 10 mM of NaCl). 

The samples were collected every min. The Na+ ions were collected on the electrode from a 

100 mL feed solution containing (a) 0.1, (b) 1, and (c) 10 mM of NaCl. 

 

3.1.2. Effect of the ion hydration size and charge valency of brine solution on ion desorption  

The Na+ desorption performance of CDI  using various types of rinse solution presented 

in Fig. 3 shows that the ion desorption efficiency was varied with the type of electrolyte used 

as desorbed water. The average Na+ desorption rate in the early first minute was 47.0 and 29.1 

mg/L-min as 1 and 10 mM of NaCl were present in the brine, respectively. However, the 

average Na+ desorption rate decreased when the brine solution was replaced with KCl or MgCl2 

solutions. The initial average desorption rate of Na+ ions that were adsorbed from the 1mM of 

NaCl feed solution reduced to 27.96 and 24.75 when disposed onto 10 mM of KCl and MgCl2, 

in each. The desorption efficiency of Na+ onto KCl brine was slightly lower than that of NaCl, 

which may be considered insignificant. However, the KCl electrolyte still forms a stronger 

reverse ionic strength gradient as the ion activity becomes greater from the K+, ending up a 



lower ion desorption rate. A decrease in the desorption performance could be observed more 

clearly for MgCl2 brine which induced much higher ionic strength. 
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Figure 3. Average concentration of desorbed Na+ onto brine solution ((a) 1 mM and (b) 10 mM 

of NaCl, KCl or MgCl2) and (c) the corresponding desorption capacity of the used carbon 

electrode. The samples were collected every min. The Na+ ions were collected on the electrode 

from a 100 mL feed solution containing 1 mM of NaCl. 

Fig 3(c): Unit mg/g? what is the denominator g represent? Is it mg of feed ions adsorbed per g 

of what?  

 

Based on the experimental observations above, the initial ion discharge efficiency decreases 

as the ionic concentration of the brine rinse solution becomes comparatively greater than the 

amount of ions adsorbed onto the carbon electrode surface. Besides, smaller hydration radius 

and higher valency of the ions in the aqueous brine solution lead to retarded ion desorption 

performance especially in the initial electrode regeneration stage. To sum up, the ionic strength 

gradient between the surface of the carbon electrode and the aqueous brine solution affects the 

ion discharge kinetics. The slowed desorption kinetics are consistent with the findings from 

earlier studies which probed the effect of brine composition on ion discharge in (M)CDI [30, 

34]. 

There are lot of things to understand the real mechanisms involved in the desorption of 

adsorbed ions from the electrodes. The desorption efficiencies could also be different for each 

ionic species and also for different electrodes and IX membranes.  

3.2. Three different ion discharge methods for mineral resource recovery 

As discussed above, the efficiency of MCDI process for mineral resource recovery is 



concerned to be hampered by lowered ion desorption efficiency due to the intensified ion 

strength gradient. In recent years, short-circuiting has been acknowledged to be the most 

feasible electrode regeneration method during desalination of brackish water as no energy is 

required for ion discharge [35, 36]. In this study, three different ion discharge methods were 

examined considering the lowered desorption efficiency caused by high concentration brine. 
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Figure 4. Effect of desorption methods on ions discharge performance in MCDI. The average 

concentration of desorbed Na+ driven by (a) reverse polarity, (b) power disconnection and (c) 

short-circuiting. 

 

Fig. 4 presents the discharged Na+ concentration in three different ion discharge methods 

onto highly enriched brine solutions. The power disconnected electrodes exhibited the lowest 

desorption rate (19.0 mg/Lmin in the first minute), and the initial desorption rate was 

significantly dropped by increasing NaCl concentration in brine (Fig. 4(b)). The ions were freed 

swifter under high brine concentration by short-circuiting (25.01 and 18.06 mg/Lmin under 1 

and 10 mM of NaCl in brine, respectively) as the electrostatic energy holding the ions were 

quickly dissipated, whereas the ions were slowly driven out from the carbon electrode when 

the power was disconnected (Fig. 4(c)) [34]. The ion desorption rate through reversing polarity 

was on top though the brine solution involved in high total dissolved solids. The ions were 

strongly expelled from the carbon electrode by electrostatic driving force (46.97 and 29.13 

mg/Lmin where NaCl at 1 and 10 mM concentrations was used as brine, for each as shown in 

Fig. 4(a)).  

The recent studies on CDI process demonstrated the energy-efficiency of short-circuiting 

as it requires no further electricity during electrode regeneration over the conventionally 

available polarity reversal which needs the same amount of energy that has been used for 



electrosorption. However, the results in our work suggest that short-circuiting is unlikely to be 

a proper choice for highly enriching the minerals, and reversing the polarity has better 

performance during mineral recovery compensating for its energy needs. 

