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Critical degree of desalination (CDD), novel parameter for optimising the 
removal of ammonium ion from complex matrices in electrodialysis

Iosif Kaniadakis * , Zhenqiu Yang , Marianna Papadopoulou , Jules B. van Lier ,  
Henri Spanjers
Delft University of Technology, Faculty of Civil Engineering and Geosciences, Stevinweg 1, 2628 CN, Delft, the Netherlands

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Applying a critical degree of desalina
tion (CDD) in electrodialysis (ED) ach
ieves highest NH4

+ removal efficiency for 
the lowest energy consumption.

• Monovalent CEM (mCEM) may not 
benefit ED for NH4

+ removal from reject 
waters with molar fraction around 0.89.

• High concentration of K+ can outcom
pete NH4

+ removal in ED with mCEM.
• In sequence batch operation, the CDD 

allowed longer operation of the ED in a 
lower energy consumption.

A R T I C L E  I N F O
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A B S T R A C T

Complex waste streams, such as sludge reject water from anaerobic digestion, often contain a multitude of 
cations at varying concentrations, with the ammonium ion (NH₄⁺) typically being the most abundant. Recently, 
electrodialysis (ED) has been developed as a technology for the removal and recovery of NH₄⁺ from reject water. 
However, the further development of ED for targeting NH₄⁺ recovery faces lack of reliable performance pre
diction and standardized operating strategies due to cation competition. It is postulated that selective rejection of 
divalent cations can be achieved through the use of monovalent-selective cation-exchange membranes (mCEMs). 
Due to their higher electrical resistance, questions remain regarding the cationic compositions under which 
mCEMs provide a substantial performance benefit. In the present study, three feed solutions simulating different 
molar cation compositions of reject water were subjected to ED using both mCEMs and conventional cation- 
exchange membranes (CEMs). The feed solutions were categorized based on the molar fraction of NH₄⁺ rela
tive to the total cation content. Results showed that the perm-selectivity of NH₄⁺ over Mg²⁺ and Ca²⁺ was 
enhanced when using mCEMs. Moreover, mCEMs resulted in a higher overall NH₄⁺ removal efficiency compared 
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4
, Energy consumption for NH4

+ transport (MJ⋅kgN-1); PX
N , Perm-selectivity of cations X over NH4

+; RE%, Removal Efficiency of NH4
+; η%, Current 

efficiency for cation transport (%); AD, Anaerobic Digestion; AEEM, Anion-Exchange end Membrane; AEM, Anion-Exchange Membrane; BL, Boundary Layer; BPMED, 
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to standard CEMs. At a relatively low NH₄⁺ molar fraction (0.32), mCEMs outperformed CEMs in terms of current 
efficiency. Notably, at an intermediate molar fraction (0.58), energy consumption was lower for mCEMs 
compared to CEMs, but only up to a critical degree of desalination (CDD). At a high molar fraction (0.89), the 
contribution of mCEMs was insignificant compared to that of CEMs. The CDD was identified as a pragmatic 
operational parameter beyond which further desalination leads to disproportionate energy penalties. For on-site- 
process-control of NH4

+ removal with ED, the CDD demonstrated that membrane selection and operating 
thresholds are strongly dependent on reject water composition.

1. Introduction

1.1. Electrodialysis for NH4
+ removal

Ammoniacal nitrogen (NH4–N) is present in various municipal and 
industrial wastewater streams and poses a potential threat for the soil 
and aqueous environment when it is excessively discharged. Important 
sources of NH4–N in wastewater streams are metabolic waste products, 
such as urea and mineralized proteins, next to agricultural runoffs and 
industrial processes in the food chain (Xiang et al., 2020). In contrast, 
NH4–N is also considered a valuable resource, being an important 
component in fertilizers and other industrial products. In municipal 
wastewater treatment plants (WWTPs), sludge reject water after 
anaerobic digestion (AD) is considered an important contributor of 
NH4–N in the wastewater (Deng et al., 2021). The concentration of 
NH4–N in AD reject water often varies, depending on the exact WWTP 
layout and the type of sludge pre-treatment applied (Myllymäki et al., 
2020). The most common form of aqueous ammoniacal nitrogen as a 
cation is NH4

+. Nonetheless, NH₄⁺ is the predominant cation in AD reject 
water, contributing significantly to its overall electrical conductivity 
(Deng et al., 2021). To reduce the concentration of NH4

+ in the reject 
water prior its return to the WWTP headworks, different types of tech
nologies have been developed such as biological autotrophic N removal 
(Deng et al., 2021). More recent developments focus on the removal but 
also on the recovery of NH4

+ from reject waters, and make use of elec
trochemical techniques, such as electrodialysis (ED) and bipolar mem
brane electrodialysis (BPMED) (Ferrari et al., 2022)).

ED is an electrically-driven ion-exchange membrane process that has 
been extensively used to remove various ions, including NH4

+, from 
various water and wastewater sources (Al-Amshawee et al., 2020; Bao 
et al., 2021). In an ED stack, cations and anions in the feed stream move 
in opposite directions due to the applied electric field. Cations pass 
through cation exchange membranes (CEM), while anions pass through 
anion-exchange membranes (AEM). In ED, ions are removed from the 
feed/ diluate solution to the concentrate solution (Strathmann, 2010). 
Previous research has shown that ED can yield high NH4

+ removal effi
ciency exceeding 90%, when treating various types of wastewater, while 
concentrated NH4

+ solutions are produced of at least 10 g⋅L-1 (Ippersiel 
et al., 2012). Another advantage of ED is the relatively low energy 
consumption (ENH+

4
) for the removal of NH4

+, especially from AD reject 
water, reaching values as low as 2–6 kWh⋅kgN-1 (Kaniadakis et al., 
2024).

1.2. The challenge of selective removal of NH4
+ with ED from streams with 

complex matrices

Reject water from AD often has substantial concentrations of K+, 
Mg2+ and Ca2+(Deng et al., 2021). Specifically, inorganic fouling or 
scaling can occur due to the presence of divalent and trivalent cations 
and a binding counter-ion even under moderate alkaline pH conditions 
(Ward et al., 2018). Inorganic fouling in ED systems is a challenge 
during treatment of streams with even negligible concentration of Ca2+

and Mg2+ cations in the feed (Rodrigues et al., 2020).
Literature research shows that mCEMs can effectively separate 

monovalent from divalent cations in complex ion-matrices, thereby 
preventing scaling (Ahdab et al., 2021; Ye et al., 2018). In our previous 

study we showed that monovalent selective cation exchange membranes 
(mCEMs) can be employed as an alternative to standard CEMs to reduce 
the transport of divalent or multivalent cations (Kaniadakis et al., 2024). 
In fact, a higher removal efficiency of NH4

+ from real AD reject water was 
found (Kaniadakis et al., 2024). However, thus far it remains unclear 
when and to what extent the use of the more expensive mCEM is 
beneficial in comparison to standard CEMs in ED. In our current research 
we aimed to quantify the application potentials of mCEM for extracting 
NH4

+ from complex matrices with the relative NH4
+ concentration as a 

key parameter as explained in subsequent sections.

