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Circular water reuse is often limited by the accumulation of harmful ions and the loss of valuable ions during
water desalination. Selective removal of specific ions from water is essential but challenging with conventional
desalination technologies, especially for ions with similar properties, such as sodium (Na™*) and potassium (K*).
In the present study, the use of electrodialysis in combination with EDTA complexation in the concentrate is
proposed to selectively remove Na' ions from a multi-ionic solution containing Na*, K*, and NO3 ions. Elec-
trodialysis experiments were conducted at lab-scale at different operational conditions (i.e. solution pH, applied
voltage, EDTA/Na" ratio and solution ion composition) to evaluate the selectivity of the proposed process. It was
found that a high solution pH (>10) and a low applied voltage (<0.3 V per cell pair) is required to maximize the
selective transport of Na™ ions, while the presence of other metal ions in solution limits the process efficiency.
The effect of the proposed process on the transport mechanisms in electrodialysis, which are electromigration,
convection and diffusion, was also examined. The provided analysis concluded that the electromigration and
convection mechanisms show the largest contribution to the transport of both Na* and K ions, while the process
selectivity is controlled by selective diffusion of ions which is enhanced by EDTA complexation. Finally, the
regeneration and recovery of EDTA with acidification was experimentally evaluated at different pH values and
different precipitation times; recoveries of >95 % were achieved with an acidic solution with pH < 2 in 30 min.

1. Introduction

Selective removal of ions from a solution is often essential for cir-
cular water reuse to prevent the accumulation of harmful ions, such as
sodium (Na™), and the loss of valuable compounds, such as potassium
(K™), which decreases the quality of water [1,2]. Especially in agricul-
ture, reducing the Na™ concentration in water to the threshold level is
required while keeping the K concentration as high as possible [3,4].
However, selective separation of ions with similar physicochemical
properties (e.g., valency and size) is still a challenge due to the low
selectivity of conventional desalination technologies. Electrodialysis
(ED) is a water treatment technology that uses ion-exchange membranes
(IEMs) to remove charged species from a solution by applying an electric
field. The process consists of cation exchange membranes (CEMs) and
anion exchange membranes (AEMs) placed in alternating order that
allow oppositely charged ions to pass through, creating the diluate and
concentrate channels [5-7]. Selective ion removal with ED depends on
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various parameters, such as membrane properties and process opera-
tional conditions [8], which allows to achieve ion-selective transport by
tuning different parameters.

Transport of ions through IEMs in the ED process is determined by
three main mechanisms: electromigration due to a potential gradient
across the membranes, convection due to water transport through the
membranes, and diffusion due to a concentration gradient over the
membranes [9-11]. In conventional ED, electromigration and convec-
tion enhance the removal of ions that have high affinity and high
mobility in the membrane [8,11]. Diffusion, on the other hand, shows
opposite trends for the ions with different properties due to the asym-
metric concentration profiles building up in the IEMs to maintain elec-
troneutrality. As a result, the ions with a negative concentration gradient
(with low affinity, i.e. Na™) diffuse to the concentrate channel, mean-
while the ones with a positive concentration gradient (with high affinity,
i.e. K1) diffuse to the diluate channel [8,11]. Concentration gradients of
the ions over the membranes, which control selective diffusion, are not
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only depending on the properties of the ions, but also on their free
concentration in the diluate and concentrate. By adjusting the free ion
concentration between the two channels in ED, it is, in theory, possible
to enhance selective removal of specific ions with low affinity and low
mobility which are difficult to be removed by the ED process.

