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ab s t r ac t
In this study, capacitive deionization (CDI) and membrane capacitive deionization (MCDI) unit cells 
were used to remove NH4

+ ions. The influences of operating parameters such as the applied voltage, 
the initial ammonium concentration and the flow rate on the effectiveness of ammonium removals 
were investigated. In addition, the effects of different membrane types on MCDI performances 
were also studied. The results showed that, the electrosorption performances of CDI and MCDI 
increased by increasing the initial concentration, flow rate and the applied potential. It was observed 
that the adsorption capacity of MCDI unit was much higher than that of CDI due to the presence of 
ion-exchange membranes. MCDI technology may provide better advantages on ammonium removal.
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1. Introduction

Ammoniacal nitrogen in wastewater is a major environmen-
tal concern since it may cause eutrophication in receiving water 
bodies. Hence, the removal of ammonium nitrogen has gained 
great importance [1,2]. There are various conventional meth-
ods for ammonium removal including chemical precipitation 
[3], membrane processes [4–8], ion exchange/adsorption [9–11], 
biological treatment [12] and air stripping [13]. However, each 
process has various disadvantages. Biological nitrogen removal 
is problematic due to its sensitive operating conditions and its 
need for additional chemicals. Chemical precipitation in the 
form of struvite may also be used; however, higher magnesium 
is required at high ammonia and phosphorous concentrations 
causing higher operating costs [7]. Applications of membrane 

processes are limited by considering the necessity of high trans-
membrane pressures resulting in higher operational cost due to 
energy expense. Furthermore, it requires additional treatment 
steps before discharge in addition to the fouling problems [14]. 
The fouling problems of membranes process have been mini-
mized by using reverse electrodialysis process. However, the 
process need large membrane area due to the restriction of lim-
iting current density which increases the investment costs [14]. 
In recent years, researchers have investigated the ammonium 
removal either by capacitive deionization (CDI) or membrane 
capacitive deionization (MCDI) processes [15,16]. Farmer et al. 
[17] investigated the electrosorption of NH4 ions by carbon 
aerogel electrodes and reported 52% removal efficiency at 
50 mg/L initial concentration by a CDI cell consisted of 48 pairs 
of electrodes. A recent report has demonstrated that the elec-
trosorption of ammonium with graphene laminated electrodes 
from synthetic solution containing 400 mg/L NH4Cl reached 
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to 98% NH4–N removal efficiency [16]. A pilot scale study 
has also been reported in the literature. The activated carbon 
electrodes of the CDI stacks with a total surface area of 40 m2 
were used to investigate the electrosorption performance of 
ammonium ions (1,000 mg/L). 88.1% of NH4 removal efficiency 
was observed [15].

CDI is an attractive deionization technology without any 
chemical usage and low energy consumption [16,18]. In CDI 
process, the charged particles are removed from a solution 
that flows through between two porous carbon electrodes. 
The ions are stored within the electrical double layer (EDL) 
that developed at the interface of the electrolyte and elec-
trodes [19]. In CDI process, the ion separation mechanism is 
electrostatic adsorption process which is achieved under low 
direct voltages (<2 V) [19–21]. By the application of electrical 
field to CDI cell, carbon-based electrodes charged positive 
and negative as anode and cathode, respectively. During the 
absorption step, ions consistently move towards the electrode 
surface [22]. The amount of adsorbed ions gradually decreases 
along the adsorption process due to the limited ion adsorp-
tion capacity of the electrodes [23]. When the electrodes reach 
their saturation capacity, regeneration process is started. The 
regeneration period is aimed to release the adsorbed ions from 
the electrodes by reversing the charge of applied electrical 
potential. Consequently, the adsorbed particles at the oppo-
sitely charged electrodes start to desorb [21]. The adsorption 
capacity is limited with the capacity of the diffuse layer in CDI. 
In order to enhance the sorption capacity and to overcome 
the problems associated with desorption step, ion selective 
membranes have been used in CDI units, which is known as 
MCDI process. Ion-exchange membranes are assisted to sepa-
rate positive and negative charged ions at MCDI unit. During 
the adsorption process the cations pass through the cation-ex-
change membrane and hold onto the cathode as the anions 
transfer through the anion-exchange membrane and adsorb 
onto the anode. Besides, the desorbed ions are blocked by the 
ion-exchange membranes and retained in the bulk solution 
[21]. This ion separation mechanism of the ion-exchange mem-
branes also ensures the prevention of co-ion adsorption during 
the regeneration process. The adsorption capacity of CDI and 
MCDI processes are closely dependent on the properties of 
carbon electrode and the applied voltage. Electric potential is 
the key factor effecting the electrosorption capacity of the elec-
trodes and adsorption–desorption characteristics [19,24]. 