1.3. Adjusting the operational conditions in ED based on NH4
+ feed 

concentration

Previous studies explored the optimal conditions for NH₄⁺ removal 
and required energy input in electrochemical systems for scaled-up ap
plications (Kuntke et al., 2018). To minimise excessive application of 
electric current in ED, Rodrigues Arredondo (2017) introduced the 
concept of load ratio (LN). The LN approach adjusts the applied current 
density in response to the NH₄⁺ concentration in the feed stream, with 
the aim of characterising the current efficiency in ED. Since then, this 
metric has been employed in several studies to assess NH₄⁺ removal ef
ficiency in complex feed solutions (Rodrigues et al., 2023, 2020). In 
reject water, having a complex ion matrix, the total applied current is 
shared by all the present cations for their transport, influencing the 
overall current or transport efficiency. Because the composition of reject 
water varies per treatment site, NH₄⁺ current efficiency is likely influ
enced differently across sites, even when applying the same LN. Ac
cording to (Rodrigues et al., 2020) the same LN should yield similar 
removal efficiencies across feed streams with comparable molar frac
tions of NH4

+ to all-cations. However, if two AD reject waters have the 
same NH4

+ concentration but differ in concentrations of other cations the 
NH4

+ current efficiency will differ. Most recent studies have focused only 
on a single molar fraction (NH4

+:all-cations) of reject water (Kaniadakis 
et al., 2024; Yang et al., 2023). Other recent studies applied the LN in a 
BPMED pilot to remove NH4

+ from real sludge reject water after AD, 
having different compositions (Ferrari et al., 2022; Rodrigues et al., 
2023). However, the results on current efficiency and removal efficiency 
varied, albeit the same LN was applied in these studies, targeting 
different wastewater compositions. Thus far, the effect of different 
cation molar fractions in AD reject water on ED performance, targeting a 
specific removal efficiency, has not been explored.

1.4. Performance characterization for NH4
+ removal in ED

ED performance characterization relies on key variables, such as LN 
and limiting current density (LCD), which serve as important process 
settings for optimizing NH₄⁺ removal and minimizing energy consump
tion in wastewater treatment (Rodríguez Arredondo et al., 2017;). These 
key variables have been used to set a balance between highest removal 
efficiency and lowest possible energy consumption.

Ward et al. (2018) operated an ED pilot for NH₄⁺ removal from AD 
sludge reject water under 60–80% of the LCD, demonstrating effective 
ammonium removal within specific energy consumption targets. Two 
studies on ED (Ippersiel et al., 2012; Mondor et al., 2008) used the de
gree of desalination for setting a threshold to the stack resistance in 
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batch ED operations, reporting an optimum of 80% desalination. Van 
Linden et al. (2019) investigated a dynamic control approach by 
adjusting the applied LCD according to electrical conductivity trajec
tories, specifically targeting NH₄⁺ as the principal cation. Prior studies 
typically investigate ED performance under a single molar fraction (MF) 
of cation composition, without accounting for the variability found in 
real AD reject waters. Consequently, reported values for NH₄⁺ current 
efficiency, removal efficiency, and energy consumption are often 
inconsistent across the literature. Since NH₄⁺ concentrations in AD reject 
waters fluctuate due to site-specific treatment processes, categorizing 
reject waters solely by NH₄⁺ levels or electrical conductivity proves 
insufficient (Pavez-Jara et al., 2023). Therefore, a more robust approach 
is to categorize reject water based on the overall cationic makeup 
expressed as a molar fraction to systematically evaluate membrane 
performance and cation selectivity under realistic and varying 
conditions.

A recent study on electrodialysis of AD reject water demonstrated 
that operation under a constant applied potential of 30 V promotes 
preferential NH₄⁺ transport over competing cations, while divalent 
species exhibit delayed transport relative to monovalent ions, consistent 
with selective ion permeation behavior (Proskynitopoulou et al., 2024). 
In an ED pilot study, segmentation of the operational time was 
demonstrated as an effective strategy for optimizing the energy con
sumption associated with NH₄⁺ and K⁺ recovery (Xiao et al., 2023). 
However, the aforementioned approaches do not explicitly account for 
the influence of varying cationic matrices.

1.5. Research objective

Research focusing on NH4
+ recovery from AD reject waters with ED 

and BPMED is a recent and novel strategy (Meng et al., 2024). Most 
approaches, however, disregarded the impact of competing cations on 
NH₄⁺ current efficiency, energy consumption and removal efficiency. 
Moreover, the influence of mCEMs in ED performance in multiple AD 
reject water compositions is not fully explored. Based on literature and 
the analysis of reject water samples, we categorized the cation compo
sition profiles of reject water into three main molar fractions (MFs), 

focusing on the five primary cations: K⁺, Na⁺, Ca²⁺, Mg²⁺, and NH₄⁺ 
present in AD reject water. Furthermore, standard CEMs and mCEMs in 
ED were tested to evaluate the effectiveness of mCEMs under different 
reject water composition. It is anticipated that NH₄⁺ removal efficiency 
and cation perm-selectivity through standard and monovalent selective 
cation-exchange membranes may vary across different MFs. Addition
ally, this study aimed to identify the optimal operational values for ED 
based on the critical degree of desalination (CDD) for the highest NH₄⁺ 
removal efficiency, while avoiding excessive stack resistance escalation. 
Finally, the impact of composition on the performance of ED is exten
sively discussed in this study. To the best of our knowledge, this is the 
first study to present a lab-scale framework for understanding how 
different cation-compositions in AD reject water affect NH₄⁺ 
perm-selectivity, removal efficiency, current efficiency and energy 
consumption in ED.