To adjust the free ion concentration in the flow channels, chelating
agents may be used. Chelating agents are organic compounds that can
bind to metal ions and decrease their free concentration in solution
based on their specific formation constants [12]. The agents are being
applied in various industries for hardness removal, wastewater treat-
ment and soil remediation [13]. One of the chelating agents that has
been widely used in aqueous solutions is ethylenediaminetetraacetic
acid (EDTA) due to its ability to form a stable metal-ligand complex
with many metal species in solution, low biodegradability under natural
conditions, and reusability [14-17]. The use of EDTA in combination
with ED to improve selective removal of ions from water systems has
been previously investigated [18-23]. Cherif et al. has studied the se-
lective separation of Ag™ ions from Zn?' and Cu®" ions based on their
different affinities to bind EDTA [18]. lizuka et al. and Chan et al. have
reported the separation of Li™ ions from solutions containing Co®*
[19,20], Ni>* and Mn®* ions [20]. Separation of ions with the same
valency was also investigated by Chaudhary et al. and Tzanetakis et al.
for separation of Ni?" and Co?" ions [21,22]. Babilas et al. studied the
selective recovery of Zn?* from Cu®* ions [23]. To our knowledge, se-
lective removal of monovalent ions with ED using EDTA complexation
has not been studied before. In the mentioned studies, EDTA is used to
change the charge of ions by creating negatively charge metal-EDTA
complexes; therefore, the positively charged ions migrate through the
CEMs, while the negatively charged complexes are being transported
through the AEMs, allowing high metal recoveries of > 90 % for the ED
set-ups with one or two compartments. However, the transport of the
metal-EDTA complexes through the AEMs was reported to be slow,
which increases the treatment time, limits the total ion removal and
reduces the process current efficiency [18]. The EDTA use in the diluate
channel can limit the reuse of the diluate solution and its discharge to
the environment due to the high pH of the solution that is required for
complexation and the possible EDTA presence. The high concentration
of EDTA can increase the risk of eutrophication, solubilize contaminant
metals and increase their environmental mobility, change soil properties
and decrease plant growth [15,24,25]; therefore, the solution with
EDTA requires additional treatment prior to discharge to the environ-
ment. EDTA can also be recovered from a solution and reused for several
cycles without significant loss of its efficiency [26,27]. There are three
main methods being used to recover EDTA from a solution: electro-
chemical reduction, precipitation with zero-valent metals, and acidifi-
cation [17]. Among them acidification causes less operational problems
and is considered to be economically more feasible [17,28].

Previously, we reported that the selective transport of Na™ over K*
ions in ED can be achieved by controlling the concentration gradients
between the diluate and concentrate channels due to the opposite
contribution of the diffusion mechanism to the transport of ions [11]. In
the present study on how to achieve selective removal of Na® over K"
ions in ED, we investigated the use of selective complexation with EDTA
to change the concentration gradients over the IEMs by altering the free
ion concentration in the concentrate channel. In the proposed process,
ions are being selectively transported as free ions with the help of their
opposing concentration gradients in the membranes instead of being
carried by EDTA, which aims to avoid the observed problems in previous
studies. We conducted ED experiments to evaluate the effect of different
operational conditions, such as pH of the solution, the applied voltage
and the EDTA concentration on selective ion removal. Moreover, we
studied the effect of other ions present in solution, such as lithium (Li™)
and calcium (Ca?"), on the process performance. We provided
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theoretical analysis to further study the influence of EDTA use in ED on
the individual ion transport mechanisms: electromigration, convection
and diffusion, and reported their contributions to selective ion removal.
Additionally, we conducted batch experiments to investigate the
regeneration and recovery of EDTA by acidification at different values of
the solution pH and at different precipitation times to evaluate its
reusability in the proposed process.

2. Principle: use of EDTA complexation in combination with
electrodialysis

In order to achieve selective removal of Nat over K* ions from a
solution, we propose ED in combination with complexation in the pre-
sent study. The proposed process involves creating concentration gra-
dients over the membranes by selectively decreasing the free
concentration ratio of Na™ over K* ions in the concentrate channel using
complexation with EDTA; hence, facilitating the diffusion of Na™ ions to
the concentrate channel while maintaining the diffusion of K* ions to
the diluate channel. In this way, it is possible to selectively remove ions
with a negative concentration gradient (Na™), rather than the ones with
a higher affinity and mobility inside the membrane (K™).

Selective binding of ions depends on the speciation of EDTA in so-
lution, which can be controlled by the solution pH and the formation
constants of EDTA with the ions. The EDTA speciation, the complexation
of Na™ and K ions, and the free ion ratio in the solution based on the
solution pH are presented in Fig. 1. When the pH of the solution is
around 2, almost all EDTA in the solution stays in the nonionic H4EDTA
form; the fraction of dissociated forms of EDTA increases with the so-
lution pH. Species such as HEDTA®~ and H,EDTA2™ predominate at pH
values of 3-8; when the pH of the solution is higher than 10, almost all
EDTA is dissociated to EDTA*". The complexation reaction of a metal
cation (M) with EDTA (Y) can be described as [29]

M 4+ Y =My, @))

The formation constant (Ky), also known as the stability constant, for
EDTA complexation reaction, Eq. (1), is defined by [29]

[MY"

b

(2)

Higher formation constants, K;, indicate stronger tendency to bind
that specific ion. Formation constants of EDTA with the metal cations
used in the present study are given in Table 1. Since EDTA has a higher
formation constant to bind Na* (log(K;) = 1.86) than K™ ions (log(K;) =
0.8) (Table 1), it forms more complexes with Na™ ions in the solution
resulting in a lower free Na™ concentration. The ratio of Na* ions bound
by EDTA increases with increasing pH; and at pH > 10, the free con-
centration ratio of Na* over K" ions in the solution reaches the mini-
mum value (Fig. 1).

