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  Propositions 
 
 

1. Membrane hydrophobicity is a pivotal parameter for achieving nitrate selectivity.  
(This thesis). 

2. The interplay between membrane selectivity and water consumption is crucial in designing 
closed-loop processes with nitrate selective membranes. 
(This thesis). 

3. Nuclear energy is currently the most sustainable source of energy available. 

4. Establishing standardized experimental methods is essential to facilitate meaningful 
comparisons of experimental results. 

5. The term “healthy food” should also include the health impact of the cooking utensils 
used, not just the nature of the food itself. 

6. Reducing fast fashion would decrease environmental pollution.  
 
 
Propositions belonging to the thesis, entitled 

 
Nitrate-selective Anion-Exchange Membranes: development and application in electrodialysis 
 
Daniele Chinello 
Leeuwarden, 5 December 2024 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Daniele Chinello 
 

 

 



 

 

 

 

 

 

 

 

�hes�s �omm��ee 
 
Promotor 
Prof. Dr L.C.P.M. de Smet 
Personal Chair at the Laboratory of Organic Chemistry 
Wageningen University & Research 
 
Co-promotor 
Dr J.W. Post 
Program Director 
Wetsus, European Centre of Excellence for Sustainable Water Technology, 
Leeuwarden 
 
Other members 
Prof. Dr H.H.M. Rijnaarts, Wageningen University & Research 
Dr H. Roth, University of Twente, Enschede 
Prof. Dr F. Picchioni, University of Groningen 
Prof. Dr E.R. Cornelissen, Ghent University, Belgium 
 
 
This research was conducted under the auspices of the Graduate School VLAG 
�Biobased, Biomolecular, Chemical, Food, and �utri�on sciences� 
 

 



 

 

 

�i����e�se�e���e���i������h���e��e�����es��

�e�e����e�����������i������i��e�e�����i���sis�
 

 

Daniele Chinello 
 

 

 

 

 

 

 

 

 

Thesis 
submi�ed in fulfilment of the re�uirements for the degree of doctor 

at Wageningen University 
by the authority of the Rector Magnificus, 

Prof. Dr C. Kroeze, 
in the presence of the 

Thesis Commi�ee appointed by the �cademic �oard 
to be defended in public 

on Thursday 5 December 2024 
at 1 p.m. in De Harmonie theater, Leeuwarden. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Daniele Chinello 
Nitrate�selec�ve �nion�E�change �em�ranes� development and applica�on in 
electrodialysis, 
195 pages. 
 
PhD thesis, Wageningen University, Wageningen, The Netherlands (2024)  
With references, with summary in English  
 
 
D��� h�ps���doi.org�10.1�1�4���19�� 



 
 
 
 
 
 
 
 
 
 
 
 
 

Ten out of ten people die, 
so don’t take life too seriously  

 
Henry Winkler 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
TABLE OF CONTENTS 

 

Chapter 1 1 
�ntroduc�on 
 
Chapter 2 19 
Modelling the re�uired membrane selec�vity for nitrate 
recovery from effluent also containing chloride, while saving 
water 
 
Chapter 3 49 
�elec�ve separa�on of nitrate from chloride using PVDF-based 
anion-exchange membranes 
 
Chapter 4 79 
�elec�ve electrodialysis� �arge�ng nitrate over chloride using 
PVDF-based AEMs 
 
Chapter 5 111 
Effect of polymeric matrix in anion-exchange membranes on 
nitrate�chloride separa�ons 
 
Chapter 6 147 
General discussion 
 
Summary 169 

Sommario 173 

Acknowledgments 177 

About the author 181 
 



 

 

 
 



 

Chapter 1 
 

 

����������� 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 | C h a p t e r  1  
 
1.1. �������� ���������� ���������� ��� ���������� �������� 

Nitrogen is an indispensable nutrient for agriculture, playing a pivotal role in suppor�ng plant 

growth and ensuring produc�vity. As an essen�al element for the synthesis of amino acids, 

proteins, and chlorophyll, nitrogen is a key building block for plant structure and func�on. Its 

incorpora�on into plant �ssues facilitates the forma�on of enzymes and other vital cellular 

components, contribu�ng to overall plant health. Nitrogen is the most abundant element in the 

atmosphere in the form of N2 molecules, accoun�ng for �� �.1 However, due to the strength of 

the triple covalent bond between the nitrogen atoms, which requires a significant amount of 

energy to break, it is chemically inac�ve, making it di�cult to be used by plants and animals. 

Nevertheless, although inert, it plays a crucial role in the nitrogen cycle. This cycle is a complex 

biogeochemical process that governs the cycling and availability of nitrogen in various forms 

within ecosystems.2 It involves a series of interconnected steps where nitrogen undergoes 

different chemical transforma�ons. The cycle begins with nitrogen gas in the atmosphere, which 

is converted into ammonia (NH3) through a process called nitrogen fixa�on. This process is 

energe�cally demanding and is carried out by nitrogen�fixing bacteria present in the soil. These 

organisms are equipped with the enzyme nitrogenase, which catalyzes the reduc�on of N2 to NH3. 

Ammonia can then be further transformed into nitrite (NO2⁻) and nitrate (NO3⁻) through 

nitrifica�on. This aerobic process occurs in two steps: 

I. NH3 oxida�on to nitrite (NO2⁻): carried out by Nitrosomonas bacteria by using two different 

enzymes such as ammonia monooxygenase and hydroxylamine oxidoreductase.3 

II. NO2⁻ oxida�on to nitrite (NO3⁻): performed by Nitrobacter bacteria species by using the 
nitrite oxidoreductase mul�protein complex.4 

At this point, nitrate is assimilated by plants via their roots and converted into organic nitrogen 

compounds, such as amino acids and proteins. Plants can also absorb nitrogen in the form of 

ammonium ion (NH4�), but due to the nitrate�s higher mobility in the soil solu�on, most plants 

prefer nitrate over ammonium.5 

While the nitrogen cycle is crucial for supplying plants with the essen�al nutrient nitrogen, the 

need for e�cient and large�scale fer�lizer produc�on to secure food availability became 

fundamental as the global popula�on steadily increased in the 19th century. Tradi�onally, farmers 
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relied on natural sources of nitrogen, such as animal manure, using legumes in crop rota�on,6 or 

impor�ng sodium nitrate from Chile (also known as Chile saltpeter),7 but these methods were not 

sufficient to meet the demands of a growing popula�on. Therefore, by mid-19th century, a lot of 

scien��c research focused on making fer�lizer produc�on possible.8 Fritz Haber (1868-1934), a 

German physical chemist, a�er years of research and also with the theore�cal contribu�on of 

Walther Nernst (1864-1941), a German physicist and physical chemist,9 demonstrated the 

possibility of synthe�c nitrogen �xa�on in the early 20th century. In par�cular, using an iron metal 

catalyst and opera�ng at high temperature (400-650 �C) and high pressure (200-400 atm),10 Haber 

and his collaborator obtained ammonia by reac�on of atmospheric nitrogen with hydrogen: 

𝑁𝑁� + 3𝐻𝐻� → 2𝑁𝑁𝑁𝑁� 

In the same year, another German chemist, Carl Bosch (1874-1940), was assigned to develop a 

commercial scale produc�on plant by the company B��F. The Haber-Bosch process was then born, 

marking a milestone for modern society development. The use of fer�lizers has witnessed a 

notable surge throughout the 20th century. While in Europe we observe a gradual increase in 

fer�lizer consump�on since 1992, countries such as China and India have experienced an even 

more pronounced upward trend.11 �verall, with the global popula�on expected to rise to 10 

billion by 2060,12 and given the decline in agricultural produc�on due to climate change,13 pests,14 

and nutrient de�ciencies, the global demand for fer�lizers to support crop produc�on is expected 

to further increase. In par�cular, nitrate fer�lizers stand out as the most e�ec�ve and dependable 

nitrogen source currently accessible.5 Nevertheless, despite its crucial func�on, the applica�on of 

nitrogen fer�lizers poses challenges and excessive usage can result in environmental problems. 

Indeed, not all the applied fer�lizer is e�ec�vely absorbed by crops, with the nitrogen use 

efficiency (NUE) ranging from around 30 to over 50 %.15 �s a result of rainfall, excess fer�lizer 

drains away from the soil, resul�ng in water pollu�on. This leads to issues like surface water 

eutrophica�on, which has signi�cant ecological impacts.16 �ddi�onally, the occurrence of nitrogen 

oxides like nitrate in drinking water is linked to infant methemoglobinemia, and is associated with 

an increased risk of cancer and birth defects.17–19 Furthermore, the energy-intensive produc�on 
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of fer�li�ers contributes to 1.5 � of the total global CO2 emissions,20 raising concerns about the 

environmental impact associated with fer�li�er produc�on. 

 

1.2. ���� den�����ca��n �� n���a�e �ec��e��� ���en�al a��l�ca��ns and challenges 

As men�oned earlier, the excessive use of nitrate fer�li�ers contributes to water contamina�on 

and, nowadays, denitri�ca�on systems are widely employed to reduce nitrate levels in water 

streams.21–23 Through such water treatment systems, nitrate is converted to gaseous nitrogen (N2) 

which is then released to the atmosphere. Although effec�ve, this process demands considerable 

energy and produces by-products24 such as N2O, a potent greenhouse gas.25 

Moreover, the conversion to N2 is irreversible, leading to the removal of biologically accessible 

nitrogen from the ecosystem and the subsequent need to replenish nitrogen fer�li�ers. Therefore, 

considering both economic and sustainability perspec�ves, an appealing alterna�ve involves 

recovering nitrate from water streams. One poten�al applica�on involves retrieving nitrate from 

the effluent wastewater produced by fer�li�er manufacturing plants.26 Addi�onally, another area 

of applica�on relates to greenhouses, as demonstrated by ini�a�ves such as the Greenhouse 

Hor�culture program in The Netherlands.27 This ini�a�ve sets a goal to achieve almost �ero 

emissions of fer�li�ers and crop protec�on agents by 2027, highligh�ng the importance of 

establishing closed-loop systems for water and nutrient recycling.  

A viable technology to achieve nitrate recovery from water is electrodialysis (ED), which makes 

use of ion-exchange membranes (IEMs). This technology will be discussed in more detail in �ec��n 

1.3. As an example, Ahdab et al.28 inves�gated the applica�on of monovalent-selec�ve 

electrodialysis for greenhouse wastewater in order to obtain a nitrate-rich brine. This brine can 

then be sent to a denitri�ca�on plant, and thus allowing for minimal liquid discharge, but it can 

also poten�ally be reused inside the greenhouse loop or to produce fer�li�er. However, the 

presence of other anions can reduce the efficiency of the separa�on process. In par�cular, while 

the monovalent-divalent ion separa�on has already proved to be effec�ve,28–30 a more challenging 

case is represented by the separa�on of two monovalent ions, such as nitrate/chloride. These two 

anions share similar physico-chemical characteris�cs, including hydrated radii31 and diffusion 

coefficients,32 limi�ng their separa�on based on differences in si�e and mobility. However, there 
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exists a dis�nc�on in the ionic radius, leading to implica�ons in dehydra�on energy. �ith chloride 

having an ionic radius of 0.181 nm and nitrate one of 0.264 nm,31 the la�er possesses lower 

dehydra�on energy, 71 kcal·mol-1 for nitrate and 81 kcal·mol-1 for chloride. As will be outlined 

further in �ec�o� 1.�, this di�erence can poten�ally be exploited to achieve preferen�al nitrate 

transporta�on through a membrane. �ext to the above-men�oned applica�ons, achieving such a 

preference would also be beneficial in addressing nitrate contamina�on of, e.g. groundwater33,34 

and surface water.35 

 

1.3. Electrodialysis (ED) 

Electrodialysis (ED) is a process that involves the transporta�on of ions through ion-exchange 

membranes (IEMs), using an electric field as a driving force. This technology has been applied for 

the desalina�on of brackish water sources since the 1�50s, and found applica�on in other various 

industries, including wastewater treatment,36 and food processing,37 o�ering a cost-e�ec�ve and 

environmentally friendly solu�on for ion separa�on.38 An electrodialysis (ED) unit (Figure 1.1) 

comprises a series of IEMs, including anion-exchange membranes (AEMs) and ca�on-exchange 

membranes (CEMs), which are stacked together in an alterna�ng sequence. IEMs are discussed in 

more detail in �ec�o� 1.�. �ater streams �ow between these membranes, and upon connec�ng 

the electrodes to a power source the ions in the water streams are forced to move according to 

the electric field. Anions migrate towards the posi�vely charged anode, while ca�ons move 

towards the nega�vely charged cathode. The inclusion of IEMs acts as a selec�ve barriers� AEMs 

allow the transporta�on of anions while impeding the transporta�on of ca�ons, whereas CEMs 

selec�vely transport ca�ons while blocking anions. This process leads to the deple�on of salts in 

the water stream on one side of the membranes and their concentra�on on the other side, 

resul�ng in the forma�on of two separate streams known as diluate and concentrate, respec�vely.  

The basic unit of an ED system, known as a cell pair, comprises an AEM, a CEM, a dilute stream, 

and a concentrate stream. An ED stack can consist of a few cell pairs in small-scale units used in 

laboratories and up to several hundred cell pairs in industrial setups. The unit includes two 

electrode compartments, where an electrolyte solu�on is recirculated. If an electrolyte solu�on 
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such as Na2SO4 is used in these compartments, the reac�on taking place at the cathode surface 

is: 

2𝐻𝐻�𝑂𝑂 𝑂 𝑂𝑂𝑂� → 𝐻𝐻�(𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔 � 

while the one at the anode surface is: 

𝐻𝐻�𝑂𝑂 𝑂𝑂𝑂𝑂 � + 1
2𝑂𝑂�(𝑔𝑔𝑔 𝑔 𝑔𝑔𝑔𝑔� 

 

Figure 1.1: Schema�c representa�on of an ED stack and its working principle: anions move through AEMs 
and ca�ons through CEMs when an electric field is applied. �y alterna�ng CEMs and AEMs, diluate and 
concentrate streams are formed. �he stack consists of repea�ng cell pairs (in this scheme two cell pairs, 
complemented with an extra shielding CEM between the concentrate and the anode). 

 

1.4. Ion-Exchange Membranes (IEMs) 

An ion-exchange membrane consists of a polymeric matrix containing charged groups fixed to the 

polymeric backbone. Depending on the charge of the fixed groups, IEMs can be categorized in 

anion-exchange membranes (AEMs), and ca�on-exchange membranes (CEMs). AEMs possess 
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posi�vely charged groups such as quaternary ammonium groups,29,39,40 which allow the transport 

of anions and re�ec�on of ca�ons. �n the other hand, CEMs contain nega�vely charged groups such 

as sulfonic acid groups,29,39,40 which allow the transport of ca�ons and re�ect anions. 

IEMs were originally derived from directly linking ca�onic or anionic groups to the polymer 

backbone without the presence of alkyl spacers.41 However, over �me, di�erent polymer 

architectures have been inves�gated, including the incorpora�on of side chains (charged and 

uncharged),42–44 and crosslinking within the polymer structure.45,46 Furthermore, various methods 

for membrane fabrica�on, such as blending di�erent types of polymers—whether both charged 

or only one charged—or incorpora�ng addi�ves, have been explored.47–49 This approach expands 

beyond solely modifying the polymer itself, o�ering addi�onal avenues for controlling membrane 

proper�es such as swelling and chemical and mechanical stability. Also, surface modifica�on 

strategies such as embedding a cross-linked layer or the layer-by-layer (LbL) deposi�on of 

polyelectrolytes have been explored extensively.50–52 

IEMs can also be classified as homogeneous or heterogeneous, in which the charged groups are 

chemically bonded to or physically mixed with the membrane matrix, respec�vely.39 However, it 

must be realized that, as discussed by Luo et al.,29 at a scale comparable to that of the polymer 

chain, the composi�on of an IEM is inherently heterogeneous, with the presence of hydrophilic 

domains characterized by the ionic groups and predominantly hydrophobic domains such as the 

polymer chains. 

Due to the presence of fixed ionic groups, once in contact with an electrolyte solu�on, ions 

possessing the opposite charge of the ionic groups in the membrane (counter-ions) are a�racted 

towards the membrane surface, genera�ng an electrical poten�al, known as Donnan poten�al.29 

This poten�al results in the exclusion of co-ions.53 At the membrane surface-water interface, an 

electrical double layer (EDL) forms, described by the Gouy-Chapman-Stern model, with counter-

ions distributed according to a concentra�on profile that decays exponen�ally moving away from 

the membrane surface (Figure 1.2). In ED, the ion transport through an IEM is realized by applying 
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a current and involves the par��oning of the ionic species into the membrane and their diffusion 

through the membrane phase. 

 

Figure 1.2� �impli�ed illustra�on of the ion concentra�on distribu�on at the membrane surface-water 
interface, and the electrical double layer (���). �n the le�, the counter-ions diffusion through the 
membrane and their interac�on with the ��ed charge groups. 

 

1.5. �e��r��e �e�e���i�� 

�he selec�vity of a membrane refers to the ability to selec�vely allow the passage of certain ions 

while hindering, or ideally even preven�ng, the transfer of other ions. As discussed in the previous 

sec�on, the presence of ��ed charged groups within the membrane allows the permea�on of the 

counter-ions present in the solu�on in contact with the membrane. �his type of selec�vity, 

counter-ions vs. co-ions, is referred to as permselec�vity and is measured through membrane 

poten�ometry under �ero-current condi�ons.54 �n this method, the poten�al across a membrane 

separa�ng two solu�ons of the same electrolyte at different concentra�ons is recorded 

(ΔVmeasured) and used to calculate the membrane permselec�vity (𝑎𝑎) as a percentage, using the 

following e�ua�on�55,56 

𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 ����������
�������������

 (1.1) 
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where ΔVtheore�cal refers to the theore�cal �ernst membrane poten�al for a membrane fully 

selec�ve towards counter-ions. Typical permselec�vity values are around or larger than 90 %, 

indica�ng a high membrane selec�vity towards counter-ions compared to co-ions. On the other 

hand, the selec�vity between di�erent counter-ions is more challenging, especially for ions having 

the same valence. In this context, various studies highlight the crucial role of ion dehydra�on 

energy.43,44,52,57–61 Ions in water are surrounded by a water shell (hydrated form), and the strength 

of this shell depends on the ionic radius. Smaller ions have a higher charge density, leading to 

stronger hydra�on and thus higher dehydra�on energy.31 Epsztein et al.57 proposed an ion 

par��on mechanism based on par�al ion dehydra�on at the water-membrane interface. Based 

on this mechanism, ions with a stronger hydra�on shell – thus higher dehydra�on energy – 

experience a higher energy barrier during dehydra�on compared to ions with weaker hydra�on, 

and therefore are less favorably adsorbed onto the membrane. The interac�on between the 

par�ally dehydrated ion and the membrane fixed charge groups compensates energe�cally for the 

removal of water molecules, with ions that can undergo easier dehydra�on establishing stronger 

interac�on and thus di�using slowly than ions with stronger hydra�on shell. 

In order to exploit the di�erence in dehydra�on energy between counter-ions, several studies 

focused on increasing the membrane hydrophobicity.43,47,60,61 Sata et al.,60 designed copolymer 

anion-exchange membranes func�onalized with di�erent ter�ary amines such as trimethylamine, 

triethylamine, tri-n-propylamine, tri-n-butylamine, and tri-n-pentylamine. Their scope was to 

inves�gate how the change in the hydrophilic�hydrophobic environment around the anion-

exchange groups in�uenced the membrane preferen�al ion transport. The results showed that as 

the surrounding of the charged groups became more hydrophobic, the membrane preferen�ally 

transported ions with lower hydra�on energy.  

�ollowing this contribu�on, �iao et al.43 and Irfan et al.61 applied the approach of Sata et al. to 

manufacture membranes with improved chloride over sulfate selec�vity. In par�cular, �iao et al.43 

manufactured poly(arylene ether sulfone) AEMs varying the length of the alkyl side-chain 

connec�ng the posi�ve imidazolium quaternary ammonium charge with the polymer backbone, 

while Irfan et al.61 designed quaternized poly(2,6-dimethyl phenyleneoxide)s AEMs containing 

alkyl spacers of varied chain length. Both studies are in line with Sata's finding, showing an 
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increased chloride over sulfate selec�vity, which was ra�onalized by an increased membrane 

hydrophobicity by increasing the length of the alkyl side chain. 

Mubita et al.47 developed heterogeneous anion-exchange membranes for the selec�ve 

separa�on of nitrate from chloride, obtained by combining a func�onalized polymeric binder and 

three ion-exchange resins, each containing a different func�onal group such as trimethyl, triethyl, 

or tripropyl ammonium moie�es. Also in this case, the increased nitrate selec�vity was linked to 

the increased membrane hydrophobicity with increasing the alkyl chain length, with the 

membrane bearing the most hydrophobic func�onal group, i.e. the tripropyl ammonium, showing 

the highest nitrate over chloride selec�vity. 

�ne approach for evalua�ng the selec�vity of a membrane towards counter-ions involves 

conduc�ng electrodialysis experiments in batch mode, using a mixed salt solu�on containing the 

speci�c counter-ions under inves�ga�on. By monitoring the concentra�on in the two reservoirs, 

concentrate and diluate, it is possible to determine the membrane selec�vity according to the 

following e�ua�on�47,62,63 

𝑆𝑆�� 𝛹 �∆��∆��
�
�����������

× ������������� (1.2) 

where ΔCA and ΔCB refer to the change of the concentra�on of the indicated ion in the concentrate 

reservoir, while CA and CB represent the concentra�on of the ions in the diluate compartment. In 

literature, different experimental parameters are used such as current density, �me, ion 

concentra�on, and membrane con�gura�on, leading to challenges in comparing data. 

Another method to get a �uick indica�on of the membrane selec�vity is represented by 

measuring the bi-ionic membrane poten�al (ΔΨ) and thus determining the permeability 

coefficient ra�o. �he bi-ionic poten�al is the poten�al that exists across a membrane, under zero-

current condi�ons, separa�ng two electrolyte solu�ons containing the same co-ion but different 

counter-ions, and is the result of the difference in the affinity of the counter-ions for the 

membrane. �his poten�al can be expressed by using the following e�ua�on�56,64 

∆𝛹𝛹 𝛹 ��
� × ln ��

��
 (1.3) 
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where R is the universal gas constant (8.314 J⋅mol-1⋅K-1), T is the temperature (K), F is the Faraday 

constant (96458 A⋅s⋅mol-1), and PA and PB the permeability coefficients (m2·s⁻1) of the counter-

ions. By rearranging e�ua�on 1.3, it is possible to obtain the permeability coefficient ra�o as a 

func�on of the poten�al di�erence (�Ψ): 

��
��
= e�����  (1.4) 

 

1.6. Aim of the thesis 

In the previous sec�on, several contribu�ons were reported on increasing the membrane 

selec�vity towards less hydrated ions by increasing the membrane hydrophobicity. Building upon 

these findings, the aim of this thesis is to develop new anion-exchange membranes (AEMs) for 

the selec�ve separa�on of nitrate from chloride by exploring the hydrophobicity of the 

membranes, inves�ga�ng their performance in E�, and comparing with the results of one of the 

most recent studies on nitrate�chloride separa�on in E�, the one of Mubita et al.63, and several 

commercial membranes. �o iden�fy the separa�on criteria we first developed a modelling tool to 

determine the �ey parameters of a membrane-based purifica�on process for the selec�ve 

recovery of nitrate from a water stream also containing chloride. 

 

1.7. Outline of the thesis 

Below is a visual outline of this thesis, accompanied by per�nent �ues�ons addressed in each 

chapter. 
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Chapter 2 introduces a membrane-based system for selec�vely recovering nitrate from 

wastewater also containing chloride, aiming to enhance water puri�ca�on e�ciency. It discusses 

�ey parameters influencing membrane selec�vity and applies these to a real-world scenario. 

 

Chapter 3 develops and assesses polyvinylidene fluoride (PVDF) based membranes for nitrate-

chloride separa�on. �embrane with �� wt� PVDF show op�mal nitrate selec�vity, and its ion 

transport proper�es are studied to understand selec�vity mechanisms. 

 

Chapter 4 examines the best PVDF-based membrane obtained in Chapter 3 in electrodialysis for 

selec�ve nitrate separa�on. �embrane proper�es are compared with commercial ones, and a 

novel method called nitrate-selectrodialysis (NO3-SED) is proposed. 

 

Chapter 5 explores alterna�ve polymers li�e polyvinyl chloride (PV�) and polyacrylonitrile (PAN) 

for ma�ing nitrate-selec�ve membranes. �embrane proper�es and selec�vity are analy�ed, 

comparing results with PVDF and commercial membranes. 

 

Chapter 6 consolidates the insights from the preceding chapters and provides reflec�ons on 

poten�al direc�ons for future research. 
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Abstract 

We present a general outline for the selective recovery of NO3⁻ from a (waste) water stream also 

containing Cl⁻. The key element of the technology introduced and simulated here is a membrane 

unit demonstrating NO3⁻ over Cl⁻ permea�on selec�vity. The membrane is hypothesized to be 

hydrophobic and with that exploiting the difference in dehydration energy between NO3⁻ and Cl⁻. 

Apart from NO3⁻ recovery, the process also aims to reduce water consumption. Based on a generic 

outline of the process, the key parameters are defined, being the NO3⁻�Cl⁻ concentra�on ra�o in 

the (waste) stream, the fraction of NO3⁻ and water recovered, and the selectivity of the 

membrane. The sensitivity of the separation process to these four parameters is evaluated. In the 

second part of the paper, the same principles are applied to a real-life process, i.e., NO3⁻ recovery 

from the effluent (waste) water of a fertilizer production plant. The aim was to calculate the 

membrane NO3⁻�Cl⁻ permea�on selec�vity required to recover 90 % of NO3⁻, given a threshold 

value for the Cl⁻ concentra�on in the permeate stream and recycle 30 % of the water, starting 

from two different NO3⁻�Cl⁻ concentra�on ra�os in the effluent (waste) water. With �� mM Cl⁻ 

in the effluent (waste) water and a Cl⁻ threshold of 9.9 mM, a membrane selec�vity of 3 su�ces. 

