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Selective removal of sodium ions from greenhouse drainage water – A 
combined experimental and theoretical approach 

Zexin Qian a,b,*, Henk Miedema b,*, Diego Pintossi a,c, Marvin Ouma b, Ernst J.R. Sudhölter a,d 

a Department of Chemical Engineering, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, the Netherlands 
b Wetsus, European Centre of Excellence for Sustainable Water Technology, Oostergoweg 9, 8911 MA Leeuwarden, the Netherlands 
c Membrane Materials and Processes, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, De Zaale, 5600 MB Eindhoven, the 
Netherlands 
d Faculty of Science and Technology, Membrane Science and Technology, University of Twente, Drienerlolaan 5, 7522 NB Enschede, the Netherlands   

H I G H L I G H T S  

• Permselectivity of the supported liquid membrane (SLM): K+/Na+ = 9, K +/Ca2+ = 15, and K+/Mg2+ = 30 
• Simulation proved the ability of the selective removal of Na+ by using a tandem of an in-house developed SLM and a generic CIMS. 
• While maintaining Na+ below the detrimental threshold of 4 mM, K+ is recovered up to 96%. Water, Ca2+ and Mg2+ can be recycled up to almost 80%. 

A B S T R A C T   

High Na+ levels are detrimental for most crops. Selective membranes provide the possibility for the selective removal of Na+ while preserving beneficial ion species. 
The challenge is to separate two ion species of the same charge. This study evaluates the implementation of an electrodialysis (ED) system equipped with a supported 
liquid membrane (SLM) and a commercially available monovalent cation-selective membrane (CIMS) in the treatment of greenhouse drainage water. The SLM shows 
a (minimum) K+ over Na+, Ca2+ and Mg2+ permselectivity of 9, 15 and 30, respectively. Whereas the CIMS holds a high K+ over Ca2+ and Mg2+ permselectivity of 10 
and 16, respectively, the K+ over Na+ permselectivity is just 1.3. With the experimentally obtained membrane characteristics at hand, the treatment of drainage 
water was simulated by a two-steps process with the two membrane types operating in series. Using real-life operational parameters, analysis revealed the optimal 
configuration and the ability to recover 96% of the K+ and approximately 80% of the water, Ca2+ and Mg2+. Summarized, this study not only shows the efficient 
separation of two ion species of the same valance but also the implementation of this technology in a real-life application.   

1. Introduction 

Greenhouse horticulture has become an increasingly important 
method in optimizing the production of crops all year round, also in 
high-latitude countries, by regulating climatic conditions and efficiently 
making use of land, nutrients and water resources. Water quality is 
essential to greenhouse operation. Greenhouse irrigation normally de-
pends on natural water sources, particularly ground or surface water. In 
the Netherlands, the greenhouse horticulture covers nearly 10,000 ha 
area, mainly in the western part of the country [1]. Compared to other 
Northwest European countries, both the total greenhouse area and the 
greenhouse density in the Netherlands are much larger [2]. However, in 
large parts of the Netherlands, ground and surface water quality does 
not meet the chemical and ecological standards as indicated by the EU 
Water Framework Directive [3]. Series of regulations have been released 

and implemented for improving water quality in greenhouse areas, with 
the controllable obligations for greenhouse growers for collection and 
reuse of drainage water and the permission to discharge drainage water 
only if crop-specific sodium (Na+) levels in drain water are exceeded or 
in case of emergencies (i.e. outbreak of diseases) [2,4–7]. To further 
tackle the problem of drainage water quality, agreements were made 
between authorities and the growers' organization targeting (nearly) 
zero discharge regarding nutrients and plant protection products to 
surface waters in 2027. 

In greenhouse cultivation, nutrients and water are supplied contin-
uously to the irrigation water system to compensate for nutrient uptake 
by the plants and water loss due to evapotranspiration. A high Na+ levels 
(i.e., above the crop specific tolerance level) is one of the detrimental 
factors of irrigation water quality, as it inhibits plant growth directly or 
indirectly by hampering the uptake of other nutrients [8–11]. Due to its 
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low uptake by plants, Na+ is a typical example of an ion that builds up its 
concentration in the irrigation water over time [12]. Therefore, desali-
nation is becoming an attractive method for the greenhouse drainage 
water treatment. Reverse osmosis (RO) belongs to one of the most 
widely used and most cost-effective desalination technologies [13]. RO 
is a membrane-based, pressure-driven process that employs size exclu-
sion to effectively reject particles and ions including Na+ and Cl− to 
produce pure water [14]. While RO yields nearly pure water with a low 
concentration of ions, it also rejects other ions present, for instance K+, 
Ca2+, Mg2+ and SO4

2− , all essential nutrients for crop growth [15,16]. 
This points to the need for ion-selective permeation approaches. 