The schematic description of the proposed process is shown in Fig. 2.
When the chelating agent EDTA is added to the concentrate channel of
ED at pH > 8, it creates complexes with the ions in solution, decreasing
the free ion concentration ratio of Na™ over K' ions. As a result, a
negative concentration gradient is built for the Na™ ions to be selectively
transported from the dilute to the concentrate channel, which is the
other way around for the K" ions, resulting in selective removal of Na*
over K" ions. The negatively charged EDTA species and the metal-EDTA
complexes cannot pass through the CEMs and stay in the concentrate
channel due to the arrangement of the IEMs in the ED stack, which al-
lows the direct use of the diluate solution without need for further
treatment for EDTA. The EDTA in the concentrate solution can be
recovered in a post-treatment step.
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Fig. 1. Fractional composition of EDTA species, Na-EDTA and K-EDTA complexes and the free ion concentration ratio based on the solution pH (prepared using OLI
studio software: the total EDTA concentration is 0.1 M, and the total ion concentration, free and in the complex, is 0.5 M for Na* and K*). At pH 1, the total
concentration fraction of HsEDTA " and HsEDTA?" present in solution is ~ 0.05, and at pH 3.5, the concentration fraction of H3EDTA" is ~ 0.03, since the fractions
are low, these species are not included in the figure.

Table 1

Formation constants of EDTA with the metal cations used in

this study [29].

Ton Formation constants, log(Ky)
Lit 2.95
Na® 1.86
K+ 0.80
ca** 10.65
diluate

3. Materials and methods

We conducted batch-mode ED experiments to investigate the effect
of EDTA use in the concentrate channel on selective ion removal with
different operational conditions and solution ion compositions. Addi-
tionally, we evaluated the regeneration and recovery of EDTA by acid-
ification at various pH values and precipitation times.

3.1. Electrodialysis experiments with EDTA

The ED experiments were performed using a laboratory-scale ED unit
(PCCell BED 1-3 Compact, PCA GmbH, Germany) including ten

membrane

concentrate

Na*

K*

‘Cc!‘[(+
EDTA-K*
CcNat
dc i
m,Na
__‘_<0
dx
3 EDTA-Na*

Fig. 2. Schematic description of the proposed electrodialysis process in combination with EDTA complexation. EDTA is added to the concentrate channel to increase

the free ion concentration of K™ over Na™ ions, in this way concentration gradients in opposite direction build up inside the membrane (%) for the ions due to

electroneutrality as shown by the arrows. Asymmetric concentration profiles enhance selective transport of Na* ions to the concentrate and of K* ions to the diluate
channel. x is the position inside the membrane; c,,, ¢q and c. is for the ion concentrations in the membrane, and the diluate and the concentrate channel, respectively.
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repeating cell pairs each consisting of one AEM (AMX-fg) and one CEM
(CMX-fg) with 8 cm x 8 cm of active membrane area. During each
experiment, 1 L of feed solutions were recirculated through the ED stack
continuously at a flow rate of 70 L-h ™! to ensure mixing. A power supply
(Voltcraft PPS-16005) was used to apply constant voltage during the
experiments, and the current is monitored continuously by a digital
multimeter (MetraHit 29S). Conductivity, pH, and temperature of the
solutions were measured and recorded continuously throughout the
experiments with a Hach SensION + MM374. Samples were collected
periodically from the diluate solution and analysed using inductively-
coupled plasma spectrometry (ICP, PerkinElmer Avio 500) to deter-
mine the concentration of cations in the solution. The presence of EDTA
in the diluate solution was checked using Raman spectroscopy analysis
to detect a possible EDTA-complex transport from the concentrate to the
diluate channel, the results are presented in the supplementary infor-
mation (SI). The temperature of the solutions was controlled at ~ 20 °C
with a cooling system throughout the experiments.