Most CDI and MCDI studies deal with the removal of 
indifferent ions mostly sodium and chloride. As outlined 
above, studies related to ammonium is relatively recent. 
When ammonium is removed from the solution, the pH also 
changes, which may affect the ion transport. Furthermore, 
the studies related to the effect of membrane types on the 
ion transport and comparative energy consumptions have 
been very limited. Therefore, in this study, it was aimed to 
investigate the removal of ammonium ions using both CDI 
and MCDI processes. First, the influences of various oper-
ational parameters including applied voltage, flow rate, 
initial solution concentration on the process efficiency were 
studied. Change of NH4–N, pH and conductivity with time 
were observed. Then, the influence of ion-exchange mem-
brane types on NH4–N removal was investigated. Finally, the 
energy requirement per mass of NH4–N removals for both 
CDI and MCDI were determined. 

2. Experimental setup

2.1. Fabrication of activated carbon electrodes

Method developed by Hou et al. [20] was used to prepare 
carbon electrodes. First, the polymer polyvinylidene fluoride 
(molecular weight: 530,000, Aldrich, Germany), which was used 
as a binder agent, was dissolved in dimethylacetamide (Aldrich). 
Then, the activated carbon powder with surface area of 1,500 m2/g 
(Darco 100 mesh powder, Sigma-Aldrich) was added to the 
mixture as a conductive material. The mass ratio of polymer, 
solvent and activated carbon mixture was 5:1:0.1. The mixture 
was stirred for 24 h to obtain the homogeneity. After that, the 
slurry was cast onto the electrically conductive graphite sheets 
(0.5 mm in thickness) using a casting knife. The casted electrodes 
were then dried in an oven at 120°C for 2 h to remove the solvent 
from the pores of the activated carbon. The total dry carbon mass 
on the electrodes used in CDI unit was 10.66 g. The activated car-
bon mass used in MCDI units with Ionsep MC, Ionsep HC and 
Ionsep AM membranes were 1.90, 2.38 and 2.26 g, respectively.

2.2. Configuration of CDI and MCDI cells

The area of each carbon electrode used in both CDI and 
MCDI cells was 8 × 8 cm2. In CDI cell, the anode and the cath-
ode were separated by a nylon net spacer as a turbulent pro-
moter and to prevent the short circuit. The thickness of the 
spacer was 0.5 mm. After proper arrangement of electrode 
layers, they were placed in between a polypropylene frame. 

For MCDI cell, each layer had an anode, an anion-exchange 
membrane, a cation-exchange membrane and a cathode. 
Electrodes and membranes were separated with spacer and 
silicon gaskets. Then, the arranged layers were framed by a 
polypropylene cell. Ion-exchange membranes were installed 
in parallel between the electrodes. The characteristics of the 
ion-exchange membranes (Hangzhou Iontech Environmental 
Technology Co., Ltd.) are listed in Table 1. The distance between 
the two electrodes was 1 mm for CDI and 2 mm for MCDI due 
to the presence of ion-exchange membrane layers. The CDI 
unit consisted of 7 cells with 14 electrodes that were connected 
hydraulically in series and electrically in parallel. As for MCDI 
unit, four electrodes and four membranes were placed in the 
system to create two identical cells. The electrodes were con-
nected to a direct current power supply (GW Instek PST-3202). 
During the adsorption and desorption processes, voltage and 
current values were recorded at 30 s intervals.