Electrodialysis (ED) is a membrane-based desalination processes 
using ion-exchange membranes (IEMs) and an electric field to drive the 
separation of the ions from the feed stream. Compared to RO, advan-
tages of ED include high water recovery rates, long lifetime performance 
in desalination processes due to higher chemical and mechanical sta-
bility, less membrane fouling or scaling due to its process reversal 
operation, less raw water pretreatment and easier ways to adjust the 
separation process [17–19]. A large number of applications for ED can 
be found in industrial wastewater treatment [20], food and pharma-
ceutical industrial water treatments [21,22], portable water supply [23] 
and sea water desalination [24,25]. Preferential ion separation with 
selective IEMs for the separation of monovalent from divalent or 
multivalent ions has been reported [26–28]. The idea of partial desali-
nation of the drainage water was recently proposed by monovalent ion- 
selective ED process for the separation of monovalent cations and 
divalent cations to reduce the need for adding Ca2+, Mg2+ and SO4

2−

fertilizers [29]. However, it is still highly challenging to separate 
effectively and selectively two ionic species that share the same valence 
and have similar chemical properties. Within the context of greenhouse 
drainage water treatment, the separation of the monovalent cations K+

and Na+ is of utmost importance. 
A previous study from our lab reports on the selective separation of 

K+ from alkali metal cations [30] and divalent cations Ca2+ or Mg2+

using a supported liquid membrane (SLM) under ED conditions. The 
SLM is made by filling the pores of an inert porous supporting membrane 
with an organic solvent containing a lipophilic salt to invoke the desired 
membrane selectivity between cations and anions [31–33]. Preferential 
separation of the ions was found to follow the order of K+ > Na+ > Li+

for alkali cations and K+ > Na+ > Ca2+ > Mg2+ in multi-ion mixtures. 
The permselectivity of the SLM relies on the difference of ion dehydra-
tion energy during the ion exchange/partitioning at the water- 
membrane interface. Different from the SLM, commercially available 
special grade monovalent cation-exchange membranes (CIMS) are dense 
membranes with fixed negatively charged groups to the polymeric 
backbone (they have typically an ion-exchange capacity about 1.5–1.8 
mEq⋅g− 1 [34,35]) and a polycation layer on top, allowing the mono-
valent cations predominantly to permeate [36–38]. 

A key challenge in working towards closed loop greenhouse irriga-
tion is dealing with the Na+ accumulation problem. In other words: how 
to selectively remove Na+ while keeping the level of other ions high, 
especially the one of the nutrient ion K+. Membrane permselectivity 
refers to the preferential permeation of certain ionic species through the 
membrane. In the literature, membranes showing a high Na+ over K+

permselectivity have not been reported so far. However, by combining 
the SLM, which holds a high K+ over Na+ permselectivity, with a 
monovalent cation-exchange membrane (CIMS), Na+ can be selectively 
removed by employing a 2-step separation process. One can imagine two 
scenarios. In the first scenario, the CIMS separates the monovalent Na+

and K+ from the divalent cations, followed by the SLM that separates K+

from Na+ (Fig. 1a). In the alternative, second scenario, the SLM sepa-
rates K+ from Na+ and the divalent cation followed by the separation of 
Na + from the divalent cations by the CIMS (Fig. 1b). In this study, we, 
first, assessed the properties of SLM and CIMS membranes. With the 
membrane characteristics at hand, we simulated a system with the two 
membrane types in tandem schemes as shown in Fig. 1. By employing a 
2-step ED process, the ability to selectively separate Na+ from green-
house drainage water is investigated. 

2. Materials and methods 

2.1. Materials and chemicals 

All chemicals used were of analytical grade. The ACCUREL support 
(polypropylene, thickness: 100 μm, pore size: 0.1 μm) was purchased 
from MEMBRANA. The following ion-exchange membranes have been 
used: standard grade Neosepta cation-exchange membrane (CMX), 
standard grade Neosepta anion-exchange membrane (AMX) and Neo-
septa monovalent selective cation-exchange membrane (CIMS). All 
Neosepta membranes were purchased from Eurodia. All other chemicals 
were purchased from Sigma-Aldrich: the organic solvent used for 
impregnating the ACCUREL support, 2-nitrophenly-n-octyl ether 
(NPOE); the lipophilic anion sodium tetrakis[3,5-bis(trifluoromethyl) 
phenyl]borate (NaBArF) and the salts, KCl, NaCl, CaCl2⸱2H2O, 
MgCl2⸱6H2O and Na2SO4. Greenhouse drainage water samples were 
provided by Van der Knaap, Wateringen, The Netherlands. The cation 
composition of these samples were obtained by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). All greenhouse drainage water 
received was filtered with a membrane filter (0.45 μm) to remove all 
solid particles before their use in ED experiments. 

2.2. Membrane preparation 

All experiments involving SLMs were performed with freshly pre-
pared membranes. The organic solvent mixture for impregnating the 
SLM was prepared by dissolving the NaBArF into the NPOE to a fixed 

Fig. 1. Schematic outline of the two-steps treatment process with (a). a first treatment by the CIMS, followed by the SLM and (b). a first treatment by the SLM, 
followed by the CIMS. 
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concentration of 0.05 M. The porous membrane support ACCUREL was 
then submerged in the organic solvent mixture for 30 min at room 
temperature. The organic solvent quickly filled into the pores due to 
capillary forces. 