2. Materials and methods

2.1. Experimental setup

Fig. 1 shows a schematic representation of the experimental setup. 
The tested ED cell was designed and supplied by RedStack B.V. (Sneek, 
The Netherlands). The electrodes of the cathode and the anode were Pt- 
Ir coated of metal-stretched TiO2 with an active surface area of 10 cm x 
10 cm. A programmable power supply (Tenma 72–2535) was used to 
apply electrical current with range of 0.001 to 3.000 Amperes (A) and 
voltage of 0.010 to 30.000 Volts (V). The electrical current and voltage 
were logged every two seconds, and the output data were automatically 
stored. The electrical conductivity and pH of the solutions were 
measured in their respective stirring bottles using one WTW Multi 3630 
IDS multi-meter with two calibrated TetraCon 925 electrical conduc
tivity sensors and two calibrated IDS SenTix 940 pH sensors. Magnetic 
stirrers were placed inside the bottles of diluate, concentrate, and 
electrode rinse solution (ERS) to ensure homogeneous mixing. As ERS, 
an aqueous solution of 20 g⋅L-1 Na2SO4 was made. The diluate and 
concentrate solutions were recirculated through the membrane stack at 
a cross-flow velocity of 2 cm⋅s-1 by calibrated Masterflex® L/S® 

Fig. 1. The experimental set-up, including the ED cell, the power supply with data logger, the three pH and σ sensors, the three peristaltic pumps, and the vessels for 
diluate, concentrate, and ERS solutions recirculating through the ED cell.
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peristaltic pump (Strathmann, 2010; van Linden et al., 2020). A cali
brated peristaltic Watson-Marlow 520S pump was used to recirculate 
the solutions in the ED stack at a flow rate of 19 L⋅h-1.

2.2. Membrane configuration

The stack shown in Fig. 2(a) was designed with five pairs of FAS-PET- 
130 anion exchange membranes (AEMs) and five FKS-50 cation ex
change membranes (CEMs). To minimize NH₄⁺ leakage into the elec
trode rinse solution (ERS), restrict the Na+ leakage to the diluate, and to 
reduce the NH4

+ transport only through the CEM/mCEM two AEMs were 
positioned as anion exchange-end membranes (AEEMs) adjacent to the 
electrode chambers. Previous studies (van Linden et al., 2020; Yang 
et al., 2023) demonstrated that placing AEEMs next to electrode 
chambers significantly reduced NH₄⁺ leakage, with Yang et al. (2023)
reporting nearly twice the final NH₄⁺ concentration in the ERS in 

configurations with AEEMs compared to cation end-exchange mem
branes (CEEMs). Therefore, AEEMs effectively retain NH₄⁺ ions, pre
venting their migration into the ERS and improved NH4

+ tracing through 
the stack. To form the diluate and concentrate chambers, wire mesh 
spacers made of silicon/polyethylene (0.27 mm thickness) were used to 
separate each AEM and CEM, allowing for a thinner boundary layer (BL) 
and lower resistance as achieved with spacers of 0.5 mm (Vermaas et al., 
2014). For the stack in Fig. 2(b), the CEMs were replaced by 
monovalent-selective CEMs (mCEMs) from Astom, Japan, whereas 
AEMs and AEEMs remained the same.

The mechanical and electrical characteristics of the chosen mem
branes are presented in Table 1. It is expected that mCEM could result in 
higher stack resistance based on the values of membrane resistance and 
thickness. The CIMS membrane is approximately three times thicker 
than the FKS-50 membrane due to an additional monovalent-selective 
layer on one side, which was oriented toward the diluate in the stackb.

Fig. 2. The two tested configurations of ED stacks with CEM (a) and mCEM (b). The purpose of incorporating mCEMs in ED (b) is to reduce the transport of Mg2+ and 
Ca2+ as illustrated by red arrows. The monovalent-selective one side surface of the mCEM is indicated with red dashed line. The incorporation of AEEM is depicted 
restricting the NH4

+ migration into the ERS Na+ leakage.
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2.3. Experimental methodology

2.3.1. Single batches with synthetic solutions
The MF values listed in Table 2 were calculated based on reject water 

samples from WWTPs in the Netherlands from the sites of Sluisjesdijk, 
Olburgen, Tilburg, Hengelo, Apeldoorn, Amersfoort, Venlo, and Hor
stermeer, but also from existing literature (El-Qelish and Mahmoud, 
2022; Koskue et al., 2021a, 2021b; Shaddel et al., 2020a, 2020b). Based 
on these calculations, the obtained MFs were 0.32 as the most complex, 
to 0.89 as the least complex AD reject water composition. Subsequently, 
the MF of 0.58 was defined as an estimation of the total average. 
Additionally, the molar concentration of NH₄⁺ was kept constant across 
all MF to enable fair comparisons and minimize the impact of concen
tration variations on performance indicators among the experiments. In 
this study, the NH4

+ concentration in all samples was standardized to 
1000 mg⋅L-1 whereas the proportions of the rest of the cations were 
adjusted to achieve the specific molar fraction number.

Eq. (1) defines the calculation used to determine the molar fraction 
presented in Table 2. 

molar fraction (MF) =
nNH+

4

ncations
(1) 

Where nNH+
4 

is the added amount of NH4
+ in moles, and ncations is the 

summation of all cations in the solution in moles, including NH4
+, Na+, 

K+, Mg2+, and Ca2+. The synthetic feed solutions initially contained the 
corresponding salt weight of ammonium bicarbonate (NH4HCO3), so
dium sulfate (Na2SO4), potassium bicarbonate (KHCO3), magnesium 
chloride (MgCl2), calcium chloride (CaCl2) in 1 L of demi water 
(Table 2). The initial concentrate solution was 1 L demi water. Samples 
were taken from diluate and concentrate solutions at various time in
stants until the batch experiments were completed. During the experi
ment applying an MF of 0.32, the samples were taken every 20 s from the 
diluate and concentrate solution. Using an MF of 0.58 and 0.89, the 
samples were taken every 10 s from both solutions. Subsequently, NH4

+, 
Na+, K+, Mg2+, and Ca2+ concentrations were measured using an ion 
chromatograph (ICS-2100, Thermo Scientific Dionex, USA) equipped 
with an analytical column (IonPac AS17-C 2 mm, Thermo Scientific 
Dionex, USA) and an electrical conductivity sensor. The experiments 
were all performed in duplicate at 20 ± 1 ◦C in the lab. Furthermore, the 
water volumes of the solutions remained the same during the experi
ments indicating that the electro-osmotic transport of water was mini
mum. For these experiments the iron species of Fe2+/Fe3+, present in 

AD, were eliminated from the scope of the study. The reason lies under 
the potency of these cations to cause irreversible membrane degradation 
of the CEM surface especially in high concentrations (Chen et al., 2017). 
Furthermore, trivalent cations do not compete directly with NH4

+ in 
electrodialysis as divalent cations due their limited mobility through the 
membrane and therefore they were not included (Lambert et al., 2006; 
Sadrzadeh et al., 2007)

2.3.2. Sequential batch experiments with real reject water
To test the relevance of the observed inflection time of critical degree 

of desalination (CDD) for real-world conditions, sequential batch ex
periments (SBEs) were performed using ED equipped with both types of 
membranes on real reject water. A sample of real AD reject water was 
collected from the wastewater treatment plant of Horstermeer in the 
Netherlands. The cation composition was analyzed with ion- 
chromatography and the calculated MF was 0.52. Therefore, the reject 
water composition was approached similarly to MF 0.58 for both 
membranes. The experiments were terminated once the concentrate 
solution reached the electrical conductivity of 20 mS⋅cm⁻¹.

