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A B S T R A C T

Ammonium ion (NH4
+) is a common pollutant from various sources like human and animal waste, industrial 

effluents, agricultural runoff, and commercial products, with traditional treatment methods often generating 
secondary contaminants, such as nitrite and nitrate. In this study, an energy-efficient resin-wafer electro
deionization (RW-EDI) process was employed for nitrogen recovery from ammonium-rich water. The system was 
operated in a continuous mode, with voltage-current curve measurements identifying a limiting current density 
of 2.2 A cm− 2. With the NH4

+ concentration of 1 g/L and a flow rate of 2.4 mL min− 1, the system was tested at 
various cell voltages (1.2–7.2 V). The system could achieve 80 % NH4

+ removal efficiency at a cell voltage of 3 V, 
current density of 2.2 A cm− 2, influent NH4

+ level of 3 g/L, and flow rate of 6.4 mL min− 1. The observed current 
efficiency and the calculated power consumption were 41 % and 0.78 kWh m− 3, respectively. Finally, a mass 
balance model was developed to predict the number of RW-EDI stacks for complete removal of NH4

+ from the 
feed. Overall, the result from this study demonstrates that the RW-EDI-based system could be a promising 
technology for recovering nitrogen from wastewater.

1. Introduction

Wastewater contains significant levels of ammonium (NH4
+) ion, 

primarily due to the human and animal waste, household and industrial 
discharges, agricultural runoff, and commercial products [1–3]. The 
rapid growth of the fertilizer, food, and chemical industries has exac
erbated the presence of these pollutants, making NH4

+ among the most 
common water contaminant in agriculture and industrial wastewater 
[3,4]. Typically, domestic wastewater accounted for 60 to 70 % NH4

+

and 30 to 40 % organic nitrogen, with concentration ranging from 20 to 
100 mg/L [1,5,6]. After treating to some degree, most industries 
discharge their wastewater directly into surface waters, contributing 
high levels of NH3 and NH4

+, sulfate ions (SO4
2-), chemical oxygen de

mand (COD), total organic carbon (TOC), and total alkalinity [1,6]. If 
released inappropriately treated, this wastewater can lead to eutrophi
cation and harm aquatic life [7,8]. Therefore, it is essential treating both 
industrial and domestic wastewater to an acceptable level in an efficient 

and cost-effective manner.
Various methods for removing or recovering nitrogen from waste

water, such as stripping [1,4], chemical precipitation [9], absorption 
[10], reverse osmosis [11], and electrodialysis [2], have been employed 
[12,13]. However, these conventional technologies could produce sec
ondary contaminants and require capital investment, limiting their in
dustrial application [3,6]. In most cases, these physicochemical 
processes are combined with an activated sludge process for nitrification 
[14]. Nitrification, a two-step biological process, converts NH4

+ into less 
harmful nitrites (NO2

–) and nitrates (NO3
–) [3,15]. Before discharging 

treated wastewater, denitrification may be necessary to reduce NO3
– 

levels, but this process can contribute to sludge generation, posing 
additional management challenges [15]. Furthermore, the effectiveness 
of these processes can be influenced by dissolved oxygen (DO) levels, 
prolonged startup times, and slow microbial growth rate [16]. There
fore, integrating these multi-step processes with an efficient, cost- 
effective, and environmentally friendly technology is crucial for effec
tive wastewater treatment.
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Electrochemical oxidation has emerged as a promising method for 
removing of NH4

+ from wastewater [17]. This technology offers opera
tional simplicity, reduced sludge generation, and environmentally 
friendliness. However, it is energy-intensive and limited in application 
by product selectivity, pH control, system stability, and scalability issues 
[16,18]. In addition to electrochemical oxidation, electrodialysis (ED) is 
another process utilized for recovering NH4

+ from wastewater. It is an 
electrochemical separation process that integrates dialysis and elec
trolysis, employing alternating ion exchange membranes between anode 
and cathode. As the solution resistance increases, the energy consump
tion of ED rises, leading to diminished recovery efficiency of NH4

+. By 
utilizing a cation exchange membrane (CMX), NH4

+ could be deproto
nated to NH3 gas on the cathodic surface and selectively stripped via the 
gas-permeable membrane. This process is most effective in recovering 
NH3 from wastewater with a high NH4

+ concentration (typically above 1 
g-N L− 1) [2,19]. However, ED is less effective in recovering NH3 and 
NH4

+ from wastewater with a concentration less than 1 g-N L− 1 due to 
concentration polarization.

Recently, electro-deionization (EDI) has emerged as a more efficient 
alternative to ED, offering lower electricity consumption, higher effi
ciency, improved product selectivity, and reduced resistance [20] and 
providing an advantage in dealing with concentration polarization of 
NH4

+. The EDI technology leverages an electric field and ionically active 
media, such as ion-exchange resin integrated with electrodialysis and 
elution channels for waste streams [21]. When an electric potential is 
applied across the electrodes, ion adsorption and transportation begin 
on the ion exchange resin and ion exchange (IEX) membranes. The EDI 
stack configuration resembles that of ED; however, the inner compart
ment of an EDI stack is filled with a mixed cation and anion exchange 
resin bed. The resin bed serves as an ionic conductive medium, signifi
cantly reducing concentration polarization which can hinder effective 
ion removal and recovery [22,23]. Additionally, the ion exchange resin 
wafer has been designed to enhance the ionic conductivity, overcoming 
the high resistance encountered in the inner compartment [24].

Within the EDI stack, the electrodes induce a potential gradient that 
facilitates ionic transport [25]. Furthermore, water dissociation into H+

and OH– can occur at the electrode surfaces and at the interface of the 
resin beads, enabling continuous electrochemical regeneration of the 
resin [26,27]. The ion-exchange resin wafer can be regenerated by 
passing a concentrated solution of acids or bases through the resin bed, 
depending on the absorbed ions. For cation exchange resin, 

concentrated solution of hydrochloric acid (HCl) can replace the 
adsorbed NH4

+ ions by hydrogen ions (Eqn. (1). Similarly, a strong base, 
such as sodium hydroxide (NaOH) solution, is used to regenerate anion 
exchange resins by replacing absorbed anionic ions like Cl- with hy
droxide ions (OH–) (Eqn. (2). 

R − NH+
4 +HCl→R − H+NH4Cl (1) 

R − Cl− +NaOH→R − OH+NaCl (2) 

where R is a resin polymer, R-NH4
+ represents cation exchange resin in 

its NH4
+-saturated form, R-H represents cation exchange resin in its re

generated form, R- Cl- represents anion exchange resin in its Cl--satu
rated form, and R- OH represents anion exchange resin in its regenerated 
form.