Experiments were carried out at various conditions: applying con-
stant voltage of 1.5, 2.3 and 3 V, using concentrate solutions with pH of
8.5,10and 13.1, and EDTA/Na* ratio 0of 0.3, 0.5 and 1, and having Ca%*
and Li" ions in the solution. The solutions were prepared using demin-
eralized water with reagent-grade nitrate (NO3) salts, K;EDTA and
H4EDTA. The pH of the concentrate solution was set using KOH and
NaOH as the base. The details of the experimental conditions can be
found in Table S1 in the SI. The experiments were evaluated considering
the ion concentration ratio in the diluate solution, process selectivity
and the total ion removal of the ED process. The process selectivity (f) is
calculated for Na* over K™ ions as a function of time using [8]

Inat Caxt

ﬁNa‘ /KT = ’ 3

JK+ Cd, Nat

where cq; is the concentration of ion i in the diluate channel and J; is the
flux of ion i from the diluate to the concentrate channel calculated by
dividing the ion mass decrease in the diluate channel by membrane area
and time interval between the measurements. The total ion removal (IR,
%) is determined by

IR, =2 "% 100 )
€d,0

where cqo and cq, are the total Na™ and K" ion concentration in the
diluate solution at the start of the experiment and time t.

3.2. Regeneration of EDTA with acidification

The regeneration of EDTA was studied by conducting batch acidifi-
cation experiments where the EDTA in the solution was precipitated in
the non-ionic form, H4EDTA, at low pH. The effect of the final solution
pH (0.5 - 3) and the time for precipitation (10 — 210 mins) on EDTA
recovery was investigated. Each solution was prepared using 0.1 M
NaNOj3, KNO3 and H4EDTA, and the pH of the solutions was set to be >
10 using 0.2 M NaOH and KOH to start the complexation of EDTA with
the ions. After complexation, nitric acid (HNOs, 65 % w/w) was used to
start the acidification of EDTA and was slowly added to the solutions
while stirring until the pH of the solution becomes stable; the acidic
solutions were left for precipitation for varying times. The precipitated
EDTA was then separated from the solution by vacuum filtration using a
0.45 ym membrane filter (Whatman ME 25/21 ST) and flushed with
demineralized water repeatedly to collect the precipitated EDTA as
much as possible. Thereafter, the filtered EDTA was dried in an oven at
105 °C for at least 18 h. After drying and cooling, the net precipitated
EDTA was weighed and compared to the initial amount of EDTA added
to the solution. The EDTA recovery (Repra, %) was calculated using

Mary

-100 )

Repra =
Madd
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where m,q is the weight of EDTA added to the solution in the beginning
of the experiments, and my, is the weight of the net precipitated EDTA.

4. Results and discussion

4.1. Effect of process operational conditions on selective ion transport:
PH, applied voltage and EDTA amount

The ED experiments were conducted to investigate the effect of the
concentrate solution pH and the applied voltage on selective transport of
Na' and K* ions in presence of EDTA at three different pH values in the
alkaline range (8.5, 10 and 13.1), and three different applied voltages
(1.5, 2.3 and 3 V). Selective ion removal is evaluated based on the
concentration ratio of Na™ over K ions in the diluate channel during
process operation and the obtained results are presented in Fig. 3.
Created concentration profiles inside the membranes at the start of the
experiments based on the solution pH is given in Figure S2; current
density data during the experiments based on the applied voltage is
given in Figure S3 in the SI

The results showed that at pH 8.5 the concentration of Na* ions in
the diluate channel remains higher than the concentration of K' ions
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Fig. 3. Effect of operational conditions on selective ion removal with EDTA in
electrodialysis: pH (A) at 3 V, and applied voltage (B) at pH 10. All diluate
solutions include 0.1 M Na® and 0.1 M K' ions. The pH of the concentrate
solution deviates, during operation, max. 10 % from the starting pH. Markers:
experimental data, dashed lines serve to guide the eye.
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during operation, which suggests that more K ions are being removed
and selectively transported to the concentrate channel (Fig. 3A). At pH
8.5, H-EDTA®" is the most dominant specie in solution (Fig. 1), resulting
in limited complexation of the monovalent ions by EDTA*". Therefore,
the effect of the concentration gradient on selective transport is limited,
and the experiments conducted at pH 8.5 show similar selective ion
transport as the experiments where no EDTA was added to the
concentrate channel (Fig. 3A). When the solution pH is increased to 10,
selective transport of Na' ions is enhanced and the ratio of Na* over K™
ions in the diluate channel decreases to values below 1 during operation.
The effect of EDTA on selective ion transport in ED is more evident when
the pH of the solution was increased to 13.1, decreasing the ratio of Na™*
over K" ions in the diluate solution for 15 % compared to the experi-
ments with no EDTA addition. The results showed that selective trans-
port of Na® over K' ions can be achieved with the enhanced
concentration gradient of Na' ions created by EDTA addition to the
concentrate channel at pH > 10.