2.3. Electrodialysis with equimolar salt solutions 

Ion transport over the SLM and CIMS were first evaluated separately 
under ED conditions. All experiments were carried out in a six- 
compartment cell equipped with a platinum electrode (54 mm in 
diameter), as shown in Fig. 2. By using a six-compartment cell con-
taining two Buffer compartments (compartments C), it is ensured that 
possible redox reactions occurring in the two outer compartments 
(compartments D) will not influence the composition of the ion species 
present in the two inner compartments (compartments A and B). 

The position of cation-exchange membranes (CMX) and anion- 
exchange membranes (AMX) is according to the scheme shown in 
Fig. 2 [30]. Changes in concentration in the two inner compartments can 
be attributed exclusively to ion transport over the SLM or CIMS. 

The SLMs and CIMS under investigation was placed into the cell with 
a polytetrafluoroethylene membrane holder and the effective membrane 
surface areas were 10 cm2 in both cases. The thickness of the SLMs and 
CIMS are 100 μm and 150 μm, respectively. The membrane transport 
study was performed with the feed compartment A and receiving 
compartment B recirculating with an equimolar mixture of KCl, NaCl, 
CaCl2 and MgCl2 solution of which each cation concentration was 0.025 
M with a total volume of 500 mL. In the two middle compartments C a 
buffer solution containing 0.2 M NaCl solution with the volume of 1 L 
was recirculated, while. an electrolyte solution containing 0.1 M Na2SO4 
solution with a volume of 1 L was recirculated in the two outer com-
partments D. The flow rates in all compartments were set to 150 
mL⋅min− 1. Prior to the experiments, all membranes were pre- 
conditioned for 24 h in the measuring solution. The temperature of all 
solutions was controlled at 25 ± 0.2 ◦C. A potentiostat (Ivium Tech-
nologies, Vertex One, Eindhoven, The Netherlands) was employed as 
power source for applying a constant current density. A constant current 
of 10 mA (corresponding to a current density of 10 A⋅m− 2) was applied 
during a time period of 48 h. Samples of 1 mL were taken periodically 
during the experiment from all compartments during the experiment 
and the concentration of all ion species were determined using ion 
chromatography (IC, Metrohm compact IC 761). 

2.4. Electrodialysis with greenhouse drainage water 

Evaluation of the performance of the SLM and CIMS under ED con-
ditions using the six-compartment cell was done using greenhouse 
drainage water provided by Van der Knaap. Table 1 shows the compo-
sition of the main cations K+, Na+, Ca2+ and Mg2+ of the received 
drainage water and the greenhouse stock irrigation water (stock irri-
gation water is pre-made high concentration irrigation water containing 
necessary ions and nutrients that can be diluted to the target value). In 
each of the compartment A and B 500 mL of this water was recirculated. 
In the two middle compartments C a buffer solution containing 0.05 M 
NaCl solution was circulated, while an electrolyte solution containing 
0.05 M Na2SO4 solution was recirculated in compartments D. Prior to 
the experiments, all membranes were pre-conditioned for 24 h in the 
filtered greenhouse drainage water. All other experimental conditions 
and procedures were described in Section 2.2. 

2.5. Determination of limiting current density (LCD) 

Due to concentration polarization effects, the current density during 
ED will approach a limiting value, regardless any further increase of 
potential [39,40]. Operation in the so-called over-limiting current 
density region can cause water splitting, producing protons and hy-
droxide ions which serve as additional charge carriers. This needs to be 
avoided because it lowers the efficiency of ED regarding the ion species 
of interest. Therefore, the limiting current density (LCD) for both the 
SLM and the CIMS was determined by recording current-voltage (i-V) 
curves using the six-compartment cell shown in Fig. 2, with the two 
inner compartments filled with 0.02 M NaCl solution. The flow rate in all 
compartments was 150 mL/min and the membrane surface area 10 cm2. 
While varying the current density step-wise, the potential difference 
between the two Haber-Luggin capillaries was measured. The i-V curves 
can be divided into an ohmic, a limiting and an over-limiting region 
[41–43], as observed in Fig. 3. The ohmic region represents a linear 
relation between current density and trans membrane voltage with the 

Fig. 2. Schematic view showing the configuration of the six-compartment cell used during the electro dialysis experiments. Compartments C and D as well as the 
position of the CEM and AEM ensure that the concentration changes in the two inner measuring compartments arise solely from ion fluxes over the SLM [30]. 

Table 1 
Greenhouse drainage and stock irrigation water cation composition.  

Cations K+ Na+ Ca2+ Mg2+

Drainage concentration (mM) 13 10.7 10.1 5.7 
Stock irrigation concentration (mM) 9.5 0 7.0 3.0  
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current increasing upon an increase of voltage. In the limiting region, 
the current remains constant despite an increase of voltage. Finally, in 
the over-limiting region the current increases again upon an increase of 
voltage. The LCD is defined as the current magnitude at the intersection 
of the extrapolated slope lines of the ohmic and limiting regions. Fig. 3 
shows the i-V curves of the SLM and CIMS. The LCD value of SLM and 
CIMS are determined to be about 17 A⋅m− 2 and 27 A⋅m− 2, respectively. 
During the experiments as well as for the simulations, the applied cur-
rent density was always set below these LCD values (see e.g. Table 2). 
Note that both curves do not exactly originate at zero, as expected. This 
deviation is most likely due to a small offset, e.g. due to liquid junction 
potentials, in the recorded transmembrane voltage using Haber-Luggin 
capillaries. Next, we briefly address the observed differences between 
the two curves of Fig. 3. As shown, the CIMS and SLM curves are 
essentially of similar shape but differ nevertheless in certain aspects. 
These differences, we believe, have everything to do with differences 
between the internal resistance of the two membranes. First, the dif-
ference in slope of the curve in the ohmic region. As discussed later on in 
paragraph 4.3, this reflects a difference in charge density between the 