The required selectivity increases to 30 when the Cl⁻ in the effluent (waste) water is 200 mM and 

the Cl⁻ threshold is 4.2 mM. Reported NO3⁻�Cl⁻ membrane selec�vi�es are s�ll modest, with a 

maximal selectivity found in literature of 3. Strategies to develop membranes of significant higher 

selectivity are briefly discussed. 
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2.1. Introduction 
Nitrogen is an essential nutrient for agriculture. In 2020 its consumption was estimated to be 10 

million tons in the EU alone, 6.9 % above its consumption in 20101. The conversion of N2 to 

ammonia, an essential compound for fertilizer production, via the Haber-Bosch process is not only 

energy intensive but also responsible for no less than 1.5 % of the total worldwide CO2 emission.2 

With an increasing global population − by 2060, the world population will reach 10 billion3 − and 

the decrease in agricultural production due to climate change,4 pests,5 and lack of nutrients, the 

need of using fertilizers to sustain crop production will only increase further. However, not all 

applied fertilizer is actually taken up by crops. As an example case, in 2015 the nitrogen use 

efficiency (NUE) of cereal was estimated to be just 35 %.6 Due to precipitation, excess fertilizer 

leaches out of the soil, causing eutrophication of surface waters with all its detrimental effects.7 

Furthermore, the presence of nitrogen oxides, such as nitrate (NO3⁻), in drinking water is 

responsible for infant methemoglobinemia (also known as blue baby syndrome) and increases 

the risk of cancer8 and birth defects.9 

Currently used wastewater treatment technologies remove nitrogen by conversion of N-

species to gaseous N2.10 However, these nitrification/denitrification processes deal with high 

costs, high chemical use, and by-product formation such as N2O and Cl2.11 Moreover, the 

conversion to N2 is irreversible, resulting in removing biologically directly available nitrogen from 

the ecosystem. From the point of view of both economics and sustainability, an attractive 

alternative is the selective recovery of nitrogen. To do so, we here explore the potential and 

requirements of membrane technology to selectively recover NO3⁻. 

Together with phosphorus (P) and potassium (K), nitrogen (N) is the main component of NPK 

fertilizers; chloride is present as well because potassium chloride (KCl) is the source of potassium. 

The co-presence of Cl⁻ makes the recovery of NO3⁻ challenging because both ion species have the 

same valence. However, there is a difference in the (effective) ionic radius and by implication in 

the dehydration energy. With an ionic radius of 0.181 nm for Cl⁻ and 0.264 nm for NO3⁻,12 the 

latter has a lower dehydration energy.13 

In membrane technology, differences in dehydration energy can be exploited to separate ion 

species. As shown in previous studies,14–20 the transport of ions with low dehydration energy is 

enhanced by increasing the membrane hydrophobicity. Therefore, in this study, we hypothesize 
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and introduce a membrane unit possessing a hydrophobic membrane with a permeation 

preference of NO3⁻ over Cl⁻ because of the lower dehydra�on energy of the former ion species. 

Furthermore, it is envisaged that the membrane operates in an electrodialysis setting. 

This paper consists of two parts. The first one describes and discusses a rather basic outline of 

a process for the separation of NO3⁻ from Cl⁻ using membrane technology. The most relevant 

process parameters are evaluated. In the second part of the paper, we switch to a real-life 

application, using some of the findings discussed in the first part. Here, we investigate the 

recovery of NO3⁻ from the effluent (waste) water of a fertilizer plant while saving 30 % of fresh 

water. 

 

2.2. Materials and methods 
 

2.2.1. System Description 
Figure 2.1 shows a general outline of a membrane-based process for the selective separation of 

NO3⁻ from Cl⁻. The (waste) water stream containing the two ion species, from here on labelled 

the feed stream, enters the system in the mixer, where fresh and recycled water are added to the 

extent to keep the volumetric flow constant. The resulting stream (reference point #0) is sent to 

the membrane unit responsible for the NO3⁻ recovery and producing a permeate stream 

(reference point #1) relatively rich in NO3⁻. Depending on the membrane selectivity, this stream 

is more or less contaminated with Cl⁻. The retentate stream (reference point #2), rela�vely rich 

in Cl⁻, is split (reference point #3) and, in order to minimize the fresh water consump�on, partly 

recycled and directed towards the mixer. 

In the system, four reference points are distinguished: 

- point #0: where fresh water, the feed stream, and recycled water are mixed; 
- point #1: water stream after filtration by the membrane unit (permeate side); 
- point #2: water stream after filtration by the membrane unit (retentate side); 
- point #3: water stream after splitting, re-entering the mixer. 

The model calculates the NO3⁻�Cl⁻ concentra�on ra�o (indicated with the le�er R) at the four 

reference points at a range of set membrane selectivity values. This way, we can define the NO3⁻ 
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over Cl⁻ permeation membrane selectivity required to achieve the desired concentration ratio 

value at reference point #1. 

The nomenclature adopted throughout this study is based on the use of two indices, the first 

representing the reference point and the second the cycle number. For instance, R2;4 refers to the 

NO3⁻�Cl⁻ concentra�on ra�o at reference point #2 during the fourth cycle: 

 

𝑅𝑅��� =
[𝑁𝑁𝑁𝑁��]���
[𝐶𝐶𝐶𝐶�]���  

 

Figure 2.1: General outline of a membrane-based process for the selective recovery of NO3⁻ from a water 
stream also containing Cl⁻. Reference points #0-3 are indicated and further explained in the text. 

 
2.2.2. Mass balance 
Figure 2.2 shows the basic outline of Figure 2.1, complemented with all relevant parameters 

referred to in this study, which are reported in Table 2.1. The volumetric flow leaving point #0 

and entering the membrane unit remains constant through the cycles. 

For the first cycle, it has been assumed that the composition at point #0 is 50 % feed stream 

and 50 % fresh water. As remarked, after the first cycle, and in order to limit the fresh water 

consumption, some of the retentate stream (Φv (5), reference point #3) is recycled. This fraction 

(λ) will be varied in the simulations from 0.5 to 0 to study the influence of the Cl⁻ build-up in the 
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system on the required membrane selectivity. Moreover, for all cycles, the fraction of the feed 

stream entering the mixer has been fixed at 0.5.  

 

 

Figure 2.2: Outline of Figure 2.1, complemented with volumetric flows Φv(1)-Φv(6) and all relevant 
process parameters. 
 

Table 2.1: List of the parameters used for this study. 
 

Variable Description 

 

Variable Description 

Φv Volumetric flow ε1 Fraction of feed stream entering at 
point #0 for the 1st cycle 

Ψ NO3⁻ concentration in the feed  εn Fraction of feed stream entering at 
point #0 for cycle number n (n > 1) 

Χ Cl⁻ concentra�on in the feed ξ1 Fraction of fresh water entering at 
point #0 for the 1st cycle 

Rfeed 
NO3⁻� Cl⁻ concentra�on ra�o in the 

feed: Rfeed = Ψ/ Χ ξn Fraction of fresh water entering at 
point #0 for cycles number n (n > 1) 

Rm,n 
NO3⁻� Cl⁻ concentra�on at reference 

point #m in cycle #n α Fraction of NO3⁻ removed by the 
membrane system 

M NO3⁻ concentration in fresh water β Fraction of Cl⁻ removed by the 
membrane system 

N Cl⁻ concentra�on in fresh water γ NO3⁻ over Cl⁻ permea�on selec�vity of 
the membrane system: α/β 

 λ Fraction of water recycled 
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2.2.2.1. First cycle (n = 1) 
 

2.2.2.1.1. Reference point #0 
As mentioned previously, the composition at point #0 is 50 % feed stream (ε1 = 0.5) and 50 % fresh 

water (ξ1 = 0.5), resulting in the following volumetric flow: 

𝛷𝛷�(1) = 𝛷𝛷�(2) + 𝛷𝛷�(3) = 𝜀𝜀�𝛷𝛷�(1) + 𝜉𝜉�𝛷𝛷�(1)  (2.1) 

With Ψ and Χ representing the concentration of NO3⁻ and Cl⁻ in the feed stream, and M and N 

the concentration of NO3⁻ and Cl⁻ in fresh water, the NO3⁻ and Cl⁻ mass balances read as follows: 

𝛷𝛷�(1)[𝑁𝑁𝑁𝑁��]��� = 𝜀𝜀�𝛷𝛷�(1)𝛹𝛹 𝛹𝛹𝛹 �𝛷𝛷�(1)𝑀𝑀  (2.2) 

[𝑁𝑁𝑁𝑁��]��� = 𝜀𝜀�𝛹𝛹 𝛹𝛹𝛹 �𝑀𝑀  (2.3) 

 

𝛷𝛷�(1)[𝐶𝐶𝐶𝐶�]��� = 𝜀𝜀�𝛷𝛷�(1)𝛸𝛸 𝛸𝛸𝛸 �𝛷𝛷�(1)𝑁𝑁  (2.4) 

[𝐶𝐶𝐶𝐶�]��� = 𝜀𝜀�𝛸𝛸 𝛸𝛸𝛸 �𝑁𝑁 (2.5) 

Therefore, the NO3⁻�Cl⁻ concentra�on ra�o is de�ned by: 

𝑅𝑅��� = [����]���
[���]���

= �������
�������   (2.6) 

 
2.2.2.1.2. Reference point #1 
Reference point #1 is positioned at the permeate side of the membrane unit. With α and β 

representing the fractions of feed NO3⁻ and Cl⁻ that permeate the membrane, the concentration 

ratio of these two ion species is: 

𝑅𝑅��� =  [����]���
[���]���

= �
�  𝑅𝑅��� = 𝛾𝛾𝛾𝛾��� (2.7) 

where γ represents the membrane permeation selectivity: 

𝛾𝛾 𝛾 �
�  (2.8) 

It can easily be appreciated that γ is indeed a measure of the selectivity of the membrane. Indeed, 

the ratio of the number of moles of NO3⁻ and Cl⁻ passing the membrane per unit of �me, 𝑛𝑛����  

and 𝑛𝑛���, is given by: 
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�����

 ���� = ������]���
�����]���

  (2.9) 

To normalize this ratio for the effect of concentration, this number needs to be multiplied by the 

inverse ratio of their feed concentrations, resulting in: 

�����

 ����
����]���

�����]���
= ������]���

�����]���
 ����]���
�����]���

= �
� = 𝛾𝛾 (2.10) 

 

2.2.2.1.3. Reference point #2 
Reference point #2 is located downstream the membrane unit, as is reference point #1, but at 

the retentate side instead. Here the concentration ratio is given by: 

𝑅𝑅��� = �����]���
����]���

= (���)
(���) 𝑅𝑅��� (2.11) 

Because of the hydrophobic nature of the proposed membrane, any potential water transport 

over the membrane is neglected, resulting in a volumetric flow balance of: 

𝛷𝛷�(4) = 𝛷𝛷�(1) (2.12) 

 

2.2.2.1.4. Reference point #3 
At this point, stream Φv(4) is split into two streams. One is discharged and one is recycled and led 

to the mixer. Given that a fraction (λ) is recycled, the volumetric flow balance reads: 

𝛷𝛷�(5) = 𝜆𝜆𝜆𝜆�(1) (2.13) 

Compared to reference point #2, the NO3¯/Cl¯ concentration ratio at point #3 is the same: 

𝑅𝑅��� = 𝑅𝑅��� = �����]���
����]���

 (2.14) 

 
2.2.2.2. Second cycle (n = 2) 
 

2.2.2.2.1. Reference point #0 
The calculations for the 2nd cycle, and for that matter for all cycles that follow as well, are 

essentially the same as those for the first cycle. The main difference with the first cycle regards 
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the volumetric flow balance at the reference point #0, considering that a fraction (λ) of the 

retentate stream (Φv(5)) has been recycled, resulting in: 

𝛷𝛷�(1) = 𝛷𝛷�(2) + 𝛷𝛷�(3)  + 𝛷𝛷�(5)  (2.15) 

or, expressed slightly differently, in: 

𝛷𝛷�(1) = 𝜀𝜀�𝛷𝛷�(1) + 𝜉𝜉�𝛷𝛷�(1) +  𝜆𝜆𝜆𝜆�(1) (2.16) 

The NO3⁻ and Cl⁻ mass balances are: 

[𝑁𝑁𝑁𝑁��]���  = 𝜀𝜀�𝛹𝛹 𝛹𝛹𝛹 �𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ��]��� (2.17) 

[𝐶𝐶𝐶𝐶�]��� = 𝜀𝜀�𝛸𝛸 𝛸𝛸𝛸 �𝑁𝑁 𝑁𝑁𝑁 [𝐶𝐶𝐶𝐶�]��� (2.18) 

where: 

𝜀𝜀� = 𝜀𝜀� = 0.5 (2.19) 

and 

𝜉𝜉� = 1 − 𝜀𝜀� − 𝜆𝜆 (2.20) 

Based on equations. 2.17 and 2.18, R0;2 is given by: 

[����]���
[���]���

= 𝑅𝑅��� = �������� �[����]���
���������[���]���

 (2.21) 

The expressions regarding reference points #1 to #3 are similar to those for the first cycle, as 

outlined in the next sections. 

 

2.2.2.2.2. Reference point #1 
[����]���
[���]���

= 𝑅𝑅��� = �
�  𝑅𝑅��� = 𝛾𝛾𝛾𝛾��� (2.22) 

 

2.2.2.2.3. Reference point #2 
[����]���
[���]���

= 𝑅𝑅��� = (���)
(���) 𝑅𝑅��� (2.23) 

𝛷𝛷�(4) = 𝛷𝛷�(1) (2.24) 

 

 



28 | C h a p t e r  2  
 
2.2.2.2.4. Reference point #3 

𝛷𝛷�(5) = 𝜆𝜆𝜆𝜆�(1) (2.25) 

�����]���
����]���

= 𝑅𝑅��� = 𝑅𝑅��� (2.26) 

 

2.3. Results 
As evident from Section 2.2, the calculations require input values of a number of parameters. The 

following four are considered the most important ones: 

- The NO3¯/Cl¯ concentration ratio in the feed (Rfeed); 

- The fraction of NO3¯ (α) removed at the membrane unit; 

- The membrane permeation selectivity (γ) with γ = α/β; 

- The fraction of retentate stream that is recycled (λ). 

Here we will evaluate the sensitivity of the calculations to the value of each of these key 

parameters on the (equilibrium) value of R1,n, that is the NO3⁻/Cl⁻ concentra�on ratio in the 

permeate stream of the membrane unit. The reason to focus on this parameter, R1;n, is that it is 

a measure of the purity of the recovered NO3⁻. All graphs plot R1;n as a function of γ. The reason 

to present the data this way is that our prime aim concerns defining the required membrane 

selectivity in relation to the purity of the recovered NO3⁻. 

As stated, the values of R1,n relate to steady-state conditions at which the NO3⁻ and Cl⁻ 

concentrations at reference point #1 adopt their equilibrium values. The number of cycles needed 

to reach equilibrium is independent of the NO3¯/Cl¯ concentration ratio in the feed (Rfeed) due to 

the assumption that the fraction of recovered NO3¯ is constant, and, in this case, arbitrarily set to 

0.9. A model including a limited NO3¯ membrane transport capacity affects the results. Figure 2.3 

shows R1;n as function of the cycle number for Rfeed = 10 (similar data for Rfeed = 0.1 and 1 is shown 

in Figure S2.1 of the Supporting Information). As shown in Figure 2.3, steady-state is reached 

already from the fourth or fifth cycle on. Note that the decline of R1;n after the first cycle results 

from Cl⁻ building up in the system due to the par�al recycling of the retentate stream at reference 

point #3 (Φv(5)). From here on, all presented data except those of Figure 2.6 refer to the 

equilibrium condition. 
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Figure 2.3: NO3⁻/Cl⁻ concentra�on ra�o in the permeate stream (R1,n) in relation to the cycle number for 
a NO3⁻/Cl⁻ concentra�on ra�o in the feed of Rfeed = 10. The numerical values of the other parameters used 
for the calculations are: α = 0.9, γ = 3, λ = 0.5. 
 

2.3.1. Influence of the NO3⁻/ Cl⁻ concentration ratio in the feed (Rfeed) 
It is expected that the higher the NO3⁻/ Cl⁻ ratio in the feed (Rfeed), the lower the membrane 

selectivity required to achieve a certain purity of the permeate stream at point #1. Calculations 

confirm this hypothesis. Figure 2.4 shows R1;n as a function of the membrane selectivity (y) at 

three different Rfeed values, 0.1 and 1 (panel A) and 10 (panel B). The value of Rfeed clearly sets a 

limit to the maximal value of R1;n, that can be obtained, even at high separation ratios. For 

instance, the combination of Rfeed = 1 and γ = 10 just results in a modest R1;n of approximately 6. 

Considering a tenfold excess of NO3⁻ in combination with the same membrane selectivity, results 

in a tenfold increase of R1;n. 
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Figure 2.4: NO3⁻/ Cl⁻ concentration ratio in the permeate stream (R1,n) in relation to the membrane 
selectivity (γ) at NO3⁻/ Cl⁻ concentration ratios in the feed (Rfeed) of 0.1 and 1 (panel A) and 10 (panel B). In 
all cases the value of λ was set at 0.5. 

 

2.3.2. Influence of the fraction of NO3⁻ removed by the membrane unit (α) 
In addition to the α/β ratio, the absolute value of α also affects R1;n. Figure 2.5 demonstrates this 

effect for α values ranging from 0.5 to 0.9, at γ values varying from 1 to 10, and for Rfeed = 10 

(similar data for Rfeed = 0.1 and 1 are shown in Figure S2.2 of the Supporting Information). At any 

given value of γ, the higher α, the lower R1;n. The explanation for this somehow counterintuitive 

result is that a higher α implies a lower R0;n at the start of the next cycle because stream Φv(5) 

contains less NO3⁻. Figure 2.6 shows this effect. As can be concluded from Figure 2.4, R1;n scales 

linearly with Rfeed, at any given membrane selectivity. Higher α values thus result in lower values 

of R1;n, as shown in Figure 2.5 for Rfeed = 10 (similar data for Rfeed = 0.1 and 1 is shown in Figure 

S2.2 of the Supporting Information). 
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Figure 2.5: NO3⁻��l⁻ concentra�on ra�o in the �ermeate stream (R1,n) in relation to the membrane 
selectivity (y) and the fraction of NO3⁻ removed at the membrane unit (α) for Rfeed = 10. The value of λ was 
set at 0.5. The arrow indicates the direction of increasing α. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: NO3⁻��l⁻ concentra�on at reference �oint �0 (R0,n) in relation to the cycle number and the 
fraction of NO3⁻ removed at the membrane unit (α) for Rfeed = 10. The α values used are 0.9 and 0.5, and λ 
was set at 0.5. 

 

0 2 4 6 8 10
0

20

40

60

80

R1,n

Selectivity [γγ]

 α=0.5
 α=0.6
 α=0.7
 α=0.8
 α=0.9

α

1 2 3 4 5 6 7 8 9 10
6

7

8

9

10

11

R0,n

Cycle number

 α=0.5
 α=0.9



32 | C h a p t e r  2  
 
2.3.3. Influence of the fraction of water recycled (λ) 
Finally, we explore the effect of the fraction of water recycled, λ. From the point of view of 

reducing fresh water consumption, a high λ is desirable. However, λ clearly influences the 

concentration of Cl¯ and NO3⁻ in the system as well, with a higher impact on the Cl¯ concentration 

due to the NO3⁻ recovery at the membrane unit. By implication, the membrane selectivity 

required to achieve a certain NO3⁻�Cl⁻ concentra�on ra�o in the permeate stream (R1,n) is 

influenced by λ. Figure 2.7 shows R1;n as function of γ, for λ ranging from 0 to 0.5, and for Rfeed 

value of 10, (similar data for Rfeed = 0.1 and 1 are shown in Figure S2.3 of the Supporting 

Information). Suppose we aim for R1;n = 50, according to Figure 2.7 and without recycling (λ = 0), 

the required membrane selectivity is around 5. This number doubles when half of the stream at 

point #3 is recycled, i.e. with λ = 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: NO3⁻�Cl⁻ concentra�on ra�o in the permeate stream (R1,n) in relation to the membrane 
selectivity (y) and the fraction of the retentate stream recycled (λ); for Rfeed = 10; the value of α was set at 
0.9. The arrow indicates the direction of increasing λ. 
 
2.3.4. Application: NO3⁻ recovery from a fertilizer production plant effluent 
The real-life process parameters referred to in this section relate to NPK fertilizer production of 

Yara in Porsgrunn (Norway). Figure 2.8 schematically outlines the process of their production 

plant. Part of the process that is actually involved in the treatment of the effluent water generated 
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by the fertilizer plant is indicated by the dashed red box (Water Purification System, WPS). After 

fertilizer production, the plant is cleaned with water and the resulting effluent stream, from now 

on referred to as feed stream of the WPS, rich in NO3⁻ and Cl⁻, is sent to a mixer (reference point 

#0) where recycled water is added. At this stage, also ammonia is added to precipitate the 

phosphate present as calcium phosphates, which are removed upon settling. After the settler 

(reference point #1), the stream is divided in two equal streams, with one stream recycled to the 

fertilizer plant, and the other sent to a scrubber (reference point #2), where gaseous NO2 and 

HNO3 are washed out before being added to the mixer for the next cycle. When the chloride 

concentration reaches a certain level, all surplus water is discharged (reference point #3). 

 

 

Figure 2.8: Outline of today’s Water Purification System (WPS, red dashed box) used in the Porsgrunn NPK 
fertilizer plant. Reference points #0-3 are further explained in the text. 
 

The amount of (H)NO3 removed by the scrubber is negligible compared to the total amount of 

NO3⁻ present at reference point #0. For that reason, the model does not account for the effect of 

the scrubber on the NO3⁻ concentration. Because of this, the outline of Figure 2.8 can be 

simplified into that of Figure 2.9. Note that the process now also includes a membrane unit for 

NO3⁻ recovery.  
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At reference point #0, the feed stream, rich in NO3⁻ and Cl⁻, is mixed with fresh and recycled 

water. The volumetric flow of 5 m3/h leaving the mixer remains constant during all subsequent 

cycles. After the settler (reference point #1), the stream is sent to a membrane unit responsible 

for the NO3¯ recovery and producing a permeate stream (reference point #2) that is recycled to 

the fertilizer plant. Depending on the membrane selectivity, this stream is more or less 

contaminated with Cl⁻. The Cl⁻ rich retentate stream that results from the membrane unit 

(reference point #3) is split (reference point #4), with one part, after being scrubbed, recycled to 

the mixer, and the other part discharged. 

 

Figure 2.9: Outline of the Water Purification System (WPS, red dashed box) proposed in this study, 
including a membrane unit for the selective removal of NO3⁻. Reference points #0-4 are further explained 
in the text. 
 

In the system, five reference points are distinguished: 

- point #0: where fresh water, the feed stream, and the recycled water are mixed; 
- point #1: stream leaving the settler before it enters the membrane unit; 
- point #2: permeate stream after filtration by the membrane unit; 
- point #3: retentate stream after filtration by the membrane unit; 
- point #4: retentate stream to be recycled after splitting. 
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Similar to the mass balance model presented in Section 2.2.2, the aim is to calculate the NO3⁻/Cl⁻ 

concentration ratio at the five indicated reference points and during each cycle. The fertilizer 

plant in Figure 2.8, Figure 2.9 and Figure 2.10 is simplified to a unit into which chemicals enter 

and from which fertilizer is produced. More detailed information regarding this part of the 

process is beyond the scope of this study. However, one critical parameter is the Cl⁻ concentra�on 

in the permeate stream (reference point #2), recycled to the fertilizer plant; this should not 

exceed certain levels, depending on the type of fertilizer produced. Given these allowed limit 

values, the required (minimum) membrane selectivity can be determined. Regulation of the Cl⁻ 

level while recovering NO3⁻ and reducing the fresh water consumption was the motivation to 

perform this study. 

 

2.3.4.1. Process parameters 
Figure 2.10 shows the basic outline of Figure 2.9, now complemented with all relevant process 

parameters referred to in this study. The parameters are listed in Table 2.2, including their 

numerical values. Whereas the NO3¯ concentration in the feed entering the mixer is fairly 

constant, 2.� mol/�, the Cl⁻ concentra�on varies, depending on the grade of fer�lizer produced. 

As was the case with the generic model discussed in Section 2.2.2, at the start of each cycle, the 

volumetric flow at reference point #0 remains constant. For the first cycle, it has been assumed 

that the composition at point #0 is 50 % feed stream and 50 % fresh water. In order to minimize 

the consumption of fresh water, after the first cycle, some of the retentate stream (Φv(5), 

reference point #3) is recycled to the mixer. As shown in Section 2.3.3, the fraction of water 

recycled, λ, influences the Cl⁻ build-up in the system and, with that, the required membrane 

selectivity (Figure 2.7). Decreasing this fraction decreases the required membrane selectivity to 

achieve the same NO3⁻/Cl⁻ ra�o in the permeate stream at reference point #2. The �ip side of the 

coin is, however, that reducing λ requires adding more fresh water at point #0, in order to 

maintain the volumetric flow constant. Therefore, a compromise is needed between the water 

consumption and the required membrane selectivity. For that reason, the value of λ was 

arbitrarily set at 0.3. Regarding the fraction of NO3⁻ recovered at the membrane unit, the value 

of α was arbitrarily set at 0.9. 
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Figure 2.10: Outline of Figure 2.9, complemented with the volumetric flows Φv(1)-Φv(7) and the process 
parameters. Reference points #0-4 are indicated, as well as the relevant (steady-state) volumetric flows. 
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Table 2.2: List of the parameters used for the application under study. 
 