The power consumption of a resin-wafer electrodeionization (RW- 
EDI) stack can vary significantly based on its operational conditions, 
such as its size, the concentration and flow rate of feed, desired water 
quality, and operation time. A primary drawback of RW-EDI is its 
continuous high power consumption, along with the necessity for 
membrane cleaning and maintenance, which contributes to increased 
operating costs. Generally, the reported power consumption for running 
an RW-EDI system varies wide; it ranges from 0.2 to 1.55 kWh m− 3 

[21,22,28]. Nonetheless, it is much smaller than that a reverse osmosis 
(RO) system, which typically ranges 3.5 to 4.5 kWh m− 3 [29], so RW- 
EDI is a more energy-efficient process.

In this study, we evaluated the nitrogen recovery efficiency of RW- 
EDI under continuous feed operation; while a few studies with the 
RW-EDI have been reported, all of them have been carried out in a batch 
mode. From a practical point of view, the continuous-feeding mode is 
more appropriate in assessing resource recovery efficiency of the system. 
The effects of critical parameters in RW-EDI, including feed concentra
tion, feed matrix, flow rate, applied cell voltage, and current density on 
the NH4

+ removal or recovery efficiency were investigated. Additionally, 
we analyzed current efficiency and power consumption along with the 
approximate saturation time of the resin wafer bed. Finally, a straight
forward mass balance model was developed to estimate the number of 
stacks required based on the performance efficiency of a single RW-EDI 
stack.

2. Materials and methods

2.1. Chemicals and Materials

All chemical reagents used in this study were of analytical grade. 
Ammonium chloride (NH4Cl, > 99.5 %), Sodium sulphate (Na2SO4, >
99 %), NaOH (> 98 %) and HCl (37 %) were purchased from Sigma- 
Aldrich (Seoul, Korea). The cathode used was stainless steel (9.54 cm 

Nomenclature

Acronyms
AMX Anion-exchange
BP bipolar
C1-C8 Concentrated samples collected from CACT
CACT Captured NH4

+ collecting tank
CE Current efficiency
CMX Cation exchange membrane
COD Chemical oxygen demand
DO Dissolved oxygen
ED Electrodialysis
IEX Ion exchange
PC Power consumption
PFA444 Polystyrene Gel Type I Strong Base Anion Resin
PFC100E Polystyrene Gel Strong Acid Cation Ion Exchange Resin
RO Reverse osmosis
RW-EDI Resin wafer electrodeionization
T1-T8 Treated samples collected from TACWCT
TACWCT Treated NH4

+-containing water collecting tank
TOC Total organic carbon

Table 1 
Physical and chemical characteristics of the ion exchange membranes.

Types of membrane AMX CMX BP

Functional type Strongly basic 
anion exchange

Strongly acidic 
cation exchange

​

Functional form Cl- type Na+ type ​
Thickness (mm) 0.20–0.30 0.25–30 0.17–0.28
Tensile strength (MPa) ≥0.90 ≥0.35 ≥0.70
Ion exchange capacity (meq 

(dry gram membrane)-1)
2.7 1.89 ​

Water splitting capacity (%) ​ ​ >98
Water splitting voltage (V) ​ ​ 0.9–1.8
Resistivity (Ω-cm2) 2.0–3.0 1.8–3.8 <3
Thermal stability (℃) ≤40 ≤40 ≤40
Water permeability (mL h− 1 

cm− 2 MPa− 1)
≤0.1 ≤0.1 ≤0.1

Ion transport number (%) >98 % >98 % ​
Selective penetration (%) ≥98 ≥97 ​
pH operating range <10 1–14 1–14
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× 4.6 cm × 0.16 cm), while the anode was composed of titanium dioxide 
(TiO2) and ruthenium dioxide (RuO2) sprayed stainless steel, with 
similar dimension to the cathode, were purchased from Sigma-Aldrich 
(Seoul, Korea). An EDI stack with 12 × 70 × 25 cm3 dimension was 
provided by Ameridia Corp. (Somerset, NJ, USA). Commercially avail
able cation-exchange (CMX), anion-exchange (AMX), and bipolar (BP) 
membranes having similar dimensions of 9.54 cm × 4.6 cm were pur
chased from Neosepta (Tokyo, Japan). Table 1 presents the physical and 
chemical characteristics of the membranes. Anion-exchange resin beads 
(Purofine PFA444) and cation-exchange resin beads (Purofine PFC100E) 
were purchased from Purolite LLC (Gyeonggi-do, Korea). A porous resin 
wafer bed was prepared by mixing of 1.3 g Purofine PFA444 and 1.3 g 
Purofine PFC100E and pressurizing at 120 ℃ [30]. The dimension of the 
resin bed was adjusted to 4.5 cm × 3.1 cm × 0.26 cm. High-purity water 
(resistivity higher than 18 MΩ cm at 25 ℃) was used to prepare 
solutions.

<Table 1>.

2.2. RW-EDI stack configuration

A lab-scale of NH4
+-containing water recovery process based on a 

RW-EDI stack was conducted. Taking a specific characteristic directional 
movement of ions in the electric field into account, the ion exchange 
membranes were configured according to the target ions to be removed 
or recovered. Consequently, a BP was placed nearby the sides of both 
electrodes following gaskets. The anionic face of the BP was placed to 

the anode surface and its cationic face was aligned to the cathode surface 
to prevent ion loss to the electrodes [31,32]. The BP was then followed 
by AMX at the side of the anode and CMX on the side of cathode to 
facilitate anions and cations transport, respectively.

Typically, the configuration of the RW-EDI stack was arranged in the 
following order: anode, BP, AMX, RW, CMX, BP and cathode. The 
overall graphical representation of the RW-EDI configuration is 
described in Fig. 1a, and the combined stack of the system is called a 
single cell RW-EDI module (Fig. 1b). In this setup, the primary function 
of the BP was to prevent the loss of anion and cation due to anodic 
oxidation and cathodic reduction, respectively. Moreover, the BP was 
employed for water dissociation which could enhance the resin wafer 
regeneration process smoothly. Polyethylene mesh spacers (approxi
mately 1 mm thick) were placed between each membrane to create gaps 
that facilitate ion exchange and water flow.