membranes. A second difference between the curves relates to the cur-
rent density at which the plateau region sets in. For relatively low 
resistance membranes, this phenomenon generally indicates ion deple-
tion in the feed solution at the membrane interface. However, in case of 
the SLM and because the curves were recorded in the same feed solution, 
the higher intrinsic NPOE-based membrane resistance may dominate the 
LCD. This effect is enhanced by the lower effective membrane surface 
area of the SLM because the area occupied by the ACCUREL support does 
not contribute at all to charge transport. Finally, the length of the 
plateau and the start of the over-limiting region is different. Most likely, 
given the low water content of the SLM, in both the CIMS and the SLM 
water splitting occurs in the feed boundary layer adjacent to the mem-
brane. If correct, the moment water splitting sets in is determined by the 
voltage drop over the boundary layer. Assuming a similar thickness, the 
voltage drop over the CIMS boundary layer will be higher because of the 
higher current density. Because the boundary layer resistance cannot be 
(directly) derived from Fig. 3, further quantification is however 
impossible. 

3. Results and discussion 

3.1. Membrane characterization 

3.1.1. Ion transport in equimolar salt solutions containing K+, Na+, Ca2+

and Mg2+

To determine the membrane cation permselectivity K+/Na+, K+/ 
Ca2+ and K+/Mg2+, ED experiments with both the SLM and the CIMS 
were performed, in symmetrical equimolar (25 mM) solutions contain-
ing all four cation species. Fig. 4 shows the comparison between the SLM 
and CIMS regarding the normalized ion concentrations in feed 
compartment A and flux changes over a time span of 48 h. The 
normalized concentration is defined as the ratio of measured cation 
concentration at any time t and the initial cation concentration in 
compartment A. 

As can be observed in Fig. 4a, during the first 10 h, the SLM trans-
ports preferably K+, with the concentrations of the other three ion 
species (Na+, Ca2+ and Mg2+) decreasing only marginally. In all cases, 
the ion concentration and flux change (Fig. 4b) more or less linearly with 
time. Even though at a more prolonged time scale (up to 48 h), the other 
three ion species are transported at higher rates, K+ transport remains 
dominant as reflected in the higher slope of the K+ concentration over 
time. Note that the K+ flux, as shown in Fig. 4b gradually decreases over 
time, form 10 × 10− 6 to 6 × 10− 6 mol cm− 2 s− 1. These observations 
confirm previously reported data [30,44]. 

As anticipated, the CIMS shows a clear monovalent cation over 
divalent cation selectivity due to the polycation modification on the 
surface. Compared with the SLM, the CIMS shows much less preference 
of K+ over Na+. Actually, over time and with the Na+ flux gradually 
increasing, the difference in transport rates between K+ and Na+ halves 
over time, from an initial 1.2 × 10− 6 mol cm− 2 s− 1 at the start to 0.6 ×
10− 6 mol cm− 2 s− 1 at the end of the experiment. These observations are 
in very close agreement with reported data in the literature [38,45]. 

For both the SLM and the CIMS, the summed transport numbers of all 
four ions are close to unity, i.e. 0.98 and 0.99, respectively, indicating 
that under the given experimental conditions, with an applied current 
density of 10 A⋅m− 2, the current is by far predominantly carried by 
cations. In addition, the CIMS as well as the SLM shows a permeation 
preference for monovalent cations. 

3.1.2. Mass and charge balance 
To investigate whether the cation concentration changes in the two 

inner compartments of the six-compartment cell can be exclusively 
ascribed to transport over the central membrane mass and charge bal-
ances were set up. Theoretically, the (absolute) change of a certain 
cation species in each compartment should be the same in magnitude 
and their summation should add up to zero. Furthermore, for retaining 

Fig. 3. i-V curves of the SLM and CIMS obtained in 0.02 M NaCl to determine 
the Limiting Current Density (LCD). 

Table 2 
Operational parameters employed in scenario 1 and 2, including the volumetric 
flow rate Qd (m3⋅h− 1) of the dilute stream, applied current density I (A⋅m− 2), ion 
concentration change ΔC (mol⋅m− 3), ion transport number t of the given mem-
brane (calculated from the equimolar mixed salt ED test) and the calculated 
required membrane surface area A (m2). Note that Qd is expressed in terms of the 
total volumetric flow, QV.  