Both systems were operated in a continuously recirculated 
flow mode. The solution was fed to the bottom of the reactors 
and the effluent water was taken from the top of the opposite 
end. The total volume of the recirculated water was 100 mL and 
the solution was stirred with a magnetic stirrer throughout the 
experiments. A schematic view of CDI/MCDI unit is given in 
Fig. 1, NH4Cl (Sigma-Aldrich) solution was provided to the 
units by a peristaltic pump (Cole Parmer, Masterflex 77521-57) 
at constant flow rate. For each feed concentration (100, 300, 600, 
900 mg/L) the CDI and MCDI units were operated at different 
flow rates (10, 20, 30 mL/min) and various potentials (0.8, 1, 
1.2 V). Between each experiment, to remove the residual ion 
concentration on the electrodes, the systems were flushed with 
deionized water for 30 min at 10 mL/min. The experiments 
were continued until the steady state conditions reached (the 
conductivity variation was approached to zero).
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The cycle durations (sorption or desorption) for CDI and 
MCDI were 30 and 20 min, respectively. During the desorp-
tion step of the CDI unit, the voltage was reversed for 30 s 
then adjusted to 0 V for 30 min. On the other hand, the applied 
potential was reversed for the same period for the regenera-
tion process (desorption) of MCDI. The reversed voltage was 
applied along the desorption process for 20 min to increase 
the ion releasing performance. Duplicate experiments were 
conducted to verify the reproducibility of the results.

The electrosorption performance (qe) was evaluated by 
calculating the adsorbed NH4–N amount on the activated 
carbon pores as follow [25]:

q
(C C)V

Me
o=
− � (1)

where Co and C (mg/L) refer to the initial and final concen-
trations of the NH4–N, M (g) is amount of activated carbon 
on the anode and V (L) is the volume of the feed solution 
recirculated throughout the reactor. 

2.3. Analytical methods

The chemicals used in the experiments were analytical 
grade and were used without any purification. The con-
centration NH4–N was continuously measured by Hach 
Lange ISENH4181 ammonium probe. Solution pH was 
determined by a pH probe (Hach Lange PHC101), and 
conductivity measurements were performed by a con-
ductivity meter (Hach Lange CDC401). The conductivity, 
ammonium and pH were automatically recorded at 10 s 
intervals.

Table 1
Main characteristics of the ion-exchange membranes

Membrane  
type

Thickness  
(mm)

Ion-exchange  
capacity (mol/kg)

Water permeation  
period (min)

Diffusion coefficient  
(×10–3 mmol NaCl/ 
(cm2 h mol/L))

Permselectivity  
(%)

Resistance  
of surface  
(Ω cm2)

Cation-exchange membranes
Ionsep MC 0.42 2.4 30 4.7 91 6–10

Ionsep HC 0.42 2.2 45 3.2 92 10–12

Ionsep AM 0.42 2.2 120 2.8 93 10–13

Anion-exchange membranes

Ionsep MC 0.42 2.2 75 4.3 90 8–10

Ionsep HC 0.42 2 90 3.7 92 10–13

Ionsep AM 0.42 2 140 3 93 11–14

 
Fig. 1. Schematic diagram of CDI and MCDI unit cells.
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3. Results and discussion

3.1. Comparison of electrosorption performances of CDI and 
MCDI

The CDI and MCDI cells were operated in three con-
secutive cycles and the variations of the electrical current, 
pH and conductivity during adsorption and desorption 
periods were observed. The results are presented in Fig. 2. 
It was seen that the electrosorption processes were revers-
ible. The identical adsorption and desorption cycles were the 
proof of an ideal operation without any electrode reactions. 
The amount of charge flowing through the cell during the 
adsorption cycle was equal to the charge flowing in desorp-
tion [26]. During the adsorption period the conductivity 
of the solution started to decrease and reached to a mini-
mum value. As the voltage was applied to CDI and MCDI 
cells the ammonium concentration of the solution started 
to decrease and an equilibrium was achieved between the 
electrodes and the solution. The adsorption and desorption 
processes concurrently occurred in the cells [22]. This known 
phenomenon causes several problems such as incomplete 
regeneration of the electrodes, depletion of the active sides 
at electrodes, requirement of longer regeneration times and 
blocking off ions that will adsorb/desorb on the following 
period [21]. In order to prevent those negative effects, the 
voltage was applied intermittently at the desorption period 