During the system configuration, four compartment flow channels 
were considered. These flow channels were crucial to the RW-EDI 
design, allowing for the independent flow of different streams. In 
brief, the anode-BP, BP-AMX, CMX-BP and BP-cathode interface chan
nels were assigned for anolyte rinse solution (NaSO4), NH4

+-containing 
wastewater inflow channel, NH4

+ ion capture inflow channel (ultrapure 
water circulation), and catholyte rinse solution (HCl) flow circulation, 
respectively. The electrode rinse solutions were employed to prohibit 
corrosion and rust formation on the anode and cathode due to electro
chemical oxidation. The BP ensured these solutions did not mix with 
treated NH4

+-containing water and the ultrapure water. Since the 

Fig. 1. The schematic representation of the overall RW-EDI system with all its components and flow-in and flow-out streams (a) and the internal configuration of the 
RW-EDI stack with its membrane arrangements (b).
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electrode rinse channels were protected by BPs to prevent from mixing 
with other flow-in and flow-out solutions of the RW-EDI stack. Addi
tionally, the design minimized cross-mixing between NH4

+-containing 
feed and ultrapure water stream by adjusting the position of the spacers 
inside the stack and using alternate inflow and outlet channels [33]. The 
anode and cathode were connected to an external DC power supply 
(Toyotech, TDP-3010B, Seoul, Korea) to drive the ions movement based 
on the potential difference. The electric current was measured and 
recorded every 5 min using a dual measurement multimeter (GDM- 
8342, Good Willing Instrument, Seoul, Korea). A porous resin wafer bed 
with mass of 2.6 g, volume of 3.51 cm3 and surface area of 13.5 cm2 was 
placed inside the stack to enhance NH4

+ ions exchange. The average void 
fraction (36.7 %) and void space of the bed (2.3 cm3) were estimated 
using bulk density method according to Eqn. 1S and 2S, respectively 
[30].

2.3. Resin pretreatment

Originally, PFA444 and PFC100E beads were in chloride (PFA444- 
Cl) and sodium (PFC100E-Na) forms, which were inactive for ion ex
change due to their high ion counterbalance, requiring pretreatment. 
Prior to the experiment, the resin wafer mixture (PFA444-Cl and 
PFC100E-Na) was pretreated with 5 % of NaOH and 7 % of HCl for 30 
min. After pretreatment, the resin wafer was regenerated into its active 
forms: PFA444-OH and PFC100E-H. The chemical reactions were pre
sented in Eqns. (3) and (4), and the ion replacement mechanism is 
illustrated in Fig. S1a and b. The specifications of the PFA444 and 
PFC100E are detailed in Table 2 and Table 3, respectively. 

PFA444 − Cl− +NaOH→PFA444 − OH− +NaCl (3) 

PFC100E − Na+ +HCl→PFC100E − H+ +NaCl (4) 

where PFA444-Cl and PFC100E-Na represent the chloride- and sodium- 
containing forms, while PFA444-OH and PFC100E-H are the regener
ated forms.

After a series of batchwise rinses with HCl and NaOH, the RW-EDI 
system was washed with DI water to remove air bubbles. A feed tank 
was filled with 500 mL of NH4Cl solution, which was injected into the 
anodic side of the RW-EDI stack. Treated NH4

+-containing water was 
collected in an NH4

+-containing water collecting tank (TACWCT). On the 
other side, 200 mL of ultrapure water was fed to capture NH4

+ removed 
from the feed, which were then transferred to the captured NH4

+ col
lecting tank (CACT) for simplicity. Moreover, the RW-EDI was equipped 
with an anode rinse solution (i.e., 2.5 % Na2SO4 of 500 mL) and a 
cathode rinse solution (i.e., 5 % of HCl of 500 mL), both recirculated 
within their respective compartments (Fig. 1) [27]. At the beginning of 
the experiment, streams were pumped at flow rate of 2.4 mL min− 1 using 
peristaltic pumps (Masterflex L/S, model 7518–00, Temecula, CA 
92590, California, USA).

2.4. RW-EDI limiting current density

At the start of the experiment, the limiting current of the RW-EDI was 
determined by varying the applied cell voltage (1.2–7.2 V), while the 
initial NH4

+ concentration and flow rate were kept at 1 g L-1, and 2.4 mL 
min− 1, respectively. The limiting current density, which is the minimum 
current required for water dissociation, is a key parameter for RW-EDI 
operation. At the applied cell voltages (voltage-current curve), the 
NH4

+ removal efficiency of the RW-EDI was evaluated.

2.5. Sample collection and data analysis

After determining the optimal voltage-current condition, the system 
was operated at an applied cell voltage of 3 V, a current density of 2.2 A 
cm− 2, a flow rate of 2.4 mL min− 1, and an initial NH4

+ concentration of 1 
g L-1. A 500 mL of NH4

+-containing simulated wastewater and 200 mL of 
ultrapure water was pumped through RW-EDI. Treated NH4

+-containing 
water and captured NH4

+-containing water were collected at TACWCT 
and CACT, respectively. The process was repeated eight times and 1 mL 
of treated samples (T1-T8) from TACWCT and (C1-C8) from CACT were 
collected after each complete operation.

The pH and conductivity metrics of each sample that have been 
collected from TACWCT and CACT were measured by portable pH meter 
(6plus pH meter, Eutech Instruments, Singapore, Singapore) and con
ductivity meter (Conductivity/TDS meter, AF.23310, Taipei, Taiwan), 
respectively. Besides, the ion-exchange chromatography system (ICS-90, 
Thermo Fisher Scientific, Carlsbad, CA 92008, California, USA) was used 
to quantify the NH4

+ present in both TACWCT and CACT according to 
Fig. S2 of calibration curve. The NH4

+ removal efficiency and recovery 
rate were determined by Eqns. (5) and (6), respectively [33]. 

NH+
4 removal (% ) =

NH+
4 ions removed at each operation

NH+
4 initial concentration

× 100 (5) 

NH+
4 recovery (% ) =

∑n

n=1

NH+
4 ions recovered at each cycle
NH+

4 initial concentration
× 100 (6) 

2.6. Resin wafer saturation time

Saturation time refers to the time by which the resin wafer capacity 
in the RW-EDI system is exhausted, a key indicator of its operational 
efficiency. It was determined by treating an excess volume of the NH4

+

concentration of 3 g L-1 at operating conditions of 6.4 mL min− 1 flow 
rate, current density of 2.2 A cm− 2 and applied cell voltage of 3 V. The 
excess volume of the NH4

+-containing wastewater was pumped in a 

Table 2 
Specification of the commercially available Purofine PFA444 beads.