Variables Description Value 
Φv(1) Volumetric flow at reference point #0 5 m3/h 

Ψ NO3⁻ concentration in the feed 2.1 mol/L 

Χ Cl⁻ concentra�on in the feed  max 0.2 mol/L  
min 0.051 mol/L  

Rfeed 
NO3⁻/Cl⁻ concentra�on ra�o in the feed: 

R = Ψ/ Χ 
41.2 max 
10.5 min 

Rm,n NO3⁻/Cl⁻ concentra�on at reference point 
#m and cycle n  

M NO3⁻ concentration in fresh water 0.26 mg/L 
4.2 · 10-6 mol/L 

N Cl⁻ concentra�on in fresh water 0.76 mg/L 
2.1 · 10-5 mol/L 

ε1 Fraction of feed stream added at point #0 
for the 1st cycle 0.5 

εn 
Fraction of feed stream added at point #0 

for cycle number n (n > 1) 0.5 

ξ1 Fraction of fresh water for the 1st cycle 0.5 

ξn Fraction of fresh water for cycles number n 
(n > 1) number n (n > 1) Equation 2.25 

θ Fraction of Φv(1) lost due to settling 0.0035 

α Fraction of NO3⁻ removed by the membrane 
system 0.9 

β Fraction of Cl⁻ removed by the membrane 
system 

𝛽𝛽 𝛽 𝛼𝛼
𝛾𝛾 

γ NO3⁻ over Cl⁻ permea�on selec�vity of the 
membrane system 

𝛾𝛾 𝛾 𝛼𝛼
𝛽𝛽 

λ Fraction of water recycled 0.3 
 

 

2.3.4.2. Mass balance 
The mass balances follow the ones described in Section 2.2.2. The only difference is that due to 

a slight water loss at the settler (0.35 % of the water stream, θ = 0.0035), equation 2.20 is modified 

into (for n>1): 

𝜉𝜉� = 1 − 𝜀𝜀� − 𝜆𝜆𝜆𝜆𝜆  𝜆𝜆𝜆 (2.27) 
The volumetric flow at reference point #1 becomes: 

𝛷𝛷�(4) =( 1 − 𝜃𝜃𝜃𝜃𝜃�(1) (2.28) 
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2.3.4.3. Required membrane selectivity 
The main purpose of this study is to determine the minimum membrane selectivity (γmin) required 

to maintain the Cl⁻ concentra�on in the permeate stream, recycled to the fer�lizer plant, below 

a certain threshold. As defined by Yara, this limit value is either 4.2 or 9.9 mM, depending on the 

quality of the fertilizer produced. 

As already remarked, whereas the NO3⁻ concentration in the feed is fairly constant, the Cl⁻ 

concentration varies, ranging from 51 to 200 mM. For that reason, four different combinations of 

Cl⁻ in the feed (X) and Cl⁻ in the permeate at reference point #2 were inves�gated (case A to D, 

Table 2.3). Combining the mass balance of Section 2.2.2 with the modification proposed in 

Section 3.4.2 for the Yara process, and the parameters listed in Table 2.2, it is possible to 

determine the steady-state Cl⁻ concentrations at reference point #2 (permeate stream). Figure 

2.11 shows these Cl⁻ concentra�on values for membrane selec�vity values ranging from 1 to 40. 

�iven the Cl⁻ concentra�on limits, indicated by dashed lines in Figure 2.11, this plot allows the 

determination of the required minimum membrane selectivity (γmin), which values are reported 

in Table 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Steady-state Cl⁻ concentration in the permeate stream, [Cl⁻]2;n, as a function of membrane 
selectivity, for λ = 0.3 and [Cl¯]feed = 51 mM and 200 mM. Dashed lines indicate the concentration limits of 
9.9 mM and 4.2 mM. 
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Table 2.3: Minimum membrane selectivity, γmin, at feed Cl⁻ concentra�ons of 51 and 200 mM, required to 
retain the permeate Cl⁻ below 4.2 or 9.9 mM. In all cases, the fraction of recycled water (λ) and NO3⁻ 
recovered (α) was set to 0.3 and 0.9, respectively. 
 

Case [Cl¯]feed [Cl¯]permeate limit γmin 
A 

51 mM 
9.9 mM 3 

B 4.2 mM 8 
C 

200 mM 
9.9 mM 13 

D 4.2 mM 30 
 

 

Lastly, in order to evaluate the influence of water recycling, the selectivity value of 3 reported in 

Table 2.3 has been used to calculate the Cl⁻ concentra�on in the permeate stream by varying the 

fraction of water recycled in the WPS, λ. As shown in Figure 2.12, a larger water saving is at the 

expense of Cl⁻ building up in the system, reflected in a higher Cl⁻ content in the permeate. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Permeate Cl- content and absolute amount of recycled water in relation to the recycled water 
fraction, given a total volumetric flow of 5 m3/h and a (fixed) membrane selectivity of 3. 
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2.4. Discussion 
The current study is primarily focused on the NO3⁻/Cl¯ concentration ratio in the permeate 

(generic model) and the absolute permeate Cl¯ concentration of a case study (Yara process). As 

shown, the values of these two parameters are determined by the interplay of the NO3⁻ and Cl¯ 

content in the feed, the permeation properties of the membrane and the fraction of recycled 

water, to mention the most dominant ones. As our research group15,16,21–23 and others19,24–28 work 

on the development of membranes to discriminate between ion species of the same valence, the 

prime motivation of this investigation was to explore the actual required membrane selectivity 

for a real-life process. 

Given the calculated selectivity values in Table 2.3, ranging from 3-30, and the highest selectivity 

value reported by Mubita et al.14 of 3, there still is a large margin for improvement. The 

membranes developed by Mubita et al.14 are heterogeneous anion-exchange membranes with 

low electrical resistance obtained by combining a functionalized polymeric binder and three ion-

exchange resins, each containing a different functional group consisting of either trimethyl, 

triethyl, or tripropyl ammonium moieties. Within this series, the resin with the most hydrophobic 

functional group, i.e. the tripropyl ammonium, showed the highest NO3⁻ over Cl⁻ permea�on 

selectivity, a value of 3. However, due to the high water content, around 40-50 %, it seems rather 

unlikely that the difference in dehydration energy between NO3⁻ and Cl⁻ is the prominent 

determinant of the selectivity mechanism of these membranes. For this reason, to match the high 

selectivity values required for cases B, C and D in Table 2.3, the development of membranes that 

fully exploit the difference in dehydration energy between NO3⁻ and Cl⁻, may be an a�rac�ve 

alternative. Evidently, this approach requires a hydrophobic membrane. Qian et al.15,16 developed 

Supported Liquid Membranes (SLM) based on a lipophilic, organic phase impregnated with a 

borate salt. These SLMs showed a K+ over Na+ selectivity, which was attributed to the lower 

dehydration energy of K+.13 Whether this approach can be extrapolated to anion selectivity has 

to be seen. Moreover, apart from the relatively high selectivity, issues still to be addressed are 

the high electrical resistance of SLMs, mainly due to the limited solubility of the borate salt in the 

organic phase (NPOE), and leakage of the organic compound into the aqueous phase. 

Another interesting alternative approach is the one of membranes onto which polyelectrolyte 

multilayers (PEMs) are assembled using layer-by-layer technology. For example, Yang et al.29 have 
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developed a PEMs membrane with a K+ over Li+ selectivity of 7 for use in electrodialysis, and 

Tekinalp et al.30 have demonstrated that this approach can selectively separate Cl⁻ and F⁻ from 

SO42⁻. 

In the context of the difference between cation and anion selectivity, it is worth noting that 

natural anion channels and transporters exhibit relatively low NO3⁻ over Cl⁻ selec�vity,31,32 

whereas their cation counterparts can exhibit much higher selectivity values, such as the K+ over 

Na+ selectivity of K+ channels, which can be as high as 80.33 In general, to achieve similar selectivity 

levels as observed in Nature may require design and synthesis at the atomic, angstrom scale as, 

for instance, in the case of metal-organic frameworks.34,35 

Finally, a word on the incentive of NO3¯ and water recovery. One may argue that apart from 

sustainability, it is hard to come up with a solid business case for NO3¯ recovery. Indeed, NO3¯ is 

not a particular expensive chemical (e.g. urea ammonium nitrate price: 687.5 €/Mt on the 

28/11/2022),36 but there is certainly more to say about the economics involved. First, fertilizer 

production is associated with enormous energy consumption. More than 1 % of the worldwide 

produced energy is used to fuel the Haber-Bosch process,37 i.e., the reduction of N2 to NH3, a key 

compound for fertilizer production. Secondly, in order to promote a healthy environment, 

(European) legislation moves in the direction of zero discharge.38 Therefore, it is believed that salt 

discharge will turn out costly in the near future, and investment in water purification systems 

mandatory. Even more, because nutrient recovery implies water savings as well. 

 

2.5. Conclusion 
Here we show the general outline of a membrane-based process aiming to combine NO3⁻ 

recovery from a waste stream also containing Cl⁻ with water saving. The key process parameters 

were identified as the NO3⁻/Cl⁻ ra�o in the feed (R), the fraction of feed NO3⁻ that is recovered 

(α), the fraction of recycled water (λ), and the NO3⁻ over Cl⁻ permea�on selec�vity of the 

membrane (γ). For instance, increasing the fraction of recovered NO3⁻ (α) or the fraction of 

recycled water (λ) both decrease the purity of the recovered NO3⁻. Process optimization, 

therefore, asks for prioritizing aims. When applied to a real-life process, four combinations of 

process parameters were evaluated, resulting in membrane selectivity values ranging from 3 to 

30, while assuming that 90 % of the NO3⁻ is recovered and 30 % of the water recycled. 
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Experimentally, the most serious challenge is developing membranes with high selectivity. One 

of the strategies discussed to achieve such high values is based on exploiting the difference in 

dehydration energy between NO3⁻ and Cl⁻, and for this reason, we hypothesized that the 

membrane used in the process is hydrophobic. 

 

Acknowledgements 

The authors thank the Dutch Research Council – Wetsus Partnership Programme on Sustainable 

Water Technology for funding this project (ALWET.2019.004).This work was performed in the 

coopera�on framework of Wetsus, European Centre of Excellence for Sustainable Water 

Technology (www.wetsus.nl). Wetsus is co-funded by the Dutch Ministry of Economic Affairs and 

Ministry of Infrastructure and Environment, the European Union Regional Development Fund, the 

Province of Fryslan and the Northern Netherlands Provinces. The authors like to thank the 

par�cipants of the research theme �Desalina�on� for the frui�ul discussions and their financial 

support. We are especially grateful to Yara (The Netherlands) for all their advice and support. We 

also would like to thank Dr Porada (Wrocław University of Science and Technology, Poland and 

Wetsus, The Netherlands) for frui�ul discussions and two anonymous reviewers for commen�ng 

on earlier versions of this paper. 

 

 

 

 

 

 

 

 

 

 

 

 



2

M o d e l l i n g  r e q u i r e d  s e l e c t i v i t y  | 43 
 
 

Supporting Information 

 

 

Figure S2.1: NO3⁻��l⁻ concentra�on ra�o in the permeate stream (R1,n) in relation to the cycle number for 
a NO3⁻��l⁻ concentra�on ra�o in the feed of (Rfeed) of 0.1 (panel A) and 1 (panel B). The numerical values 
of the other parameters used for the calculations are: α=0.9, γ=3, λ=0.5. 
 

 

Figure S2.2: NO3⁻��l⁻ concentra�on ra�o in the permeate stream (R1,n) in relation to the membrane 
selectivity (y) and the fraction of NO3⁻ removed at the membrane unit (α) for Rfeed=0.1 (panel A) and Rfeed=1 
(panel B). The value of λ was set at 0.5. The arrow indicates the direction of increasing α. 
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Figure S2.3: NO3��Cl� concentra�on ra�o in the permeate stream (R1,n) in relation to the membrane 
selectivity (y) and the fraction of the retentate stream recycled (λ) for Rfeed=0.1 (panel A) and Rfeed=1 (panel 
B). The value of α was set at 0.9. The arrow indicates the direction of increasing λ. 
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Abstract 

In this study we investigated the selective separation of nitrate from chloride using newly 

designed PVDF-based anion-exchange membranes. Five membranes were successfully 

manufactured by casting, each containing a different PVDF concentration (from 0 to 50 wt%). A 

polyaromatic anion-exchange polymer was used as a binder. Experimental data shows that the 

binder had no impact on the nitrate selectivity while increasing the PVDF concentration enhanced 

nitrate transport. The membrane with a 50 wt% PVDF content (PVDF-50), exhibited a nearly 

double selectivity than a commercial membrane (Neosepta AMX). However, we also found that 

the membrane electrical resistance increased with the PVDF concentration. As the nitrate 

selectivity was found to be independent of the membrane thickness, selective boundary layer 

effects were ruled out, suggesting that the ion selectivity was mainly driven by the increased 

affinity between the anion and the membrane, with less hydrated ions more favorably 

transported. To confirm this hypothesis, PVDF-50 was tested using a multi-ion solution, including 

bromide and fluoride. This equimolar solution experiment indicated a direct correlation between 

ion selectivity and hydration energy of the ion species. Lastly, we investigated the transport of 

divalent ions through the hybrid membrane, showing a 10 % transport for sulfate. 
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3.1. Introduction 
The ongoing increase in the world's population1 is creating an increasing demand for fertilizers2 

to sustain food production and achieve food security. Nitrogen, in the form of nitrate, is one of 

the main components of fertilizers together with phosphorus and potassium, and it is directly 

involved in the production of proteins and enzymes in plants.3 In addition, nitrate is an important 

component of chlorophyll,4 which allows plants to carry out photosynthesis. However, excessive 

use of nitrate-based fertilizers can lead to nitrate pollution of water resources. Indeed, the 

nitrogen use efficiency (NUE) varies from ca. 30 to just over 50 %,5 where the remaining part can 

easily leach into groundwater and surface water. When nitrate enters water bodies, it can 

stimulate the growth of algae and other aquatic plants, leading to eutrophication.6,7 This can have 

serious ecological consequences, such as oxygen depletion, loss of biodiversity, altered food 

availability, and even fish kills. In addition, when nitrate-contaminated water is consumed by 

humans or animals, nitrate can be converted into nitrite in the body, which in turn can react with 

hemoglobin in the blood, leading to a condition known as methemoglobinemia, which limits the 

transport of oxygen.8,9 

Nowadays, to reduce nitrate contamination, biological denitrification of nitrate to gaseous 

nitrogen is a common and efficient process.10–12 Unfortunately, this also leads to the removal of 

direct biologically available nitrogen from the environment. Therefore, a more attractive 

alternative resides in selectively separating nitrate from water, meanwhile concentrating it for 

potential reuse. A potential application is the recovery of nitrate from the effluent (waste) water 

of a fertilizer production plant, which we described in a previous study.13 Moreover, another 

application  area relates to greenhouses as becomes clear from, e.g. the Greenhouse Horticulture 

program of The Netherlands. This program aims to reach (nearly) zero emissions of fertilizers and 

crop protection agents by 2027,14 illustrating the importance of the ability to discriminate 

between nitrate and chloride, in such a way to achieve closed water and nutrient recycling loops. 

In the present study, we focus on ion-exchange membranes (IEMs), which can be used in, e.g. 

electrodialysis (ED). IEMs have become part of well-established separation technology, for 

example, in desalination,15,16 with a remarkable ability to discriminate between cations and 

anions.17–19 However, IEMs present a limitation in distinguishing between ion species with the 
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same charge and valence, such as sodium and potassium as well as nitrate and chloride, and no 

commercial membranes are available for this purpose. 

According to previous studies,20–22 differences in ion hydration energy can be utilized in 

enhancing the membrane selectivity. Examples thereof include studies that have shown that 

hydrophobic membranes can enhance the transport of less hydrated ions,23–25 such as nitrate 

(Table 3.1). This effect has been attributed to the partial loss of the hydration shell water 

molecules.26–28 Ions with a lower hydration energy can undergo easier dehydration, resulting in a 

lower energy barrier for the transport from the solution into the membrane. 

In this study we focus on the selective separation of nitrate from chloride by manufacturing 

polyvinylidene fluoride (PVDF)-based anion-exchange membranes, followed by their investigation 

under constant current conditions using various electrolyte solutions. PVDF has been selected 

due to its intrinsic hydrophobic nature and its extensive use in other membrane application 

processes such as membrane distillation,29–33 nanofiltration for dye removal from waste 

water,34,35 organic pollutants removal,36 oil-water separation,37–39 removal of toxic metal from 

aqueous solutions,40 and fuel cells.41–43 A commercially available ionomer solution (Fumion FAS-

24, FUMATECH BWT GmbH) was used in combination with PVDF. To the best of our knowledge, 

the use of PVDF for the realization of membranes for the selective ion separation and in particular 

the separation of nitrate and chloride has not been reported in the literature before. This 

approach results in a straightforward membrane fabrication, which makes it a practical choice for 

potential industrial applications. The ease of membrane preparation not only simplifies the 

process but also contributes to the potential scalability of our approach. 

In particular, we investigated the effect of increasing the PVDF amount within the membrane 

(0 to 50 wt%) on the nitrate over chloride selectivity. Based on these results, in order to 

investigate whether the selectivity was based on a boundary layer effect, we manufactured a 

thinner PVDF-based membrane. Finally, we investigated the relation between hydration energy 

and preferential ion transport by examining the ionic fluxes of four monovalent anions (NO3⁻, Cl⁻, 

Br⁻, and F⁻) through a PVDF-based anion-exchange membrane. 
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Table 3.1: Ionic radius and hydration energy of the anions studied in this work.44 

 

 

 

 

 

 

 

 

3.2. Materials and methods 
 

3.2.1. Chemicals 
Polyvinylidene fluoride (PVDF) (average Mw ~ 534,000 by GPC, powder form), sodium chloride 

(ACS reagent, ≥99.0 %), sodium nitrate (ACS reagent, ≥99.0 %), sodium sulfate (ACS reagent, ≥99.0 

%, anhydrous), sodium bromide (ACS reagent, ≥99.0 %), potassium chloride (ACS reagent, ≥99.0-

100.5 %), potassium nitrate (ACS reagent, ≥99.0 %), potassium iodate (ACS reagent, ≥99.5 %), 

were purchased from Sigma Aldrich and used as received. Fumion FAS (24 wt% solution in NMP) 

was purchased from FUMATECH BWT GmbH. N-methyl-2-pyrrolidone (NMP, HPLC grade 99.5 %) 

was purchased from Alfa Aesar. The Neosepta AMX, CMX membranes were purchased from 

Eurodia Industrie SAS, Pertuis, France, the European distributor of the manufacturer ASTOM 

Corporation, Tokyo, Japan. 

 

3.2.2. Membrane fabrication 
The PVDF-based AEMs were manufactured by varying the PVDF:Fumion FAS-24 ratio and labelled 

accordingly with the weight percentage of PVDF as PVDF-0, PVDF-10, PVDF-30, and PVDF-50. The 

selected amounts of PVDF and Fumion FAS-24 were dissolved in N-methyl-2-pyrrolidone (NMP) 

to obtain a 16 wt% solution of polymers in NMP. The resulting mixture was stirred overnight to 

ensure complete dissolution, before casting it onto a glass plate which was kept at 60 °C for 24 h 

in a fume hood, to allow the solvent to evaporate. To further ensure the complete solvent 

removal, the membranes were immersed in 0.5 M NaCl for 2 h. This was repeated five times by 

Anion Ionic radius [nm] 
Hydration energy 

[kcal⋅⋅mol-1] 
Nitrate (NO3⁻) 0.264 71 

Bromide (Br⁻) 0.195 75 

Chloride (Cl⁻) 0.181 81 

Fluoride (F⁻) 0.136 111 

Sulfate (SO42⁻) 0.290 258 
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refreshing the solution. The membranes were then cut into discs with a diameter of 67 mm (and 

hence an area of 35 cm2) using a punching press, and stored in 0.5 M NaCl solution. At this stage, 

the membrane thickness was measured using a digital thickness gauge (Mitutoyo Corporation, 

model no. ID-C112BS). 

The electrochemical properties of the manufactured AEMs were compared with a commercial 

membrane (Neosepta AMX). Finally, in order to investigate the influence of the membrane 

thickness on the selectivity, a thinner PVDF-50 membrane, named PVDF-50-thin, was 

manufactured following the fabrication method reported above, halving the quantity of PVDF, 

Fumion FAS-24, and NMP used for PVDF-50. 

 

3.2.3. Membrane characterization 
 

3.2.3.1. Ion-exchange capacity (IEC) 
The IEC of a membrane is an indirect measure of the fixed charges in the membrane, obtained by 

measuring the concentration of the counter-ion exchanged with a given solution. In particular, 

after conditioning in 0.5 M NaCl for 48 h, the membrane (35 cm2) was immersed for several 

seconds in demineralized water to remove the excess of NaCl solution from the surface. Then, 

after wiping off the water from the surface with a tissue, the membrane was transferred in 200 

mL of  0.5 M NaNO3, the exchange solution. After an exchange period of 24 h, the chloride 

concentration in the solution was determined by ion chromatography (IC) using a Metrohm 

Compact IC 761 with conductivity detector and chemical suppression. The IEC was then calculated 

according to Dlugolecki et al.45 using the following equation: 

𝐼𝐼𝐼𝐼𝐼𝐼 𝐼 ���
����

  (3.1) 

where neq refers to the equivalent of exchanged ions (eq) and Wdry (g) to the dry mass of the 

membrane. 

 

3.2.3.2. Water uptake  
In order to evaluate the water uptake, the procedure of Mubita et al.23 was followed. Initially, the 

membranes (35 cm2) were immersed in demineralized water for 24 hours, and, after removing 
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the water on the surface with a tissue, the wet membrane mass (Wwet, in grams) was recorded. 

Then, after keeping the membranes at 55 °C for 24 hours to assure complete water evaporation, 

the dry membrane mass (Wdry, in grams) was recorded. The water uptake was determined as a 

percentage by: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊 𝑊𝑊𝑊 𝑊 ���������
����

 % (3.2) 

 
3.2.3.3. Electrical resistance 
The membrane electrical resistance was assessed according to the method outlined by Galama et 

al.,46 adapting the configuration of the six-compartment cell reported in Figure 3.2, for the 

measurement of the membranes ion selectivity. In particular, compartment A, B, and C were filled 

with 0.5 M NaCl, while compartment D was filled with 0.5 M Na2SO4. Moreover, the AEM in 

between compartment B and C was replaced with a cation-exchange membrane (Neosepta CMX). 

The recirculation flow rate was 170 mL⋅min-1,23 and all measurements were conducted at room 

temperature. Before the experiments, the membranes were conditioned for 24 h in 0.5 M NaCl. 

The membrane under investigation was placed in a holder, resulting in an active area of 9.6 

cm2, and by applying a step-wise increase of the current density (I) from 0 to 2.5 A⋅m-2 using a 

potentiostat (Autolab AUT72398, Metrohm), the voltage drop across the membrane (V) was 

registered using two Haber–Luggin capillaries (outer diameter 4.0 mm, inner diameter 2.0 mm) 

situated on the side of the membrane. These capillaries are filled with 0.5 M NaCl and connected 

to a reservoir where two Ag/AgCl electrodes are placed. The slope resulting from the interpolation 

of the points of the I-V graph represents the membrane's electrical resistance (Ω). The membrane 

area resistance (Ω⋅cm2) was then calculated by subtracting the electrical resistance of the solution 

(measured without the membrane) from the membrane resistance and multiplying by the active 

membrane surface area. 

 

3.2.3.4. Membrane morphology 
The membrane morphology of the best-performing membrane in terms of nitrate over chloride 

selectivity (PVDF-50) was investigated using scanning electron microscopy (SEM) with a JEOL JSM-

6480LV electron microscope operating at 10 kV acceleration. The membranes were given a gold 



56 | C h a p t e r  3  
 
coating through the use of a JEOL JFC-1200 Fine Coater sputter prior to analysis. To obtain the 

clearest cross-sectional image, the membrane was carefully broken after being immersed in liquid 

nitrogen to minimize any potential distortions caused by shear stress. 

 

3.2.4. Membrane performance 
 

3.2.4.1. Membrane ion selectivity under zero current conditions 
 

3.2.4.1.1. Permselectivity 
The permselectivity of an anion-exchange membrane refers to the ability of the membrane to 

selectively transport anions across the membrane while preventing the passage of cations. This 

selective transport is achieved through the presence of specific ion-exchange groups within the 

membrane matrix, such as quaternary ammonium groups.47 In the present study, we measured 

the membrane permselectivity through membrane potentiometry, as described by Dlugolecki et 

al.,45 using a two-compartment cell made of poly(methyl 2-methylpropenoate) (PMMA), with a 

combined solution volume of 0.2 L, which a schematic representation is reported in Figure 3.1 

(Panel A). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Two-compartment cell used to measure the AEM’s permselectivity (Panel A) and the 
permeability coefficient ratio (Panel B). 

(B) (A) 
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This method involves measuring the potential difference across the membrane (ΔVmeasured) in 

response to an ionic concentration gradient. The AEM under investigation (active surface area of 

7 cm2) separates two solutions having a different concentration: 0.5 M NaCl in compartment A 

and 0.1 M NaCl in compartment B. The flow rate was maintained at 750 mL⋅min-1 to minimize 

diffusion boundary effects,48 and the membrane was conditioned in 0.1 M NaCl for 24 h prior to 

the experiment. The potential difference was measured at room temperature when the steady 

state was reached (after 30 min), using two Ag/AgCl electrodes immersed in the solutions and 

compared to the theoretical one, which was calculated according to the Nernst equation: 

∆𝑉𝑉����������� = ��
�� 𝑙𝑙𝑙𝑙 ��

��
  (3.3) 

where R is the universal gas constant (8.314 J mol-1⋅K-1), T is the temperature (K), z is the valence 

of the ions, F is the Faraday constant (96,458 A⋅s⋅mol-1), and CA and CB are the ion concentration 

(mol⋅L-1) in compartment A and B respectively.  