Scenario 1 

Step 1: CIMS Step 2: SLM 
Qd (m3⋅h− 1) 80%ΦV Qd (m3⋅h− 1) 20%ΦV 

1.18 0.30 
I (A m− 2) 20.00 I (A m− 2) 15.00 
ΔC(Na+K) (mol⋅m− 3) 21.33 ΔC(Na) (mol⋅m− 3) 15.63 
t(Na+K) 0.70 t(Na) 0.16 
A1 (m2) 48 A2 (m2) 52   

Scenario 2 

Step 1: SLM Step 2: CIMS 
Qd (m3⋅h− 1) 100% ΦV Qd (m3⋅h− 1) 80% ΦV 

1.48 1.18 
I (A m− 2) 15.00 I (A m− 2) 20.00 
ΔC(K) (mol⋅m− 3) 13.00 ΔC(Na) (mol⋅m− 3) 2.55 
t(K) 0.60 t(Na) 0.70 
A1 (m2) 57 A2 (m2) 6  
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electro neutrality, the total charge in each compartment should also add 
up to zero. The mass and charge balance for the equimolar four ion 
mixed solutions for both the SLM and the CIMS are indeed essentially 
closed; detailed data can be found in the supplementary information 
(Table S1). The same holds for the ‘Total’ balance taking into account all 
six compartments. After careful evaluation, it is concluded that any 
deviation, i.e., any non-zero value, falls in the error-range of ion con-
centration measurement by IC or ICP, typically ±5% and are not due to 
ion accumulation inside the membrane. 

3.1.3. Permselectivity in binary salt solutions 
Next, the permselectivity of the SLM and the CIMS were assessed in 

equimolar binary salt solutions. Following Sata [46] and Tanaka [47], 
the membrane permselectivity of ion species B over ion species A can be 
expressed as: 

PB
A =

JB

JA
×

CA

CB
(1)  

where J represents the ion flux (mol⋅m− 2⋅s− 1) cross the membrane and C 
the ion concentration (mol⋅L− 1) in the feed. In the current study, B 
represents K+ and A represents Na+, Ca2+ or Mg2+. Note that Eq. (1) 
represents the permselectivity, expressed in terms of fluxes, normalized 
for the particular ion concentrations in the feed. Fig. 5 shows the 
calculated membrane selectivity of the SLM and CIMS at different feed 
ratios, starting (at the left) from equimolar binary salt solutions, i.e. a 
feed ratio of unity. 

In general, the SLM shows a rather high K+ over Na+, K+ over Ca2+

and K+ over Mg2+ selectivity of 9, 15 and 30, respectively, even at rather 
low feed concentration ratios (K+/X+). As anticipated, the monovalent 
cation over divalent cation selectivity of the CIMS is lower but still 
substantial, 10 and 20 for the K+ over Ca2+ and K+ over Mg2+ selec-
tivity, respectively. However, the CIMS hardly discriminates between K+

and Na+, reflected in a K+ over Na+ selectivity of just 1.3. The perm-
selectivity of SLM mainly comes from the difference in required ion 
dehydration energy upon entering the membrane, thus the SLM showed 
good discrimination between the monovalent and divalent cations as 
well as between Na+ and K+ which have the same valence without any 
additional (surface) modification as present in the used commercial 
CIMS. In addition, the CIMS has a high IEC, leading to aggregation of the 
fixed anionic groups into reversed micellar structures and channels filled 
with water. The cations transported are therefore likely hydrated. This 
situation is completely different compared to the SLM, where the IEC is 
much lower and the anionic sites are most likely not clustered into do-
mains. In this way it is understandable that cation dehydration energies 
play an important role only in SLM and not in CIMS. Both membranes 
share in common that the K+ over Na+ and K+ over Ca2+ selectivity is 
relatively constant over the entire feed concentration ratio studied. Both 
membrane types differ most in respect to the K+/Mg2+ selectivity. As for 
the SLM, though the K+/Mg+ selectivity starts high, it rapidly declines to 
a constant value around 30. In contrast, for the CIMS, the starting value 
is much lower, around 17, and remains relatively constant, gradually 
increases to a value around 20. 

In our previous study [30,44] and from literature [48–52], we can 
conclude that permselectivity depends on the partitioning of the ion 

Fig. 4. Comparison between the SLM regarding (a) normalized K+, Na+, Ca2+ and Mg2+ concentration in the feed phase and (b) ion flux across the membrane. 
Unconnected data points refer to concentration, dotted lines to flux. Data have been obtained by experiments in equimolar (25 mM) salt solutions containing K+, Na+, 
Ca2+ and Mg2+. 

Fig. 5. Calculated membrane permselectivity P(K/Na), P(K/Ca) and P(K/Mg) of the SLM (left) and the CIMS (right). Data has been fitted by 3rd order polynomials in 
order to obtain the perm selectivity at any given feed ratio, used for simulations performed later on. Data has been obtained by experiments in binary salt solutions. 
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species over the water and membrane phase, the ion electrophoretic 
mobility and the interaction between the ions and the immobile charged 
groups in the membrane. Ion (de)hydration plays a role in all three as-
pects. In partitioning, in terms of (de)hydration energy, in mobility, in 
terms of ion radius and in interaction, in terms of electrostatics. In case 
partitioning dominates, it is expected that selectivity becomes (more or 
less) independent of the feed concentration ratio. In the more hydro-
philic CIMS [53–55], cations are less dehydrated than in the SLM. By 
implication, the interaction between these hydrated cations and the 
immobile charged moieties in the membrane is less than between the 
more dehydrated cations and the borate moieties in the SLM. This 
probably explains the different selectivity behavior in relation to the 
feed concentration ratio, as shown in Fig. 5. Apparently, at lower K+/ 
Mg2+ feed ratios, the interaction between Mg2+ and borate starts to 
affect the permselectivity of the SLM. Noteworthy, a feed concentration 
ratio-dependent selectivity is not uncommon, for example, for ion 
channels, membrane embedded proteins mediating the (selective) ion 
transport over biological membranes [56]. 