Polymer Structure Gel polystyrene crosslinked with 
divinylbenzene

Appearance Spherical Beads
Functional Group Quaternary Ammonium
Ionic Form Cl- form
Total Capacity (min.) 1.1 eq L-1 (24.0 Kg ft− 3) (Cl- form)
Moisture Retention 50–60 % (Cl- form)
Mean Diameter 570 ± 50 µm
Uniformity Coefficient (max.) 1.3
Reversible Swelling, Cl- → 

OH– (max.)
30 %

Specific Gravity 1.07
Shipping Weight (approx.) 660–700 g L-1 (41.2–43.8 lb ft− 3)
Temperature Limit 100 ◦C (212.0 ◦F) (Cl- form)
Temperature Limit 60 ℃ (140.0 ◦F) (OH– form)

Table 3 
Specification of the commercially available Purofine PFC100E beads.

Polymer Structure Gel polystyrene crosslinked with 
divinylbenzene

Appearance Spherical Beads
Functional Group Sulfonic Acid
Ionic Form Na+ form
Total Capacity (min.) 1.9 eq L-1 (41.5 Kg ft− 3) (Na+ form)
Moisture Retention 46–50 % (Na+ form)
Mean Diameter 570 ± 50 µm
Uniformity Coefficient 1.1–1.2
Reversible Swelling, Na+ → 

H+ (max.)
10 %

Reversible Swelling, Ca2+ → 
Na+ (max.)

8 %

Specific Gravity 1.27
Shipping Weight (approx.) 795–830 g L-1 (49.7–51.9 lb ft− 3)
Temperature Limit 120 ℃ (248.0 ◦F)
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continuous mode (single pass) and collected into TACWCT. Whereas 
200 mL ultrapure water was recycled through the cathodic side to 
capture NH4

+ in CACT. Samples were collected every 10 min to monitor 
pH, conductivity, and concentration. The resin wafer was regenerated 
within 80–100 min of treatment time using HCl and NaOH.

2.7. Impact of operational parameters on RW-EDI performance

The impact of operational parameters on the RW-EDI performance 
was investigated at various flow rates (2.4, 4.4, 6.4, and 8.4 mL min− 1), 
applied cell voltage (1.3, 3.5, and 6.2 V) and initial NH4

+ concentration 
(1, 3 and 5 g L-1). NH4

+ removal and recovery were measured by 
measuring NH4

+ of the water samples collected from TACWCT and TACT. 
The amounts of NH4

+ absorbed into the resin wafer were estimated ac
cording to Eqn. (7). After each experiment, the anodic and cathodic sides 
were rinsed with 5 % NaCl and 7 % HCl for 30 min followed by DI water 
to prevent membrane fouling. 

Mass of ions exchanged
Mass of the resin

(
g
g

)

=

Total capacity
(

eq
L

)
× Mw of NH+

4

(
g
eq

)

Mass of the resin (g)
× resin bed volume (L)

(7) 

where the mass of ions exchanged is NH4
+ (g), total capacity is the ca

pacity of the resin (eq), and the resin bed volume is the total volume of 
resin (L).

The NH4
+ migration efficiency was linked to current efficiency (CE), 

calculated as the ratio of ion migration current to total current supplied. 
Determining the CE of the system provides an insight into the extent to 

which whether the NH4
+ migration was being favored over side reactions 

such as excessive water dissociation at the given current supply [22,33]. 
CE and power consumption (PC) were estimated using Eqns. (8) and (9), 
respectively [34]. 

CE (%) =
zFV × CNH+

4 after treatment

MWNH+
4

∫ t
0 Idt

× 100 = 8.94 ×
V × CNH+

4 after treatment

I × t

(8) 

Pc
(
kWh m− 3) =

Ecell × I × t
VNH+

4
treated

=
50
3

Ecell × I × t
VNH+

4 treated
(9) 

where z is the valence of NH4
+, F is the Faraday’s constant (96,486C 

mol− 1), V (mL) is the volume of the NH4
+-containing feed solution, C (g L- 

1) is the concentration of NH4
+ after treatment during the specified time 

of the RW-EDI operation, MWNH4
+ (g mol− 1) is the molecular weight of 

NH4
+ (18.04 g mol− 1), I (A) is the current applied to the RW-EDI stack, 

Ecell (V) is the applied cell voltage across the electrodes in the RW-EDI 
module, and t (min) is the time duration of the RW-EDI operation. For 
economic consideration, the feasibility of the process was assessed by 
estimating its overall cost-effectiveness.

Lastly, a material balance model between the RW-EDI stack [34] was 
set up to predict the number of RW-EDI stacks required for complete 
NH4

+ removal at an initial NH4
+ concentration of 3 g L-1, flow rate of 6.4 

mL min− 1, current density of 2.2 A cm− 2, and applied cell voltage of 3 V. 
Finally, the model was correlated to the NH4

+ removal efficiency 
measured by a single RW-EDI stack.

Fig. 2. The voltage-current curve to determine the limiting current and overlimiting current as function of applied voltage (a), pH variation at various applied 
voltage (b) conductivity change at various applied voltage (c) and NH4

+ ions removal as a function of applied voltage (d) at constant initial NH4
+ ions concentration of 

1 g/L, flow rate of 2.4 mL min− 1 and applied voltage of 1.2–7.2 V.
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3. Results and Discussion

3.1. Limiting current and removal efficiency

Unlike simple electrochemical cells without a membrane, RW-EDI 
does not exhibit a horizontal plateau at the limiting current density. 
Instead, its voltage-current curve shows a gradual increase in slope to an 
over-limiting current regime [35]. Current saturation is not reached 
because the system lacks a clear limiting current, but a slope change at a 
critical current signal the onset of water dissociation. This overlimiting 
current is caused by the loss of permeable selectivity of the membranes 
for H+ and OH– due to water dissociation. Since the plateau indicating 
the limiting current was not observed, the critical current was identified 
by extrapolating the linear line of voltage-current curve of Ohm’s law 
[35,36]. The critical current density of the system was determined by 
increasing the voltage across the RW-EDI stack and at the same time 
measuring the corresponding current at which water dissociation oc
curs. This critical current signal serves as a reference for further exper
iment. [26].