of CDI unit. At the beginning of the regeneration step, 45 
s of reverse potential was applied. Then, in order to block 
the attractive forces upon the counter ions, the electrical 
potential was set at 0 V for the rest of desorption process. As 
seen in Fig. 2, for CDI unit co-ion effect was prevented and 
similar deionization trends were achieved as in MCDI. The 
final conductivity of desorption period was higher than the 
initial conductivity level of the first cycle of CDI. Because 
at the regeneration step of the negatively charged electrode, 
the cations in the EDL started to move towards the solution 
to maintain the electroneutrality. Because of the electrostatic 
forces, anions could migrate towards the electrode surface 
and some deep-seated portion of the cations was trapped 
at the EDL. Then at the following adsorption period, the 
cations in the EDL were easily adsorbed onto the electrode 
surface when anions were expelled from negatively charged 
electrode. Kim and Choi [27] reported that this phenomenon 
might be the reason for the gradual increase of the effluent 
concentration at the early stages of adsorption period [25]. 
As seen in Fig. 2, the desorption periods were successfully 
completed in this study.

The flow of current through the cell implies the effective 
adsorption or desorption of ions in the system [28]. During 
the adsorption process, due to the decreased ion concentra-
tion in the feed channel, the electrical current decreased to 
0 V from 0.48  to 0.2 A in CDI and MCDI, respectively. At the 

 

Fig. 2. The conductivity, pH, voltage and current trends of CDI and MCDI units at 1 V, initial NH4–N concentration of 100 mg/L and 
flow rate of 10 mL/min.
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desorption period, the migration of ions back to the solution 
leads to an increased electrical conductivity and the current 
rose back to its initial level. Besides, the change of current 
was not significant during the adsorption period. As seen in 
Fig. 2, the current trends of CDI and MCDI cells were dis-
similar because of the different regeneration method. By the 
initiation of the shock wave of reversed voltage, the current 
of CDI unit was instantly decreased to zero.

For a better evaluation of the process effectiveness, the 
current efficiencies (ηc) were calculated. The term is defined 
as the ratio of the total charge of the adsorbed ions to the 
charge passed through the cell and calculated by the follow-
ing equation [29]: 

η
−

c
oC C VF

I
=
( )
∫ dt

� (2)

where Co and C are the initial and final molar concentrations 
of NH4–N during an adsorption period (mol/L), V is the total 
volume of the solution (L), F is the Faraday constant (96,500 
C/mol) and I is the current that passed through the cells (A). 

The current efficiencies were used to compare the per-
formances of CDI and MCDI processes. The current efficien-
cies were calculated as 16% and 59.3% for CDI and MCDI, 
respectively. Lower current efficiency values indicated that 
the current flowed through the CDI cell enabled to adsorb 
the counter ions in the meantime rejected the co-ions [29]. 
Huyskens et al. [30] verified that the reason of the lower cur-
rent efficiencies was the occurrence of Faradaic reactions and 
concentration polarization phenomena at the spacer side of 
the CDI cell [30]. The higher current efficiency value of MCDI 
indicates that the effective separation of co-ions/counterions 
was achieved through the system. 

The pH of the effluent was measured at 10 s intervals to 
understand if there was any Faradaic reaction at the elec-
trodes. The pH variations of the MCDI system were consistent 
as seen in Fig. 2. The pH values of the CDI system remained 
stable in between 6 and 8. Depending upon these pH values, 
the NH4

+ ions were remained ionized form throughout the 
experiment. The reason of the slight pH fluctuations of the 
CDI system may because of the difference in ion mobilities of 
hydrogen ion and ammonium ion in the solution [31]. 