2.4. Performance indicators

The NH4
+ removal efficiency (RE%) was calculated using Eq. (2): 

RE% =
CN

d,0 − CN
d,t

CN
d,0

⋅100% (2) 

where CN
d,t and CN

d,0 are concentrations of NH4
+-N in the diluate solution at 

time t and 0, respectively.
The total cumulative energy consumption (ENH+

4
) expressed in 

MJ⋅kgN-1 for the mass of removed NH4
+ was calculated using Eq. (3). 

ENH+
4
=

∑t
t=0(Ut⋅It⋅Δt)
mNH+

4 , d
(3) 

where ENH+
4 

is the energy consumption (in MJ⋅kgN-1), Ut is the average 
electric potential during each time interval (in V), It is the average 
electric current during a time interval (in A or C ⋅ s-1) and Δt is the time 
interval (in seconds), and mNH+

4 , d is the mass of NH4
+ transported from 

the diluate.
The degree of desalination (%) was calculated using Eq. (4). 

Degree of Desalination (DD%) =

(

1 −
σt

σ0

)

⋅100% (4) 

Where σt (mS⋅cm-1) is the electrical conductivity of diluate solution at 
time t, and σ0 (mS⋅cm-1) is the initial electrical conductivity of diluate 
solution.

The current efficiency (η%) of cation species i was calculated using Eq 
(5). 

η% =

(
Ci

c,t − Ci
c,0

)
⋅Vd⋅F⋅zi

N⋅A⋅t⋅Id
⋅100% (5) 

where Ci
c,τ and Ci

c,0 are molar concentrations of the cations i in the 
concentrate solution at time t and 0, respectively; Vd is the volume of 
diluate solution; F is the Faraday constant (96,485 C⋅mol-1); zi is the 
valence of the species i; N is the number of cell pairs in the ED stack 
(dimensionless, N = 5); A is the effective area of each membrane (m2); Δt 
is the time (s); Id is the current density (A⋅m2).

The fraction in moles of each ion that migrated from the diluate to 
the concentrate relative to their initial concentration was used to express 
the perm-selectivity of CEM and mCEM for Na+, K+, Mg2+, and Ca2+

indicated as X with respect to NH4
+ (PX

N) (Van der Bruggen et al., 2004): 

Table 1 
Membrane specifications as described by manufacturers Fumatecha and 
ASTOMb and (Wang and Lin, 2024).

Type Name Specific 
resistance 
(Ω cm2)

Thickness 
(mm)

Conductivity 
(mScm-1)

Perm- 
selectivitya, 

b

CEMa FKS- 
50

1.8–2.5 0.05 2–3 >97%

mCEMb CIMS 2–2.5 0.15 N/A >98%
AEMa FAS- 

PET- 
130

1.7–3 0.1–0.13 4–6 >92%

Table 2 
Composition of the used media simulating the cation composition of the 
different reject waters, based on molar fractions (MFs) observed at wastewater 
treatment sites in the Netherlands.

Cation molar concentration (mM)

Solutions NH4
+ Na+ K+ Mg2+ Ca2+

MF = 0.32 55.44 11.06 83.87 21.00 3.37
MF = 0.58 55.44 3.92 14.83 19.75 1.16
MF = 0.89 55.44 3.12 2.23 0.27 0.96
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PX
N =

[(
CX

t − CX
0
)
⋅Vc

]/[(
CN

t − CN
0
)
⋅Vc

]

CX
0
/
CN

0
=

(
ηX,%

/
zX
)/(

ηN,%
/
zN
)

CX
0
/
CN

0
(6) 

where CX
t and CN

t are the molar concentrations of X cation and NH4
+ at a 

specific time instant, respectively, ηX,t and ηN,t are the current effi
ciencies of X cation and NH4

+ transported from the diluate to the 
concentrate chamber at time instant t, respectively, Vc is the volume of 
the concentrate, zX and zN are the ionic charges of X cation and NH4

+, 
respectively. When PX

N > 1, the membrane is more selective to X cation 
than NH4

+ while for PX
N < 1, the membrane is more selective to NH4

+ than 
X cation.

2.5. Statistical analysis

Statistical analysis on the measured data was performed using IBM 
SPSS Statistics software. The following statistical tests were used to 
analyze the data and support the interpretation of the results: Piecewise 
linear regression and ANOVA (to evaluate increasing or decreasing 
trends), and t-test on linear regression slopes (to assess significant 
changes in slope). The error bars in the figures present the maximum and 
minimum values (i.e. outer values of error bars).

3. Results and discussion

3.1. Molar fraction 0.32: reduced NH₄⁺ current efficiency for the most 
complex ion composition

Fig. 3(a) and (b) compare the η% of the five key cations at a MF of 
0.32 for both membranes. The highest η% was observed at the beginning 

of the experiment, indicated as phase I.
During phase I, the η% was driven by the high concentration gradient 

between the diluate and concentrate solutions (van Linden et al., 2020, 
2019). As a result, the sum of η% for all the cations exceeded 100% 
indicating the existence of additional transporting driving force other 
than electric current, as previously demonstrated by others (Rodríguez 
Arredondo et al., 2019). After the ion distribution equilibrated and the 
influence of concentration gradient diminished, the sum of η% 
approached 100%, which was marked as entering phase II, during which 
the transport of cations occurred primarily by electro-migration.