As shown in Fig. 2a, the voltage-current curve was analyzed in two 
regimes. At lower voltages (1.2–3 V), Ohm’s law was applied with 
roughly constant resistance, likely due to minimal NH4

+ depletion and 
concentration polarization nearby membranes or resin. As concentration 
polarization develops due to the depletion of NH4

+ in the bulk solution, 
the electrical resistance increased with the applied cell voltage [37]. The 
reduced NH4

+ concentration near the membrane and resin surface made 
fewer ions available to carry the current, increasing resistance, partic
ularly at a higher voltage. This concentration polarization reduced NH4

+

availability, further raising electrical resistance of the system. During 
the experiment, a slope change without a clear plateau was observed at a 
current density of 2.2 A cm− 2 and 3 V, indicating a drop in NH4

+ con
centration near to the membranes. This specific point of current and 
applied cell voltage were considered as the minimum voltage-current 
curve for water dissociation in this RW-EDI system. As the applied 
voltage exceeded further to 6 V, another slope change was observed, 
which should indicate the over-limiting current regime. The slope of the 
line in this regime was lower than the one in the Ohmic region. Thus, the 
minimum voltage for water dissociation was near 3 V, significantly 
higher than the ideal water dissociation voltage of 1.23 V [38]. The pH 
drop observed at 3 V should be due to H+ generation from water 
dissociation (Fig. 2b). Since the water dissociation voltage is crucial for 
the continuous resin regeneration, this minimum voltage at the critical 
current was determined. Similarly, a significant conductivity change 
was observed from 3 V and the critical current density of 2.2 A cm− 2 

(Fig. 2c).
To determine which voltage-current regime would be more effective 

in removing NH4
+, the removal efficiency was calculated at each applied 

voltage (1.2–7.2 V). Higher efficiencies were observed in the over
limiting current regime (Fig. 2d). The removal efficiency of NH4

+

improved dramatically as the voltage transitioned from the Ohmic to the 
overlimiting current regime. However, further increasing the voltage in 
the overlimiting regime did not improve the removal efficiency. The 
higher removal rate in this regime was attributed to the increased charge 
transfer and electroconvection [39]. The greater charge transfer was 
facilitated by the new current carriers, such as H+ and OH– generated via 
water dissociation at the NH4

+ depleted membrane surfaces [40]. Thus, 

Fig. 3. Evaluation of the performance of the RW-EDI; half section of the RW-EDI which describes the treated NH4
+ ions-containing water collecting tank (TACWCT) 

(a), pH variation as a function of number of treatment cycles (b), electrical conductivity variation along the treatment cycles (c) and NH4
+ ions concentration variation 

(d) at a constant applied voltage of 3 V, current density of 2.2 A cm− 2, initial NH4
+ ions concentration of 1 g/L and flow rate of 2.4 mL min− 1.

R. Nuguse Berhe et al.                                                                                                                                                                                                                         Chemical Engineering Journal 501 (2024) 157557 

6 



the overlimiting current regime was deemed as the optimal further RW- 
EDI operation. Liao et al [28] also obtained a higher CE (44 %) and a 
lower PC (0.78 kWh m− 3) at the critical current density of 2.2 A cm− 2 

and 3 V.

3.2. RW-EDI performance evaluation

Fig. 3 presents data generated by analyzing samples collected from 
the TACWCT. Changes in pH, conductivity, and NH4

+ concentration 
would provide insights into the RW-EDI stack configuration, experi
mental setup, and performance efficiency. Fig. 3a illustrates how treated 
NH4

+-containing water was collected through the junction of membrane 
channels, specifically at the BP-AMX intersection. This surface interac
tion forces the water through the membrane junction into the TACWCT.

Fig. 3b depicts the pH change as a function of treatment cycles. As 
seen from Fig. 3b, increasing the number of treatment cycles could result 
in the pH drops of the treated NH4

+-containing water. As mentioned 
earlier, the RW-EDI was operated near the over-limiting current regime, 
where water dissociation occurred at the BP-AMX and resin bead junc
tions. This regime was characterized by a comparatively high voltage 
and high current density. The generated H+ can combine with Cl-, 
leading to HCl generation, which would explain the pH drop in the 
TACWCT. Another possibility is the selective transport of H+ generated 
by water dissociation along with the treated NH4

+-containing water 

through the membrane channels.
Water dissociation causes dynamic concentration changes near the 

ion exchange membranes and resins . Since H+ diffuses much faster than 
Cl-, this contributes to the pH drop in TACWCT. Several studies have 
reported similar pH changes in EDI systems, with the pH of solutions 
pumped to the dilute compartment (the resin-resin channel) being 
higher than the influent solution [41–43].

Fig. 3c demonstrates electrical conductivity changes in TACWCT 
samples during treatment cycles. Like the pH data, the conductivity 
decreased over successive cycles, indicating continuous ion depletion. 
After the fifth cycle, no further conductivity change was observed, 
indicating that the resin wafer had reached its maximum ion exchange 
capacity. A similar observation was also reported by Zhao et al. [41]. 
The decrease of conductivity was further supported by the NH4

+ dy
namics as a function of treatment cycles. As shown in Fig. 3d, the NH4

+

concentration gradually decreased over the cycles, with the RW-EDI 
system achieving removal efficiency of 80.3 % after the eighth cycle. 
After the seventh cycle, the performance efficiency of the RW-EDI stack 
became lower. The treatment cycles were modeled as if eight RW-EDI 
stacks of equal efficiency were connected in series. It was noted that 
some of NH4

+ in the feed was pumped out to TACWCT, some adsorbed by 
the resin wafer, some vaporized as NH3 gas, and some recovered into 
CACT.

Similarly, samples from CACT were analyzed, with the results shown 

Fig. 4. Evaluation of the performance of the RW-EDI; half section of the RW-EDI which describes the captured NH4
+ ions collecting tank (CACT) (a), pH variation as a 

function of number of treatment cycles (b), electrical conductivity variation along the treatment cycles (c) and NH4
+ ions concentration variation (d) at a constant 

applied voltage of 3 V, current density of 2.2 A cm− 2, initial NH4
+ ions concentration of 1 g/L and flow rate of 2.4 mL min− 1.
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in Fig. 4. The captured NH4
+ was analyzed over several cycles in terms of 

pH, conductivity, and NH4
+ concentration change. Fig. 4a describes the 

NH4
+ recovery by the CMX-BP channel connected to CACT, which was 

designed to allow only NH4
+ to pass. Fig. 4b indicates the minimal pH 

fluctuations over the eight treatment cycles, with the pH stabilizing 
between 7.8 and 9.4, which was higher than the pH of the initial NH4

+- 
containing water. The NH4

+ collected through the CMX-BP channel was 
counter-balanced by the OH– generated via water dissociation at the 
CMX-BP interface. As a result, NH4

+ would form NH4OH, raising the 
solution to a more alkaline environment.