In terms of current density, Eq. (1) can be expressed as: 

PB
A =

zAIB

zBIA
×

CA

CB
(2)  

where zi and Ii (in A m− 2) are the charge the current density of ion 
species i, respectively. Fitting the data of Fig. 4 renders the permeability 
of each ion species relative to that of K+ at any given feed ratio. 

The current carried by Na+, Ca2+ and Mg2+ and expressed in terms of 
IK follows directly from Eq. (2) and is given by: 

Ii = IK
1

PK
i

ziCi

zKCK
(3)  

with i representing Na+, Ca2+ or Mg2+. Ignoring the possible contribu-
tion of any other ion species (i.e., H+ and Cl− ), the applied current 
density (I) in the equimolar mixed solution equals: 

I = IK + INa + ICa + IMg (4) 

Combining Eqs. (3) and (4) gives: 

IK =
Itot(

1 + 1
PK

Na

CNa
CK

+ 2
PK

Ca

CCa
CK

+ 2
PK

Mg

CMg
CK

) (5) 

The initial feed concentrations (ratios) of all four ion species are 
known. The data fitting of Fig. 5 renders the permselectivity of each ion 
species relative to that of K+ at any given feed ratio. Using Eq. (5), Ik (at t 
= 0, t0) can be calculated. Once Ik is known, Eq. (3) allows the calcu-
lation of the other three ion currents. Using Eq. (6), these calculated 

currents serve as input to calculate the feed concentration (in M) at time 
t1 after which the currents at t1 are calculated and from that the feed 
concentrations at t2. 

ΔCi =
AziIiΔt

FV
(6)  

where F is the Faraday constant (96,485C⋅mol− 1), A the (effective) 
membrane surface area (m2) and V the volume of feed compartment (L). 
Given the initial feed composition, the applied current density, the 
permselectivity and transport numbers of the SLM and CIMS, this pro-
cedure simulates the ion concentration changes over time. In the next 
section, the same calculation will be used to simulate the treatment of 
(synthetic) irrigation water containing four cation species. 

3.2. Transport in synthetic greenhouse drainage water 

The performance of the SLM and CIMS were tested in synthetic 
greenhouse drainage water containing K+, Na+, Ca2+ and Mg2+, all in 
concentrations as indicated in Table 1. Fig. 6 show the comparison be-
tween the experimentally obtained ion concentration changes and the 
simulated values based on the membrane permselectivity calculated 
from the equimolar binary salt solutions, as outlined in Section 3.1.3. 
The summed cation transport numbers for SLM and CIMS are 0.94 and 
0.98, respectively, indicating that also under these given experimental 
condition the current is predominantly carried by cation species. As 
expected, with the K+ selective SLM (Fig. 6a), K+ was preferably being 
removed from the feed solution, with the concentration decreasing from 
13 mM to 3.5 mM. With the monovalent cation-selective CIMS (Fig. 6b), 
Na+ and K+ were both being removed from the feed solution with a 
concentration decrease from 10.7 mM and 13 mM to 0.5 and 0.3 mM, 
respectively. 

The simulations of the ion concentrations, represented as solid lines 
in Fig. 6, are fairly close to the experimental results for both membranes. 
In the case of SLM, the simulation underestimates the K+ concentration 
at low feed concentration ratios. By implication and because of the 
constant current density applied, the concentrations of the other three 
ion species are slightly overestimated. Apparently, the selectivity as 
obtained in binary mixtures (Fig. 4) slightly deviates from the selectivity 
shown in mixtures containing four different cation species instead. This 
may not come as a surprise given the observation that even in a binary 
mixture selectivity depends, to a more or lesser extent, on the feed 
concentration ratio, notably the K+/Mg2+ selectivity of the SLM. 

The next step is to simulate a system with the two membrane types in 
series and investigate the Na+ removal ability of such a system as well as 
the recovery of the three other cation species. In addition, water loss and 
energy consumption will be briefly discussed as well. 

Fig. 6. Experimental (symbols) and simulated (solid lines) feed cation concentrations as obtained in synthetic greenhouse water with initial composition as presented 
in Table 1 and using either the SLM (left) or the CIMS (right). The simulations are based on the selectivity determined in binary salt solutions, shown in Fig. 4. 
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4. Implementation of the membrane-based ED system 

4.1. Process design 

Obviously, from a practical, experimental point of view, a membrane 
with a high Na+ over K+ selectivity would be by far the best or at least 
most straightforward option to selectively remove Na+. However, as 
discussed in the previous sections, our SLM shows an inverse selectivity, 
i.e. a high K+ over Na+ permselectivity. For that reason, the Na+ sepa-
ration technology to be developed is bound to a two-step process with 
the SLM (separating K+) and CIMS (separating Na+ from Ca2+ and 
Mg2+) operating in two different tandem schemes shown in Fig. 1. 