At MF 0.32, K+ emerged as the primary charge carrier due to its high 
feed concentration and high electro-mobility. As a result, the η% for K+

was higher than for NH4
+. The transport of K+ was enhanced with mCEM 

when compared to CEM, as reflected by the average η% of 67% ± 3% and 
50% ± 1%, respectively. Due to the high abundance of K+, the η% of 
NH4

+ was the lowest among the experiments. Nevertheless, the average 
η% for NH4

+ for the total batch duration was 40% ± 1% with mCEM and 
35% ± 2% with CEM, meaning that the monovalent selective property 
of mCEM improved the transport of both K+ and NH4

+.
Mg2+ exhibited a distinct η% trend compared to the other cations 

across the two membranes. The total η% for Mg2+ was 20% ± 2% and 
25% ± 1% for mCEM and CEM, respectively. In mCEM, the transport of 
Mg2+ was limited especially during the first 60 min showing a delayed 
increase (ρ= 0.99, p < 0.001) at 50% DD%. Notably, after 75% DD%, 
Mg2+ and NH4

+ transport converged in the CEM, indicating a clear 
competition between these ion species at DD% exceeding 75%.

Fig. 3(c), (d), and (e) further examine the perm-selectivity (PX
N) at 

50%, 75%, and 95% DD% for both membranes. The results demonstrated 
that the mCEM rejected more effectively Mg2+ and Ca2+ compared to 

Fig. 3. The current efficiency as a function of time of each cation for mCEM (a) and CEM (b). The cation perm-selectivity of the different cations over NH4
+ for both 

mCEM and CEM at DD% 50% (c), 75% (d) and 95% (e). MF 0.32: molar fraction of 0.32, DD%: degree of desalination, η%: current efficiency, PX
N membrane perm- 

selectivity of cation X over NH4
+. Phase I reflects the combined effects of diffusion and electromigration, whereas phase II indicates a diminished diffusion influence 

with predominant electromigration.
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CEM. Accordingly, the CEM showed a higher PX
N for divalent cations than 

mCEM, particularly at 75% DD%. Notably, Na+ and K+ exhibited similar 
patterns in selectivity for both membranes, across the tested DD%. The 
PX

N of mCEM for monovalent cations and therefore for NH4
+ approached 

1, indicating an equal selectivity with divalent cations at DD% exceeding 
75%, following the same trend of η%.

3.2. Molar fraction 0.58: superior performance of mCEM over CEM on 
selective NH4

+ transport

Fig. 4(a) and (b) show the η% during the experiment with MF of 0.58. 
The average η% of NH4

+ was 67% ± 2% and 54% ± 1% for mCEM and 
CEM, respectively, indicating that mCEM yielded a higher η% for NH4

+. 
Regarding the transport of Mg2+ the average η% was 26% ± 3% and 39% 

± 2% for mCEM and CEM, respectively. Therefore, the transport of Mg2+

was limited by the mCEM. Notably, the slope of Mg2+ shifted direction 
and showed an increase at approximately 50% DD% (p < 0.001). In CEM, 
Mg2+ and NH4

+ showed a similar decreasing trend (ρ=− 0.9,p = 0.002) 
throughout the experiment. However, a broader disparity was observed 
in mCEM than CEM in η% between NH4

+ and Mg2+. The η%of K+ was 25% 

± 3% and 13% ± 3% for the mCEM and CEM, respectively, indicating 
that the monovalent selective layer favoured the transport of K+.

Fig. 4(c), (d), and (e) show PX
N of both membranes at 50%, 75%, and 

95% DD%. The results indicate that the mCEM yielded a higher selective 

transport of NH4
+, while the CEM showed greater preference for Mg2+

and Ca2+ at every DD%. The PX
N of mCEM for divalent cations was 

constantly below 1. Like the η% trends, mCEM showed a delayed in
crease in the migration of the divalent cations, while NH4

+ migration 
dominated earlier, which led to higher PX

N for divalent cations at higher 
DD%. Obtained results suggested a transition from monovalent to diva
lent selectivity at higher DD%.

We can conclude that for an MF of 0.58, the mCEM configuration 
represented a superior alternative for the enhancement of NH4

+ transport 
compared to CEM configuration. The cation selectivity of transported 
cations from the diluate solution was: Mg2+ ≈ Ca2+ > K+ ≈ NH4

+ > Na+

for CEM configuration and NH4
+ > K+ > Na+ > Ca2+ > Mg2+ for mCEM 

configuration.

3.3. Molar fraction 0.89: highest NH4
+ η% due to low concentration of 

competing cations and minimum improvement by the mCEM

Fig. 5(a) and (b) depict the η% for all cations during the experiment 
with MF 0.89 for mCEM and CEM respectively. The highest η%was 
observed during the first 20 mins of operation, during phase I. Overall, 
there was no significant improvement to the η% of NH4

+ by the mCEM 
when compared to CEM (t= − 0.61 p = 0.27). Regarding PX

N, Fig. 4(c), (d) 
and (e) show that the CEM was more selective towards divalent cations 
compared to experiments applying lower NH4

+MFs, especially at DD% 
above 50% and 75% and despite the lowest concentration of these 
competing cations. Concentration polarization (CP) is characterized by a 

Fig. 4. The current efficiency as a function of time of each cation for mCEM (a) and CEM (b). The cation perm-selectivity over NH4
+ (PX

N) for both mCEM and CEM at 
DD% 50% (c), 75% (d) and 95% (e). MF 0.58: molar fraction of 0.58, DD%: degree of desalination, η%: current efficiency, PN

X membrane perm-selectivity of cation X 
over NH4

+.
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higher concentration of ions in the BL of the membrane than in the bulk 
indicating limiting current conditions (Tanaka, 2003). Obtained find
ings suggested that low concentrations of divalent cations resulted in 
high η% for NH4

+ transport. Possibly this is linked to reduced CP at the 
BL, owing to a reduced thickness and thus increased diffusivity of NH4

+

ions. This assumption is in line with the hypothesis that the concentra
tion profile towards the membrane surface becomes steeper (Kim et al., 
2012; Shocron et al., 2025). The total PX

N values for each conditions 
before the critical point are shown in Table S3.