Fig. 4c presents the electrical conductivity data of the CACT samples 
over eight cycles. An overall increase in conductivity was observed, with 
a final conductance of 7.12 mS cm− 1 achieved over the eighth cycle. 
However, this increase was not linear, probably because the samples 
were repeatedly reinjected to the RW-EDI stack. The NH4OH solution 
may have undergone dissociation phase to NH4

+ and OH–, contributing 
to the high conductivity. Additionally, NH4

+ may have been dehydro
genated to ammonia (NH3) gas, resulting in lowering the solution con
ductivity. Fig. 4d shows the cumulative NH4

+ concentration of CACT 
over the treatment cycles, with NH4

+ recovery increasing from cycle one 
(C1) to cycle eight (C8). By eight cycles, NH4

+ of 61.5 % could be 
recovered via the CMX-BP channel into CACT, while 19.7 % of NH4

+ in 
the feed had been pumped through the BP-AMX channel into TACWCT, 
and 18.8 % had been either lost as NH3 or absorbed onto the resin 
surface.

3.3. Resin wafer saturation time

The saturation time of the resin wafer was thoroughly investigated 
by analyzing the pH, conductivity, and NH4

+ concentration in TACWCT 
and CACT as a function of treatment time. As presented in Fig. 5, the 
performance of the RW-EDI system was assessed by varying different 
parameters (i.e., applied voltage, current density, flow rate, and initial 
NH4

+ concentration). Fig. 5a presents the half section of the RW-EDI 
configuration; a linear increase in the pH was observed during the 
treatment: from 2.8 to 5.4 (Fig. 5b). The pH increase was attributed to 
the gradual decrease of NH4

+ over the treatment time. As the active 
functional groups of resin wafer reached periodic saturation, the NH4

+- 
containing water was inadequately treated, potentially contributing to 
the pH rise in TACWCT [44]. Moreover, dynamic changes of ions at the 
membrane-membrane, membrane-resin, or resin-resin surface could 
have contributed to the pH increase [21]. After 100 min, the pH pattern 
approached a plateau, and no further pH change was observed.

The electrical conductivity of the samples followed a similar trend to 
the pH (Fig. 5c). During the first 80 min, a sigmoidal increase in con
ductivity was recorded. However, an approximate horizontal plateau 
was established after 80 min. Beyond this point, a significant change in 
the conductivity profile was not observed. Fig. 5d shows the NH4

+ profile 
over the treatment period; the profile follows a sigmoidal curve in a 
similar manner to the other parameters. Over the first 60 min, the NH4

+

concentration did not show much change. However, after 70 min, there 
was a sharp change, with the concentration of NH4

+ in TACWAT nearly 

Fig. 5. Determination of saturation time of the resin wafer; half section of the RW-EDI which describes the treated NH4
+ ions-containing water collecting tank 

(TACWCT) (a), pH variation as a function of treatment time (b), electrical conductivity variation along the treatment time (c) and NH4
+ ions concentration variation 

as a function treatment time (d) at a constant applied voltage of 3 V, current density of 2.2 A cm− 2, and flow rate of 6.4 mL min− 1.
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matching that of the influent. The NH4
+ concentration achieved a hori

zontal plateau, suggesting the maximal capacity of the resin wafer. The 
horizontal plateau signaled the full saturation of the resin wafer; after 
the plateau was observed, the RW-EDI performance efficiency declined. 
Based on this, the saturation time was determined to be 100 min. So, the 
wafer resin was determined to regenerate 100 min after each continuous 
operation of the RW-EDI. The onset of the plateau in both pH and con
ductivity profiles is a critical moment for regenerating the resin wafer, 
and the same can be said for the NH4

+ concentration plateau.
Similarly, the pH, conductivity, and NH4

+ concentration of the CACT 
samples were analyzed. The NH4

+ recovery track through CMX-BP 
channel compartment was coupled to CACT (Fig. 6a). This membrane 
junction is designed to allow the passage of NH4

+ only. Insignificant pH 
(Fig. 6b) and conductivity (Fig. 6c) changes were observed over the first 
70 min. However, after 80 min, the pH and conductivity values 
dramatically changed approximately from 9.2 to 7.1 and 6.3 to 0.7 mS 
cm− 1, respectively. Reaching minimum values for both pH and con
ductivity in CACT indicated the gradual exhaustion of the capacity of the 
resin wafer in NH4

+ exchange. The NH4
+ concentration profile, shown in 

Fig. 6d, followed a similar pattern. No significant changes were observed 
during the first 80 min, but after this point, NH4

+ concentration dropped 
sharply, reaching negligible levels. Like the pH and conductivity, the 
NH4

+ concentration reached a lower marked plateau, indicating the ion 
exchange capacity of the resin. This plateau marked the saturation of the 
resin wafer and reduced performance of the RW-EDI system. It was 

noted that the efficiency of the RW-EDI was lowered as the treatment 
time continued. It was worth noting that the beginning of pH, conduc
tivity and NH4

+ drop could be a crucial indicator for the resin regener
ation. The establishment of the lower plateau further suggests the 
optimal time for resin regeneration. Therefore, while treating 3 g L-1 

NH4
+ at the working voltage, current density, and flow rate of 3 V, 2.2 A 

cm− 2 and 6.4 mL min -1, respectively, the RW-EDI was required to 
regenerate at every 100 min of operation. On the other hand, the resin 
regeneration was required after treating 6.4 L of NH4

+-containing water 
under the mentioned operating parameters.

3.4. Effect of operational parameters on RW-EDI performance

As shown in Fig. 7, the effects of operational parameters such as flow 
rate, applied cell voltage, and initial NH4

+ concentration on the RW-EDI 
performance were investigated. Different flow rates (2.4, 4.4, 6.4, and 
8.4mL min− 1) were tested with corresponding residence times of 91, 50, 
34, and 26 s, respectively. The RW-EDI performance was evaluated at a 
voltage of 3 V, a current density of 2.2 A cm− 2, and an initial NH4

+

concentration of 1 g L-1. Fig. 7a and b show that NH4
+ removal occurred 

faster at lower flow rates, with the resin bed saturating more quickly. For 
example, at 4.4 mL min -1, the RW-EDI performance declined after 
treating 180 mL of NH4

+-containing water within 40 min. Increasing the 
flow rate from 6.4 to 8.4 mL min -1 extended the RW-EDI operation time 
before a regeneration from 70 min to100 min, eventually treating 450 

Fig. 6. Determination of saturation time of the resin wafer; half section of the RW-EDI which describes the captured NH4
+ ions collecting tank (CACT) (a), pH 

variation as a function of treatment time (b), electrical conductivity variation along the treatment time (c) and NH4
+ ions concentration variation as a function 

treatment time (d) at a constant applied voltage of 3 V, current density of 2.2 A cm− 2, and flow rate of 6.4 mL min− 1.
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mL and 840 mL of water, respectively. However, lower flow rates 
resulted in a higher NH4

+ removal efficiency before resin saturation; 
removal efficiencies of 47 %, 33 %, and 27 % were achieved at the flow 
rates of 4.4, 6.4, and 8.4 mL min− 1, respectively [25].

