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Supplementary Material and Methods: 

The separation efficiency S of component A and B was evaluated as [1]: 

(ݐ) ܵ = ൬ܥ஻(ݐ)ܥ஻(0)൰ − ൬ ஺(0) ൰൬1ܥ(ݐ)஺ܥ ஻(0) ൰ܥ(ݐ)஻ܥ − + ൬1 ஺(0) ൰ܥ(ݐ)஺ܥ − 100% (S1) 

where CA and CB are the concentrations of A and B in the dilute solution. It is assumed that 
B is the slowest permeating component, so that in the dilute compartment, the relative 
concentration of B is always larger than the relative concentration of A. 

The separation efficiency reflects the relative difference in the transport rate between the 
components in the solution and it is ranged from 0 (no separation) to 1 (complete separation, i.e. 
CB (t)=0; component B completely removed from the dilute fraction). As indicated in the literature 
[1], the separation efficiency is relatively constant as a function of time, after some initial 
fluctuations, and it is independent of the geometry of the equipment (e.g. size of the membranes), 
but may be influenced by the applied voltage.  

The separation efficiency can be calculated on the base of the change in molar concentration 
of each ion with time as it was shown in equation S1. Following equations S2 to S8, it can be 
considered the separation efficiency as function of the ion transport numbers. 

If it is considered that CB (t) and CA (t) could be theoretically calculated as indicated below, ܥ஻ (ݐ) = ஻ (0)ܥ − ܸ ܨ| ஻ݖ| ܣ ݆ ஻௠ݐ · (S2) 

being ݐ஻௠ the transport number of the component B in the membrane phase, j (mA·cm-2) the 
current density, A (cm2) membrane effective area, zi the valence of the ion i, F (C·mol-1) Faraday’s 
constant and V (cm3) the volume of the dilute compartment . Similarly, the next equation could 
be used for component A,  ܥ஺ (ݐ) = ஺ (0)ܥ − ܸ ܨ| ஺ݖ| ܣ ݆ ஺௠ݐ · (S3) 

In order to simplify equation S1, it is possible to define k as indicated below,  ݇ = ܸ ܨ ܣ ݆  · (S4) 

and then, equation S2 could be expressed as, ܥ஻ (ݐ) = ஻ (0)ܥ − |஻ݖ|஻௠ݐ ݇ · (S5) 

Then equation S1 could be written as: 

(ݐ) ܵ =  ൮ܥ஻(0) |஻ݖ|஻௠ݐ − ஻(0)ܥ݇ ൲ − ൮ ܥ஺(0) |஺ݖ|஺௠ݐ − ஺(0)ܥ݇ ൲
|஻ݖ|஻௠ݐ − ஻(0)ܥ݇ |஺ݖ|஺௠ݐ − ஺(0)ܥ݇

· 100% (S6) 

When the experiment is carried out with equal initial concentrations for both components, 
i.e. CA (0) = CB (0), A and B have the same charge (for example, |ݖ஻| = |஺ݖ| = 1), equation S6 is 
simplified as indicated below, ܵ (ݐ) = ஺௠ݐ  − ஺௠ݐ) −஻௠ݐ + (஻௠ݐ 100% · (S7) 
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And thus, ܵ (ݐ) = ஺௠ݐ  − ஺௠ݐ஻௠ݐ + ஻௠ݐ · 100% (S8) 

In this particular case, (CA(0) = CB(0), |ݖ஻| = |஺ݖ| = 1), the separation efficiency (S) could be 
considered as an indirect measurement of the difference between transport numbers for A and B, 
as reported in [1]. In this way, S = 0 % indicates that ݐ஺௠ =  ஻௠, thus both ions are transported withݐ
the same velocity through the membrane (i.e. the ions transport the same amount of electric 
charge during migration). If the value of S = 50% it is easy to determine using S6 that ݐ஺ =  ,஻ݐ 3
indicating a higher migration/transport of A compared to B through the membrane. Finally, the 
value of S = 100 % would indicate that all the charge is transported by A (i.e.  ݐ஺௠ + ஻௠ݐ  ≈  ஺௠ ) andݐ
the transport of charge due to B is negligible. Finally, for mixtures of monovalent and multivalent 
ions, the valence of each ion should be taken into account and thus, 

(ݐ) ܵ = |஺ݖ|஺௠ݐ   − |஺ݖ|஺௠ݐ |஻ݖ|஻௠ݐ   + |஻ݖ|஻௠ݐ  ·  100% (S9) 

In this case, S = 0 % indicates that ௧ಲ೘|௭ಲ| = ௧ಳ೘|௭ಳ|. If it is considered the case in which |ݖ஺| = 1 

(monovalent ion) and |ݖ஻| = 2 (divalent ion), then 2ݐ஺ =  ஻ and thus, the divalent ion isݐ 
transporting twice the charge of the monovalent ion, being the molar flux of both ions the same. 
When the value of S = 50 %, it could be calculated using S9 the value of ݐ஺ = ଷଶ  ஻. Again, if S = 100ݐ
%, then ݐ஻௠  ≈ 0, and all the charge is transported by component A.  