3.2. Effect of voltage on electrosorption 

The influence of the cell potential to the ammonium 
removal of CDI and MCDI was shown in Fig. 3 at 0.8, 1 and 
1.2 V applied potentials. The flow rate of the system was 
fixed at 10 mL/min and the initial NH4–N concentration was 
100 mg/L for CDI and 600 mg/L for MCDI. The maximum 
voltage value applied to the electrodes was 1.2 V to prevent 
water decomposition [23,32]. 

The removal efficiency of ammonium increased with 
increasing applied potential due to stronger electrostatic 
interaction between the electrodes and charged particles. 
For CDI unit the amount of adsorbed ammonium was 0.62 
and 0.84 mg/g at 0.8 and 1 V, respectively (Fig. 3). And for 
MCDI unit 4.89 and 5.34 mg/g ammonium was adsorbed at 
0.8 and 1.0 V, respectively. The maximum adsorption capac-
ity was recorded at 1.2 V. Electrosorption of CDI reached to 

1.04 mg/g, which was significantly lower than 6.8 mg/g of 
the maximum adsorption value of MCDI. MCDI unit showed 
6–7 times better performance comparing with CDI unit. This 
is not due to the difference in the initial concentrations of 
NH4–N as discussed below. It was apparent that the presence 
of membranes allowed ions to be trapped not only in the dou-
ble layer but also in the electrode region. Furthermore, mem-
branes prevented or retarded back diffusion of adsorbed ions 
towards the bulk solution.

3.3. Effect of initial concentration of NH4–N on electrosorption

To study the effect of initial NH4–N concentration on its 
removal, four different concentrations (100, 300, 600, 900 mg/L) 
of NH4–N were studied at 1.0 V and 10 mL/min. The results 
are presented in Fig. 4. The capacity of the EDL depends on 
the concentration. Higher ion concentration indicates lower 
ohmic losses of the solution resulting higher effective volt-
age between the electrodes, hence the adsorption capacity of 
the cells increase [29]. With respect to Fig. 4, in CDI cell, the 
adsorbed NH4–N was 0.72, 1.23, 1.45 and 1.26 mg/g at 100, 
300, 600 and 900 mg/L of feed concentration, respectively. 
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Fig. 3. Effect of voltage on NH4–N sorption capacity.
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When the initial concentration of the cells increased, the 
electrosorption also increased gradually to a certain extent. 
Similar results were obtained by other researchers. Mossad 
and Zou [33] have reported that higher initial concentration 
lead to increased electrosorption performance. As the ini-
tial NH4–N concentration reached to 900 mg/L, lower elec-
trosorption performance was achieved compared with that 
at 600 mg/L of inlet concentration, which showed that the 
electrosorption capacity of the carbon electrodes reached to 
their saturation level. However, at 900 mg/L initial concen-
tration, electrosorption performance of MCDI unit continued 
to increase due to the assistance of ion-exchange membranes. 
The electrosorption values were recorded as 2.62, 5.24, 5.34 
and 8.59 at 100, 300, 600 and 900 mg/L initial concentrations, 
respectively.

These results proved that the desalination performance 
of MCDI process was about 4 times higher than CDI process. 
Besides, MCDI unit enabled to treat higher concentrations 
without any performance decline. Higher desalination was 
achieved at higher feed concentrations but the initial concen-
tration and the energy consumption were need to be evalu-
ated to determine the treatment capacity of unit cells. 

3.4. Effect of flow rate on electrosorption

Effect of flow rate on electrosorption performance was 
investigated at three different flow rates (10, 20, 30 mL/min). 
The results are presented in Fig. 5. The applied voltage was 
kept constant at 1 V and the initial NH4–N concentration 
was fixed at 100 mg/L (for CDI) and 600 mg/L (for MCDI). 
The deionization performance was slightly affected by flow 
rates for both unit cells. When the flow rate was decreased 
from 30 to 10 mL/min, the adsorption performance enhanced 
slightly. It was seen that as the flow rate increased from 10 
to 30 mL/min the electrosorption of ammonium decreased 
from 0.67 to 0.58 mg/g in CDI unit. Deionization efficiency 
of MCDI unit was about eight times better and the adsorbed 
ammonium was of 5 and 5.4 mg/g at 30 and 10 mL/min, 
respectively. The deionization performance was nearly the 
same at all flow rates; however, at 10 mL/min of flow rate 
both units showed better performance. At lower flow rates, 
the ions have longer residence time through the cell. Thus, 
the lower flow rates enable the required contact time of the 

solution with the activated carbon pores to penetrate, hold 
and adsorb. Therefore, at lower flow rates the ions have much 
time to diffuse from bulk solution to the carbon electrodes. 