The membrane permselectivity (a) is given by the ratio of the potential measured (ΔVmeasured) over 

the theoretical one (ΔVtheoretical), expressed as a percentage: 

𝑎𝑎 𝑎 𝑎𝑎𝑎𝑎 𝑎 ∆���������
∆������������

 % (3.4) 

 

3.2.4.1.2. Permeability coefficient ratio 
The potential that exists across a membrane separating two electrolyte solutions containing the 

same co-ion (in our case Na⁺) but different counter-ions (in our case Cl⁻ and NO3⁻) is the result of 

the difference in the affinity, chemical and physical, of the counter-ions for the membrane. This 

potential (ΔΨ) can give a quick indication of the membrane selectivity between the counter-ions22 

and can, according to Ibánez-Mengual et al.49 and Ghosh et al.,50 be related to the counter-ions 

permeability coefficient ratio by: 

∆𝛹𝛹 𝛹 ��
� 𝑙𝑙𝑙𝑙 ��

��
  (3.5) 

where F is the Faraday constant (96,458 A⋅s⋅mol-1), R is the universal gas constant (8.314 J⋅mol-

1⋅K-1), T is the absolute temperature (K), and P1 and P2 the permeability coefficients of the counter-

ions. The experiments were conducted using the two-compartment cell (Figure 3.1), panel B) and 
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settings of the permselectivity experiments, except for the electrolyte solution composition: 0.1 

M NaNO3 in compartment A and 0.1 M NaCl in compartment B. By rearranging equation (3.5), it 

is possible to obtain the permeability coefficient ratio of nitrate over chloride as function of the 

potential difference (ΔΨ): 

�����
����

= 𝑒𝑒�����   (3.6) 

 

3.2.4.2. Membrane ion selectivity under constant current conditions 
To assess the nitrate over chloride membrane selectivity under constant current conditions, the 

six-compartment cell represented in Figure 3.2, which is described in detail in,46 was used to 

determine the transport numbers and ionic fluxes of the two ions across the membrane (active 

area 9.6 cm2) placed between compartments A and B. For the other compartments, the cation-

exchange membrane (CEM) and anion-exchange membrane (AEM) used were Neosepta CMX and 

AMX respectively (Eurodia Industrie SAS, Pertuis, France). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic representation of the six-compartment cell used to measure the membranes ion 
selectivity under constant current conditions. See text for an explanation of the compositions of solutions 
A, B, C, and D. 
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The transport number (t), which is a measure of the fraction of the total current carried by a 

specific ion species in an electrolyte solution across a membrane, for a monovalent ion (i) is given 

by: 

𝑡𝑡� = ��
����

���
��  (3.7) 

where F is the Faraday constant (96,458 A⋅s⋅mol-1), V is the volume (m3) of the solution in 

compartment A, A the surface membrane area (m2), ΔCi (mol⋅L-1) is the variation of the ion 

concentration in compartment A, Δt (s) is the time of the experiments, and I is the current density 

applied (A⋅m−2). The ionic flux J (mol⋅m−2⋅s−1) for a monovalent ion (i) is defined by: 

𝐽𝐽� = �
��
���
��  (3.8) 

and, considering two ions i and j, it can be used to measure the current efficiency (η): 

� = �𝐽𝐽� + 𝐽𝐽�� ��  (3.9) 

The membrane configuration in the six-compartment cell has been selected according to the 

contribution of Luo et al.51 and Mubita et al.23 In this way, by placing a CEM between 

compartments D and C, the eventual oxidation of chloride at the anode is prevented. Moreover, 

considering that the membrane selectivity is defined by:52 

𝑆𝑆������
� = �����

����
� ���������

�
�

 (3.10) 

where 𝑡𝑡����  and 𝑡𝑡���  are the transport numbers for nitrate and chloride across the membrane and 

𝐶𝐶���� and 𝐶𝐶���  the concentrations of nitrate and chloride in compartment B, the presence of an 

AEM between compartments B and C is pivotal to keep the concentration of the ions constant in 

compartment B, in such a way to avoid any influence of the variation of the concentration on the 

membrane selectivity. The ionic composition in compartment B, however, is subject to change 

due to the different selectivities of the membrane under investigation between compartments A 

and B, and the adjacent membrane between B and C. For this reason, to minimize this effect, 

compared to the method of Mubita et al.,23 the volume of the electrolyte solution in 

compartment B was increased to 1 L. Moreover, the concentration of Na2SO4 in the solution 

recirculating in compartment D was decreased from 0.1 M to 0.05 M, in such a way to avoid any 



60 | C h a p t e r  3  
 
concentration polarization effect (i.e. equal Na+ concentrations in all compartments). Lastly, it is 

important to note that the ion selectivity is not only determined by the membrane's properties 

but also by the experimental conditions.22 For that reason, we included a commercially available 

membrane (Neosepta AMX) in our study as a reference. 

In this paper, each experiment was conducted for 6 h at a current density of 20 A⋅m-2, with a 

potentiostat (Autolab AUT72157, Metrohm) used as current supplier. The membrane under 

investigation was equilibrated overnight in the test solution. Compartments A, B, C, and D were 

filled with the solutions reported in Table 3.2 and recirculated at a flow rate 170 mL⋅min-1. 

Samples were taken every three hours and analysed by ion chromatography (IC) to determine the 

ion concentrations. After defining the nitrate over chloride membrane selectivity, the best-

performing membrane was tested by varying the composition of the electrolyte solution in 

compartment A, B, and C (Table 3.2), in such a way to observe how the membrane performs in 

the presence of also bromide, fluoride, and sulfate to investigate the role of the hydration energy 

in the selectivity mechanism. 

 

Table 3.2: Experimental settings for the membrane selectivity under constant current conditions. In all 
cases sodium salts were used and the current density was 20 A⋅m-2. 
 

Anions 
investigated 

Compartment 
(volume in L) 

[NO3⁻] 
(M) 

[Cl⁻] 
(M) 

[Br⁻] 
(M) 

[F⁻] 
(M) 

[SO42⁻]  
(M) 

Tested 
membranes 

NO3⁻ 
Cl⁻ 

A (0.25) 0.05 0.05 - - - AMX 
PVDF-0 

PVDF-50 
PVDF-50-thin 

B,C (1) 0.05 0.05 - - - 

D (1) - - - - 0.05 

NO3⁻ 
Cl⁻ 
Br⁻ 
F⁻ 

A (0.25) 0.025 0.025 0.025 0.025 - 

PVDF-50 B,C (1) 0.025 0.025 0.025 0.025 - 

D (1) - - - - 0.05 

NO3⁻ 
Cl⁻ 

SO42⁻ 

A (0.25) 0.02 0.02 - - 0.02 

PVDF-50 B,C (1) 0.02 0.02 - - 0.02 

D (1) - - - - 0.05 
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3.3. Results and discussion 
 

3.3.1. Membrane Fabrication 
Four different membranes were successfully manufactured by varying the PVDF:Fumion FAS-24 

ratio, which are referred to as PVDF-0, PVDF-10, PVDF-30, and PVDF-50, where the number stands 

for the PVDF wt% in the membrane (Table 3.3). We decided not to go into higher PVDF 

concentrations for two main reasons: higher amounts of PVDF would result in i) a further 

increased viscosity which would hamper the casting process, and ii) an undesired increase in the 

electrical resistance. Table 3.3 also reports the membrane thickness values. Despite the total 

mass of membrane components used remains constant, the thickness of the resulting 

membranes decreases with PVDF content. This can be understood by the different charge density 

of the manufactured membranes: the higher the charge density the thicker the membrane as the 

degree of swelling increase due higher water uptake.45,53 This hypothesis is supported by the 

analysis of water uptake values obtained for the manufactured membranes in Table 3.3, which 

decrease as the PVDF concentration increases. This effect can also be linked to an increased in 

membrane hydrophobicity.20,28 Lastly, a thinner PVDF-50 membrane, named PVDF-50-thin, was 

manufactured by halving the amounts of PVDF, Fumion FAS-24, and NMP compared to the 

preparation of PVDF-50. 

 

Table 3.3: Composition, thickness and water uptake of the four membranes manufactured and Neosepta 
AMX. 
 

 

 

 

 

 

 

 

 

Membrane Fumion FAS-24: 
PVDF wt% Thickness (μm) Water Uptake 

(%) 

PVDF-0 100:0 100 22 

PVDF-10 90:10 95 15 

PVDF-30 70:30 90 10 

PVDF-50 50:50 85 7 

PVDF-50-thin 50:50 45 6 

AMX - 140 15 
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3.3.2. Membrane characterization 
 

3.3.2.1. IEC and electrical resistance 
In the case of ion-exchange membranes, there is a correlation between the ion exchange capacity 

(IEC) and electrical resistance.54 The ion-exchange capacity of a membrane is related to the 

amount of ion-exchange groups present in the membrane, which can affect its electrical 

conductivity. As the amount of these ion-exchange groups increases, the membrane's electrical 

resistance may decrease, allowing for better conductivity. 

Figure 3.3 shows that the IEC decreases and the electrical resistance increases upon increasing 

PVDF concentration. Compared to AMX, the IEC of PVDF-0 and PVDF-10 is found to be similar or 

higher, while for PVDF≥30 the IEC is evidently lower. The electrical resistance data follows the 

opposite trend: compared to AMX, these are found to be similar or lower for PVDF-0 and PVDF-

10, while for PVDF≥30 the electrical resistance is clearly higher. These trends align well with the 

findings of Wilhelm et al.,55 who studied cation-exchange membranes produced by blending 

charged and uncharged polymers, such as sulfonated polyether ether ketone (S-PEEK) and 

polyether sulfone (PES). Using a binary mixture of a charged (Fumion FAS-24) and uncharged 

(PVDF) species, one could expect linear trends in Figure 3.3, but this is not the case. One possible 

explanation reported in literature55 for this could be that the amount of ionic groups becomes 

less accessible upon increasing PVDF concentration, possibly resulting in phase separation and 

domain formation. However, from the SEM images obtained at a magnification of 2500× (Figure 

S3.1 panel (A), in the Supporting Information), no domains could be observed. 
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Figure 3.3: Ion Exchange Capacity (IEC) (meq⋅g-1) and membrane area resistance (Ω⋅cm2) of the five 
manufactured PVDF-based AEM (PVDF-0, PVDF-10, PVDF-30, PVDF-50, and PVDF-50-thin) and a 
commercial membrane (Neosepta AMX). Experiments have been repeated three times. 
 

3.3.2.2. Membrane morphology 
Lastly, the surface and cross-sectional SEM images of the best-performing membrane for nitrate 

over chloride separation, PVDF-50, display a compact structure with no voids in Figure S3.1 in the 

Supporting Information. 

 

3.3.3. Membrane performance 
 

3.3.3.1. Membrane ion selectivity under zero current conditions: permselectivity and 
permeability coefficient ratio 
To study the ability of the AEMs to selectively transport anions, while blocking the movement of 

cations, the permselectivity values have been obtained for the five manufactured membranes 

(PVDF-0, PVDF-10, PVDF-30, PVDF-50, and PVDF-50-thin) and the commercial membrane 

(Neosepta AMX) (Figure 3.4). Upon examination of the data, it can be noted that the 

permselectivity of the manufactured AEMs and the commercial membrane exhibit comparable 
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values of about 90 %, which is coherent with previous results reported in literature for AMX and 

also for anion-exchange membrane in general.45 

Concerning the permeability coefficient ratio, the data of Figure 3.4 shows that by increasing 

the PVDF concentration within the membrane, the affinity towards nitrate increases. Moreover, 

it can also be observed that while the membrane PVDF-0 shows an almost identical value as the 

commercial membrane AMX, the permeability coefficient ratio of PVDF-0, PVDF-30, and PVDF-50 

are respectively 25 %, 50 % and 90 % higher. Also, the permeability ratio values of PVDF-50 and 

PVDF-50-thin are identical. 

As previously stated, the permeability coefficient ratio can give a quick indication of the 

membrane selectivity. However, although our data consistency demonstrates the method's 

reproducibility, Qian et al.26 suggest using these values as an indication, given that even a slight 

shift of a few mV can significantly affect the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Permselectivity and permeability coefficient ratio values, as obtained with the two-
compartment cell, of the five manufactured PVDF-based AEMs (PVDF-0, PVDF-10, PVDF-30, PVDF-50, and 
PVDF-50) and a commercial membrane (Neosepta AMX). Experiments have been repeated three times. 
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3.3.3.2. Membrane ion selectivity under constant current conditions 
 

3.3.3.2.1. Nitrate over chloride membrane selectivity  
Based on the results obtained for the permeability coefficient ratio (Figure 3.4), we decided to 

study the nitrate over chloride selectivity under constant current conditions for the membranes 

AMX, PVDF-0, and PVDF-50. The AMX membrane was selected again to compare the performance 

of the proposed manufactured AEMs with a commercial one. PVDF-0 was included to determine 

whether the binder (Fumion FAS-24) influences the selectivity, while PVDF-50 was selected 

because of its high permeability coefficient ratio. The nitrate over chloride selectivity of these 

membranes was tested according to the procedure reported in Section 3.2.4.2, repeating the 

experiment three times for each membrane. As can be observed in Figure 3.5, AMX and PVDF-0 

present a similar value of the selectivity (~1.3), while PVDF-50 yields a nitrate over chloride 

selectivity that is nearly twice as high. As PVDF-0, i.e. 100 % Fumion FAS-24, and AMX have a 

similar selectivity, the increased selectivity for PVDF-50 and PVDF-50-thin can be ascribed to the 

increased concentration of PVDF and any role of Fumion FAS-24 in this regard can be excluded. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Nitrate over chloride selectivity under constant current conditions measured at 20 A⋅m-2, for 
the manufactured membranes PVDF-0, PVDF-50, and PVDF-50-thin, and a commercial membrane 
(Neosepta AMX). Selectivity experiments have been repeated three times. 
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This effect also becomes clear by analyzing the ionic flux of nitrate and chloride (Figure 3.6), 

showing that compared to AMX and PVDF-10, the ionic flux of nitrate increases for PVDF-50, while 

it decreases for chloride. Lastly, the current efficiency for all experiments was in the range of 88-

95 %. When comparing our results with those of the study conducted by Mubita et al.,23 which 

also employed AMX Neosepta as a reference membrane in determining the selectivity values of 

heterogeneous AEMs manufactured with ion-exchange resins featuring different quaternary 

ammonium groups, our findings are consistent with their observations. 

Based on the solution-diffusion model, the transportation of ions through a membrane occurs 

in two distinct stages: firstly, adsorption in the polymer matrix, and secondly, diffusion across the 

membrane.56,57 As reported in the introduction, by increasing the hydrophobicity of the 

membrane, the affinity towards less hydrated ions increases. Along these lines, it can be 

rationalized that the increased selectivity of PVDF-50 is related to the increased hydrophobicity 

of the membrane due to the higher PVDF content. 

However, in their polyelectrolyte-based membrane work, Krishna et al.58 reported that the 

selectivity of Cl⁻ over SO42⁻ is influenced by the membrane thickness, with thinner membranes 

having a higher selectivity compared to thicker ones. This effect was explained by the presence 

of a boundary layer effect, indicating that the selectivity of thinner membranes is primarily 

influenced by the difference in concentration between ion species at the surface of the 

membrane (Donnan equilibrium), rather than the membrane's inherent ability to discriminate 

between ions (based on differences in solubility and/or speeds of diffusion), with divalent ions 

being more hindered in approaching the membrane compared to monovalent ones. For this 

reason, to better understand whether the increased nitrate selectivity of PVDF-50 is due to 

presence of PVDF or any boundary layer effect, we investigated the nitrate over chloride 

selectivity for a thinner PVDF-50 membrane, labelled as PVDF-50-thin, with a thickness of 45 μm. 

The selectivity value obtained for this thinner membrane was found to be similar that the one of 

PVDF-50 (Figure 3.5), showing that no boundary layer effect takes place in the selectivity process. 

This is an important finding as thinner membranes present a lower electrical resistance,59 which 

is an attractive, if not required, property for membrane-based technologies such as 

electrodialysis. The electrical resistance of PVDF-50-thin was found to be almost half of the one 
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of PVDF-50 (Figure 3.3). Moreover, using thinner membranes also leads to a reduction in the 

quantity of material required, thereby lowering the overall fabrication costs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Ionic flux of nitrate and chloride through selected membranes: AMX, PVDF-0, and PVDF-50 at 
20 A⋅m-2. 
 

3.3.3.2.2. Selectivity of monovalent ions with different hydration energy 
In order to confirm whether it is possible to address the ion selectivity based on the hydration 

energy, we conducted experiments using membrane PVDF-50, with electrolyte solutions 

containing, next to nitrate and chloride, also bromide and fluoride. The choice of these ions is 

related to the increased interest in halide anion separation over the last years.60 The ionic fluxes 

of the four different monovalent anions are given in Figure 3.7, showing a selectivity order of 

NO3⁻ > Br⁻ > Cl⁻ > F⁻. This trend correlates well with the one of the hydration energy of the various 

ions (Table 3.1). 
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Figure 3.7: Ionic flux of nitrate, bromide, chloride, and fluoride obtained under constant current conditions 
at 20 A·m-2 using PVDF-50. The experiments were repeated three times. 

 

3.3.3.2.3. Monovalent over divalent anion selectivity  
In the previous section, we investigated monovalent anion separation, and found a correlation 

between the anion hydration energy and preferential transport through the membrane. 

However, also divalent anions such as sulfate are present in drinking water. In electrodialysis, the 

presence of sulfate in the concentrate compartment would lead to the formation and 

precipitation of CaSO4 scale, which decreases the process performance.61,62 Therefore, a low 

sulfate membrane permeation is desirable. For this reason, following the procedure reported in 

Section 3.2.4.2, we tested the monovalent over divalent selectivity for an electrolyte solution 

containing equimolar concentration of nitrate, chloride, and sulfate, using membrane PVDF-50. 

The ionic fluxes of the three ions are reported in Figure 3.8. From this data it becomes clear that 

the two monovalent anions, nitrate and chloride, are preferentially transported over sulfate of 

which the ionic flux is around 10 % of the total flux. Following the same reasoning as in the 

previous section when discussing the monovalent data, the limited sulfate transport can be 

Hydration energy 



3

P V D F - b a s e d  A E M s  | 69 
 
explained considering the relatively high hydration energy of sulfate compared to those of nitrate 

and chloride. However, also other effects, such as the steric hindrance and the possibility for the 

sulfate to create stronger interactions with the ion-exchange sites of the membrane can play a 

role.63 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Ionic flux of nitrate, chloride, and sulfate obtained under constant current conditions at 20 A⋅m-

2 using PVDF-50. The experiments were repeated three times. 

 

Upon examination of Figure 3.7 and Figure 3.8, it can be observed how the presence of other ions 

in the solution affect the ionic flux of nitrate and chloride. In the case of the experiments 

conducted including bromide and fluoride as well, our hypothesis is that the presence of bromide, 

which presents a similar value for the hydration energy to that of nitrate and chloride, competes 

with these two ions and in particular with nitrate, given the smaller difference in hydration 

energy. Indeed, in comparison to Figure 3.6, the decrease in the ionic flux of nitrate is more 

pronounced than the one of chloride. In the case reported in Figure 3.8, we observe that the 

presence of sulfate, which has a much higher hydration energy compared to both nitrate and 

chloride, has a more pronounced impact on the transport of nitrate than on chloride, again by 

comparing the ionic fluxes to those reported in Figure 3.6. This phenomenon has also been noted 
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in literature,23 although no explanation was provided. Possibly, also other factors than the 

hydration energy should be taken into consideration to explain the transport mechanism and 

competition when divalent ions are present, such as the size and valence of the ion. 

 

3.4. Conclusion 
Newly developed AEMs were fabricated via a casting process using PVDF and a polymeric binder. 

We investigated the impact of increasing the PVDF concentration in the membrane on the 

separation of nitrate from chloride. Our findings show an improved nitrate transport upon 

increasing the PVDF concentration, with the membranes composed of 50 wt% PVDF exhibiting 

nitrate selectivity that is nearly twice as high than those of the PVDF-free equivalent and a 

commercial membrane (AMX). This selectivity enhancement was attributed to the membrane's 

increased hydrophobicity, boosting the affinity for ions with lower hydration energy. Decreasing 

the membrane thickness showed no effect on the nitrate selectivity, supporting the use of a 

thinner membrane, which in turn presents a lower electrical resistance and requires less material 

for its fabrication. This study provides valuable insight into the role of ion hydration energy in the 

selectivity process, confirming its importance in driving the separation process. These findings 

hold significant potential for the development of high-performance, ion-exchange membranes 

for a wide range of applications, including water treatment and desalination. 
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Supporting Information 

 

Table S3.1: Physicochemical properties of Fumion FAS-24. 

 Matrix Functional 
group Counter-ion IEC [meq/g] 

Fumion FAS-24 Polyaromatic 
polymer 

Quaternary 
ammonium Bromide 1.7-1.9 

 

 

 

 

 

 

 

 

 

 

Figure S3.1: SEM images of surface (A) and cross-section (B) of PVDF-50. 
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Abstract 

The depletion of natural resources and the escalating environmental concerns associated with 

pollution necessitate innovative approaches for sustainable resource management. In this study, 

we investigated the selective separation of nitrate from chloride in electrodialysis (ED) using a 

recently introduced PVDF-based anion-exchange membrane (PVDF-50) and two commercially 

available membranes (ACS and AMX from Neosepta). Experimental ED data show that the 

membrane PVDF-50 presents a higher value of nitrate over chloride selectivity compared with the 

two commercial membranes, the highest reported in literature.  

However, recognizing that completely preventing the permeation of chloride ions into the 

concentrate stream was not feasible, we explored the potential of a system in which anion-

exchange membranes presenting different monovalent selectivity were alternated. In this 

approach, referred to as nitrate-selectrodialysis (NO3-SED), the different selectivity of PVDF-50 

and AMX membranes was leveraged to demonstrate the possibility of increasing nitrate 

concentration, while simultaneously reducing chloride levels in a stream. This approach proves 

highly advantageous in applications where mitigating chloride contamination is a significant 

concern while recovering nitrate. 
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4.1. Introduction 
Nitrate, a key source of nitrogen for plants, plays a crucial role in promoting agricultural 

productivity and ensuring adequate food production to sustain a growing global population.1 It is 

a fundamental component of fertilizers, facilitating the enhanced growth of crops and bolstering 

agricultural yield.2,3 However, excessive use of nitrogen-based fertilizers has led to a range of 

environmental issues, notably eutrophication. Eutrophication occurs when excess nitrogen enters 

water bodies, stimulating excessive growth of algae and other aquatic plants, ultimately 

degrading water quality and disrupting ecosystems.4 To mitigate this, denitrification systems are 

employed to reduce nitrogen levels in wastewater and prevent its adverse impact on the 

environment. Denitrification involves converting nitrate into nitrogen gas,5,6 which can be 

released harmlessly into the atmosphere. While effective, this approach may not be the most 

efficient, as it leads to the loss of valuable nitrogen and necessitates the subsequent 

replenishment of nitrogen-based fertilizers. On the other hand, selective separation of nitrate 

offers a more convenient solution by allowing for the recycling of nitrate and can have potential 

application such as in industry7 or greenhouses.8 

Electrodialysis can effectively remove nitrate ions by utilizing ion-exchange membranes. 

However, a challenge remains when also other monovalent ions are present in the water, such as 

chloride, because of their similar physicochemical properties (Table 4.1). Therefore, the need for 

advancements in membrane technology to develop selective nitrate membranes is pivotal to 

achieve responsible nitrate management while enabling the recycling of this important nutrient. 

A strategy to increase the membranes selectivity towards ions possessing the same valence is 

based on exploiting the difference in dehydration energy of the ions.9–12 Several studies13–15 have 

demonstrated that increasing the membranes’ hydrophobicity can promote the selective 

transport of ions with lower hydration energy, such as nitrate (Table 4.1). This approach has also 

been explored for the selective separation of monovalent cations like sodium and potassium.16–

18 Ions with a reduced hydration energy undergo easier dehydration, thereby reducing the energy 

barrier for their transport from the solution into the membrane.19,20 Moreover, less hydrated ions 

can interact easily with the fixed charged group in the membrane,19,21 further lowering the energy 

barrier. At the same time, the hydrophobicity of the fixed charged groups can be increased, 

further enhancing selectivity.22–26 
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However, the precise ion-transport mechanism within a membrane is intricate, and most likely, 

the membrane's selective behavior results from multiple mechanisms operating simultaneously. 

Indeed, other studies suggest that increasing the membrane’s hydrophobicity also influence the 

ion sieving properties of the membrane, thereby leading to a selective behavior.18,27–30 

Specifically, more hydrophobic membranes exhibit lower water uptake and degree of swelling, 

which in turn influence the size of the nanochannels in the membranes. Consequently, when the 

hydrated radii of the ions are comparable to the pores size of the nanochannels, dehydration is 

required for the transport of ions through the membrane and hence ions presenting lower 

hydration energy permeate easily.28,31,32 

Also, the hydrophobic/hydrophilic nature of the membranes may influence the characteristics 

of the ionic pathway, affecting the ions mobility within the membrane and thus the selectivity.13,20 

In our previous research (Chapter 3),33 we studied the transport of nitrate and chloride using 

newly developed PVDF-based anion-exchange membranes. Specifically, we explored the impact 

of varying the PVDF content within the membranes (ranging from 0 to 50 wt%), using a ionomer 

solution (Fumion FAS-24, FUMATECH BWT GmbH) in combination with PVDF. Our results 

indicated an enhanced nitrate transport upon increasing PVDF concentration, with the membrane 

containing 50 wt% PVDF exhibiting the highest nitrate transport. Building on these findings, we 

decided to investigate the performance of this membrane in comparison to two commercially 

available membranes (ACS, a monovalent selective membrane, and AMX, a standard grade 

membrane, from Neosepta) in an electrodialysis (ED) system, presenting the results in this current 

study. Additionally, we also investigated the potential of a proposed approach called nitrate-

selectrodialysis (NO3-SED), leveraging the differences in nitrate over chloride selectivity of various 

membranes to achieve concurrent nitrate concentration and chloride depletion in a stream. The 

approach of alternating a series of cation or anion-exchange membrane in a stack has been 

explore in literature for various applications such as the separation of divalent from monovalent 

ions,34–36 selective production of carboxylic acids,37 and recovery of L-lysine from L-lysine 

monohydrochloride.38 Nevertheless, to the best of our knowledge, this study introduces a novel 

application of this system, specifically targeting the challenging separation of two monovalent 

ions. 
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Table 4.1: Ionic radii, hydrated radii and hydration energies of nitrate and chloride.39 

 

4.2. Materials and methods 
 

4.2.1. Chemicals 
Polyvinylidene fluoride (PVDF) (average Mw~534,000 by GPC, powder form), sodium chloride (ACS 

reagent, ≥99.0 %), sodium nitrate (ACS reagent, ≥99.0 %), sodium sulphate (ACS reagent, ≥99.0 

%, anhydrous), were purchased from Sigma Aldrich and used without any further treatment. N-

methyl-2-pyrrolidone (NMP, HPLC grade 99.5 %) was purchased from Alfa Aesar. Fumion FAS (24 

wt% solution in NMP), which physicochemical properties are reported in Table S4.1 of the 

supporting information, was purchased from FUMATECH BWT GmbH, Bietigheim-Bissingen, 

Germany. The Neosepta AMX, ACS, and CMX membranes were purchased from ASTOM 

Corporation, Tokyo, Japan. The chemical composition and physical properties of Neosepta AMX 

and ACS are reported in Table 4.2. 

 

4.2.2. PVDF-based AEM fabrication 
The PVDF-based AEM was manufactured by mixing in NMP PVDF and Fumion FAS-24 in a weight 

ratio of 50:50. The resulting mixture, with a concentration of polymers of 16 wt%, was stirred 

overnight to achieve complete dissolution prior casting it onto a glass plate kept at 60 °C for 24 

hours, in order to remove the solvent by evaporation. To additionally guarantee thorough solvent 

elimination, the membranes were immersed in a 0.5 M NaCl solution for a duration of 2 hours. 