It is important to note that the previous analysis would be accurate as long as i) initial 
concentrations are equal (i.e. CA(0) = CB(0)) and ii) and the transport number for each ion could 
be considered constant (i.e. no significant change of concentration for CA(t)  and CB(t) during the 
experiments). 
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Supplementary Results and Discussion: 

Membrane characterization  

Figure S1 shows the Energy-dispersive X-ray (EDX) images of the RE-UF membrane (used 
as support) and the prepared AEMs. In this figure, the elemental composition of the casting layer 
and the support layer of the AEMs can be observed. 
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Figure 1. Energy dispersive X-ray (EDX) images of (a) polysulfone surface in the RE-UF support, (b) 
casting layer and (c) support layer in Amb-RE-UF membrane; (d) casting layer and (e) support layer in 

Puro-RE-UF membrane, (f) casting layer and (g) support layer in Lew-RE-UF membrane. 
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Table S 1. Chemical composition analysis by EDX of the polysulfone surface of the RE-UF 
membrane. Polysulfone Surface in RE-UF 

Element % weight % atomic 
C 73.74 78.56 
N 4.97 4.54 
O 20.95 16.75 
Al 0.27 0.13 
S 0.07 0.03 
Cl 0 0 

All the prepared membranes show Cl in their elemental composition, due to the casting of 
the polymeric solution containing PVC as binder. The presence of Cl was not detected in the 
surface of the RE-UF membrane, indicating that all the Cl in the prepared membranes 
corresponds to the PVC in the casting solution. As explained in the manuscript, a peak of Cl was 
observed in both sides of the prepared membranes (in the casting and the support layers). The 
peak of Cl in the casting layer is large, due to the dense film of PVC formed in the membrane 
surface. However, the amount of PVC that totally crossed the RE-UF support was very low as it 
is reflected in the low signal of Cl in the support layer.  

In the prepared AEMs, the peak of N corresponds to the amine group in the anion exchange 
resin. The low intensity of N peaks confirms that the resin particles are covered by a dense film 
of PVC. N was not found in the support layer which could reflect an unequal distribution of the 
ion exchange particles across the membrane section (lower concentration of ion exchange 
particles embedded in the RE-UF support in comparison with the casting layer). 
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Evaluation of the selective ion transport properties 

Figure S2, shows the decreasing concentration of anions in the dilute compartment and 
molar fluxes during the electro-separation experiments performed at 10 mA·cm-2. The tested 
membranes were AMH-PES and membranes with recycled support. 

 
Figure S 1. Evolution of anion concentration in the diluted compartment and molar fluxes (Ji, mmol·m-2·s-1) 
during electro-separation experiments. The membranes under study were: (a) AMH-PES, (b) Amb-RE-UF, 

(c) Puro-RE-UF, (d) Lew-RE-UF. Feed: NO3-, Cl- and SO42-(50 mM) added as sodium salts. j= 10 mA·cm-2. 

It can be observed that the molar fluxes are increased in respect to figure 5 (in the 
manuscript) due to the increase of the current density. As explained in the manuscript, in all the 
tested membranes, the permeation of nitrate is faster than the fluxes of chlorides and sulfates 
which can be related to the higher hydration energy of nitrates. In addition, the capacity for 
achieving an effective ion fractionation relies upon the anion exchanger used in membrane 
preparation. In this manner, the use of Lewatit anion exchanger declines the flux of sulfates while 
increases the flux of nitrates. This effect could be attributed to the hydrophobic propyl chains in 
the functional group of the Lewatit anion exchanger.  

Figure S3 shows the differences in transport properties of the membranes without 
mechanical support when conducting the experiment at 3.5 and 10 mA·cm-2.  
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Figure S 2. Transport numbers (ݐ௜௠) of the counter-ions in the membrane in relation with the operating 

current (j= 3.5 and 10 mA·cm-2). Membranes: Amb, Puro and Lew (membranes without mechanical 
support). 