Similar results were reported by Rathi & Kumar [27], who observed a 
higher As removal efficiency at lower flow rates. Contrarily, Sarıçiçek 
et al. [24] observed higher removal at high flow rates, and Pan et al. [22]
demonstrated minor effect of flow rates on RW-EDI performance. In a 
continuous feed mode, lower flow rates indicate a longer residence time, 
increasing a better ion exchange efficiency. After 40 min of treatment, 
all flow rates showed similar NH4

+ removal efficiency, a critical point 
where flow rate became irrelevant to performance (Fig. 7a). The same 
trend was observed for CACT over 100 min of treatment time (Fig. 7b). A 
shorter operation time at a lower flow rate was due to slower NH4

+

movement through the resin wafer, allowing more time for adsorption 
[45]. At higher flow rates, faster NH4

+ exchange occurred, though con
tact time was reduced. Table 4 presents a comparison of the RW-EDI 
system performance using various ion exchange resins.

Fig. 7c and d illustrate the effects of various applied cell voltages (i. 
e., 1.3, 3 and 6.2 V) on RW-EDI performance. Increasing voltage 
improved NH4

+ removal rates, with maximum efficiencies of 19 %, 39 %, 
and 47 % at 1.3, 3, and 6.2 V, respectively, within 20 min. However, 
after 80 min, further voltage increases had no effect, as resin saturation 
was reached. Higher voltages also increased NH4

+ recovery at CATC, 
with 21 %, 25 % and 29 % recovered within the first 20 min at 1.3, 3 and 
6.2 V, respectively. Beyond 80 min, NH4

+ concentration changes flat
tened, suggesting water dissociation consumed additional voltage, 
affecting removal efficiency and altering pH and conductivity [32]. 
Excessive voltage also generated H+ and OH– ions, which helped 
regenerate the resin wafer but also participated in ion exchange, further 
boosting NH4

+ removal [45].
The CE and PC were heavily influenced by voltage, as shown in 

Fig. S3. Raising the voltage from 1.3 V to 6.2 V increased NH4
+ removal 

but also boosted power consumption, with a drop in CE [21,47]. A 3 V 
applied voltage was the best condition, removing 79 % of NH4

+ over 
eight cycles, with a balance between CE (41 %) and PC and (0.76 kWh 

Fig. 7. The effect of operational parameters on the NH4
+ removal efficiency at TACWCT and the NH4

+ recovery efficiency at CACT: The effect of flow rate on NH4
+

removal (a) and NH4
+ recovery (b), the effect of cell voltage on NH4

+ removal (c) and NH4
+ recovery (d), and the effect of initial concentration on NH4

+ removal (e) and 
NH4

+ recovery (f).
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m− 3). Higher voltage (6.2 V) raised PC to 1.6 kWh m− 3 and reduced CE 
to 37 %, likely due to high water dissociation reaction. Operating at 3 V 
proved economically feasible, minimizing power use while maintaining 
high NH4

+ removal efficiency, making this system a cost-effective 
approach for large-scale wastewater treatment.

The effect of initial NH4
+ concentration on RW-EDI efficiency was 

also critical for predicting long-term performance. Higher initial con
centrations lead to faster resin saturation, requiring more frequent 
regeneration and potentially higher applied voltages, which can in
crease PC. Experiment analysis was conducted with NH4

+ concentrations 
of 1, 3 and 5 g L-1 (Fig. 7e and f), with no significant change in NH4

+

removal efficiency at the start. Operating at 3 V, 2.2 A cm− 2, and a flow 
rate of 6.4 mL min− 1, the RW-EDI system performed best at lower 
concentrations (1 g L-1), sustaining efficiency for over 120 min and 
treating 770 mL of water. After 120 min, NH4

+ removal plateaued. At 
higher concentration (5 g L-1), resin saturation occurred sooner, after 
treating 320 mL of water, due to higher NH4

+ levels. At high concen
tration, higher adsorption capacity of the ions into the resin wafer with 
23.6 mg g− 1, compared to 8.3 mg g− 1 at 1 g L-1 NH4

+ concentration, 
Similar to results reported by Yaragal and Mutnuri [48] for nitrate 
removal. The ratio of NH4

+ concentration in effluent tank to the initial 
NH4

+ concentration after resin saturation was observed to be higher than 
unity. The increase in the NH4

+ concentration ratio was explained due to 
the disturbance and desorption of the NH4

+ that have been previously 
absorbed. While the saturated resin wafer starts to release some of the 
adsorbed NH4

+, causing an increase in the ratio of NH4
+ concentration. 

Fig. 7f shows higher NH4
+ concentration at CACT when lower initial NH4

+

concentrations were used.

3.5. Resin regeneration

Resin saturation time is a critical operating parameter in the RW-EDI 
operation. It signals that the resin can no longer efficiently exchange 
NH4

+, and regeneration is required. Specifically, PFC100E becomes 
saturated with NH4

+, forming PFC100E-NH4
+, and PFA444 becomes 

saturated with Cl-, forming PFA444-Cl. The resin beads are then re
generated to their functional ion-exchange forms using a crossflow of 7 
% HCl and 5 % NaOH through the resin bed. After 30 min, NH4

+ in 
PFC100E-NH4

+ is replaced by H+ (Eqn. (10), and Cl- in PFA444-Cl is 
replaced by OH– (Eqn. (11). The resin regeneration process was carried 
out typically 100 min after a continuous operation of the RW-EDI system 
under the operating conditions of 3-g L-1 NH4

+, 3-V applied voltage, 2.2- 
A cm− 2 current density, and 6.4-mL min -1 flow rate. After regeneration, 

the RW-EDI regained its exchange capacity according to Fig. S4. On the 
other hand, the functional groups were assessed using FT-IR technique 
before and after regeneration as presented in Fig. S5. 

PFC100E − NH4+ +HCl→PFC100E − H+ +NH4Cl (10) 

PFA444 − Cl− +NaOH→PFA444 − OH− +NaCl (11) 

where PFC100E-NH4
+ and PFC100E-H represent the saturated and re

generated forms of cationic resin while PFA444-Cl and PFA444-OH 
represent the saturated form and regenerated forms of anionic resin.