This process was reiterated five times, with each repetition involving the replacement of the 

solution. The wet membrane thickness was then measured using a digital thickness gauge 

(Mitutoyo Corporation, model no. ID-C112BS) and stored in a 0.5 M NaCl solution. The membrane 

was labelled PVDF-50, in order to indicate the percentage of PVDF, and selected characteristics, 

Anion Ionic radius [nm] 
Hydrated radius 

[nm] 

Hydration energy 

[kcal⋅⋅mol-1] 

Nitrate (NO3⁻) 0.264 0.335 71 

Chloride (Cl⁻) 0.181 0.332 81 
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together with those of the commercial anion-exchange membranes used in this study, are 

reported in Table 4.2. 

 

4.2.3. Membrane characterization 
 

4.2.3.1. Ion-exchange capacity (IEC) 
The ion-exchange capacity (IEC) of an ion-exchange membrane refers to the amount of ions, 

expressed in milliequivalents per gram (meq⋅g-1) that the membrane can exchange, and it is an 

indirect measure of the membrane’s fixed charge density. The procedure to measure the IEC 

involves conditioning the membrane in 0.5 M NaCl for 48 hours and then transferring it in 0.5 M 

NaNO3, the exchange solution. After 24 hours, the chloride concentration was evaluated using 

ion chromatography and then the IEC was calculated using the following equation:40 

𝐼𝐼𝐼𝐼𝐼𝐼 𝐼 ���
����

  (4.1) 

where neq refers to the equivalent of exchanged ions (eq) and Wdry (g) to the membrane’s dry 

mass. 

 

4.2.3.2. Water uptake 
The water uptake of the membranes was measured as follows. The membranes were immersed 

in demineralized water for 24 hours, and then weighted after removing the water from the 

surface with a tissue. After recording the wet membrane mass (Wwet, in grams), the membranes 

were placed in an oven at 55 °C for 24 hours in order to achieve complete water evaporation. The 

water uptake was then calculated after measuring the dry membrane mass (Wdry, in grams), using 

the following equation: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊 𝑊𝑊𝑊 𝑊 ���������
����

 %  (4.2) 

 

4.2.3.3. Contact angle 
The hydrophobicity of the membranes under investigation was evaluated by measuring the 

contact angle through the captive bubble method. This technique involves measuring the contact 
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angle formed between an air bubble (1 µL) and the surface of the membrane immerse in water. 

This angle is indicative for the hydrophobicity of the surface. A higher contact angle indicates a  

higher hydrophobicity, meaning the material is less likely to interact with or be wetted by water. 

Conversely, a lower contact angle indicates a more hydrophilic surface, indicating a higher affinity 

for water. Contact angles were determined using a contour analysis system (OCA35, DataPhysics 

Instruments, Germany), and six measurements were taken for each membrane, varying the 

position of each measurement. 

 

4.2.3.4. Permselectivity 
The permselectivity of an ion-exchange membrane refers to its ability to selectively allow the 

passage of counter-ions, ions with the opposite charge of the fixed group within the membranes, 

while blocking the co-ions, ions with the same charge. The permselectivity was determined 

following previous contribution in literature40,16,33 by recording the potential across the 

membrane separating two electrolyte solution such as NaCl 0.1 M and NaCl 0.5 M, which are 

recirculated in the system at a flow of 750 mL⋅min-1. Two Ag/AgCl electrodes immersed in the 

solutions where used to record the potential after reaching the steady state. The membrane 

permselectivity expressed as a percentage is then calculated by the following equation: 

𝑎𝑎 𝑎 𝑎𝑎𝑎𝑎 𝑎 ����������
�������������

%  (4.3) 

where ΔVtheoretical represents the theoretical membrane potential calculated according to the 

Nernst equation for a membrane 100 % selective towards counter-ions.  

 

4.2.3.5. Permeability coefficients ratio 
The permeability coefficients ratio of ion-exchange membranes is a parameter that characterizes 

the affinity between the membranes and the counter-ions present in a solution. It can be 

determined by measuring the zero-current potential existing across a membrane separating two 

electrolyte solutions containing the same co-ion but different counter-ion (in our case Na+, and 

NO3� and Cl�, respec�vely). It can be used to get a quick indica�on of the selec�ve behavior of the 

membranes toward target ions, e.g. nitrate vs. chloride. The permeability coefficients ratio was 

determined according to a procedure we published earlier (Chapter 3).33 The potential across the 
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membrane (ΔΨ) separating two electrolyte solutions such as 0.1 M NaCl and 0.1 M NaNO3 

recirculating at a flow rate of 750 mL min-1, was recorded using two Ag/AgCl electrodes immersed 

in the solutions for a period of 40 min. The potential used for the calculations is the average of 

the values recorded once the steady state was reached, after ca. 10 min, and it is related to the 

permeability coefficients of the counter-ions by the Nernst equation: 

𝛥𝛥𝛥𝛥 𝛥 ��
� 𝑙𝑙𝑙𝑙

������[���
�]

�����[���]
  (4.4) 

where F is the Faraday constant (96,458 A⋅s⋅mol-1), R is the universal gas constant (8.314 J⋅mol-

1⋅K-1), T is the absolute temperature (K), 𝑃𝑃���� and 𝑃𝑃���  are the permeability coefficients of the 

counter-ions, and [NO��] and [Cl�] are the concentrations of the ions in each compartment.  

Considering that the concentration of nitrate and chloride is the same, rearranging equation 4.4 

enables the determination of the permeability ratio using the following equation: 

�����
����

= 𝑒𝑒�����   (4.5) 

 

4.2.4. Membrane Performance 
 

4.2.4.1. Electrodialysis experiments 
The electrodialysis (ED) setup used in this study to determine the nitrate over chloride selectivity 

of the anion-exchange membranes under investigation (PVDF-50, ACS, and AMX), is schematically 

represented in Figure 4.1. The configuration consists in a sequence of five ion-exchange 

membranes arranged as follows: three cation-exchange membranes (CMX from Neosepta) 

alternated with two anion-exchange membranes. This configuration results in a total of two cell 

pairs, each consisting of a cation and an anion-exchange membrane, separating a diluate and 

concentrate stream. The IEM area available for the ion transport is 20 cm2, and each membrane 

is separated from the other by a spacer-integrated gasket with a thickness of 0.5 mm. The setup 

is equipped with platinum-coated titanium mesh electrodes, and the compartments are 

separated from each other by a cation-exchange membrane (CMX), in order to prevent the 

migration of chloride ions towards the anode, thereby avoiding chlorine formation. The electrode 



4

S e l e c t i v e  e l e c t r o d i a l y s i s  | 87 
 
compartments maintain a recirculating solution of 0.05 M Na2SO4; in the outlets of these 

compartments two Ag/AgCl electrodes connected to the potentiostat are placed to measure the 

potential across the five membranes.  

The experiments are conducted in batch-mode at a current density of 20 A⋅m-2, with a 

potentiostat (Autolab AUT72157, Metrohm) used as current supplier. The solutions recirculating 

in the concentrate and dilute compartments are equimolar solutions of NaCl and NaNO3 with a 

total concentration of anion of 0.1 M and a volume of 0.1 L each. The duration of each experiment 

is 3 hours, which results in a theoretical total anion removal from the diluate stream of 90 %. For 

each membrane, experiments were repeated three times to assess reproducibility.  

In order to evaluate the nitrate over chloride selectivity over time, samples were taken every 

30 min and analyzed by ion chromatography (IC) to determine the ion concentrations. The 

concentrations obtained were first used to calculate the transport number (t), which refers to the 

fraction of current transported by a specific ion, and for a monovalent ion (i) is calculated using 

the following equation: 

𝑡𝑡� = ��
����� ∙

���
��   (4.6) 

where F is the Faraday constant (96,458 A⋅s⋅mol-1), V (m3) and ΔCi (mol⋅L-1) are respectively the 

volume and the variation of the ion concentration in the concentrate stream, A (m2) the surface 

membrane area, N the number of cell pairs, Δt (s) is the time of the experiments, and i is the 

current density applied (A⋅m−2). The current efficiency of the experiments is defined by the 

equation: 

� = �𝐽𝐽� + 𝐽𝐽�� ��   (4.7) 

where Ji and Jj are the ionic fluxes across the membrane expressed in mol⋅m−2⋅s−1 of the ions under 

consideration, which are calculated using the equation: 

𝐽𝐽� = �
��� ∙

���
��   (4.8) 
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In order to compare our results with other studies, the nitrate over chloride selectivity over time 

of the membranes under investigation was calculated according to the following equation 

reported by Mubita et al.:41 

𝑆𝑆���
���� = �∆�����

∆���� �
�����������

∙ � ����
�����

�
�������

  (4.9) 

where ∆𝐶𝐶���� and ∆𝐶𝐶���  refer to the variation of the concentration of nitrate and chloride in the 

concentrate reservoir between two samples and 𝐶𝐶���� and 𝐶𝐶���  refer to the concentration of the 

ions in the diluate compartment. 

From an application point of view, the recovery ratio is another parameter of interest, which 

for an ion (i) is defined by Chen et al. 42 as: 

𝑅𝑅� = �����������)
������

× 100  (4.10) 

where Cct, Cc0 and Cd0 are the concentrations of the ion at time t and 0 respectively in the 

concentrate and diluate stream, and Vct and Vd0 are the volume in the concentrate and dilute at 

time t and zero, respectively. 

The energy consumption (E) was evaluated as kilojoules per gram of nitrate recovered 

following the equation: 

𝐸𝐸 𝐸 ∆��������∆�
∆����� ������

  (4.11) 

where ΔVstack is the average stack potential (V), i is the current density applied (A⋅m−2), A the 

surface membrane area (m2), Δt is the time of the experiments (s), ∆𝑛𝑛����  is the variation in moles 

of the nitrate in the concentrate stream, and 𝑀𝑀𝑀𝑀����  the nitrate’s molecular weight (g⋅mol-1).  
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Lastly, in order to assess any dependency of the current applied on its performance, membrane 

PVDF-50 has also been tested at an increased current density of 40 A⋅m−2. 

Figure 4.1: Schematic representation of the ED setup used to assess the nitrate over chloride selectivity of 
the anion-exchange membranes PVDF-50, ACS, and AMX. The system is composed of five membranes in 
total, three Cation-Exchange Membranes (CEMs) and two Anion-Exchange Membranes (AEMs). The 
experiments are performed in batch-mode, with the concentrate and diluate streams pumped from the 
reservoirs. The electrodes are from platinum-coated titanium and a Na2SO4 solution was recirculated in 
the electrode compartments. 
 

4.2.5. Nitrate-selectrodialysis (mSED) experiments 
Based on the conventional electrodialysis approach, chloride ions also permeate into the 

concentrate stream, and in applications7 where the nitrate recycling should be paired with the 

simultaneous chloride removal, other membranes configurations might be more beneficial. For 

this reason, we investigated the potential of a system referred to as nitrate-selectrodialysis (NO3-

SED), which schematic configuration is reported in Figure 4.2. 
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This system capitalizes on the different nitrate over chloride selectivity of two distinct anion-

exchange membranes (PVDF-50 and AMX). By strategically alternating between these 

membranes, we exploit the superior permeability of nitrate ions through PVDF-50 compared to 

AMX and, conversely, the higher permeability of chloride ions through AMX. Consequently, over 

time, in Feed 2, the nitrate concentration increases and chloride concentration decreases, while 

in Feed 1, chloride concentration increases and nitrate concentration decreases.  

The experimental settings are similar to those of ED experiments: two platinum-coated 

titanium mesh electrodes, separated from the AEMs by two CMX membranes, are present with a 

recirculating solution of 0.05 M Na2SO4. The composition of Feed 1 and Feed 2 is 0.05 M NaCl + 

0.05 M NaNO3 with a volume of 0.1 L per each feed. A spacer-integrated gasket with a thickness 

of 0.5 mm was used to separate the membranes and each experiment was conducted in batch-

mode lasting for 3 hours. Regarding the current density applied, we decided to investigate the 

performance of the system at two different values: 20 A⋅m-2, and 40 A⋅m-2. The variation of the 

concentration in the reservoirs of Feed 1 and Feed 2 is monitored over time by taking samples 

every 30 minutes and analyzing them using ion chromatography. The energy consumption of each 

experiment have been calculated using the equation: 

𝐸𝐸 𝐸 𝐸𝐸𝐸�����𝑖𝑖𝐴𝐴∆𝑡𝑡  (4.12) 

where ΔVstack is the average stack potential (V), i is the current density applied (A⋅m−2), A the 

surface membrane area (m2), Δt is the time of the experiments. 
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Figure 4.2: Schematic representation of the nitrate-selectrodialysis (NO3-SED) setup used in this study. The 
system is composed of six membranes in total, two Cation-Exchange Membranes (CEMs) near the 
electrodes and four Anion-Exchange Membranes (AEMs) in between, featuring an alternating 
arrangement of two PVDF-50 membranes and two AMX membranes. The experiments are performed in 
batch-mode, with the Feed 1 and 2 streams pumped from the reservoirs. The electrodes are from 
platinum-coated titanium and a Na2SO4 solution was recirculated in the electrode compartments. 
 

4.3. Results and discussion 
4.3.1. Membrane characterization 
 

4.3.1.1. IEC and water uptake 
Table 4.2 presents the IEC and water uptake values for the three membranes, which were 

determined following the procedures described in Sections 4.2.3.1 and 4.2.3.2. Notably, the IEC 

values exhibit the following order: AMX > ACS > PVDF-50. Conversely, the water uptake values 

follow a different trend: ACS > AMX > PVDF-50. It is worth noting that while we expected a similar 
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trend between IEC and water uptake, the water uptake values of AMX and ACS align with previous 

findings in the literature.43 

Indeed, the water uptake of a membrane is directly correlated with the proportion of charged 

groups within the membrane. Elevated quantities of charged groups, resulting in high values of 

the IEC, result in a higher osmotic pressure and thus a higher water uptake of the membrane.23,44 

However, the water content is also influenced by other parameters, such as the affinity between 

the polymer matrix of the membrane and water,23 and the presence of reinforcing materials.45 

Typically, the membrane's water absorption capacity depends on the number of hydrophilic 

groups it contains. When there is low water uptake, it suggests that hydrophobic membrane 

groups are more prevalent than their hydrophilic counterparts.46 

 

Table 4.2: Chemical and physical properties of the membranes used in this study: PVDF-50, AMX, ACS, and 
CMX. 

 

4.3.1.2. Contact angle analysis 
In an attempt to obtain more insight in the hydrophobic properties of the membranes, drops of 

water were placed on each membrane. However, quantification of the contact angles turned out 

to be very difficult as the membranes curled up. Instead, the captive bubble method, a 

configuration that allows the membranes to be wetted, turned out to be a suitable alternative. 

Figure 4.3 displays the contact angle values measured using this method for the three 

membranesunder investigation in the study: AMX, ACS, and PVDF-50. 

Membrane Composition Thickness 
(μm) 

IEC  
(meq⋅⋅g-1) 

Water 
Uptake (%) 

PVDF-50 PVDF:Fumion FAS-24 = 50:50 80-85 0.7 7 

AMX Styrene-divinyl benzene reinforced 
with PVC47  140 2.1 22 

ACS 

Styrene-divinyl benzene reinforced 
with PVC, with highly cross-linked 
layer on both of the membrane 

surfaces47  

120 1.9 26 

CMX 
Cross-linked sulfonated styrene-

divinylbenzene copolymer (45–65%) 
and polyvinylchloride (45–55%)48 

150 2.5 30 
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As becomes clear from these data, the contact angle, and with that the hydrophobicity, increases 

in the order of PVDF-50 > ACS > AMX. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Contact angle measured by the captive bubble method for the three membranes investigated 
in this study: AMX, ACS, and PVDF-50. Optical images of the membranes and the air bubble are provided 
for enhanced clarity. 

 

4.3.1.3. Permselectivity and permeability coefficients ratio 
From the results presented in Figure 4.4, it is evident that, across all three membranes, the 

permselectivity values are consistently around 90%, aligning with previous findings in the 

literature.49 When it comes to the permeability coefficients ratio, a key indicator of a membrane's 

affinity for nitrate or chloride, we observe that the ratio is consistently larger than 1 for all 

membranes. This means that all three membranes exhibit a preference for nitrate over chloride 

ions. The values of the permeability coefficients ratio follow the trend of PVDF-50 > ACS > AMX, 

indicating that PVDF-50 exhibits the highest selectivity for nitrate over chloride, while AMX is the 

least selective among the three membranes. Comparison of the permselectivity and permeability 

coefficients ratio results of the AMX and PVDF-50 membranes with those obtained in our 

precedent study (Chapter 3),33 affirms the high reproducibility of the proposed methods for 

determining these parameters. 

Membrane 
Air bubble 



94 | C h a p t e r  4  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Permselectivity and permeability coefficient ratio values of the investigated membranes: AMX, 
ACS, and PVDF-50. Experiments have been repeated three times. 
 

4.3.2. Membrane performance 
 

4.3.2.1. Selective separation in batch-mode electrodialysis 
In accordance with the experiment details outlined in Section 4.2.4.1, we present the 

experimental results of the transport of nitrate and chloride through the three membranes under 

investigation, PVDF-50, ACS, and AMX, obtained in batch-mode electrodialysis. The 

concentrations of nitrate and chloride in the two reservoirs were monitored over time (Figure 

4.5) for the PVDF-50 membrane (for the other membranes, see Supporting Information Figure 

S4.1), and, as expected, they increased in the concentrate reservoir while decreasing in the 

diluate one. Additionally, we observed that in the concentrate reservoir, the concentration of 

nitrate increased more rapidly over time compared to chloride for all membranes under 

examination. However, upon analyzing the average ionic flux of nitrate and chloride for the three 

membranes (Figure 4.6), it became evident that PVDF-50 transports more nitrate and less 

chloride compared to ACS and AMX, indicating a higher selectivity for nitrate. The current 

efficiency for all experiments was in the range of 91–94 %. 
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Figure 4.5: Evolution of the nitrate and chloride concentration in the concentrate (top) and diluate 
(bottom) reservoir by ED with a CMX⏐PVDF-50⏐CMX⏐PVDF-50⏐CMX membrane stack. Experiments were 
conducted in triplicate. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Average ionic flux of nitrate and chloride obtained by ED using a membrane stack configuration 
of CMX⏐AEM⏐CMX⏐AEM⏐CMX, for the three selected AEMs: AMX, ACS, and PVDF-50. The measurements 
were conducted at a current density of 20 A·m-2. 
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We further assessed the nitrate over chloride selectivity of the three membranes over time using 

equation 4.7 (Figure 4.7). The data clearly shows that PVDF-50 presents higher selectivity values 

compared to ACS, which in turn presents higher values than AMX. Moreover, the selectivity was 

found to change in time due to changes in the actual concentration ratio in the diluate stream, a 

trend that has also been reported by Mubita et al.41 Their work involved both theoretical and 

experimental investigations into the nitrate over chloride selectivity of three anion-exchange 

membranes, two commercial, AMX from Neosepta and Ralex AMH-PES from Mega a.s. (Czech 

Republic), and one heterogeneous AEMs manufactured with a ion-exchange resin featuring 

quaternary ammonium groups with propyl substituents. The theoretical analysis revealed a 

significant time dependency of the selectivity, while the reported experimental results showed a 

less pronounced decrease. Notably, the experimental outcomes for the AMX membrane 

exhibited a similar trend to our data. Conversely, in the reported case of the Ralex AMH-PES 

membrane, the selectivity demonstrated an increase over time. Furthermore, the examination of 

their manufactured anion-exchange membrane with a thickness of 70 μm disclosed a pronounced 

decrease in selectivity over time, aligning with the theoretical trend. However, the study does not 

provide an explanation for the observed trends. 

Our analysis is based on the equation used to calculate the selectivity (equation 4.9), widely 

employed in literature9,13,22,27,41,47,50,51, which might present limitations. Specifically, the second 

term of the equation refers to the concentration of chloride and nitrate at the membrane surface 

on the diluate stream, typically approximated to the concentration in the bulk solution.9 We 

hypothesize that phenomena such as concentration polarization may occur, leading to an 

inaccurate definition of the concentration at the membrane surface on the desalting side and 

thus selectivity. This effect becomes more pronounced for higher degrees of desalination.52 

However, given the significance of comparing our results with existing literature, we decided to 

adopt the selectivity definition provided by Mubita et al. in their study. 

By analyzing our data is possible to observe that for the membranes ACS and AMX, the 

selectivity decreases nearly linearly with time, while for PVDF-50 is steadily declining. Two 

different regimes can be distinguished. The first one spans from 0 hours to 2 hours, during which 

the selectivity remains relatively constant within the range of 3.7-4. The second regime (t > 2 h) 



4

S e l e c t i v e  e l e c t r o d i a l y s i s  | 97 
 
exhibits a more pronounced reduction. The observed decrease after two hours of the 

experiments can be attributed to the substantial removal of nitrate from the diluate stream and, 

consequently, the potential emergence of concentration polarization phenomena. PVDF-50, 

therefore, presents a superior behavior compared to the other two membranes, which is also 

evident by analyzing the trends of the recovery ratio of nitrate and chloride reported in Figure 

4.8, with PVDF-50 presenting a higher recovery for nitrate compared to those of ACS and AMX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Evolution of the nitrate over chloride selectivity by ED with a CMX⏐AEM⏐CMX⏐AEM⏐CMX 
membrane stack for three selected AEMs: AMX, ACS, and PVDF-50 at 20 A·m-2. For each membrane, the 
experiments were repeated three times. 
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Figure 4.8: Evolution of the recovery ratio of nitrate (solid lines) and chloride (dashed lines) by ED with a 
CMX⏐AEM⏐CMX⏐AEM⏐CMX membrane stack for three selected AEMs: AMX, ACS, and PVDF-50 at 20 
A·m-2. For each membrane, the experiments were repeated three times. 
 

When comparing the energy consumption values, PVDF-50 exhibits a slightly higher value than 

ACS and AMX, as indicated in Table 4.3.  

 

Table 4.3: Energy consumption obtained for the batch-mode ED experiments at 20 A⋅m-2 for the 
membranes PVDF-50, ACS, and AMX. 

 

 

 

 

 

Nevertheless, this slight increase in energy consumption is a reasonable trade-off considering the 

membrane's superior nitrate selectivity. The enhanced selectivity for nitrate can be attributed to 

the increased hydrophobic nature of the membrane, as highlighted by the measurements of 

contact angles through captive bubble method, compared to the two commercial membranes. 

This characteristic promotes the permeation of less hydrated ions, such as nitrate, by requiring 

 PVDF-50 ACS AMX 

E (kJ⋅g-1 NO3⁻) 0.57 0.48 0.45 

E (kWh⋅m-3) 0.92 0.75 0.68 
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less energy to enter the membrane due to easier dehydration. Moreover, the increased 

hydrophobic environment within the membrane can also affect the mobility of ions with higher 

hydration energy, such as chloride, which are impeded by the hydrophobic structure.13 

Studies on the ACS membrane reported that the highly cross-linked surface layer on the 

membrane was responsible for the steric sieving of monovalent over divalent ions due to their 

different hydrated radii.27,29 Despite the minimal difference in the hydrated radii of nitrate and 

chloride,39 (Table 4.1) we do find that ACS presents a higher selectivity than AMX, an AEM that 

does not possess a cross-linked surface layer. Furthermore, Hawks et al.,53 proposed that the 

solvation structure of ions is another crucial parameter influencing the steric sieving mechanism. 

Indeed, while investigating the adsorption mechanisms of nitrate and chloride in 

ultramicroporous carbon during capacitive deionization, they ascribed the preference for nitrate 

adsorption to differences in the solvation structure and hydration energy of the two ions. Indeed, 

despite the similarity in their hydrated radii, nitrate's trigonal planar molecular geometry results 

in its preferential solvation around the edges, rather than on the planar faces, while chloride 

maintains symmetry across all three spatial dimensions. These structural characteristics, 

combined with the ~12 % lower hydration energy of nitrate – increasing the ability to alter its 

solvation structure when entering narrow pores – was reported to be the driving force behind the 

preferential adsorption of nitrate, and can be used to explain the higher nitrate selectivity of the 

ACS membrane compare to the AMX. 

The most recent study examining nitrate and chloride transport in an electrodialysis (ED) setup 

was conducted by Mubita et al.41 In the present study, we maintained identical conditions 

regarding ion concentration in the solution, current density, and experiment duration, enabling a 

direct comparison of results. The membrane selectivity value reported by Mubita et al. for a 

heterogeneous anion-exchange membrane made with ion-exchange resins featuring quaternary 

ammonium groups with propyl substituents, ranged from 2.5 to 3. This range is lower than the 

selectivity values reported in our current study. 

In order to assess whether the current density influences the performance of PVDF-50, batch-

mode ED experiments were conducted at double the current density. In Figure 4.9, the recovery 

ratio of nitrate and chloride for the two sets of experiments, 20 A⋅m-2 and 40 A⋅m-2, are reported 
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over the amount of charge passing through the membrane at the time of the sampling. Indeed, 

with the current doubled, the experiment's duration is halved, allowing correlation between the 

two trends using the transferred charge quantity. As can be observed from Figure 4.9, the trends 

for nitrate and chloride for the two current densities are quite similar.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Nitrate and chloride recovery ratio for the ED experiments at 20 and 40 A⋅m-2 as function of 
the amount of charge passing through the membrane. Experiments were conducted in triplicate. 
 

4.3.2.2. Nitrate-selectrodialysis (NO3-SED) 
In this section, we present the experimental results and performance of the nitrate-

selectrodialysis (NO3-SED) system, which is schematically represented in Figure 4.2. As described 

in Section 4.2.5, the system exploits the difference in the nitrate over chloride selectivity of two 

different membranes, i.e. PVDF-50 and AMX. The membrane choices were made based on the 

insights obtained from the batch-mode electrodialysis (Section 4.3.2.1), with PVDF-50 exhibiting 

superior nitrate selectivity and AMX having the lowest. 

The experiments were conducted three times and Figure 4.10 illustrates the concentrations of 

nitrate and chloride in the two reservoirs, Feed 1 (Panel A) and Feed 2 (Panel B), over time. As 

anticipated, alternating between PVDF-50 and AMX membranes enables us to increase the nitrate 

concentration in Feed 2 while decreasing chloride concentration, whereas the opposite occurs in 



4

S e l e c t i v e  e l e c t r o d i a l y s i s  | 101 
 
Feed 1. For experiments conducted at 20 A⋅m-2, we observed an approximately 6-7 % 

increase/decrease in anion concentration in the two streams, as shown in Figure 4.10.  