 

3.3. Ion discharge from carbon electrodes under co-existence of different ions in feed solution  

3.3.1. Competitive ion desorption among Na, K, and Mg  

As different ions are present in wastewater together, electrode regeneration tests were 

carried out under a mixture of different ions in feed solution to understand the effect of co-

existing ions on their migration from the carbon electrodes to the brine water. The experiments 

were performed using a feed solution with 0.33 mM of NaCl, KCl, and MgCl for each. In the 

entire tests, the average removal efficiency of Na, K, and Mg from the feed solution was 71, 

96 and 97%, respectively. Fig. 5(a) shows the desorption efficiency of the cations (Na, K, Mg) 

disposed onto DI water. In the beginning of the regeneration stage, Na was found to be the most 

preferably freed ion from the electrode surface, followed by K, whereas Mg was the least 

favored species to be discharged. This trend can be clearly confirmed in Fig. 5(b), which 

presents the desorption percentage of the ions adsorbed on the cathode. The Na+ ions took the 

shortest amount of time to be disposed among the three cations, while the longest time was 

needed to releaseall the adsorbed Mg.  
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Figure 5. Competitive desorption among Na, K, and Mg ions. (a) The average concentration 

of desorbed, (b) desorption percentage, (c) and discharge selectivity of three different cations. 

The experiments were run using a mixed feed solution containing 0.33 mM of NaCl, KCl, and 

MgCl2 for each. 

   



Several literatures that worked on competitive electrosorption reported that the 

electrosroption selectivity is firstly determined by initial concentration of feed, then ionic 

charge valency, and hydrated radius of ions [37, 38]. First, the carbon electrodes preferentially 

hold the high concentration ions. In other words, the cations of higher valence are energetically 

more favorable to screen the surface charge of electrodes. So divalent charged species would 

be more electrochemically adsorbed on the electrode surface than monovalent ions if the 

concentrations of both are the same. With similar concentration, cations with smaller hydration 

radius show their size-affinity to approach to the pores. They are more favorably adsorbed by 

the electrostatic field. 

From the given knowledge, the preferential ion sorption in this study has a sequence of 

Mg2+ > K+ > Na+. In contrast, the preferential order of ion discharge was revealed to be Na+ > 

K+ > Mg2+, in which the trend was opposite to the electrosorption selectivity. The reversal trend 

between the competitive ion removal and preferential ion discharge implies that the ions 

preferentially adsorbed onto the carbon electrodes would be hardly released while the less 

competitively adsorbed ions would be discharged faster. The ion discharge selectivity could be 

divided into three phases (Fig. 5(c)). Na+ was the first released species at the beginning of 

electrode regeneration due to its weak bonding with the carbon electrode surface. Later on, in 

the mid-stage after the majority of Na ions were disposed, K became the leading one being 

desorbed. Lastly Mg turned out to be the most preferentially desorbed ion in the end phase as 

it was the remaining species left on the electrode surface. Further tests were conducted 

investigating the discharge selectivity onto different concentrations of brine solution. The 

desorption rates of Na, K, and Mg were measured when those were disposed onto 1 and 10 

mM brine solutions. Fig. 6 presenting the desorption selectivity in the first minute of electrode 

regeneration confirms that the trend of desorption preference was consistent regardless of the 

ionic strength of brine. 
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Figure 6. Discharge selectivity of Na, K, and Mg in the 1st min of electrode regeneration. The 

ions were discharged onto 0, 1, and 10 mM NaCl brine solutions. 

(반복실험을 하였나? error바가 필요함) 

3.3.2. Desorption kinetics using pseudo-first-order and pseudo-second-order models 

Several works on CDI evaluated the kinetics of electrosorption using pseudo-first and -

second order models [39-41]. Here in this study, kinetic models were also developed and 

executed to determine the preferential desorption among Na, K, and Mg ions. The desorption 

data was fitted using pseudo-first-order and pseudo-second-order kinetic models to provide 

numeric information from the kinetic constants.  

The linearized pseudo-first-order and pseudo-second-order model equations can be 

described by Eq. (5) and (6). 

log(𝑞𝑒 − 𝑞) = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
 for pseudo-first-order     (5) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
   for pseudo-second-order     (6) 

where qe and qt (mg/g) are the adsorbed amount of salt and desorbed amount of salt at time t 

(min) during regeneration, respectively. k1 and k2 (g/mg-min) are the desorption rate constants 

of the pseudo-first and -second-order equations, respectively.  

Fig. 7 shows the linear fitting between the model equations and experimental data. The 

desorption rate constants were obtained from the slopes and intercepts of the fitting lines and 

are listed in Table 2. Apparently both the first- and second-order models could approximate the 



experimental data. All the regression coefficients R2 for each fitting were more than 0.98 

displaying compatible features. The order of k1 and k2 values for Na, K, and Mg were in good 

correspondence with the experimental results, indicating that the preferential desorption trend 

is Na > K > Mg. However, the qe values estimated using the pseudo-second-order failed to 

accurately predict the results. The fitting results suggest that the pseudo kinetic models can be 

referred to quantitatively understand the behavior of ion desorption, as can be also observed in 

several previous studies on desorption kinetics [42-44].  
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Figure 7. Linearized (a) pseudo-first-order and (b) pseudo-second-order kinetics fitting the 

results of discharged Na, K, and Mg ions.  