The tandem schemes of Fig. 1 and the two treatment scenarios of 
Fig. 7 show just one CIMS and one SLM membrane. One can imagine in 
order to scale up one can use a multi-units ED stack instead. Fig. S1 in the 
Supplementary Information illustrates this option schematically. 

Fig. 7a outlines scenario 1 with the separation of divalent and 
monovalent cations using the CIMS in the first step, followed by the 
separation of K+ and Na+ using the SLM. Fig. 7b illustrates scenario 2 
with the separation of Na+ and divalent cations from K+ using the SLM 
in first step, followed by the separation of Na+ and divalent cations using 
the CIMS. Apart from positioning the SLM and CIMS in different order, 
the identity of the dilute and concentrate streams for either the SLM or 
the CIMS differ as well as the point where fresh irrigation water (IR) and 

stock solution enters the process stream. In scenario 1, IR water and 
stock solution enters the greenhouse directly. The drainage water 
leaving the greenhouse and entering the SLM functions both as dilute 
and concentrate stream. In the first step of scenario 2, the dilute stream 
of the SLM is, as in scenario 1, made up by drainage water leaving the 
greenhouse. However, in this case an irrigation stock solution with the 
ionic composition shown in Table 1 is introduced as the concentrate 
stream. With the volumetric flow of dilute and concentrate stream the 
same, the SLM step is also the point where IR water enters the system. In 
scenario 1, the concentrate stream leaving the CIMS functions as the 
dilute stream for the SLM in step 2. In scenario 2, the concentrate leaving 
the SLM is directly fed back to the greenhouse. As shown in Fig. 7a, in 
scenario 1, the volumetric flow leaving the greenhouse (ΦV) is, before 
entering the CIMS, distributed over two streams Qd,s1 and Qc,s1. Later on 
in step 2, Qc,s1 becomes the dilute stream for the SLM, Qd,s2. The streams 
Qd,s1 and Qd,s2 are not independent (if, for example, Qd,s1 = 20%ΦV then 
Qd,s2 = 80%ΦV), and their ratio has a direct and significant effect on the 
entire separation and recovery process. We therefore performed a 
sensitivity test to calculate the effect of the distribution ratio at point A. 
The (arbitrary) chosen Qd,s1/Qd,s2 ratios were 20/80, 50/50 and 80/20. 
As for scenario 2, here Qd,s1 and Qd,s2 are independent. Qd,s1 equals the 
total volumetric flow leaving the greenhouse. At point B the outlet from 
Qd,s2, can take any value between 0 and Qv and with that determines for 
a large extent the total water loss of the system. 

Fig. 7. Two-step treatment of greenhouse drainage 
water for the selective removal of Na+ with a com-
bination of the SLM and CIMS in ED system, (a) 
scenario 1 and (b) scenario 2. Qd,s1 or Qd,s2 indicate 
the volumetric flow of the dilute stream in step 1 and 
step 2, respectively. Qc,s1 or Qc,s2 indicate the volu-
metric flow of the concentrate stream in step 1 and 
step 2, respectively. D and C indicate the dilute and 
concentrate stream, respectively. The ionic current 
from D to C is composed of K+, in the case of the SLM, 
or K+ + Na+, in the case of the CIMS.   
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Detailed information regarding the sensitivity study and the simu-
lation data can be found in the supplementary information (Table S2). 
Here we suffice by giving the final result, i.e., the optimal volumetric 
flow rates turned out to be: Qd,s1 = 80%ΦV and Qd, s2 = 20%ΦV for 
scenario 1 and Qd, s2 = 80%ΦV for scenario 2. 

4.2. Optimal membrane surface area and K+, Ca2+ and Mg2+ recovery 
rates 

The required total membrane surface area (A) is a key operational 
parameter. The calculation of A requires the input of several other pa-
rameters. Eq. (7) gives the required value of A as a function of ion 
transport number (ti), ion concentration difference between the dilute 
stream entering and leaving the membrane module ΔCi, the applied 
current density I (A⋅m− 2), the Faraday constant F (96,485C⋅mol− 1) and 
volumetric flow of the dilute through the membrane module Qd (m3⋅h− 1) 
[57]. 

A =
Qd × F × ΔCi

I × ti
(7) 

Note that in this study Eq. (7) is exclusively used for monovalent 
cations, therefore the charge of the ion (+1) is not specified explicitly. 

Table 2 summarizes a number of operational parameters including 
Qd (m3⋅s− 1), based on the sensitivity study discussed previously, I 
(A⋅m− 2), based on the LCD analysis, ΔC (mol⋅m− 3), based on greenhouse 
requirements, ti, based on the experimentally obtained membrane 
selectivity properties and, finally, A (m2), calculated according to Eq. 
(7), all for both membrane types (i.e., for step 1 and step 2) and for both 
scenarios. 