The observed differences in PX
N between the mCEM and CEM at MF 

0.32 and 0.58 follow the behaviour predicted by theory, as described by 
Kim et al. (2011) and demonstrated experimentally by Roghmans et al. 
(2020). At current densities lower or close to the limiting current den
sity, stronger concentration polarization of multivalent ions in the 
boundary layer governs membrane perm-selectivity, as the monovalent 
cations were depleted first from the bulk (Table S2). According to 
(Firdaous et al., 2007), the composition of the feed solution, considering 
the valence and concentration of cations, can influence the diffusive BL 
of a CEM in ED. Specifically, the phenomenon of CP can become more 
important, when applying a more complex solution of multivalent cat
ions. In Fig. 3(a), (b) and Fig. 4(a),(b) NH4

+ η% showed a decreasing 
trend indicating a simultaneous depletion of NH4

+ concentration from 
the bulk. However, Mg2+ in mCEM showed an increasing η% trend at 
DD% exceeding 50%. The observed trend was attributed to the effect of 
the mono-selective mCEM polymer-chemistry and resulted in a priori
tized transport of monovalent cations in the first period of the experi
ment. After the NH₄⁺ concentration in the BL dropped below a critical 

point, Mg²⁺ started diffusing from the bulk solution into the BL, 
demonstrating competition for transport sites. Results in Fig. 3(b) indi
cated that Mg2+ migration was triggered earlier compared to Fig. 3(a). 
However, the presence of both monovalent and divalent cations in the 
BL of a selective membrane can lead to electrochemical blocking of the 
pore sites by the latter, due to their larger radius and higher charge 
(Firdaous et al., 2007; Rodrigues et al., 2022). Therefore, by using an 
mCEM the transport of monovalent cations over divalent was indeed 
favoured, although a thicker diffusive BL and a more intensified CP 
occurred (Al-Amshawee et al., 2020; Kim et al., 2011). Additionally, the 
different structure of the selective chemistry of mCEM could have 
potentially affected the thickness and the concentration profile of the BL 
(Kim et al., 2012; Yang et al., 2023). A selective fabricated layer of the 
same type of mCEM reduces the transport of cations with larger hy
drated radii such as Ca2+and Mg2+according to (Zimmermann et al., 
2024). As a result, an exclusion mechanism of a smaller porosity 
contributed to higher selectivity by the current mCEM based on 
(Roghmans et al., 2020).

At MF 0.89, the CEM showed the highest selectivity for divalent 
cations despite their very low concentration. It is assumed that Ca2+and 
Mg2+ were attracted with higher affinity to the pore sites due to their 
higher charge density.

3.4. NH₄⁺ removal efficiency and energy consumption depend on the 
degree of desalination

In Fig. 6(a), (b) and (c) the RE% for different DD% is shown for MF 
0.32, 0.58 and 0.89, respectively. The highest RE% of applying a CEM 

Fig. 5. The current efficiency as a function of time of each cation for mCEM (a) and CEM (b). The cation perm-selectivity over NH4
+
(
PX

N
)

for both mCEM and CEM in 
DD% 50% (c), 75% (d) and 95% (e). MF 0.89: molar fraction of 0.89, DD%: degree of desalination, η%: current efficiency, PN

X membrane perm-selectivity of cation X 
over NH4

+.
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was obtained for MF 0.89 at DD% 90% (Fig. 6(c)), and the lowest for MF 
0.32 at DD% 60% (Fig. 6(a)). The mCEM achieved the highest RE% for all 
MFs and for all three corresponding DD% compared to the CEM (Fig. 6
(b)). More specifically, the mCEM improved the RE% in MF 0.58 at 75% 
DD% by 18%, while the lowest improvement was observed with MF 
0.89. In addition, under the latter conditions the improvement was 
almost negligible (Fig. 6(c)). For MF 0.32, the primary challenge was the 
dominance of K⁺, due to its higher concentration and mobility, which 
influenced negatively the NH4

+ selectivity of the mCEM. The results of 
MF 0.58 are consistent with our previous study involving AD reject 
water with a similar molar fraction (Kaniadakis et al., 2024). The 
reduced concentration of competitive monovalent cations and Mg²⁺ 
improved the removal of NH4

+ using an mCEM instead of a CEM at an MF 
of 0.58. Finally, due to the low concentration of competing cations in MF 
0.89, the mCEM showed only a slightly higher RE% than the CEM.

The ENH+
4 

for both types of membranes is shown in Fig. 6(d), (e) and 
(f). Results showed a higher ENH+

4 
applying a lower MF, despite the 

presence of a higher electrical conductivity and equal NH4
+ concentra

tion. Thus, the presence of high concentrations of competitive cations 
relative to NH4

+ contributed to a higher ENH+
4
. Fig. 6(d) shows that the 

ENH+
4 

at MF 0.32 was similar for both membranes until the breakpoint at 
a DD% of approximately 80%, when a clear difference in ENH+

4 
was 

observed, with the CEM outperforming the mCEM. This steep increase in 
the slope was statistically significant (p = 0.008). Similarly, Fig. 6(e) 
shows that, for MF 0.58, the mCEM exhibited lower ENH+

4 
than the CEM 

until an approximate DD% of 80%. The increase in ENH+
4 

(ρ= 0.95, p =
0.0034) for DD% exceeding 80% is associated with the depletion of 
monovalent cations and the enhanced diffusion of divalent cations into 
the BL, which most likely enhanced CP as discussed by previous studies 
(Van der Bruggen et al., 2004; Zimmermann et al., 2024). Additionally, 
for MF 0.89, Fig. 6(f) shows that the ENH+

4 
using an mCEM was not 

significantly higher than when using a CEM, meaning that mCEM did 
not improve the ENH+

4 
for MF 0.89 at any DD%.

3.5. Defining the critical degree of desalination as an energy saving 
threshold

Fig. 7 shows the statistically identified critical degree of desalination 
(CDD) for the two ED stacks determined by the change in slope of 
resistance for each MF. The aim was to identify the maximum DD% at 
which the batch experiment should be terminated to yield a low resis
tance and high RE%. The CDD identified the specific DD% beyond which 
the resistance became significantly higher from that observed before 
that specific DD%. Once the CDD was reached, the slope of the trend for 
all MF changed from weak linear (R2 = 0.2±0.02, β= -0.1±0.001) to 
linear (R2 = 0.9±0.01, β= 0.9±0.02). The experiment with MF 0.32 is 
shown in Fig. 7 (a). For the exceeded DD% of 75% the resistance 
increased rapidly. The shift to a steep increase in resistance can be 
attributed to the depletion of cations in the BL (Rodrigues et al., 2022). 
In the case of mCEM, the higher resistance compared to CEM was 
attributed to the effect of the selective layer. Fig. 7 (b) shows the results 
for MF 0.58, where the smaller amount of competitive cations in the 
solution led to a shorter experimental time compared to MF 0.32. 
Although resistance was higher for the mCEM compared to CEM, both 
systems exhibited the same trend, with the resistance increasing linearly 
after 70% DD% for the former and after 85% for the latter. Furthermore, 
the experiment for MF 0.89 resulted in the shortest experimental time, 
due to the smallest amount of total cations present (Fig. 7 (c)). Most 
likely, the lower concentration of divalent cations in MF 0.89 reduced 
the CP, and led to a shorter linear resistance trajectory. Therefore, in MF 
0.89, the CDD occurred later for both membranes compared to the other 
MF values as shown in Table 3.