 

Table 2. Parameters determined by fitting of pseudo-first-order and pseudo-second-order for 

the desorption performance. 

Kinetics Parameter Value   

  Na K Mg 

First-order qe (mg/g) 0.6850 1.5722 0.9752 

 k1 (1/h) 0.5516 0.4793 0.3388 

 R2 0.9868 0.9831 0.9981 

Second-order qe (mg/g) 0.7760 2.2080 1.3712 

 k2 (1/h) 0.8851 0.3285 0.2642 

 R2 0.9989 0.9800 0.9912 

 



3.4. Recovery of NH4
+ and discussions from observed desorption behaviors 

A synthetic wastewater effluent was fed through the MCDI system to recover NH4
+. The 

removal and desorption efficiencies of the cations contained in the wastewater feed are listed 

in Table 3. The most competitively removed species was Na+ followed by NH4
+ as those two 

hold the largest portion of cations in feed solution. NH4
+ was effectively collected (89.68 % 

removed) by the electrode under the employed operating conditions. The captured ions were 

then successively discharged onto a brine for several cycles to attain high concentration of 

NH4
+. As presented in Fig. 8, the NH4

+ concentration in the brine solution showed a nearly 

linear increase after each cycle, and reached 70.70 mg/L after five cycle operation (4.17-fold 

compared to its initial concentration in the synthetic wastewater feed) suggesting that nitrogen 

resource in wastewater can be successfully reclaimed through MCDI. Theoretically, however, 

all the ammonium ions adsorbed onto the electrode in each cycle have to be fully desorbed and 

its concentration after five cycles was consequently supposed to be 76.04 mg/L assuming its 

fixed removal (89.68%). This slightly lower amount of experimentally collected NH4
+ ions is 

likely due to the effect of ionic strength of brine on the desorption rate. In addition, the ratio of 

ammonium among all the cations in the solution increased by disposing the ions in the brine 

successively. From the discussions made earlier, the most competitively removed ions turn out 

to be reversely the least preferred species that is discharged from the electrode. In this regard, 

Na+ was kept being less released, and thus its ratio in the brine solution became lower, whereas 

the other cations including NH4
+ were comparatively well discharged onto the brine solution. 

The results imply that ammonium ions can be well recovered by MCDI achieving high 

concentration with good selectivity. However, its incomplete discharge has to be improved for 

better nitrogen recovery from wastewater effluent. 

 

Table 3. Ionic compositions of the feed and brine solutions after successive cycles operation.  

Solution Constituent 

  Na+ NH4
+ K+ Ca2+ Mg2+ 

Feed Concentration (mg/L) 84.14 16.96 17.59 20.04 14.58 

Permeate Removal (%) 69.32 89.68 89.76 90.14 89.68 

 SAC (mmol/g) 0.317 0.105 0.050 0.056 0.067 

Brine 1 cycle (mg/L) 57.17 15.15 15.81 18.11 13.05 

 3 cycle (mg/L) 156.26 43.60 46.90 53.32 38.89 

 5 cycle (mg/L) 238.84 70.70 76.94 87.53 63.93 

 CF after 5 cycle 2.84 4.17 4.37 4.36 4.38 
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Figure 8. Concentration and ratio of NH4
+ in synthetic wastewater feed and brine solutions 

after 1, 3, and 5 cycle operation. 

 

4. Conclusions 

To understand the desorption behavior in MCDI for its use of mineral recovery, the 

migration of ions from carbon electrode toward high concentration brine has been explored in 

a lab-scale MCDI system under different ionic compositions of feed and brine solutions. The 

findings from this work were applied and utilized to elucidate the discharge of ammonium ions 

collected for wastewater effluent. The major outcomes from this study are summarized as 

below: 

 The ionic strength gradient between carbon electrode surface and bulk brine solution greatly 

influences ion desorption efficiency. Stronger ionic strength of brine induced by higher 

concentration, higher ion valency, and smaller hydration radius retards the ion desorption 

rate. 

 Energy-efficient regeneration methods such as short-circuiting and power disconnection are 

unlikely effective for highly concentrating the mineral resources due to its weak repulsive 

force. The electrochemically adsorbed ions are well discharged by applying reverse polarity 

compensating for its cost, and hence higher ion concentration of brine can be obtained. 



 The selective desorption experiments confirmed that the preferential sequence of ion 

discharge was Na+ > K+ > Mg2+, which is completely reverse to the electrosorption. The 

ions which are more competitively adsorbed onto the carbon electrode are hardly released. 

 The ammonium ions can be substantially recovered by MCDI because of high removal from 

the wastewater effluent and stable discharge onto brine solution. However, its lowered 

desorption efficiency onto high concentration of brine may arouse concern of poor recovery 

performance and thus should be improved by establishing proper strategies such as applying 

higher energy potential during electrode regeneration.  

Can you also mention the modelling results? 
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