The applied voltage is another important operational parameter
which can influence the mechanisms that govern ion transport and the
related selective ion removal using EDTA in ED. The results presented in
Fig. 3B showed that with the decreasing applied voltage from 3 V to 1.5
V, the concentration ratio of Na' over K ions in the diluate solution
decreases. When the applied current density is low (Figure S3), the
contribution of diffusion to ion transport can overcome electro-
migration, which favours the selective transport of K™ over Na™ ions
[11], and can control the selective ion removal in ED. As a result, the
selective transport of Na™ ions to the concentrate channel increases,
causing a decreasing concentration in the diluate solution.

Even though the results showed higher selective transport of Na™*
ions while applying 1.5 V, the total ion removal from the diluate solution
according to Eq. (4) was close to zero during operation, whereas at 2.3 V
only 37 % of the ions were removed at the end of the process operation
(Fig. 3B). Low total ion removal indicates that the applied current is too
low to create enough force to drag all ions from the diluate to the
concentrate channel to overcome the diffusion of the ions from the
concentrate to the diluate channel. As a result, during process operation,
the total ion removal alternated with local minima and maxima that
represent the turning points where electromigration and back diffusion
were overruled by each other (inset Fig. 3B). Especially at 1.5V, the ion
concentration ratio in the diluate channel decreases without significant
total ion removal (~5%), which indicates that the Na* ions are trans-
ported from the diluate to the concentrate channel, while the K* ions
move from the concentrate to the diluate channel resulting in the ex-
change of ions without a change in the total ion concentration.

The influence of the amount of EDTA in the concentrate channel on
selective ion removal was also investigated; the experiments were con-
ducted using EDTA/Na" ratio of 0.3, 0.5 and 1. The results of the process
selectivity, the ion concentration ratio in the diluate channel and the ion
fluxes are presented in Fig. 4; the created concentration profiles at the
start of the experiments are given in Figure S4 in the SI. Selective
removal of Na™ ions increases with the EDTA/Na™ ratio in the concen-
trate channel (Fig. 4A) due to the bigger concentration differences over
the membranes. The process shows the highest Na™ selectivity in the
beginning of the experiments, when the created concentration gradient
is at the peak, increasing up to 10 for the experiment with the ratio of 1.
Towards halfway operation the total ion removal reaches values up to ~
75 %, after that the process selectivity stays around 1, showing no sig-
nificant selective removal. As a result of the preferential removal of Na™
ions, the ion concentration ratio of 0.4 is reached in the diluate channel
at the end of the experiments (Fig. 4A). According to the study of Qian
et al., the irrigation water should contain less than 4 mM of Na™ ions
and > 6 mM of K ions to be able to meet the Na* concentration limit
(~20 mM) after accumulation and to sustain the optimal K™ concen-
tration [3]. Our results show that with a single stage of the proposed
process it is possible to keep the Na* concentration at ~ 2.5 mM while
maintaining the required K™ concentration in water, which would allow
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Fig. 4. Effect of EDTA amount on selective ion removal with EDTA in elec-
trodialysis at 3 V and pH 10. All diluate solutions include 0.1 M Na* and 0.1 M
K" ions. The pH of the concentrate solution deviates, during operation, max. 10
% from the starting pH. Markers: experimental data, dashed lines serve to guide
the eye.

to reuse the treated water for several cycles.