3.6. Mass balance based module predictive model

Making a mass balance is useful in identifying and optimizing critical 
parameters in an RW-EDI system [26]. In this study, an empirical 
mathematical model was formulated and validated using the data ob
tained from the operation of a single RW-EDI stack in a continuous 
mode. The model, based on nitrogen balance (Fig. 8a), predicts the 
number of RW-EDI stacks required for complete NH4

+ removal. This 
model is particularly relevant for industrial applications, providing 
meaningful insights into the scale-up of a RW-EDI system [34]. Simply, 
the model was formulated with the fractional NH4

+ removal efficiency of 
each RW-EDI module (EN) containing N stacks (Eqn. (12) as presented in 
Fig. 8b; how the mass of NH4

+-nitrogen decreased through the treatment 
process from Steps 1 to 4. The mass of NH4

+ removal efficiencies of single 
stacks are approximated by Eqn. (12). The central assumption of the 
model is that each stack removes a similar mass (mg) of nitrogen from 
the feed. Therefore, the difference in the mass of NH4

+-nitrogen between 
consecutive modules (mN-1 − mN) is represented by the constant k, with 
the material balance derived from experimental data (Fig. 8b). 

E1 =
m0 − m1

mo
,E2 =

m1 − m2

m1
,E3 =

m2 − m3

m2
,⋯, EN =

mN− 1 − mN

mN− 1
(12) 

Substituting mN-1 − mN by k and rearranging the above efficiency 
equations resulting in Eqn. 13–17. The total efficiency (ETotal) of the 
system with N number of stacks was imperialized to Eqn. (18), which 
predicts the number of stacks required for a desired efficiency level. For 
instance, if a single RW-EDI module consistently adsorbs 165 mg of NH4

+

in a continuous mode, the model estimates that 18 modules are needed 
to remove 98 % of NH4

+ from an initial concentration of 3000 mg L-1. 

E1 =
k

mo
→mo = mo(1 − E0)→E1 =

k
mo

(13) 

Table 4 
Comparison of RW-EDI Device Performance with Different Ion Exchange Resins.

EDI Parameters This Work Fasuyi & Lopez [33] Zheng et al., [32] Sun et al., [46] Zhang & Chen [45] Khoiruddin et al., 
[25]

Resin Type Mixture of Purofine 
PFA444 and Purofine 
PFC100E

Mixture of Amberlite® 
IRA-400 and Amberlite® 
IR120

Mixture of Purofine 
PFA444 and Purofine 
PFC100E

Amberlite IRA 402 
and Amberlite IR 120

Amberlite® 
IRA900RF and 
Amberlite® 200C

Amberlite IRA900 
and Amberlite 
IRA120

Ion Exchange 
Mode

Anion and Cation Anion and Cation Anion and Cation Anion and Cation Anion and Cation Anion and Cation

Removal 
Efficiency

80 % 90 83.3 % 88.2 90.7 83.4

Current 
Efficiency

41 % − - − - − - − - − -

Power 
Consumption

0.78 kWhm− 3 2.25 kWhm− 3 0.66 kWhm− 3 − - − - 33.3 kWhm− 3

Operating 
Voltage

3 V 8 V 2.28 V 150 V 2.7 V 50 V

Current Density 2.2 Acm− 2 0.225 Acm− 2 − - 0.3 Acm− 2 0.32 Acm− 2 0.12 Acm− 2

Flow Rate 24 mLmin− 1 − - 810 mLmin− 1 60 mLmin− 1 9 mLmin− 1 0.03 mLmin− 1

Resin Bed 
Volume

3.51 cm3 3.125 cm3 50.7 cm3 40 cm3 15.6 cm3 37.4 cm3

Resin Bed 
Surface Area

13.5 cm2 12.5 cm2 195 cm2 200 cm2 60 cm2 144 cm2

Applied in Ammonium recovery Desalination process Desalination process Purification process Nitrate removal Desalination process
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E2 =
k

m1
→m1 = mo(1 − E1)→E2 =

k
mo − k

(14) 

E3 =
k

m2
→m2 = m1(1 − E2)→E3 =

k
mo − 2k

(15) 

E4 =
k

m3
→m3 = m2(1 − E3)→E4 =

k
mo − 3k

(16) 

EN =
k

mN− 1
→mN− 1 = mN− 2(1 − EN− 1)→EN =

k
mo − (N − 1)k

(170) 

ETotal (%) =
Nk
mo

× 100 (18) 

where E1 to EN represent individual efficiencies of the RW-EDI module, 
mo is the initial mass of NH4

+-nitrogen, mN is the mass of NH4
+-nitrogen at 

the effluent of N RW-EDI stack, N represents the number of RW-EDI 
stacks, k is the resin’s adsorption constant, and ETotal is the total 
efficiency.

Fig. 8. Simple mass balance model development to determine the number of RW-EDI stacks required to predict for desired NH4
+ removal (a). Material balance based 

on nitrogen mass along treatment process (b). The model was developed based on the experimental observation efficiency of a single RW-EDI stack, where EN is the 
total efficiency of the RW-EDI, mo is the initial mass of NH4

+-nitrogen, mN is the mass of the NH4
+-nitrogen at the effluent of N stack, and N is the number of stacks in 

the RW-EDI system.
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4. Conclusion

A novel RW-EDI system has been applied for efficient recovering 
NH4

+ from wastewater, which consisted of a resin wafer and an ED to 
offer an energy-efficient alternative to conventional, energy-intensive 
NH4

+ removal technologies. In this study, key operating parameters of 
the RW-EDI such as applied cell voltage, current density, and flow rate 
were carefully controlled, achieving the NH4

+ removal efficiency of 80 % 
over eight cycles. Through the periodic tests and analyses, the point of 
resin saturation affecting the NH4

+ removal performance was also 
determined. When treating water containing 3 g L-1 of NH4

+ at the 
voltage of 3 V, current density of 2.2 A cm− 2, and flow rate of 6.4 mL 
min− 1, the resin wafer became saturated within 90 min, requiring 
regeneration. When the flow rate and the initial NH4

+ concentration was 
adjusted to 2.4 mL min− 1, and 1 g L-1, CE and PC were determined to be 
41 % and 0.76 kWh m− 3, respectively. From the result from the study, it 
was concluded that the RW-EDI could be a promising alternative to the 
conventional energy-intensive processes for NH4

+ oxidation and the ni
trogen cycle.
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