Doubling the current density results in an increase of the nitrate concentration in Feed 2 of 

approximately 10 %, accompanied by a subsequent decrease in chloride levels. Although these 

changes may be evaluated as modest, it is important to realize that with advancements in 

membrane technology, there is potential for further improvements and achieving higher values 

in system performance. Additionally, to further explore the potential of this system, it may be 

worthwhile to explore alternative configurations, including the use of multiple reservoirs. 

Finally, this strategy can be extended to other scenarios such as the selective separation of 

potassium from sodium,16,54 by alternating cation-exchange membranes, each with a different 

selectivity towards one of the two ions. When comparing the energy consumption of the 

experiments, it is possible to observe from Table 4.4 that the experiments conducted at 40 A·m⁻² 

require more than four times the energy of those at a lower current density.  

 

Table 4.4: Energy consumption obtained for the batch-mode nitrate-selectrodialysis (NO3-SED) 
experiments at 20 and 40 A⋅m-2. 
 

 20 A·m-2 40 A·m-2 

E (kJ⋅g-1 NO3⁻ ) 3.6 9.4 

 

Exploiting the difference in the hydration energy of ions appears to be an interesting approach, 

and designing membranes that promote this effect have the potential to control and yield high 

ion selectivity. Various strategies can be pursued and eventually combined to further magnify the 

impact. For example, Mubita et al.15 report on enhancing nitrate transport upon increasing the 

hydrophobicity of the membrane, by using resins containing different quaternary ammonium 

groups with alkyl chain length. Similarly, in our previous work (Chapter 3),33 we report on a 

comparable effect by increasing the concentration of PVDF within the membrane. Additionally, 

the higher selectivity of the ACS membrane compared to the one of AMX observed in this study 

suggests that the presence of a crosslinked layer on the surface of the membranes promote the 
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permeation of nitrate over chloride. We therefore believe that future membranes incorporating 

all these effects are key to achieving high separation values. 

 

 

Figure 4.10: Nitrate and chloride concentration variation in Feed 1 (A) and Feed 2 (B) for the 
selectrodialysis experiments conducted at the current density of 20 and 40 A⋅m-2. 
 

4.4. Conclusion 
In terms of the selective separation of nitrate from chloride the performance of a recently 

introduced PVDF-based anion exchange membrane, PVDF-50, was tested for the first time in an 

electrodialysis setup, operating in batch mode. Our results demonstrate that this membrane 

exhibits higher and more stable nitrate over chloride selectivity values compared to two 

commercial membranes, surpassing the highest reported values in the literature. Additionally, we 

found that the current density does not significantly influence the performance of PVDF-50, 

enabling a reduction in operational time or installed membrane area. 

However, it is important to note that this system cannot entirely prevent the transport of 

chloride to the concentrate stream. To mitigate this limitation, and selectively separate nitrate 

from chloride, we investigate the approach of alternating a series of AEMs with different nitrate 

selectivity (PVDF-50 and AMX), which we referred to as nitrate-selectrodialysis (NO3-SED). Our 
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findings indicate that with this system, it is possible to increase the concentration of nitrate while 

concurrently decreasing the concentration of chloride by approximately 10-11 % when operating 

at 40 A⋅m-2. 

We believe that fine-tuning the chemical properties of membranes will become increasingly 

important for advancements in membrane technology, enabling further enhancement of 

selectivity. Such developments are not only relevant for the field of nitrate recovery but also for 

applications where the reduction of chloride concentration is of significant importance. 
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Supporting Information 

 
Table S4.1: Physicochemical properties of Fumion FAS-24. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S4.1: Concentration of the nitrate and chloride in the concentrate and diluate reservoir over time 
for AMX (A) and ACS (B). Experiments were conducted in triplicate. 

 Matrix 
Functional 

group 
Counter-ion IEC (meq/g) 

Fumion FAS-24 
Polyaromatic 

polymer 

Quaternary 

ammonium 
Bromide 1.7-1.9 
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Abstract 

Selective separation of monovalent ions such as nitrate from chloride using Anion-Exchange 

Membranes (AEMs) is challenging. Previously, we showed that an increased polyvinylidene 

fluoride (PVDF) concentration in AEMs manufactured with an anion-exchange ionomer solution 

(Fumion FAS-24) increased nitrate over chloride selectivity. The membrane containing 50 wt% of 

PVDF showed higher selectivity compared to two commercial membranes (AMX and ACS from 

Neosepta) when tested in electrodialysis. This improved selectivity was associated with increased 

hydrophobicity of the membrane, facilitating the permeation of less hydrated ions such as nitrate.  

However, due to concerns regarding per- and polyfluoroalkyl substances (PFAS), there is a quest 

for substitutes for fluoropolymers. In this study, we investigated whether using alternative 

polymers to PVDF influences nitrate/chloride separation performance. Polyvinyl chloride (PVC) 

and polyacrylonitrile (PAN) were blended with Fumion FAS-24 to manufacture new AEMs. The 

nitrate/chloride selective separation performance of these membranes was tested in 

electrodialysis and compared with the recently introduced PVDF-based AEM. 

Results show that although the PVDF-based membrane presents higher hydrophobicity, the 

PAN-based membrane possesses slightly lower selectivity, while the PVC-based membrane 

exhibits higher nitrate selectivity. This study proves that increasing the membrane hydrophobicity 

is a valid strategy to increase selectivity toward nitrate. However, it also suggests that other 

parameters, such as fixed charge concentration, can play a role. Therefore, balancing properties 

such as hydrophobicity and fixed charge concentration is imperative to achieving optimal 

selectivity and performance when developing ion-selective membranes. 
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5.1. Introduction 
Ion-exchange membranes (IEMs) have considerable importance in membrane-based technology 

such as electrodialysis (ED),1–3 capacitive deionization,4–6 and fuel cells.7,8 These membranes are 

made from polymer materials and contain charged moieties. Depending on the type of charge of 

these groups, IEMs can be categorized into two main types: Anion-Exchange Membranes (AEMs) 

and Cation-Exchange Membranes (CEMs). AEMs feature fixed cations such as quaternary 

ammonium groups, and allow the permeance of anions while impeding cations. In contrast, CEMs 

possess anionic moieties like sulfonic groups, allowing the permeation of cations while hindering 

anions. 

IEMs find extensive use in various separation technologies, such as desalination,9–11 and in this 

study we focus on AEMs for the application of electrodialysis (ED). AEMs have already proved to 

be effective in the separation of monovalent from divalent ions.12 However, the separation of two 

monovalent ions poses a larger challenge, especially if these ions present similar hydrated radius 

and hydration energy, such as nitrate and chloride (Table 5.1). Developing membranes possessing 

high monovalent/monovalent selectivity is crucial in applications such as the recovery and 

recycling of important resources like nitrate from, e.g., waste/process water streams in fertilizer 

plants13 and horticulture,14 with the overarching aim of achieving a circular economy. 

In order to increase the membrane's ability to discriminate between ions bearing the same 

valence, previous studies15–18 focused on leveraging the difference in the ion dehydration. Ions 

with lower dehydration energy, such as nitrate (Table 5.1), are more favourable transported 

through the AEMs due to an easier (partial) dehydration at the membrane surface.19–22 In 

particular, these mostly e-driven separation studies indicate that an increased membrane 

hydrophobicity triggers the dehydration of ions with lower dehydration energy, while more 

hydrated ions are hindered by the hydrophobic structure. 

Furthermore, the strength of the interaction between the dehydrated ion and the charged 

groups within the membrane is a determining factor in the dehydration process. A stronger 

interaction has been observed to reduce the associated energy barrier, since it leads to an 

energetically more favorable state of the ion.23,24 However, this electrostatic interaction also 

influences the ion's mobility. Specifically, the stronger the interaction, the slower the 

transportation.23,24 
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Building further on these findings, we studied, in previous research,25 the transport of nitrate 

and chloride using newly developed PVDF-based AEMs, manufactured in combination with an 

anion-exchange ionomer solution (Fumion FAS-24, FUMATECH BWT GmbH). PVDF was chosen for 

its intrinsic hydrophobic nature and its wide application in membrane technology such as 

membrane distillation,26–32 dye removal from water streams using nanofiltration,33–35 oil-water 

separation,36,37 organic pollutant removal,38,39 selective ion separation,40–46 and removal of toxic 

metal ions from aqueous streams.47,48 PVDF has also been used in selective ion-separation 

applications, such as fabricating electrodes for capacitive deionization (CDI) to separate divalent 

from monovalent cations.40–42 Additionally, it has also been used in manufacturing AEM sfor 

example in combination with cross-linked quaternized polyepichlorohydrin for selective 

hydroxide ion transport in fuel cells,49 and with styrene-co-vinylbenzyl chloride for water 

desalination in ED.50 Furthermore, PVDF has been combined with morpholine-functionalized vinyl 

benzyl chloride for acid recovery by diffusion dialysis51 and with polyaniline for desalination in ED 

and CDI. However, the use of PVDF for manufacturing membranes specifically designed for the 

selective separation of monovalent ions like nitrate and chloride has not been documented in the 

literature, except in our previous studies (Chapters 3 and 4).25,52 

In those studies, our focus was on investigating the influence of different PVDF content levels 

in the membranes, ranging from 0 to 50 wt%. The outcomes of that work revealed an improved 

nitrate affinity with increasing PVDF concentration, and thus membrane hydrophobicity, with the 

membrane containing 50 wt% PVDF reporting the highest nitrate permeability (Chapter 3).25 

However, by increasing the PVDF content, we also noted an increase in the membrane's electrical 

resistance, and for this reason, we decided not to exceed 50 wt% of PVDF. 

The performance of this membrane was then investigated in ED (Chapter 4).52 Experimental 

data showed higher values of the nitrate over chloride selectivity compared with two commercial 

membranes (AMX and ACS from Neosepta), the highest reported in literature. 

However, considering that Per- and polyFluoroAlkyl Substances (PFAS) pose a significant 

environmental and health concern due to their persistent nature and widespread 

contamination,53–55 alternatives for fluoropolymers become imperative to mitigate the adverse 
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effects of PFAS exposure, safeguard human health,56,57 and reduce the long-term environmental 

impact associated with these persistent chemicals. 

For this reason, we decided to now investigate the impact of the type of the polymer used in 

combination with the ionomer solution Fumion FAS-24 to manufacture new AEMs. Specifically, 

we opted for polyvinyl chloride (PVC) and polyacrylonitrile (PAN) as alternatives to PVDF. PVC was 

selected for its presence in commercial membranes as reinforcement material, solubility in N-

methyl-2-pyrrolidone (NMP), the solvent of the ionomer solution, and cost-effectiveness,58,59 

making it an attractive alternative for large-scale applications where cost efficiency is crucial. PVC 

has already been used in the manufacturing of membranes,60 including AEMs.61 For example, 

Nemati et al.62 modified the properties of PVC-AEMs by incorporating TiO2 nanoparticles (0-4 

wt%) to improve the anion permeation efficiency and tested them in ED. The study reported 

improved permeation of chloride and sulfate in the TiO2 concentration interval of 0.5-2 wt%. Liu 

et al.63 used PVC to manufacture films by casting, which were then modified by immersing these 

films in a solution of triethylenetetramine, obtaining AEMs. These AEMs showed good stability 

and antifouling potential. Moreover, when applied in ED, the optimized PVC-AEM demonstrated 

a NaCl removal ratio of 90%, outperforming a commercial membrane (JAM-II-5 AEM). Recently, 

Zafari et al.64 prepared heterogeneous AEMs by combining PVC and an anion-exchange resin 

(Amberlite IRA-410). The surface of these membranes was subsequently modified through a 

three-step process, including plasma treatment and coupling with polyethylenimine and 

glutaraldehyde. By changing the surface hydrophilicity of the membranes, they increased the 

membrane selectivity towards formate (CHOO⁻) over oxalate (C2O42⁻) — exploiting the lower 

hydration energy of the former — reaching a selectivity value of 4.3 in ED. 

PAN was also chosen for its solubility in NMP, and for its potential for further modification of 

the nitrile groups.65–67 The characteristics of these new membranes together with the 

nitrate/chloride separation performance in ED are evaluated in this study and compared with the 

previously introduced PVDF-membrane. 
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Table 5.1: Ionic radii, hydrated radii and hydration energies of nitrate, and chloride.68 

 

 

 

5.2. Materials and methods 
 

5.2.1. Chemicals 
Polyvinyl chloride (average Mw~233,000 by GPC, powder form) (PVC), polyacrylonitrile (PAN) 

(average Mw~150,000 by GPC, powder form), sodium chloride (ACS reagent, ≥99.0%), sodium 

nitrate (ACS reagent, ≥99.0%), sodium sulphate (ACS reagent, ≥99.0%, anhydrous), were 

purchased from Sigma Aldrich and used as received. N-methyl-2-pyrrolidone (NMP, HPLC grade 

99.5%) was purchased from Alfa Aesar. Fumion FAS (24 wt% solution in NMP), which 

physicochemical properties are reported in Table S5.1 of the Supporting Information, was 

purchased from FUMATECH BWT GmbH, Bietigheim-Bissingen, Germany. The Neosepta AMX, 

ACS and CMX membranes were purchased from ASTOM Corporation, Tokyo, Japan. The 

physicochemical properties of these commercial membranes are reported in Table S5.2 of the 

Supporting Information. 

 

5.2.2. Membrane fabrication 
The AEMs were manufactured following the procedure reported in our previous study.25 Each 

membrane is composed of 50 wt% of ionomer (Fumion FAS-24) and 50 wt% of the selected 

polymer (PVC or PAN). This ratio was selected in order to enable direct comparison with the PVDF-

based membrane composed of 50 wt% of ionomer and 50 wt% of PVDF, labelled as PVDF-50, 

investigated in our previous studies (Chapters 3 and 4).25,52 Specifically, 0.75 g of ionomer were 

mixed with 0.75 g of PVC or PAN. NMP was used as solvent to dissolve the polymers, obtaining 

solutions with a concentration of 16 wt%. The solvent was removed by casting the solutions onto 

Anion Ionic radius [nm] 
Hydrated radius 

[nm] 

Hydration energy 

[kcal⋅⋅mol-1] 

Nitrate (NO3⁻) 0.264 0.335 71 

Chloride (Cl⁻) 0.181 0.332 81 
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a glass plate kept at 60 °C for 24 hours. To completely remove the solvent, the obtained 

membranes were immersed in 0.5 M NaCl, refreshing the solution every 2 hours (5 ×). During this 

phase, the thickness of the wet membranes was measured using a digital thickness gauge 

(Mitutoyo Corporation, model no. ID-C112BS). The membranes were stored in 0.5 M NaCl and 

labelled as PVC-50 and PAN-50, where the number indicates the weight percentage of polymer, 

PVC or PAN, present in the membrane. Selected characteristics, together with those of the 

previously introduced PVDF-membrane, labelled PVDF-50, are reported in Table 5.2. 

 

5.3. Membrane characterization 
 

5.3.1. Water uptake (WU) 
To assess water uptake (WU), we followed the methodology outlined in our previous work.25 After 

immersing the membrane in demineralized water for 24 hours, the mass of the wet membrane 

was recorded after removing any surface water with a tissue. Subsequently, the membrane was 

dried in an oven maintained at 55 °C for 24 hours. The mass of the resulting dry membrane (Wdry, 

in grams) was then recorded. The water uptake (WU) was calculated as a percentage by: 

𝑊𝑊𝑊𝑊 𝑊 𝑊𝑊𝑊 𝑊 ���������
����

 %  (5.1) 

 

5.3.2. Ion-exchange capacity (IEC) 
The quantity of fixed charged groups within an AEMs can be determined indirectly by measuring 

the concentration of counter-ions exchanged with a specific solution. In particular, following a 48 

hours conditioning period in 0.5 M NaCl, the selected membrane was immersed in the exchange 

solution (200 mL of 0.5 M NaNO3) after a rapid immersion in demineralized water to eliminate 

the excess of NaCl solution. After a 24-hour exchange duration, the chloride concentration in the 

solution was assessed through ion chromatography (IC), using a Metrohm Compact IC 761 

equipped with a conductivity detector and chemical suppression. 

The ion-exchange capacity (IEC) of the membrane, expressed in milliequivalents per gram 

(meq⋅g-1), was then calculated according to the following equation:69 
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𝐼𝐼𝐼𝐼𝐼𝐼 𝐼 ���
����

  (5.2) 

where neq denotes the equivalent of exchanged ions in equivalents (eq), and Wdry (g) represents 

the dry mass of the membrane. 

 

5.3.3. Fixed charge concentration (FCC) 
By using the values of the IEC and WU, it is possible to calculate the fixed charge concentration 

(FCC) of the hydrated membranes, which refers to the density of charged groups expressed in 

terms of moles per volume of adsorbed water (mol·L-1). The FCC was calculated according to the 

following equation:70 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹  𝐹 ���
������ × 𝜌𝜌� (5.3) 

where ρw is the density of the water in the membrane, typically assumed to be equivalent to the 

density of pure water.70 

 

5.3.4. Electrical resistance 
The electrical resistance of the manufactured IEMs was evaluated according to the protocol 

established by Galama et al.,71 by using a six-compartment cell as schematically outlined in Figure 

S5.1 in the Supporting Information. The membrane configuration in the setup consists of four 

CEMs, specifically CMX from Neosepta, while the AEM under investigation separates 

compartments A and B. An electrolyte solution such as 0.5 M NaCl was recirculated in 

compartments A, B, and C at 170 mL⋅min-1, while in compartment D, 0.5 M Na2SO4 was used. A 

potentiostat (Autolab AUT72398, Metrohm) with a four-electrode configuration was used to 

apply a current between the two Pt/Ir electrodes situated in compartments D. The potential 

across the membrane was recorded by using two Haber–Luggin capillaries (outer diameter 4.0 

mm, inner diameter 2.0 mm) placed on the side of the membrane under investigation and 

connected to Ag/AgCl electrodes. 

Specifically, the current (I) is increased gradually from 1 to 25 mA. For each value, the current 

is applied for 2 minutes to equilibrate the system, with the potential (V) recorded during the final 

8 seconds. Iterating this process across all current values results in a potential/current graph. The 
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angular coefficient of the extrapolated equation obtained from the data interpolation in the graph 

represents the electrical resistance (R) of the membrane (Ω) according to Ohm's law: 

𝑉𝑉 𝑉 𝑉𝑉 𝑉 𝑉𝑉  (5.4) 

However, this value also includes the electrical resistance generated by the 0.5 M NaCl electrolyte 

solution. Therefore, by removing the membrane under investigation between compartments A 

and B, it is possible to determine this contribution (Rs), which is then subtracted from the one 

obtained in the experiment involving the membrane. This process yields the specific electrical 

resistance of the membrane (Rm): 

𝑅𝑅� =𝑅𝑅  𝑅 𝑅𝑅�  (5.5) 

This value was then multiplied for the membrane's active area to obtain the membrane area 

resistance (Ω⋅cm2). 

 

5.3.5. Contact angle 
In order to evaluate the surface hydrophobicity, contact angles were measured through the 

captive bubble method. In this method, an air bubble (1 µL) is introduced beneath the membrane 

surface immersed in water, using a needle with a hook-like shape. The contact angles were then 

determined by analyzing the shape of the bubble at the membrane surface interface, using a 

contour analysis system (OCA35, DataPhysics Instruments, Germany). For each membrane, six 

drops at different locations were analyzed. 

 

5.3.6. SEM-EDX 
The surface morphology of the three membranes was examined through scanning electron 

microscopy (SEM) employing a JEOL JSM-6480LV electron microscope at 10 kV acceleration. 

Additionally, to evaluate the polymer distribution within the membranes, the elemental 

distribution of fluorine, chlorine, and nitrogen, was examined respectively for the PVDF-50, PVC-

50, and PAN-50 membranes using an energy-dispersive X-ray spectrometer (EDX). 
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5.4. Membrane performance 
 

5.4.1. Permselectivity 
The permselectivity refers to the ability of a membrane to selectively allow counter-ion while 

hindering co-ions. Following the procedure of Duglokecki et al.,69 the permselectivity of the 

manufacture AEMs was assessed in a two-compartment cell made of poly(methyl 2-

methylpropenoate) (PMMA), with a total solution volume of 0.2 L. Specifically, the potential 

across the membrane separating two electrolyte solutions (0.1 M and 0.5 M NaCl respectively) 

recirculating at a flow rate of 750 mL·min-1 was recorded using Ag/AgCl electrodes immersed in 

the solution. Subsequently, the membrane permselectivity (α), expressed as a percentage, was 

calculated using the following equation: 

𝑎𝑎 𝑎 𝑎𝑎𝑎𝑎 𝑎 ����������
�������������

  (5.6) 

where ΔVtheoretical is the theoretical Nernst membrane potential for a membrane 100% selective 

towards counter-ions. 

 

5.4.2. Permeability coefficients ratio 
The permeability coefficients ratio serves as a measure of the affinity between a membrane and 

two distinct counter-ions, providing a quick indication of the membrane selectivity. The 

experimental setup employed to determine this parameter mirrors that used for the 

permselectivity experiments. However, while on one side of the membrane a 0.1 M NaCl solution 

is still used, on the other side a 0.1 M NaNO3 solution is present now. The potential across the 

membrane was continuously monitored for a duration of 40 minutes using a Ag/AgCl electrodes. 

For the calculation, the averaged potential (ΔΨ) obtained after reaching steady-state conditions, 

approximately 10 minutes into the experiment, was utilized. The permeability coefficient ratio 

was determined using the following equation:25,72 

�����
����

= 𝑒𝑒�����   (5.7) 
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where F is the Faraday constant (96,458 A⋅s⋅mol-1), R is the universal gas constant (8.314 J⋅mol-

1⋅K-1), T is the absolute temperature (K), and 𝑃𝑃���� and 𝑃𝑃���  are the permeability coefficients of 

the counterions.  

 

5.4.3. Electrodialysis experiments 
In order to assess the performance of the manufactured AEMs in electrodialysis (ED) and thus 

determine the nitrate over chloride selectivity, the experimental setup and procedure reported 

in our previous work were used.52 The membrane configuration of the ED setup is reported in 

Figure 5.1, and consists of a total of five IEMs; three cation-exchange membranes (CMX from 

Neosepta) are alternated with two of the manufactured AEMs (PVC-50, or PAN-50), resulting in 

two cell pairs. Each membrane is separated from the adjacent one by a gasket with an integrated 

spacer, which has a thickness of 0.5 mm, and the available membrane area for ion transport is 20 

cm2. 

Two platinum-coated titanium mesh electrodes are present in the setup, with a solution of 1 L 

of 0.1 M Na2SO4 recirculating in these compartments. In the outlets of the electrode 

compartments, two Ag/AgCl electrodes are placed to measure the potential across the five 

membranes.  

The experiments are carried out in batch mode with a current density set at 20 A⋅m-2, 

employing a potentiostat (Autolab AUT72157, Metrohm) as the current source. Experiments were 

conducted in triplicate for each membrane, with a duration of 3 hours, corresponding to a 

theoretical anion removal of 90 %. The initial composition of the electrolyte solutions in the two 

reservoirs is 0.1 L of 0.05 M NaNO3 and 0.05 M of NaCl. 
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Figure 5.1: Schematic representation of the ED setup used to determine the nitrate over chloride 
selectivity of the manufactured PVC-50 and PAN-50 AEMs. See Section 5.4.3 for a detailed explanation of 
the system. Light and dark blue stand for diluate and concentrate stream, respectively. 
 

Samples from the diluate and the concentrate reservoirs were taken at intervals of 30 min and 

analysed by ion chromatography (IC) to determine the ion concentrations. The values obtained 

were used to assess the nitrate over chloride selectivity (𝑆𝑆������
�

) over time, employing the equation 

reported in a previous contribution in literature:16,25,52 

𝑆𝑆������
� � �∆�����∆����

�
�����������

× � ���������
�
�������

  (5.8) 

where ∆𝐶𝐶���� and ∆𝐶𝐶���  refer to the change of the concentration of the indicated ion in the 

concentrate reservoir between two samples, while 𝐶𝐶����  and 𝐶𝐶���  represent the concentration of 

the ions in the diluate compartment. Theoretically, the concentration of nitrate and chloride in 

the diluate compartment to be used should ideally be the one at the membrane surface21. 

However, it is commonly accepted in literature to approximate these concentrations to the 

concentration in the bulk solution.73,74 Therefore, at high degree of desalination this equation 
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might present limitations due to the presence of the concentration polarization effect.75 

However, in order to allow a direct comparison of our results with those reported in literature, 

concentration polarization effects are neglected and the concentrations of the ions are 

approximated to those in the bulk throughout the entire ED process. 

Another relevant parameter from an application point of view is the recovery ratio (Ri), which 

for an ion (i) is calculated according to the equation reported by Chen et al.:76 

𝑅𝑅� = �����������)
������

× 100  (5.9) 

Here, Cct, Cc0 and Cd0 represent the concentrations of the ion at time t and 0, respectively, in the 

concentrate and dilute streams. Similarly, Vct and Vd0 denote the volumes in the concentrate and 

dilute at time t and 0, respectively. 

The coulombic efficiency (η) of the experiments was calculated according to the equation: 

� = �𝐽𝐽� + 𝐽𝐽�� �
�   (5.10) 

where F is the Faraday constant (96,458 A⋅s⋅mol-1), i is the current density applied (A⋅m−2), and Ji 

and Jj are the ionic fluxes, expressed in mol⋅m−2⋅s−1, across the membranes for the two counter-

ions, which, for a monovalent ion (i), is defined by the following equation: 

𝐽𝐽� = �
� × ∆��

∆�   (5.11) 

where V (m3) and ΔCi (mol⋅L-1) are respectively the volume and the variation of the ion 

concentration in the concentrate stream, A (m2) is the surface membrane area, and Δt (s) is the 

time of the experiments. 

Lastly, the energy consumption (E) was measured according to our previous work52 in kilojoules 

per gram of nitrate recovered, using the following equation 

𝐸𝐸 𝐸 ∆��������∆�
∆����� ������

  (5.12) 

where ΔVstack represents the average stack potential (V), i is the applied current density (A⋅m−2), 

A is the membrane surface area (m²), Δt denotes the duration of the experiments (s), ∆𝑛𝑛����  is 
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the change in moles of nitrate in the concentrate stream, and 𝑀𝑀𝑀𝑀���� is the molecular weight of 

nitrate (g⋅mol-1). 