The ion flux results presented in Fig. 4B shows that in the first hours
of the process operation without EDTA, the flux of K™ is higher than the
flux of Na™ ions due to the higher selectivity of the conventional CEMs
towards K' ions [30]. After 120 min, the total Na* flux becomes higher
than the K flux as a result of the naturally built-up concentration
gradient in the membranes by ion removal during process operation.
Note that without EDTA, there is no concentration gradient in the
beginning of the experiments, thus diffusion does not have a significant
contribution to selective ion removal. With the EDTA addition to the
concentrate channel, the flux trends of the Na* and K" ions switch. This
can be explained by the change of the mechanisms that govern selective
ion transport. In the beginning of the experiments, lower K' flux is
observed due to the positive concentration gradient created by the
EDTA, causing diffusion of K* ions in the opposite direction of the ion
removal, from the concentrate to the diluate channel, decreasing its total
flux. Meanwhile, the Na™ flux remains higher since its diffusion occurs in
the same direction as the ion removal, facilitating selective removal of
Na™ ions. Later on in the experiment, the created concentration gradient
decreases, consequently, the flux of Nat ions becomes lower than the
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flux of K ions. The detailed analysis on the contributions of the trans-
port mechanisms on selective ion removal for the cases with and without
EDTA is provided in Section 4.3.

4.2. Effect of solution ion composition on selective ion transport: Li* and
Ca®" presence

The effect of the presence of additional ions in solution on the se-
lective Na™ ion removal with EDTA in ED is investigated. The experi-
ments were conducted with different solutions including either Li"
(0.05 M) or Ca®t (0.01 M) ions; the ion concentration ratio results are
presented in Fig. 5. The presence of both ions in solution limits the use of
the proposed process to enhance selective Na* removal, since EDTA in
the solution tends to bind more strongly to Li* and Ca®* ions (Table 1).
As a result, the negative concentration gradient that enhances the se-
lective ion removal shifts to either Li* or Ca®" ions, instead of Na* ions.
In addition, the Na™ complex of EDTA is considered weak and less stable
compared to the ones with Li* and Ca?' ions [31]. Hence, EDTA
complexation with Na' is not enough to create the required concen-
tration gradient over the membranes to enhance the selective Na™ ion
transport. The inhibition of the selective Na* removal is more clear for
the experiment with Li* ions, where the ion ratio in the diluate solution
stays even higher than the experiment when no EDTA is added to the
concentrate channel (Fig. 5). A similar trend is observed for the exper-
iment with the Ca?" ion present in the beginning of the experiment even
though the Ca®" ion concentration in the solution is relatively low (0.01
M), due to the much higher affinity of EDTA towards divalent ions than
monovalent ions [29]. The selective transport of Na* ions increases at ~
40 min, when 90 % of the Ca®" ions is removed from solution, showing
that the treatment of divalent ions is required to be able to effectively
remove Na' ions from solution with the proposed process.

4.3. Theoretical analysis: Influence of EDTA on ion transport mechanisms
in ED

Theoretical analyses were performed to evaluate the effect of EDTA
complexation on the selective ion transport mechanisms in ED using the
process model developed in our previous study based on extended
Nernst-Planck equation and Donnan equilibrium [11]. The data analysis
was done using the reported membrane properties (except the
membrane-water friction) and following the same approach as described

1.25
1.20
_ oY T
i O s with Li
1.15 Oy
A S B L .. noEDTA
1.101 =S N

1.05- with Ca**

1.00 ¢

o)

lon concentration ratio in the diluate, Na'/K*

0.95- only Na*and K*
0.90
0.85-4 - . - T - . . . .
0 100 200 300 400 500
Time (min)

Fig. 5. Effect of Li* (0.05 M) or Ca?* (0.01 M) ions in solution on the selective
removal of Na® with EDTA in electrodialysis at 3 V and pH 10. The pH of the
concentrate solution deviates, during operation, max. 10 % from the starting
pH. Markers: experimental data, dashed lines serve to guide the eye.
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in Section 4.3 in Ref. [11]. The input for the free ion concentrations in
the concentrate channel is calculated using OLI studio software when
EDTA is present in the solution. The validation of the model predictions
by the experimental data is given in Figure S5 in the SI with the used
membrane-water fractions. The total ion flux and the contributions of
the three ion transport mechanisms, i.e., electromigration, convection
and diffusion on selective ion transport was evaluated. The results of the
Na' and K" ion fluxes during ED operation with and without EDTA are
presented in Fig. 6. Without EDTA use in the concentrate channel, the
electromigration and convection show the biggest contributions to ion
transport, favouring the removal of the K* ions due to its ion properties,
such as high affinity to the membrane surface groups and high mobility
inside the membranes. Meanwhile, diffusion results in opposite contri-
butions to the transport of Na* and K" ions, favouring the removal of
Na™ ions, however, it is not dominant enough to determine the overall
process selectivity with the lowest contribution (Fig. 6A).