It can be observed that, in concordance with the manuscript, conducting the experiments at 
3.5 mA·cm-2 results in a larger transport of nitrates in detriment of sulfates. The effect is greater 
in the case of Lew membrane where the transport number of sulfate is reduced from 0.38 to 0.29 
while the transport number of nitrates is enhanced from 0.33 to 0.42 when lowering the operating 
current density (from 10 to 3.5 mA·cm-2). As mentioned in the manuscript, the decrease in the 
rejection of sulfate at 10 mA·cm-2 can be attributed to a decreased Donnan exclusion effect. While 
at 3.5 mA·cm-2 the higher apparent activation energy of sulfates could reduce its transportation 
through the membrane. In addition, it can be observed a great differentiation between the 
transport numbers of nitrate and chloride in Lew membrane, further increased when the 
experiment is operated at low current density (ݐேைయష 0.42 and ݐ஼௟ష 0.29).  

Figure S4 shows the permselectivity between counter-ions (relative transport number) in 
respect to sulfates, achieved by the membranes when operating at 10 mA·cm-2. In this figure, the 
effect of the mechanical support in the permselectivity between counter-ions can be appreciated. 
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Figure S 3. Differences in the permselectivity between the counter-ions (permselectivity between 
nitrate and sulphate ions, ௌܲைరమషேைయష ; and permselectivity between chloride and sulphate ions, ௌܲைరమష஼௟ష )with and 

without the recycled membrane support (j= 10 mA·cm-2). 
 
It can be observed that, in comparison with figure 7 (in the manuscript), the permselectivity 

was decreased in all the cases due to operating at 10 mA·cm-2. In the case of membranes 
containing Lewatit anion exchanger, the use of the RE-UF membrane as mechanical support 
slightly enhanced the permselectivity to monovalent ions. However, the main differences in 
permselectivity between counter ions rely on the type of anion exchanger used in membrane 
preparation and in the use of an adequate operating current during the separation experiments.  

Another parameter for analyzing the differences in the transport properties between the ions 
is the separation efficiency (S). Figure S5 and S6 show the evolution of the separation efficiency 
during the experiments performed at 3.5 and 10 mA·cm-2, respectively.  

 

 

Figure S 4. Evolution of the separation efficiency (S) during the experiments at j = 3.5 mA·cm-2 in all the 
tested membranes. (a) Separation efficiency between chloride and nitrate ions (ܵேைయష஼௟ష ); (b) Separation 
efficiency between nitrate and sulphate ions ( ௌܵைరమషேைయష ); (c) Separation efficiency between chloride and 

sulphate ions ( ௌܵைరమష஼௟ష ). 
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Figure S 5. Evolution of the separation efficiency (S) during the experiments at j = 10 mA·cm-2 in all the 
tested membranes. (a) Separation efficiency between chloride and nitrate ions (ܱܵܰ3−݈ܥ− ); (b) Separation 

efficiency between nitrate and sulphate ions (ܱܵܵ42−ܱܰ3− ); (c) Separation efficiency between chloride and sulphate 

ions ( ௌܵைరమష஼௟ష ). 
 
As mentioned before, S reflects differences in the transport between the components A and 

B. In a general sense, a large difference between the transport numbers of A and B is reflected in 
higher separation efficiency (see equations S2 and S9). As a consequence, S is in concordance with 
previously explained results ( ௌܵைరషேைయష >  ௌܵைరమష஼௟ష >  ܵ஼௟షேைయష). Again, Lew-RE-UF membrane show the 

highest separation efficiency, achieving ௌܵைరషேைయష= 85%, ௌܵைరమష஼௟ష
= 72% and ܵ஼௟షேைయష= 34% in the beginning 

of the experiment (30 min) when it is conducted at low current density (j=3.5 mA·cm-2) (Figure 
S5). The separation efficiency was considerably decreased in the experiments conducted at 10 
mA·cm-2, and in this case, Lew-RE-UF achieved ௌܵைరమషேைయష = 52%, ௌܵைరమష஼௟ష

= 40% and ܵ஼௟షேைయష=15% in the 
beginning of the experiment (15 min) (Figure S6). 

This parameter further demonstrated the feasibility of using Lew-.RE-UF membrane for ion 
fractioning. In the case of Amb-RE-UF and Puro-RE-UF, the separation efficiency is almost 
constant during the experiment as long as the concentrations of the counter-ions are maintained 
in an equimolar relation. However, in the case of the membranes prepared with Lewatit anion 
exchanger, (Lew-RE-UF and Lew), the separation efficiency shows a decreasing tendency during 
the experiment. These results can be attributed to differences in the permeation rates of nitrate, 
chloride, nitrate and sulfate, which results in a faster depletion of nitrates, followed by chlorides, 
in the dilute compartment. When the concentration of nitrate and chloride in the dilute 
compartment is too low to transport the electric charge that is being applied to the system, then 
sulfates will be transported through the membrane, decreasing the separation efficiency as it is 
observed in figures S5 and S6. Overall, S is a parameter that can be useful to define the optimum 
duration of the separation process for maintaining of high separation efficiency. 
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