In Table 2 the results depicted in Fig. 7 are summarised, showing the 
beginning of the CDD correlated with the DD% and RE% for both 
membranes. At MF 0.32 and 0.58, the CDDs of mCEM occurred 20 and 
30 mins earlier, respectively, than CEM. This earlier onset was accom
panied by a lower DD% and RE%. Additionally, for these two MFs, the 
lowest RE% was 80% and the highest 86%, which fall within the range of 
the RE% reported for recent ion-exchange and pressure driven 

Fig. 6. The RE% of NH4
+ for mCEM (yellow) and CEM (blue) at different DD% for MF 0.32 (a), MF 0.58 (b), and MF 0.89 (c). The energy consumption (MJ⋅kgN-1) as a 

function of DD% for mCEM (purple) and CEM (orange) at MF 0.32 (d), MF 0.58 (e), and MF 0.89 (f). RE%: removal efficiency, DD%: degree of desalination, MF: 
molar fraction.
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membrane-practices (Farghali et al., 2024; Thi My Hanh et al., 2025). 
Furthermore, at MF 0.89, the CDD for mCEM occurred 5 mins later than 
that for CEM. Although the RE% was higher for mCEM, the prolonged 
operation at a higher resistance resulted in a higher ENH+

4
. Based on these 

results, it is postulated that for reject waters with an MF 0.32 to 0.58, the 

mCEM can contribute to a noticeable reduction in ENH+
4 

if the operation 
is restricted to a DD% of around 70%. This could potentially result in a 
delayed occurrence of scaling and energy saving in a continuous oper
ation, if a DD% of around 70% is set as a safety limit. Furthermore, for 
AD reject water with an MF of around 0.89, the CEM can be a more 
energy-efficient option than mCEM, given the shorter maximum oper
ational time and the minimum difference in ENH+

4 
to reach an CDD. 

Similarly, for a CEM a maximum DD% of approximately 75% can be 
applied applying an MF of 0.89 to obtain a RE% of at least 75% and 
maintain a lower resistance. The results align with the outcomes of the 
study conducted by (Zhang et al., 2017), where a similar value of DD% at 
approximately 70% was identified as an optimum.

The occurrence of a CDD is therefore dependent on both the MF of 
the feed solution and the type of CEM employed, as summarized in 
Table 2. As discussed above, the transition toward CDD is associated 
with a change in the preferential transport behavior of monovalent to 
divalent cations, reflecting the progressive depletion of readily mobile 
monovalent charge carriers in the BL. In the case of mCEM, this deple
tion is reached at lower overall desalination degrees compared to con
ventional CEMs, indicating that transport limitations arise before the 
theoretical limiting-current conditions are met (Table S2). Furthermore, 
these limiting conditions vary with MF and are not governed entirely by 
the NH₄⁺ concentration in the bulk, instead by the combined competitive 
transport of all cations present. In Table S2 the CDD times of all ex
periments occurred before the theoretical limiting current, indicating 
that limiting conditions were not yet reached despite the earlier deple
tion of monovalent cations. This behavior is further supported by the 
permeation selectivity (PX

N) trends shown in Figures 3 and 4, where the 
PN

X values of Mg²⁺ and Ca²⁺ for the mCEM increase from approximately 
0.5 in the middle of the operational phase to values approaching 0.8 at 
the onset of CDD. This shift indicates an alteration of BL profile, 
consistent with intensified CP and the breakdown of the monovalent- 
selective transport.

For both types of membranes, the more complex composition of AD 
reject water led to a higher ENH+

4 
for NH4

+ transport despite the higher 
electrical conductivity in these feed waters. Regarding the ENH+

4 
of MF 

0.89 with CEM, the obtained value was halved compared to MF 0.58. It 
is assumed that the operational window of the CEM with MF 0.89 could 
surpass the CDD and still result in a competitive ENH+

4
. For reject waters 

with a molar fraction of 0.89, the economic feasibility of mCEM utili
zation is limited. Previous studies indicate that the initial capital cost of 
mCEM-based stacks can be approximately 30% higher than those 
employing conventional CEMs (Oddonetto et al., 2024). When com
bined with the higher energy consumption observed under these con
ditions, the use of mCEMs becomes economically unattractive for this 
category of reject waters.

This study contributes to the identification of CDDs specific to each 
MF and CEM, providing a practical method for achieving the lowest 
feasible resistance to maximize on-site NH₄⁺ RE%. In both batch and 
continuous operations, the CDD can be used to guide process control 
based on the desired DD%, without requiring real-time NH₄⁺ concen
tration measurements and relying solely on electrical conductivity as a 
proxy variable. To further evaluate the relevance of the observed CDD 
under real-world conditions, experiments were conducted using actual 
AD reject water in ED, testing both membrane types. The results, pre
sented in the Fig. 8, demonstrate that applying the CDD threshold, ac
counting for the type of CEMs and MF, led to an average improvement of 
at least 10% in ENH+

4 
and total NH₄⁺ mass recovered in the concentrate.

3.6. Sequencing batch experiments with real reject water: process control 
based on MF-defined threshold for critical desalination degree

The SBE runs using the CDD criterion for desalination degree control 
based on MF 0.58 resulted in a total of four batches, whereas the SBEs 

Fig. 7. The resistance of the stack in Ω (Ohms) and the degree of desalination 
as a function of time for CEM and mCEM at MF 0.32 (a), 0.58 (b) and 0.89 (c). 
The piecewise coefficient is considered statistically significant (p < 0.05) at a 
specific DD% if the null hypothesis is rejected. This hypothesis states that the 
total resistance after the identified CDD is not significantly different from the 
average resistance prior. Rejection occurred when the CDD was signifi
cantly higher.
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Table 3 
The CDDs identified in minutes of operation and DD% for CEM and mCEM at all three MFs.