 

5.5. Results and discussion 
 

5.5.1. Membrane characterization 
5.5.1.1. Membrane preparation 
Two membranes were successfully manufactured via casting by mixing the selected polymer (PVC 

or PAN), with the ionomer solution (Fumion FAS-24) in a ratio 50:50. This ratio was selected 

accordingly to our previous studies on PVDF-based membrane,25,52 in such a way to compare 

membranes with the same amount of ionomer, and therefore focusing on the influence of the 

non-charged polymer added (PVDF, PVC, or PAN). The two membranes manufactured in this 

study are labelled as PVC-50 and PAN-50, and Table 5.2 reports some of the chemical and physical 

properties of the PVC-50 and PAN-50 membranes investigated in this study, along with those of 

the PVDF-50 membrane obtained in our previous work.52 

 

5.5.1.2. IEC, WU, and FCC 
As reported in Table 5.2, the IEC values for the three membranes are reasonably similar. This 

aligns with our expectations, considering that the same amount of ionomer solution (Fumion FAS-

24) and polymers (PVC, PAN, and PVDF) were used for all membranes. Considering that the IEC 

influences the WU — typically membranes with high IEC present high values of the WU77–81 — in 

the case of the membranes under investigation, the variation of the WU among the membranes 

can be attributed to the different nature of the polymers used. Indeed, as expected, the PVDF-50 

membrane exhibits the lowest water sorption due to the inherently higher hydrophobic nature 

of the polymer PVDF.82–85 Moreover, we can also observe that the water uptake trend aligns with 

that of the wet membrane thickness, i.e. PAN-50 > PVC-50 > PVDF-50, where membranes with 

higher water uptake present higher thickness. Additionally, combining the IEC and WU allows one 

to calculate the fixed charge concentration (FCC) of the membranes. As evident from Table 5.2, 

with the IEC being constant, the trend of FCC aligns inversely with that of WU, following the order 

PAN-50 < PVC-50 < PVDF-50. Therefore, since the distance-dependent electrostatic interaction 
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between the mobile counterions and the fixed charged groups in the membrane follows 

Coulomb's law,23,86 within the PVDF-50 membrane, the counterions can experience a larger 

electrostatic interaction due to the higher FCC. 

 

5.5.1.3. Electrical resistance 
The membrane electrical resistance values reported in Table 5.2 show the following trend: PVDF-

50 > PVC-50 > PAN-50. Given the similar IEC values for the various membranes, and considering 

that a correlation exists between the IEC and the electrical resistance87 – membranes with higher 

IEC values exhibit lower electrical resistance – this result indicates that the electrical resistance is 

influenced by the nature of the polymer. In this context, it is worth comparing the manufactured 

membranes with two commercial membranes such as AMX and ACS from Neosepta. These 

commercial membranes possess IEC values of 2.1 and 1.9 mmol·g-1, respectively, which is almost 

three times higher than those of the PAN-50, PVC-50, and PVDF-50 membranes. Consequently, 

their electrical resistance values are 3.1 and 3.9 Ω·cm2, respectively, which are three to four times 

lower than those observed for the membranes investigated in this study. This can limit the 

application of the manufactured membranes at high current density since a higher electrical 

resistance results in a higher energy consumption.52 
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Table 5.2: Chemical and physical properties of the PVC-50 and PAN-50 membranes investigated in this 
study, along with those of PVDF-50. (Chapter 4)52 
 

 

 

5.5.1.4. Contact angle analysis 
The hydrophobic nature of the PAN-50 and PVC-50 membranes was investigated by determining 

their contact angles, measured through the captive bubble method. In Figure 5.2, the obtained 

values are reported and compared with those of the PVDF-50 membrane described in our 

previous work (Chapter 4)52. The observed contact angle trend PVDF-50 > PVC-50 > PAN-50 can 

be attributed to the different nature of the polymers employed, where the use of more 

hydrophobic polymers imparts a larger hydrophobicity to the membrane. 

The contact angle values displayed in Figure 5.2 for the three membranes are considerably 

higher than those of the two commercial AMX and ACS membranes, which were reported to be 

26° and 52° respectively (Chapter 4).52 Generally, by increasing the IEC, a membrane becomes 

more hydrophilic due to the increased amount of charged moieties.81,77 As a result, membranes 

with higher IEC values tend to have typically higher water content,77–81,88 as we also observed in 

our previous study (Chapter 3).25 As previously discussed, the IEC values of the AMX and ACS 

membranes are higher than those of PAN-50, PVC-50, and PVDF-50. This indicates that a strategy 

to increase the hydrophobicity of a membrane is decreasing its IEC.  Along these lines, Tekinalp 

et al.22 modified poly(2,6-dimethyl-1,4-phenylene oxide) by introducing quaternary ammonium 

Membrane Composition 
(wt%:wt%) 

Polymer 
structure 

Thickness 
(μm) 

IEC 
(meq⋅⋅g-1) WU (%) FCC  

(mol·L-1) 

Electrical 
Resistance 

(Ω cm2)  

PAN-50 
PAN:Fumion 

FAS-24 = 
50:50  

100-105 0.75 ± 0.01 15.0 ± 0.4 5.0 ± 0.2 8.8 ± 0.1 

PVC-50 
PVC:Fumion 

FAS-24 = 
50:50  

95-100 0.72 ± 0.01 9.5 ± 0.4 7.7 ± 0.3 9.4 ± 0.1 

PVDF-50 
PVDF:Fumion 

FAS-24 = 
50:50 

 

80-85 0.74 ± 0.02 6.5 ± 0.8 11.0 ± 0.8 11.5 ± 0.3 
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groups using trimethylamine to produce AEMs. Specifically, increasing the functionalization 

reaction temperature enabled them to increase the incorporation of quaternary ammonium 

groups into the polymeric backbone, thereby increasing the IEC. Their examination of water 

contact angles and WU revealed a reduction in membrane hydrophobicity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Contact angle values obtained through captive bubble method for the PAN-50, PVC-50, and 
PVDF-50 membranes; optical images of the membranes and air bubbles are provided on top of each bar. 

 

5.5.1.5. SEM-EDX analysis 
The SEM images of the PVDF-50, PVC-50, and PAN-50 membranes, obtained with a magnification 

of ×1,000, along with their respective EDX analyses, are presented in Figure 5.3. Additional SEM 

images at ×500 and ×1,500 magnifications are provided in Figure S5.2 of the Supporting 

Information. All membranes present a compact structure without visible voids. The EDX analysis 

focused on the distribution of fluorine (F), chlorine (Cl), and nitrogen (N) respectively in the PVDF-

50 (Figure 5.3 a1)), PVC-50 (Figure 5.3 b1)), and PAN-50 (Figure 5.3 c1)) membranes. The images 

confirm a similar and even distribution of the three polymers within the membranes. The 

presence of oxygen (O) and bromine (Br) in the EDX analysis can be attributed to the ionomer 

(Fumion FAS-24), which also turns out to be evenly distributed. The assignment that goes along 

Air bubble Membrane 
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with this elemental mapping is supported by the analysis of a polymer-free membrane containing 

this component exclusively, as illustrated in Figure S5.3 of the Supporting Information. 

 
Figure 5.3: SEM images obtained with a magnification of ×1,000 for a) PVDF-50, b) PVC-50, and c) PAN-50. 
Images of the EDX analysis for each membrane are placed below the SEM images. The images with 
subscript 2, 3, and 4, indicate the element carbon (C), oxygen (O), and bromine (Br) for all membranes, 
while with subscript 1 we refer to fluorine (F) for the PVDF-50 membrane, to chlorine (Cl) for the PVC-50 
membrane, to nitrogen (N) for the PAN-50 membrane. 
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5.5.2. Membrane performance 
 

5.5.2.1. Permselectivity and permeability coefficient ratio 
Figure 5.4 displays the measured values of permselectivity and permeability coefficient ratio for 

the three membranes. Notably, all membranes exhibit a permselectivity value exceeding 90%, a 

result that is consistent with existing literature.69  

While the permeability coefficient ratio of the PVDF-50 and PVC-50 membranes are as high as 3 

and similar, the one of PAN-50 was found to be lower (Figure 5.4). Despite this difference, all 

membranes possess a higher permeability value compared to those of the two commercial 

membranes AMX and ACS (1.5 and 1.9, respectively) (Chapter 4)52. The reduced value for PAN-50 

can be attributed to its lower surface hydrophobicity, leading to a decreased affinity between 

nitrate and the membrane. On the other hand, given the observed differences in hydrophobicity 

for PVDF-50 and PVC-50, one might have expected a higher value for the former than the latter. 

Therefore, while this method serves as a quick indicator of a membrane's selective behavior,73 

we proceed conducting electrodialysis experiments for a more precise determination of 

selectivity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Permselectivity and permeability coefficient ratio values of the PAN-50, PVC-50, and PVDF-50 
membranes. Experiments have been conducted in triplicate. 
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5.5.2.2. ED experiments 
In this section, we present the experimental results of the transport of nitrate and chloride 

through the PVC-50 and PAN-50 membranes, obtained in batch-mode electrodialysis. These 

results are compared with those obtained in our previous work for the membrane PVDF-50 

(Chapter 4).52 Over time, we observed changes in the levels of nitrate and chloride in the two 

reservoirs for the two membranes (refer to Supporting Information Figure S5.4). The 

concentrations increased in the concentrate reservoir and declined in the diluate reservoir, with 

the nitrate showing a higher increasing rate than the chloride in the concentrate reservoir. The 

coulombic efficiency for all experiments was in the range of 93–97 %. 

The nitrate over chloride selectivity was calculated over time according to Equation 5.8, and the 

values obtained are presented in Figure 5.5 along with those of the PVDF-50 membrane. The data 

highlights that the PVC-50 membrane exhibits the highest selectivity, while PVDF-50 and PAN-50 

show comparable selectivity, albeit with slightly lower values for PAN-50. This is further evident 

when analyzing the trends of the nitrate and chloride recovery ratios over time, as shown in 

Figure 5.6 and obtained using Equation 5.9. Specifically, while the PAN-50 membrane exhibits 

slightly lower nitrate recovery compared to PVDF-50, the PVC-50 membrane allows for higher 

nitrate recovery and lower chloride recovery. Moreover, we can also observe that for all 

membranes, after 2 hours, corresponding to a 60% degree of desalination, the rate of nitrate 

increase becomes lower, while the rate of chloride increases than in the previous 2 hours, as 

reflected by the changes of the slopes in Figure 5.6. This is attributed to the faster nitrate 

depletion compared to chloride in the diluate, where the remaining nitrate quantity is not 

sufficient to sustain the fixed ionic flux of 3 mmol·h-1. Indeed, the residual amounts of nitrate and 

chloride in the diluate at 2 hours for the PVC-50 membrane are 1.0 and 3.1 mmol, respectively. 

Thus, with a flux of 3 mmol·h-1, it is evident that nitrate alone is not sufficient to sustain the flux. 

Therefore, while extending the ED for a longer duration may indeed lead to higher nitrate 

recovery, it should be noted that this comes at the cost of increased chloride contamination. 

Compared to the selectivity values of the commercial membranes reported in one of our 

previous studies (selectivity values from ~1.8 to ~1.2 for AMX and ~2.8 to ~1.3 for ACS, from 0.5 

to 3 h, respectively) (Chapter 4),52 at any time, the selectivity values of all three membranes are 

higher (Figure 5.5). This supports the efficacy of reducing the IEC by incorporating non-charged 
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polymers to increase the membrane's hydrophobicity and thus achieve improved nitrate 

selectivity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Trends of the nitrate over chloride selectivity obtained by ED for the PVC-50, and PAN-50 
membranes manufactured in this study, along with that of the PVDF-50 membrane reported in our 
previous work. Experiments were repeated in triplicate for each membrane. 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Trends of the recovery ratio of nitrate (solid lines) and chloride (dashed lines) obtained by ED 
for the two manufactured PVC-50 and PAN-50 membranes, along with those of the PVDF-50 membrane 
reported in our previous work. 



132 | C h a p t e r  5  
 

As mentioned in the introduction, our initial decision to use a polymer with intrinsic hydrophobic 

characteristics such as PVDF was influenced by its extensive use in membrane technology and by 

existing literature suggesting a correlation between increased membrane hydrophobicity and 

enhanced nitrate selectivity. Our previous studies (Chapters 3 and 4),25,52 confirmed that higher 

concentrations of PVDF indeed result in increased nitrate selectivity and we associated this effect 

to the increased membrane's hydrophobicity as reflected by the contact angle obtained 

compared to those of AMX and ACS. Therefore, based on these findings, we expected the PVDF-

50 membrane to outperform PVC-50 and PAN-50, given its higher surface hydrophobicity, as 

illustrated in Figure 5.2. However, the results reported in the current study suggest that while an 

increased membrane hydrophobicity is crucial for enhancing nitrate selectivity, other factors 

should also be evaluated. Specifically, we recommend also considering the membrane's FCC. 

Previous research conducted by Epsztein et al.23 highlighted the role of dehydration-induced 

adsorption at the water-membrane interface in ion selectivity. However, they also proposed that 

ions with a lower dehydration energy, such as nitrate, form stronger interactions with the 

membrane's charged groups, resulting in slower diffusion. 

Therefore, by analyzing the fixed charge concentration of the three membranes (Table 5.2), we 

hypothesize that despite PVDF's higher surface hydrophobicity favoring nitrate adsorption over 

chloride, its elevated FCC hinders nitrate diffusion due to increased interaction with the 

membrane's charged groups. On the other hand, while the PAN-50 membrane presents the 

lowest surface hydrophobicity, its FCC is also the lowest observed in the series of investigated 

polymers, which can explain the similarity in the selectivity data of the PAN-50 and PVDF-50 

membranes, though slightly lower. Therefore, we hypothesize that the PVC-50 membrane strikes 

a balance between surface hydrophobicity and FCC, making it – within the window of chosen 

polymers – the optimal choice for improved nitrate selectivity. 

The higher selectivity displayed by the PVC-50 membrane presents an opportunity for further 

research. Based on our previous studies (Chapters 3 and 4),25,52 which correlated a higher PVDF 

concentration with a higher nitrate selectivity, we hypothesize that by using PVC one can achieve 

selectivity values similar to those of the PVDF-50 membrane but with a lower percentage of 

polymer used.  
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Additionally, further membrane development is expected to benefit from obtaining a more 

detailed current-voltage characteristics, e.g. along the lines of a recent contribution of 

Zimmerman et al.89 which investigated the role of the limiting current density (LCD) as a selectivity 

promoter in removing target ions from concentrated solutions using ED. In this study, the 

boundary-layer method was introduced to determine ion-specific LCD values and by operating 

the ED unit at the specific LCDs of target ions, the impact on the separation efficiency between 

counter-ions was demonstrated. This approach promoted monovalent selectivity in a multi-ionic 

mixture containing chloride, fluoride, and sulfate while minimizing energy consumption. These 

insights are valuable in exploring the performance of future membranes and optimizing their 

selectivity and efficiency across varying current densities. 

Lastly, it is worth noting that the energy consumption values calculated using Equation 5.12 for 

the three manufactured membranes (PVDF-50, PVC-50, and PAN-50) are about 20-35% higher 

than those obtained in our previous study (Chapter 4)52 for the two commercial membranes, AMX 

and ACS (Table 5.3). However, we consider the increased energy consumption to be a reasonable 

trade-off given that the three manufactured membranes exhibit higher selectivity than the 

commercial ones. 

 

Table 5.3: Energy consumption obtained for the batch-mode ED experiments at 20 A·m-2 for the PVDF-50, 
PVC-50, PAN-50, ACS, and AMX membranes. 

 

 

 

 

5.6. Conclusion 
To identify more environmentally sustainable polymers for AEMs with enhanced nitrate 

selectivity, we explored PVC and PAN as alternatives to PVDF, which previously demonstrated the 

best-reported nitrate selectivity. Via a casting process using PVC and PAN in combination with an 

ionomer solution, two AEMs were manufactured successfully. 

Our findings show that all membranes have higher nitrate selectivity than the commercially 

available ones. This is attributed to increased hydrophobicity, which enhances membrane-nitrate 

 PVDF-50 PVC-50 PAN-50 ACS AMX 

E (kJ⋅g-1 NO3) 0.57 0.61 0.60 0.48 0.45 
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affinity. Among the polymers investigated, the PVC-based membrane outperforms both the PVDF 

and PAN-based ones, with the latter having slightly lower selectivity than the former. 

Considering the superior hydrophobic nature of the PVDF membrane, the correlation "increased 

hydrophobicity = increased nitrate selectivity" alone does not explain the higher nitrate-selective 

performance of the PVC membrane. We, therefore, examined the difference in fixed charge 

concentration between the membranes, suggesting its influence on the selectivity mechanism. 

Specifically, membranes with higher fixed charge concentrations, like the PVDF one, provide more 

opportunities for mobile ions to interact with fixed charges. Consequently, the mobility of less 

hydrated ions like nitrate, is impeded, leading to lower diffusion rates compared to more 

hydrated ions like chloride. 

In conclusion, our study suggests balancing hydrophobicity and fixed charge concentration in 

membrane manufacturing to achieve optimal nitrate selectivity. 
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Supporting information 
 

Table S5.1: Physicochemical properties of Fumion FAS-24. 
 

 
 

Table S5.2: Chemical and physical properties of the commercial Neosepta, AMX, ACS, and CMX 
membranes.52 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5.1: Schematic representation of the six-compartment cell used to measure the membranes 
electrical resistance. See text (Section 5.3.4) for an explanation of the compositions of solutions A, B, C, 
and D. 

 Appearance Matrix Functional 
group Counter-ion IEC (meq/g) 

Fumion FAS-
24 

Solution 24 
wt% in NMP 

Polyaromatic 
polymer 

Quaternary 
ammonium Bromide 1.7-1.9 

Membrane Composition Thickness 
(μm) 

IEC 
(meq⋅⋅g-1) 

Water 
Uptake (%) 

Electrical 
resistance 

(Ω cm2) 

AMX Styrene-divinyl benzene 
reinforced with PVC 140 2.1 ± 0.04 22 ± 0.7 3.1 ± 0.1 

ACS 

Styrene-divinyl benzene 
reinforced with PVC, with 

highly cross-linked layer on 
both of the membrane surfaces 

120 1.9 ± 0.03 26 ± 0.6 3.9 ± 0.1 

CMX 

Cross-linked sulfonated 
styrene–divinylbenzene 

copolymer (45–65 %) and 
polyvinylchloride (45–55 %) 

150 2.5 ± 0.05 30 ± 0.8 2.8 ± 0.1 
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Figure S5.2: SEM images obtained with a magnification of X500 and X 1,500 for the membranes A) PVDF-
50, B) PVC-50, and C) PAN-50. 
 

 
 
 
 
 

A) 

B) 

C) 
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Figure S5.3: SEM images obtained with a magnification of X1,000 and relative EDX analysis for the 
membrane made only with the ionomer solution and labelled as FAS-24. Picture a) is related to the SEM 
image, while b), c), and d) are the EDX analysis of carbon, oxygen, and bromide. 
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Figure S5.4: Trends of the nitrate and chloride concentration in the concentrate top) and diluate (bottom) 
reservoir obtained by ED for the membranes PAN-50 (Panel A) and PVC-50 (Panel B). Experiments were 
conducted in triplicate. 
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This chapter is dedicated to consolida�ng the insights gleaned from the preceding chapters and 

o�ering brief re�ec�ons on poten�al outloo�s for further explora�on. 

 

6.1. Thesis outcomes 

The aim of this thesis was to develop new anion-exchange membranes (AEMs) for the challenging 

selec�ve separa�on of two monovalent ions, nitrate and chloride. Several AEMs were 

manufactured and extensively characterized in order to gain insights on the parameters involved 

in the selec�vity mechanism such as the membrane hydrophobicity and ion dehydra�on. 

�urthermore, to iden�fy the �ey parameters of a membrane-based purifica�on process designed 

for the selec�ve recovery of nitrate from a water stream that also contains chloride, we first 

developed a modelling tool. The findings of this study allowed us to define the re�uired separa�on 

criteria for the membranes when applying the modelling to a real-case scenario, such as trea�ng 

wastewater streams from a fer�lizer plant. �ollowing is an overview of the main findings of each 

chapter. 

 

Chapter 2: �o�elling the re�uire� mem�rane selec�vity for ��3⁻ recovery from effluent also 

containing Cl⁻, while saving water. 

�n this chapter, numerical simula�ons based on a mass balance were carried out to describe the 

composi�on of a water stream containing nitrate and chloride being processed in a membrane-

based water treatment. The membrane unit was designed to selec�vely allow the permea�on of 

nitrate, while impeding chloride, thereby forming a nitrate-rich stream (permeate) and a chloride-

rich stream (retentate). �epending on the selec�vity of the membrane, the nitrate-rich stream 

may be more or less contaminated with chloride. 

�ni�ally, several simula�ons were performed to inves�gate the �ey process parameters a�ec�ng 

the membrane selec�vity, such as the nitrate�chloride ra�o in the stream entering the water 

treatment, the frac�on of nitrate permea�ng the membrane, and the frac�on of retentate 

recycled to reduce fresh water consump�on. �t was observed that a higher nitrate�chloride ra�o 

in the incoming stream of the water treatment results in a lower re�uired membrane selec�vity 

to achieve a certain nitrate purity in the permeate compared to lower nitrate�chloride ra�os. 



6

G e n e r a l  d i s c u s s i o n  | 149 
 

The frac�on of nitrate permea�ng the membrane in�uences the amount of nitrate remaining in 

the retentate, recycled within the system. Consequently, higher values of this frac�on result in 

lower purity of nitrate in the permeate stream for a certain membrane selec�vity value. 

Furthermore, the purity of nitrate in the permeate is adversely affected by the frac�on of 

retentate recycled, as chloride accumulates in the system. Thus, higher membrane selec�vity 

values are necessary when the recycled frac�on is increased to achieve results comparable to 

those obtained with a lower recycled frac�on. 

�ased on these �ndings, the mathema�cal model was applied to a real-life case involving nitrate 

recovery from wastewater e�uents at �ara�s �P� fer�lizer plant produc�on facility in Porsgrunn, 

�orway. The ob�ec�ve was to determine the minimum membrane selec�vity required to maintain 

the chloride concentra�on in the permeate stream below a speci�ed threshold. The permeate 

stream, enriched with nitrate, is recycled at the fer�lizer plant, and the chloride thresholds are 

de�ned by �ara based on the grade of fer�lizer produced. Four different scenarios were analyzed, 

resul�ng in required membrane selec�vity values ranging from 3 to 30. 

 

�ha��er �� �e�ec��e se�ara�on o� ni�ra�e �rom ch�oride �sing ��DF-based anion-exchange 

membranes. 

�n this chapter, the selec�ve nitrate�chloride separa�on was inves�gated by manufacturing and 

characterizing PVDF-based anion-exchange membranes. Membranes with varying PVDF 

concentra�ons (ranging from 0 to 50 wt%� were fabricated by cas�ng. Characteriza�on results 

revealed a decrease in membrane water uptake with increasing PVDF concentra�on, a�ributed to 

heightened membrane hydrophobicity. 

The permeability coe�cient ra�o, a measure of the a�nity between the membrane and the two 

counter-ions, was determined by measuring the bi-ionic poten�al. Results showed the opposite 

trend compared to that of the water uptake, with the membrane containing 50 wt% of PVDF, 

labelled as PVDF-50, showing the highest value. This membrane, together with the membrane 

manufactured only using the ionomer solu�on, labelled as PVDF-0, and a commercial one (AMX 

from �eosepta� were tested under constant current condi�ons. 
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While the PVDF-0 and AMX membranes exhibited similar low nitrate over chloride selec�vity in 

this inves�ga�on, the PVDF-50 membrane displayed a selec�vity that was nearly twice as high. 

Selec�ve boundary layer effects were ruled out, sugges�ng ion selec�vity primarily stems from 

increased affinity between the anion and the membrane, favoring less hydrated ions for transport. 

To further validate the possibility of addressing ion selec�vity based on differences in hydra�on 

energy, PVDF-50 was tested with a mul�-ion solu�on, which included bromide and fluoride ions 

next to nitrate and chloride. By measuring the ionic flux through the membrane under constant 

current condi�ons, we obtained a preferen�al permea�on order of nitrate > bromide > chloride > 

fluoride, correla�ng with the hydra�on energy trend. 

Addi�onally, we inves�gated the compe��ve transport of nitrate, chloride, and sulfate through 

PVDF-50. �esults indicate preferen�al transport of monovalent ions, with sulfate accoun�ng for 

10 %. 

 

Chapter 4: �e�e���e e�e�tr�d�a��s�s: �ar�e��� ��trate ��er �h��r�de �s��� PVDF-based AEMs. 

In this chapter we examined the performance of the most effec�ve membrane reported in 

Chapter 3, PVDF-50, in electrodialysis for the selec�ve separa�on of nitrate from chloride. In 

par�cular, the membrane PVDF-50 was compared with two commercially available membranes 

(ACS and AMX from Neosepta), by measuring the nitrate/chloride selec�vity over �me. 

Experimental results showed the superior performance of the PVDF-50 compared with the other 

two membranes. The membrane hydrophobicity was assessed to determine whether the 

increased nitrate selec�vity was related to the superior hydrophobicity of PVDF-50. The values of 

the contact angle, obtained via the cap�ve bubble method, showed that the hydrophobicity 

increases in the order of PVDF-50 > ACS > AMX, confirming our hypothesis. 

Addi�onally, the performance of the PVDF-50 membrane was also assessed in electrodialysis, 

doubling the current density. The results showed that the nitrate recovery was not affected by the 

varia�on of the current density. 

Considering that with the classic configura�on of an electrodialysis stack, it is not possible to 

prevent the transport of chloride, we also explored an alterna�ve membrane configura�on where 

AEMs with different nitrate selec�vity were alternated. The aim of this configura�on is the 
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contemporary deple�on of chloride and nitrate concentra�on in one stream while the opposite 

changes take place in the other stream. Experiments were conducted at two different current 

densi�es, and despite proving the system's feasibility, the nitrate's increase and the chloride's 

decrease were found to be modest. However, with further membrane and system development, 

this approach has the poten�al to become compelling. 

 

Chapter 5: Effect of polymeric matrix in anion-exchange membranes on nitrate-chloride 

separa�ons� 

In this chapter we inves�gated the impact of using different, �uorine-free polymeric matrices 

instead of PVDF to manufacture anion-exchange membranes for the selec�ve separa�on of nitrate 

from chloride. Following the procedure described in previous chapters, two membranes were 

prepared using polyvinyl chloride (PVC) and polyacrylonitrile (PAN), in combina�on with the 

ionomer solu�on Fumion FA�-�� in a 50:50 ra�o. The characteris�cs and performance of these 

membranes were compared with those of the PVDF-50 membrane reported in Chapters 3 and 4. 