When EDTA is added to the concentrate channel, the total Na* ion
flux in the beginning of the experiment increases ~ 2.5 times, mean-
while the total K' ion flux decreases ~ 2.5 times. With the resulting
concentration gradient, diffusion becomes the leading transport mech-
anism for both ions, facilitating selective Na™ ion removal. The results
show that the ion transport in the proposed process is mainly controlled
by the mechanisms of electromigration and convection; however, the
process selectivity is determined by the diffusion mechanism.

4.4. Recovery of EDTA

The regeneration and recovery of EDTA was evaluated by acidifi-
cation experiments performed at different pH values and with varying
precipitation times. The recovery percentage of EDTA was calculated for
each condition using Eq. (5), and the results are presented in Table S2 in
the SI. In general, higher recovery rates were obtained when the final pH
of the solution is lower than 2 with the average values of 97.5 % for pH
< 2 and 80.9 % for pH > 2. Moreover, the results on the effect of the
precipitation time on EDTA recovery show that the recovery of > 95 %
can be achieved in 30 mins at pH < 2, meanwhile the highest recovery
reached when pH > 2 is 92 %, which took 3 h of precipitation time
(Table S2).

Although Goel et al. reported that 5-6 h is required for 95 % recovery
of 0.1 M EDTA by de-chelating nickel ions (Ni®H) at pH 2 [28], the de-
complexation of Na™ and K ions is achieved ~ 10 times faster in the
present study. The Nat and K™ ions have weaker bonds with EDTA [31]
as compared to Ni%* ions (log(K;) = 18.4) [29] due to its higher valency,
which can explain a faster de-complexation process for Na* and K™. For
the ions that are weakly bound with EDTA, such as monovalent ions,
relatively shorter times can be estimated to reach maximum EDTA re-
covery. The recovered EDTA is expected to maintain its performance for
multiple cycles of reuse with high complexation efficiency [17,28].

5. Conclusions

In the present study, we used the electrodialysis process in combi-
nation with EDTA complexation in the concentrate channel to enhance
the removal of Na' ions from a solution including K" ions by selective
diffusion. The effect of different operational conditions on selective Na™
removal is evaluated by electrodialysis experiments. The experimental
results show that, with EDTA complexation, the selectivity of the con-
ventional electrodialysis process can be switched, and Na* over K"
removal can be achieved. Also, a high solution pH (>10) and a low
applied voltage (<3 V) are required to respectively increase EDTA
complexation and enhance selective diffusion to maximize the Na™
selectivity of the process. On the other hand, it was observed that the
presence of metal ions in solution, other than of K™ ions, limits the se-
lective diffusion of Na™ ions. The theoretical analysis on the contribu-
tions of transport mechanisms on removal of Na™ and K* ions shows that
electromigration and convection have the largest contribution to the



S. Ozkul et al.

015 Without EDTA A
(\I,m' 0.10 o total
£
°
£ 005+ convection
§ ] \
Z 000 -] M
+m ]
=z

-0.05 4

0.15
—_ J total
2 0101
€ ]
B‘ convection
€ 005 —
E |
5
i 0.00 \_/"/_
e ]

-0.05 < diffusion

T T T T T T T
0 100 200 300 400

Time (min)

Separation and Purification Technology 337 (2024) 126337

03+ With EDTA B
" total
l\:,;_ 02 ota
E_ 4
© 014
IS
g 1 convection
x 0.0 -
=] .
T - diffusion
‘o 01
P4 J

-0.2 o

0.3 —
"» 0.2
o
E- 1 total
© 0.1 4
g | /‘ convection
g 0.0 \
= 00
E 4
- 0.1
"2

diffusion
-0.2 —
I T I T I T I T
0 100 200 300 400

Time (min)

Fig. 6. Theoretical calculations for the contributions of the various ion transport mechanisms in electrodialysis: electromigration, convection and diffusion without

EDTA (A) and with EDTA (B) for Na™ and K" mixtures at 3 V and pH 10.

transport of both Na* and K™ ions with EDTA complexation. Meanwhile,
the process selectivity is controlled by selective diffusion of Na™ ions
enhanced by EDTA complexation. Finally, EDTA recovery of 95 % was
achieved in 30 min at solution pH < 2 by regeneration experiments.
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