Reject water CDD starting point (mins) DD% RE% ENH+
4 

(MJ⋅kgN-1)

CEM mCEM CEM mCEM CEM mCEM CEM mCEM

MF = 0.32 160 140 78% 72% 71% 80% 14.2 13.6
MF = 0.58 110 80 88% 70% 75% 86% 11.2 9.4
MF = 0.89 50 55 75% 78% 79% 82% 6.2 7

Fig. 8. The NH4
+ removal efficiency for the SBE with CEM (a) and mCEM (b) for both operations with DD% 90% and CDD. The current efficiency (η%) for all five 

cations per batch for both operational modes of DD% presented with the ENH+
4 

per batch for CEM (c) and mCEM (d). The total cumulative energy consumption (ENH+
4
) 

in MJ kgN-1 of the above operational batches for CEM (e) and mCEM (f) for DD% 90% and CDD.
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targeting 90% desalination per batch required only three batches. 
Consequently, the CDD-controlled SBEs led to a higher total mass of 
NH₄⁺ recovered in the concentrate, despite similar overall operation 
times. Although the NH₄⁺ RE% per batch was lower, the CDD-controlled 
SBEs treated a larger volume of reject water.

Regarding the NH4
+ RE%, Fig. 8(a) shows that the difference between 

90% DD% and CDD control was as high as 20% for CEM. The mCEM 
showed a lower difference between 90% DD% and CDD control, reaching 
values of less than 10% on average. These results show that the mCEM 
allows for a reduction in losses of NH4

+ recovered when the operation is 
restricted by CDD control. Although the CDD control resulted in lower 
NH4

+ removal, it allowed for the treatment of an additional batch to 
reach the target of 20 mS⋅cm⁻¹, indicating in higher treated volume in 
real on-site applications.

Fig. 8(c) and (d) shows that the CDD control operation improved the 
η% for NH4

+ compared to 90% DD% for both types of membranes, similar 
to the findings using synthetic MFs. Moreover, the mCEM enhanced the 
transport of NH4

+ and reduced the transport of divalent cations 
compared to CEM.

Overall, the CDD control resulted in a lower ENH+
4 

per batch and total 
ENH+

4 
compared to DD% of 90% for both membrane stacks (Fig. 8(e),(f)). 

Thus, the additional results using real AD reject water indicated the 
usability of the proposed strategy for field scenarios, improving the 
overall ED performance, enhancing NH4

+ transport, and reducing the 
ENH+

4 
with at least 10%.

3.7. Future outlook

Rodrigues et al. (2017) showed that a higher load ratio of applied 
current density over charge of NH4

+ leads to co-transport of other cations 
if present in the solution. Therefore, in an NH4

+-rich wastewater source it 
is challenging to predict the exact η%of NH4

+ based on LN as other cations 
take part in the transport (Kuntke et al., 2018). As demonstrated in 
Table S1, NH₄⁺ is not the only species contributing to the current density, 
therefore, applying an identical LN across all three molar fractions re
sults in performance discrepancies. Therefore, the DD% could be applied 
as an approximation and practical alternative to this uncertainty for 
on-site treatment of AD reject water with ED. In this study, the ED 
operation was in batch mode and the feed waters did not contain any 
organic compounds. Thus, future work should focus on a continuous 
operation applied on various MF in real AD reject water to determine the 
impact of organic fouling and scaling in resistance while aiming at 
steady CDD conditions. Finally, to further assess the practical viability of 
mCEMs, a comprehensive techno-economic assessment should be con
ducted, including payback time analysis to account for their higher 
capital expenditure.

4. Conclusions

This study demonstrates the influence of feed water cation compo
sition and membrane selectivity on ammonium (NH₄⁺) transport in 
electrodialysis. Across all tested molar fractions (MF 0.32, 0.58, and 
0.89), the monovalent-selective cation exchange membrane (mCEM) 
consistently outperformed the conventional CEM in terms of NH₄⁺ cur
rent efficiency (η%) and removal efficiency (RE%), particularly at the 
intermediate molar fraction (MF 0.58). The application of a “degree of 
desalination” threshold to avoid the occurrence of CDD based on 
membrane type and molar fraction is recommended to improve the 
energy consumption and current efficiency of electrodialysis. 

• The mCEMs are optimal for reject waters of MF 0.32–0.58: The 
mCEM consistently outperformed the CEM in all experiments 
regarding perm-selectivity (PX

N) in favour of NH4
+. Specifically, the 

mCEM effectively reduced the transport of Ca²⁺ and Mg²⁺, achieving a 
PX

N below 1 for every MF consistently. In contrast, the CEM showed 

preferential selectivity for Ca2+ and Mg2+ over NH4⁺ across every 
MF. The competitive transport of K+ in MF 0.32 resulted in the 
lowest η% of NH4

+. The ENH+
4 

for both types of membranes was 
reduced for high molar fractions. The ENH+

4 
of mCEM for MF 0.32 was 

similar to that of CEM until a DD% of approximately 80%. Meaning 
that the mCEM improved NH4

+ perm-selectivity for the same energy 
cost. The mCEM reduced the ENH+

4 
for MF 0.58 compared to CEM but 

resulted to slightly higher ENH+
4 

in MF 0.89. Until the occurrence of 
CDD, the mCEM achieved higher removal efficiency than CEM for 
MF 0.32 and 0.58, but only slightly higher for 0.89.

• Standard CEMs are preferable at higher molar fractions: The 
improved perm-selectivity of mCEM comes at the cost of higher 
resistance and intensified CP, which may compromise the removal 
efficiency for DD% exceeding 75%− 80%, particularly at MF 0.32 and 
0.58. Therefore, the use of mCEM may not offer a significant 
advantage in reducing ENH+

4 
for reject waters with MF around 0.89. In 

fact, the conventional CEM at MF 0.89 resulted in nearly a 50% 
reduction in ENH+

4 
compared to a MF of 0.58 and 0.32.

• A critical degree of desalination can be applied for ED process con
trol: The controlled electrodialysis operation with the applied CDD 
criterion, based on the molar fraction, improved the overall perfor
mance in terms of NH₄⁺ current efficiency and energy consumption, 
compared to 90% aiming NH4

+ removal. Therefore, the CDD- 
controlled operation offers a practical solution for on-site-process- 
control of real AD reject waters based on their MF composition 
when targeting NH4

+ removal.
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Zimmermann, P., Wahl, K., Tekinalp, Ö., Solberg, S.B.B., Deng, L., Wilhelmsen, Ø., 
Burheim, O.S., 2024. Selective recovery of silver ions from copper-contaminated 
effluents using electrodialysis. Desalination 572, 117108. https://doi.org/10.1016/j. 
desal.2023.117108.

I. Kaniadakis et al.                                                                                                                                                                                                                             Water Research 297 (2026) 125770 

14 

https://doi.org/10.1016/j.desal.2022.116155
https://doi.org/10.1016/j.chemosphere.2018.07.078
https://doi.org/10.1016/j.desal.2017.02.008
https://doi.org/10.1016/j.desal.2023.117108
https://doi.org/10.1016/j.desal.2023.117108