As for the ion concentration changes, two requirements were at the 
base of the calculation. First, the Na+ level of the water entering the 
greenhouse (point S in Fig. 6) should remain below the threshold value 
of 4 mM. Secondly, the aim to recover as much K+ as possible. This 
combined aim determines, together with the composition of the water 
leaving the greenhouse and the added stock solution/fresh IR water, the 
ΔC values for of K+, Na+ and K++ Na+. Once these ΔC values are known 
and together with Qd, Itot and ti values, A can be calculated, of both the 
SLM and the CIMS and for both scenarios. As for scenario 1, the required 
membrane surface areas for the CIMS in step 1 and the SLM in step 2 turn 
out to be 48 m2 and 52 m2, respectively. As for scenario 2, the calculated 
surface area of the SLM in step 1 is 57 m2 and of the CIMS in step 2, 6 m2. 

Note that the transport number ti listed in Table 2 represents either 
the ion or the sum of the ions of choice. Given the cation selectivity of 
both the SLM and the CIMS, the unaccounted part of the transport 
number that deviates from unity represents a charge carried by divalent 
cations. 

With the membrane surface areas calculated, all relevant parameters 
of the SLM and CIMS are defined. Table 3 summarizes the recovery rates 
of K+, Ca2+ and Mg2+ as well as of water. Based on these numbers, 
scenario 2 performs slightly better, notably regarding the recovery of 
Ca2+ and Mg2+. 

4.3. Outlook 

Any potential real-life application of the system outlined here de-
pends on its competitiveness with currently existing technology. The 
economics of the SLM-based technology, in turn, will depend (to a more 

or lesser extent) on the life-time of the SLM. In order to investigate its 
stability in terms of both mechanical strength and functionality, the SLM 
was exposed to the same experimental conditions as applied before 
(Table 2) but for a period of 20 days. Fig. 8 shows the ionic fluxes over 
the SLM in equimolar mixed salt solutions containing Na+, K+, Ca2+ and 
Mg2+ during 20 days of continuous operation with the solution 
refreshed every two days. Fig. 8 allows two conclusions. Firstly, the 
selectivity shown is in line with the selectivity seen in Figs. 4–6, with a 
selectivity order of K+ > Na+ > Ca2+ > Mg2+. Secondly, the function-
ality of the SLM, regarding both selectivity and flux magnitude, remains 
fairly constant over the 20 days period. 

Addition to the membrane lifetime, another hurdle to take on the 
way to application is lowering the membrane resistance of the SLM and 
with that the ED energy consumption. As evident from Fig. 3, for any 
applied current density, the recorded voltage over the membrane is 
higher for the SLM than for the CIMS, indicating the higher SLM resis-
tance. A factor of 6 can be calculated from the slope from Fig. 3 between 
the resistance of SLM and CIMS. This is mainly due to the lower IEC of 
the SLM. The maximal solubility of the Na+ borate salt used here in 
NPOE is 50 mM, equivalent to an IEC of 0.085 mEq⋅g− 1. With a reported 
IEC of 1.5–1.8 mEq.g− 1, the IEC of the CIMS is approximately 20 times 
higher. The difference of the observed ratio of 6 from LCDs for mem-
brane resistance in comparison to the ratio of 20 as deduced from the 
IEC, likely points to differences in ionic aggregation and the formation of 
intimate ion-pairs between anionic charged groups and cations that has 
been described in literature [58]. There are essentially two ways to 
lower the SLM resistance. Firstly, increasing the IEC of the SLM by a 
different combination of salt and organic solvent. Secondly, a reduction 
of the membrane thickness from 100 um, preferably to the <10 um 
range, possibly in combination with a porous support rendering the 
necessary mechanical strength. 

5. Conclusion 

As determined in binary equimolar salt solutions, the SLM shows a 
K+ over Na+, K+ over Ca2+ and K+ over Mg2+ selectivity of 9, 15 and 30, 
respectively, even at rather low K+ feed concentrations and low feed 
ratios. When extrapolated to solutions containing K+, Na+, Ca2+ and 
Mg2+, these binary selectivities predict quite well the experimentally 
observed concentrations changes over time of all four cation species. 
Because the SLM demonstrates a permeation preference of K+ over Na+, 

Table 3 
Summary of the recovery rates of K+, Ca2+ and Mg2+ as well as of water when 
applying either scenario 1 or 2.   

Recovery 

K+ Ca2+ Mg2+ Water 

Scenario 1 97% 63% 68% 80% 
Scenario 2 96% 79% 79% 80%  

Fig. 8. SLM mediated ionic fluxes carried by Na+, K+, Ca2+ and Mg2+ under ED 
conditions during 20 days of continuous operation with the solution refreshed 
every two days. 
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the selective removal of Na+ from greenhouse irrigation water requires a 
two-step process implying the SLM operating in series with a (generic 
commercially available) CIMS with a monovalent cation over divalent 
cation selectivity. Based on the permeation characteristics of both the 
SLM and the CIMS, this two-step process has been simulated using real- 
life operational input parameters. Starting point of the simulation was 
the (mandatory) requirement to keep the Na+ concentration below its 
(toxic) threshold of 4 mM, while recovering as much K+ as possible. 
With nearly all K+ recovered (96%), the recovery of Ca2+, Mg2+ and 
water turned out to be around 80%, indicating the efficiency of the novel 
tandem technology presented here. 
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