3.5. Effect of membrane type on MCDI

Based on the previous experiments the optimum 
operation parameters were determined and the ammonium 
removal performances of three different membrane types 
were evaluated. The results at 1.0 V of potential, 10 mL/min 
of flow rate and 1,000 mg/L of initial NH4–N concentration 
were shown in Fig. 6. Ionsep MC membrane showed better 
performance compare with Ionsep HC and AM membranes. 
As seen in Table 1, Ionsep MC membrane has higher 
ion-exchange capacity (2.4 mol/kg) and diffusion coefficient 
(4.7 × 10–3 mmol NaCl/cm2 h mol/L). For 10 mL/min flow rate 
experiment the adsorption capacity of Ionsep MC membrane 
was 14% and 25% better than Ionsep HC and AM membranes, 
respectively. The resulting electrosorption capacities at 1.0 V 
for the Ionsep MC, HC and AM ion-exchange membranes 
were 8, 5.7, 4.4 mg/g, respectively. Depending on the 
enhanced adsorption capacity of the Ionsep MC membrane 
the desorption processes were also efficient. 

Energy consumptions for each mg of NH4–N adsorbed or 
desorbed are presented in Table 2. For MCDI process, energy 
consumption was not significantly affected by the membrane 
type. There were some variations; however, there was no 
marked difference. On the other hand, as the applied volt-
age decreased, energy consumption per mg of ion removal 
decreased as well. Energy consumption was in between 
4.4–5.5 J/mg NH4–N at 0.8 V, 5–6.5 J/mg NH4–N at 1.0 V and 
6.6–7.9 J/mg NH4–N at 1.2 V. The values in the first adsorp-
tion were slightly off than the other data set. This is likely 
a result of incomplete removal of ions from the previous 
experimental run. Energy consumption values for CDI did 
not show an apparent trend. However, the consumption per 
mg of NH4–N removal was much greater than MCDI process 
ranging from 7 to 37 J/mg NH4–N.

4. Conclusion

In this study, removals of NH4
+ ions by CDI and MCDI cells 

were investigated. The CDI and MCDI reactors were operated 
in three consecutive cycles and the variations of the electri-
cal current, pH and conductivity with time were observed. 
It was observed that MCDI showed better electrosorption 
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Fig. 6. Effect of membrane type on electrosorption.
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performance than CDI. The electrosorption performance 
of both CDI and MCDI was increased with increasing volt-
age values. The maximum adsorption capacity for NH4–N 
was recorded at 1.2 V reaching 1.04 and 6.8 mg/g for CDI 
and MCDI, respectively. As the initial NH4–N concentration 
increased, the electrosorption capacities of both CDI and MCDI 
also increased. The sorption capacities for CDI at 100, 300, 600 
and 900 mg/L of NH4–N were 0.72, 1.23, 1.45 and 1.26 mg/g, 
respectively. On the other hand, the observed efficiencies for 
MCDI were 2.62, 5.24, 5.34 and 8.59 mg/g, respectively. The 
effect of flow rate on the process efficiency was negligible. The 
deionization performance was nearly the same at all flow rates; 
however, at 10 mL/min flow rate both units showed slightly 
better performance. When the flow rate increased from 10 to 
30 mL/min, the electrosorption of ammonium decreased from 
0.67 to 0.58 mg/g in CDI and the electrosorption of ammonium 
in MCDI were 5.4 and 5.0 mg/g at 10 and 30 mL/min, respec-
tively. Energy consumption per NH4–N removals was in the 
range of 4–8 J/mg NH4–N for MCDI and 7–37 J/mg NH4–N for 
CDI process. The low cost and environmental friendly MCDI 
process was found to be a promising alternative compared 
with conventional ammonium removal methods.
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