Results showed that while the PVDF-50 membrane exhibited the highest hydrophobic nature, 

the PVC-based membrane demonstrated higher nitrate selec�vity, whereas the PAN-based 

membrane presented slightly lower selec�vity. The higher selec�vity of PVC-50 was unexpected 

given its lower hydrophobicity compared to PVDF-50. Therefore, while we s�ll consider increasing 

membrane hydrophobicity as an effec�ve method to enhance nitrate selec�vity�which is 

corroborated by the fact that all the manufactured membranes exhibited a higher selec�vity than 

those of the two commercial membranes A�� and AC��we also iden�fy the fixed charge 

concentra�on as another poten�ally in�uen�al parameter in the selec�ve behavior of 

membranes. Indeed, considering that less hydrated ions like nitrate form stronger interac�ons 

with the fixed charge groups of the membrane compared to chloride, the diffusion of nitrate will 

be slowed down in membranes with higher fixed charge concentra�ons, such as PVDF-50. In 

conclusion, we believe that the higher nitrate selec�vity of PVC-50 is due to a good balance 

between hydrophobicity and fixed charge concentra�on. 

 

 



152 | C h a p t e r  6  
 
6.2. �ntegra�on o� e�peri�ental sele���it� res�lts �ith theore��al �odelling 

The theore�cal modelling study conducted in Chapter 2 provided us with insights into the key 

process parameters of a membrane-based puri�ca�on system designed for selec�vely recovering 

nitrate while discharging chloride. Based on these insights, we were also able to iden�fy the 

re�uired membrane selec�vity once the proposed model was applied to treat the wastewater 

streams from �ara's fer�li�er plant produc�on in Porsgrunn, Norway. Based on the company's 

parameters in terms of nitrate and chloride concentra�on, four cases were inves�gated resul�ng 

in four dis�nct values of the minimum re�uired membrane selec�vity, respec�vely 3, �, �3, and 

30. �hile both our research and exis�ng literature are �uite far from achieving selec�vity values 

of �3 and 30, our membranes could poten�ally be used in cases where the re�uired selec�vity is 

3. 

Indeed, as observed in Chapters 4 and 5, the experimental selec�vity obtained for the 

membranes PAN-50, PVDF-50, and PVC-50 was found to be above this value. Notably, the highest 

selec�vity demonstrated by PVC-50 indicates that this membrane is the best candidate for further 

improving membrane design. Indeed, as described in Chapter 3, increasing the concentra�on of 

a non-charged polymer in manufacturing AEMs enhances the membrane's nitrate selec�vity but 

also its electrical resistance. This larger electrical resistance results in higher energy consump�on, 

as reported in Chapter 4, where the membrane PVDF-50 was compared with two commercial 

membranes, AM� and AC�, which respec�vely possess an electrical resistance that is three and 

four �mes lower than that of PVDF-50. Therefore, one poten�al strategy could be reducing the 

concentra�on of PVC to lower the electrical resistance, and thus the energy consump�on, while 

keeping the resul�ng selec�vity above the re�uired value of 3. Addi�onally, lower electrical 

resistance leads to a higher limi�ng current density, which allows for opera�on at higher current 

densi�es, reducing the dura�on of the process. �hile in Chapter 4 we found that the performance 

of PVDF-50 was not in�uenced by current density, conduc�ng a similar test to inves�gate the PVC-

50 membrane would be interes�ng. 

Another way to reduce the membrane's electrical resistance was reported in Chapter 3, where 

a thinner PVDF-50 membrane (45 μm in thickness) was manufactured. This thinner membrane 

exhibited nearly half the electrical resistance of the thicker PVDF-50 while maintaining similar 
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characteris�cs in terms of nitrate�chloride separa�on. However, this thin, low-resistance 

membrane has not been examined in ED yet, a test that would be interes�ng to perform. �s a 

thinner membrane may also result in a lower mechanical strength, limi�ng its applicability in ED 

and other separa�on systems, it is noted that further research is warranted to assess its overall 

feasibility and performance. 

Instead of decreasing the ��� concentra�on, which has been discussed previously, we can 

consider increasing the ��� concentra�on in the membrane to achieve the selec�vity value of � 

obtained from the modelling. This approach is expected to enhance nitrate selec�vity but will also 

result in higher energy consump�on due to increased electrical resistance. 

In this thesis, we decided not to exceed 50 wt% of the non-charged polymer to avoid a significant 

increase of the membrane's electrical resistance. However, further research could explore 

exceeding this limit to achieve higher selec�vity values, accep�ng the trade-o� of increased 

electrical resistance and higher energy consump�on. 

In conclusion, based on the discussions above, we wish to underscore the modular applica�on 

of the proposed method in manufacturing nitrate-selec�ve anion-exchange membranes. 

�udicious control over the nature and concentra�on of the non-charged polymer, along with the 

membrane thic�ness, has the poten�al to engineer membranes with a specific range of selec�vity 

and tuned characteris�cs such as electrical resistance and mechanical strength. 

Lastly, while modifying the membrane to achieve a specific selec�vity is a valid strategy, the 

opera�onal condi�ons of the membrane-based purifica�on system can also be adjusted and 

op�mi�ed to reduce the re�uired membrane selec�vity. �ar�cularly, decreasing the �uan�ty of 

water recycled within the system is beneficial in this regard, as evidenced by the finding discussed 

in Chapter 2. Indeed, while recycling more water reduces fresh water consump�on, it also results 

in a higher concentra�on of chloride building up in the system. 

 

6.3. ���e����� ��p�e�e�ta��� 

To e�ec�vely further validate the modelling outlined in Chapter 2, it would be helpful to consider 

assessing the performance of the manufactured membranes under the concentra�on condi�ons 
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defined in the model. Specifically, we decided to neglect water transport through the membrane, 

a common approach in modelling studies.1,2 

However, it is noteworthy that the manufactured membranes exhibit some water uptake, albeit 

lower than commercial membranes. Moreover, while the mul�-ionic experiment described in 

Chapter 3 elucidated the rela�onship between preferen�al permea�on and lower dehydra�on 

energy, it does not defini�vely indicate complete dehydra�on of ionic species at the membrane, 

as for example occurs in the case of a supported liquid membrane for the potassium/sodium 

selec�ve separa�on as described by �ian et al.3,4 

Consequently, while literature supports our assump�on of par�al ion dehydra�on,5–7 the 

possibility of water transport via the hydra�on shells of migrated ions and via diffusion due to the 

concentra�on gradient through the membrane remains plausible. This would reduce the ion 

concentra�on in the concentrate stream due to dilu�on and affect the system's water balance, 

requiring, for example, more fresh water to be added at the mixer. 

 

6.4. ��te��a� app���a���� �� the �a���a�t�re� ���� 

�n the introduc�on, we brie�y outlined the scope of nitrate-selec�ve AEMs for applica�ons related 

to closing water loops in greenhouses as well as trea�ng industrial process water and 

contaminated water. 

For greenhouses, there is an increased emphasis among researchers on selec�vely separa�ng 

potassium, a macronutrient, from sodium.3,4,8–10 This focus aims to eliminate sodium from water 

streams in closed-loop systems to prevent its detrimental effects on crops.11,12 Conversely, nitrate, 

a macronutrient as well, and chloride separa�on has received less a�en�on, although chloride 

also nega�vely affects crops.13 

Recently, towards the end of the work described in the current thesis, a poten�al applica�on is 

illustrated in a recent study by Guleria et al.,13 where an efficient AEM- and CEM-supported 

capaci�ve electrodialysis �CE�� process was developed to facilitate water reuse, obtained as a 

diluate stream with low sodium concentra�on, and resource recovery, obtained as a concentrate 

stream, for greenhouse wastewater. Their research successfully recovered nutrients but 

highlighted the cri�cal need to prevent the permea�on of sodium and chloride in the concentrate 
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stream to achieve be�er nutrient composi�on. This would also reduce nutrient discharge, which 

is par�cularly important considering the goal of �ero nutrient discharge set by the Dutch 

greenhouse hor�culture program from 2027 onwards. Therefore, combining the approach of 

Guleria et al. with the membranes described in this thesis would cons�tute an interes�ng 

implementa�on worth studying. 

Another poten�al applica�on is nitrate removal from contaminated groundwater.14 As an 

example, Table 6.1 reports the ion concentra�on in groundwater from the Israeli Coastal Aquifer, 

provided by the Water Authority of Israel.15 The concurrent presence of nitrate and chloride 

suggests that the nitrate-selec�ve A�Ms developed in this thesis could be a poten�al technology 

worth inves�ga�ng. 

 

Table 6.1: Groundwater quality data for the Israeli Coastal Aquifer (source: Water Authority of Israel).15 

 

Ion Con�entra�on 
(mg·L⁻1) 

Con�entra�on  
(mmol L⁻1) 

Nitrate (NO3⁻) 100 1.6 
Chloride (Cl⁻) 300 8.5 
Bromide (Br⁻) 0.5 6.3 x 10-3 
Fluoride (F⁻) 0.6 3.2 x 10-2 

Bicarbonate (HCO3⁻) 250 3.3 
Sulphate (SO42⁻) 30 3.2 x 10-1 
Potassium (K+) 3 7.7 x 10-2 
Sodium (Na+) 150 6.5 
Calcium (Ca2+) 100 3.1 x 10-1 

Magnesium (Mg2+) 40 1.7 
 

Due to the membrane�s ability to differen�ate between anions based on their hydra�on energy 

(Chapter 3, Figure 3.7 and Figure 3.8), the manufactured membranes have poten�al applica�ons 

beyond solely nitrate and chloride. As an example, they can be used to simultaneously separate 

chloride and fluoride from sulfate, considering the notable difference between the hydra�on 

energy values (Table 6.2). This topic has been recently inves�gated by Te�inalp et al.16 They 

manufactured A�Ms by coa�ng poly(2,6-dimethyl-1,4-phenylene oxide), bearing quaternary 

ammonium groups, using alterna�ng layers of polyelectrolytes employing layer-by-layer (LbL) 
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techni�ue, a facile and modular deposi�on approach. The selec�vity values achieved in single-

stage ED using these membranes were 11.7 ± 0.2 for chloride/sulfate and 8.3 ± 0.3 for 

fluoride/sulfate. Based on the experiment conducted in Chapter 3 on the monovalent versus 

divalent anion permea�on of the P�DF-50 membrane using an e�uimolar mixture of nitrate, 

chloride, and sulfate, it would be interes�ng to study the chloride/sulfate selec�vity performance. 

�ndeed, by comparing the ra�o of the ionic fluxes of chloride and sulfate, reported in Figure 3.8, 

the preferen�al chloride over sulfate permea�on can be assessed. This ra�o is approximately 3, 

and although lower than the results of Tekinalp et al., it is important to note that our experiments 

also includes nitrate, which exhibits the highest permea�on. Addi�onally, our membranes have 

not been modified with such �b� coa�ngs that are responsible for reducing sulfate transport. 

Combining the different approaches now, it would be worthwhile to first evaluate the AEMs 

produced in this thesis through single-step ED, employing the same opera�onal condi�ons 

reported by Tekinalp et al., enabling a direct comparison. Subse�uently, coa�ng the AEMs using 

the �b� deposi�on techni�ue could be explored to enhance sulfate re�ec�on and poten�ally 

achieve superior outcomes compared to Tekinalp's findings. 

 

Table 6.2� hydra�on energy of chloride, fluoride, sulfate, potassium, and sodium.17 

��� ���ra��� e�erg� ���al���l�1) 
Chloride (Cl⁻) 81 
Fluoride (F⁻) 111 

Sulphate (SO42⁻) 258 
Potassium (K+) 71 
Sodium (Na+) 87 

 

6.5. �lter�a��e �uture �ire����� a�� re�ear�h �pp�rtu�i�e� 

�n this sec�on, we outline addi�onal key areas that warrant further inves�ga�on, highligh�ng the 

poten�al for advancement and impact within nitrate selec�ve separa�on. 

 

6.5.1. Flu�r�al��la��� �� a�i�e 

As discussed in the introduc�on of this thesis, previous studies focused on increasing membrane 

hydrophobicity to enhance nitrate selec�vity.18–22 Specifically, by varying the length of the alkyl 
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chains of the quaternary ammonium groups, they aimed to manipulate the hydrophobic 

environment surrounding the anion-exchange groups within the membrane. These studies 

unanimously concluded that increasing the length of the alkyl chains resulted in higher 

hydrophobicity of the charged groups, thereby enhancing the permea�on of less hydrated ions. 

Therefore, based on these findings, during the course of this Ph� pro�ect we have also iden�fied 

the fluoroalkyla�on of amine23 as a poten�al valuable strategy to manufacture ���s with 

increased nitrate selec�vity. Preliminary work has been conducted and presented in this sec�on� 

however, addi�onal inves�ga�on is required. � schema�c representa�on of such a reac�on is 

given in Figure 6.1 and involves the incorpora�on of fluorinated func�onal moie�es on the 

quaternary ammonium, thereby increasing its hydrophobicity. This approach differs from the one 

described in this thesis, where a ionomer and non-charged polymers were blended together, as it 

would result in a membrane composed solely of a homopolymer. 

 

 

 

 

 

Figure 6.1: �chema�c representa�on of the fluoroalkyla�on of a primary amine reac�on using fluoroalkyl 
iodides. 
 

Considering that several alkyl iodides (fluorinated or not) are commercially available ( 

Figure 6.2), this approach allows fine-tuning the hydrophobicity of the quaternary ammonium 

group, e.g. increasing or decreasing the length of the alkyl chains or the number of fluorine atoms 

per nitrogen. 

 

 

 

 

 

Figure 6.2: Chemical structure of commercially available alkyl iodides. 
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Concerning the type of amine to use, there are also se�eral op�ons depending on the degree of 

func�onali�a�on desired. �or instance, using a primary amine such as N-(tert-Butoxycarbonyl)-

1,2-diaminoethane (Figure 6.3), would theore�cally allow a triple subs�tu�on on the -��2 group. 

 

 

 

 

Figure 6.3: Chemical structure of the N-(tert-Butoxycarbonyl)-1,2-diaminoethane. 

 

�owe�er, during our preliminary in�es�ga�on of the reac�on between this amine and 1,1,1-

trifluoro-4-iodobutane (Figure 6.4), following a procedure adapted from Mady et al.,23 we were 

only able to obtain the di-subs�tuted product. Therefore, addi�onal work is required for the 

implementa�on of this reac�on, e.g. by extending the dura�on of the reac�on and�or increasing 

the reac�on temperature. 

 

 

 

 

 

Figure 6.4: �chema�c representa�on of the fluoroalkyla�on of �-(tert-Butoxycarbonyl)-1,2-diaminoethane 
(1) using 1,1,1-Trifluoro-4-iodobutane (2). 

 

��er obtaining the quaternary ammonium, the resul�ng fluorinated compound should then 

undergo further reac�ons to incorporate a double bond, enabling a polymeri�a�on reac�on to 

produce a polymer that can be used to manufacture a membrane. The following reac�ons seems 

to be feasible to pursue this route: 

- �eprotec�on reac�on to remo�e the tert-Butyl�xyCarbonyl (B�C) group a�ached to the 

other nitrogen atom, using for example trifluoroace�c acid.24 

- �lkyla�on reac�on using acryloyl chloride to introduce the double bond.25,26 

1 2 
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As previously stated, using a primary amine as the N-(tert-Butoxycarbonyl)-1,2-diaminoethane 

would theore�cally allow the incorpora�on of three fluorinated moie�es on the quaternary 

ammonium. However, the en�re synthe�c route required to obtain a polymer could be quite long 

and complex, with problems such as low yield, for example. Therefore, an alterna�ve could be 

seen in using commercially available methacrylate monomers, such as the 2-(diethylamino)ethyl 

methacrylate (Figure 6.5). 

 

 

 

 

Figure 6.5: Chemical structure of the 2-(diethylamino)ethyl methacrylate. 

 

�n this context, we inves�gated the fluoroal�yla�on reac�on between this amine and 1,1,1-

trifluoro-4-iodobutane (Figure 6.6), and obtained 9 g ca. of the quaternized product. However, the 

polymeriza�on reac�on has not been performed yet due to �me limita�ons. 

 

 

Figure 6.6� �chema�c representa�on of the fluoroal�yla�on of 2-(diethylamino)ethyl methacrylate (1) 
using 1,1,1-trifluoro-4-iodobutane (2). 

 

While using the 2-(diethylamino)ethyl methacrylate does not allow for a triple fluoroal�yla�on, 

on the other hand it requires fewer steps to obtain a fluorinated monomer that can be 

polymerized. 

Another poten�al strategy, not inves�gated during the course of this PhD project, to obtain a 

polymer with func�onalized quaternary ammonium groups involves modifying poly(amino-

methacrylates). Various commercially available poly(amino-methacrylates) can be used for this 

purpose (Figure 6.7). 

2 1 
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Figure 6.7: Commercially available poly(amino-methacrylates): Poly(2-(dimethylamino)ethyl 
methacrylate) (A), Poly(2-(diethylamino)ethyl methacrylate) (B), Poly(2-( diisopropylamino)ethyl 
methacrylate (C). 
 

This method presents the advantage of requiring the least amount of reac�ons compared to the 

previous reported. However, due to the significant role of steric hindrance in the alkyla�on 

reac�on of ter�ary amine groups, and considering our goal to introduce bulky alkyl chains to 

increase hydrophobicity, obtaining a quaternary ammonium with this method might be more 

difficult than with the previous one. In fact, Sata et al.21 reported that incorpora�ng quaternary 

ammonium groups into a copolymer membrane composed of chloromethylstyrene and 

divinylbenzene becomes increasingly challenging as the molecular weight of the ter�ary amine 

increases. 

 

6.5.2. Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) 

�n addi�onal polymer poten�ally worth inves�ga�ng is the poly(2,6-dimethyl-1,4-phenylene 

oxide) (PPO), which was extensively studied by Tekinalp et al. for applica�ons such as the 

simultaneous separa�on of chloride and �uoride from sulfate,16 and palladium recovery using 

electrodialysis.27 The membrane fabrica�on process reported in those studies involves two key 

steps: bromina�on of poly(2,6-dimethyl-1,4-phenylene oxide) and quaterniza�on of the 

brominated polymer with ter�ary amines. In the bromina�on process, PPO was brominated at 

di�erent reac�on temperatures to control the selec�vity of bromina�on to the benzyl or aryl 

posi�ons. �-bromosuccinimide (��S) and a free radical ini�ator were used in the reac�on, with 

the temperature ad�usted to achieve the desired bromina�on pa�ern. The obtained brominated 

A B C 
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poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) polymers were then sub�ected to quaterni�a�on 

by adding ter�ary amines like trimethylamine or dimethylhexylamine. �uaterni�a�on occurred 

selec�vely with the ben�yl-subs�tu�on groups, leading to the modifica�on of the polymer 

backbone with quaternary ammonium groups. 

 

6.5.3. Biopolymers 

�he poten�al importance of using biopolymers as alterna�ves to PVC, PAN, and especially PVDF 

in manufacturing the proposed AEMs in this thesis lies in their sustainability and environmental 

benefits. �owever, since the ionomer solu�on (Fumion FA�-24) is also a component used in the 

prepara�on of these AEMs, the biopolymers considered for further inves�ga�on must be soluble 

in the ionomer's solvent, which is N-methyl-2-pyrrolidone (NMP). 

For instance, cellulose acetate (CA), Figure 6.8, which has been widely used in membrane 

fabrica�on already28 and is soluble in NMP29–31 is a poten�al interes�ng candidate. �owever, its 

intrinsic hydrophilicity32 can result in less hydrophobic membranes compared to those based on 

PVC, PVDF, and PAN presented in this thesis, poten�ally leading to less selec�ve membranes. 

�nteres�ngly, recent studies have demonstrated that the hydrophilicity of CA can be significantly 

reduced by processing the polymer via electrospinning techniques,33–36 routes that may be worth 

to explore within this context. �he hydrophobic proper�es of the electrospun CA mats were 

a�ributed to several factors, such as increased surface roughness, reduced availability of 

hydrophilic func�onal groups, and �ght packing of nanofibers. 

Another biopolymer soluble in NMP and thus poten�ally a�rac�ve for further research is 

poly(lac�c acid) (PLA), Figure 6.8. Domingues et al.,37 used PLA to manufacture hollow-fiber 

membranes by wet spinning with a phase-inversion technique using NMP as the solvent and water 

as the nonsolvent in the precipita�on bath. Moreover, they also developed flat sheet 

membranes38 using the liquid-induced phase separa�on technique for biomedical and packaging 

applica�ons. 
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Figure 6.8: Chemical structure of (1) cellulose acetate, and (2) poly(lac�c acid). 

 

Instead of blending a non-charged biopolymer with an ionomer, an alterna�ve approach is directly 

incorpora�ng anion-exchange groups, such as quaternary ammonium, onto the (bio)polymer 

backbone. For example, Schmi� et al.39 synthesized AEMs from cellulose within the framework of 

polymer electrolyte fuel cells that operate in alkaline media. Cellulose was first tosylated, that is 

the conversion of some hydroxyl groups into p-toluenesulfonate (tosylate) groups, increasing the 

cellulose's reac�vity towards amines. Next, the tosylated cellulose is reacted with 1,4-

diazabicyclo[2.2.2]octane (DABCO) in dimethylformamide, replacing the tosylate groups with 

DABCO to form quaternary ammonium groups a�ached to the cellulose backbone. Finally, the 

membrane was crosslinked with diiodobutane to improve its mechanical stability and casted onto 

a petri dish, allowing the solvent to evaporate to obtain a membrane. Although the membranes 

manufactured by Schmi� et al. exhibit high ion-exchange capacity (IEC) and high water uptake 

(�U), indica�ng low membrane hydrophobicity, decreasing the degree of subs�tu�on of the 

quaternary ammonium groups could ad�ust the IEC and �U, poten�ally increasing the 

membrane's hydrophobicity and thus leading to a nitrate-selec�ve behavior. 

 

6.5.4. Supported liquid membranes (SLMs) 

Qian et al.3,4 developed supported liquid membranes (SLMs) using ACCUREL polypropylene 

membrane as the porous support (thickness: 100 μm, pore size: 0.1 μm), impregnated with 2-

nitrophenyl-n-octyl ether (NPOE) as the lipophilic organic phase. The borate salt tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (NaBArF) is dissolved in the organic phase, providing 

1 2 
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preferen�al permea�on for ca�ons over anions, similar to the e�ect of fixed charges in 

conven�onal ion-exchange membranes. 

These SLMs demonstrated preferen�al transport of potassium over sodium, which was 

a�ributed to the lower dehydra�on energy of the former (Table 6.2). Theore�cally, this approach 

can also be pursued to achieve nitrate�chloride selec�ve separa�ons by subs�tu�ng the borate 

salt, which presents a nega�ve charge, with a posi�vely charged salt soluble in the lipophilic 

organic phase (NPOE). Güell et al.,40 developed SLMs for the separa�on of arsenate [As(V)] and 

arsenite [As(III)] salts, using tricaprylylmethylammonium chloride (Aliquat 336, Figure 6.9) as the 

mobile carrier within the membrane. Another poten�ally interes�ng candidate to achieve SLM-

based nitrate�chloride selec�vity could be tetraphenylphosphonium bromide (Figure 6.9), 

presen�ng a similar structure to the borate salt Na�Ar�. 

 

Figure 6.9: Chemical structures of the Aliquat® 336 and tetraphenylphosphonium bromide, which are 
considered for poten�al use in SLM-based nitrate�chloride separa�on. 

 

While this approach shows promise, its unresolved issues are primarily lin�ed to the poten�al 

leaching of the organic phase and dissolved salt, which are constrained within the porous support 

solely by capillary forces. Moreover, the SLMs of Qian et al. showed high electrical resistance 

values (440 Ω·cm2) due to the lower solubility of the borate salt, resul�ng in a low ion-exchange 

capacity of the membrane. �ence, the strategic selec�on of both the organic solvent and salt is 

crucial in the development of SLMs for selec�ve nitrate�chloride separa�on. 
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6.5.5. ���������������� �������� ��������� 

In ������ 6.5.1, we addressed the challenges related to the synthe�c, more elaborate approach 

aiming to yield a homogeneous anion-exchange membrane structure where all func�onali�es are 

covalently a�ached. �his strategy can poten�ally be extrapolated also for manufacturing ca�on-

exchange membranes to achieve potassium�sodium selec�ve separa�on, by synthesizing 

monomers with bulkier and�or �uorine moie�es nearby the sulfonic acid groups. However, the 

complexness of the approach remains. On the other hand, while the development of SLMs for 

selec�vely separa�ng potassium from sodium o�ers an easier manufacturing process with also 

the poten�al to move away from the use of �uoride, it s�ll presents other challenges in terms of 

stability and very high electrical resistance (������ 6.5.4). Consequently, the strategy proposed 

in this thesis, involving increasing the concentra�on of a non-charged polymer in manufacturing 

membrane to enhance selec�vity toward less hydrated ions, holds promise also for addressing the 

demanding potassium�sodium separa�on task. �hile non-charged polymers such as PVC, and 

PA� remain viable op�ons, alterna�ve choices are needed for the ionomer solu�on beyond 

Fumion FAS-24 due to its anion-exchange nature. For this reason, an a�rac�ve alterna�ve is the 

Fumion E-6�� (Fumatech ��� �mbH), a ca�on-exchange ionomer composed of sulfonated 

Poly(Ether Ether Ketone) (sPEEK). 

�ased on the �ndings of this thesis, we recommend ini�a�ng future membrane manufacturing 

along these lines with a ����� ra�o of non-charged polymer to ionomer solu�on. �he results 

regarding selec�vity in electrodialysis (ED), along with characteriza�on parameters such as water 

uptake and water contact angles, can be used for comparison with the anion-exchange 

membranes discussed in this thesis. �his compara�ve analysis will help to highlight poten�al 

similari�es or di�erences, providing insights into the selec�vity mechanism. 
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�itrogen fer�lizers are cri�cal in agriculture due to their role in plant growth and reproduc�on. 

�owever, the extensive use of nitrogen fer�lizers has impacted agricultural sustainability and led 

to environmental concerns. � significant por�on of the applied fer�lizer is not absorbed by crops, 

leading to issues like water pollu�on and health risks from nitrate contamina�on in drinking water. 

To tackle these challenges, technologies such as electrodialysis (ED) can be employed. Ion-

exchange membranes (IE�s) are integral components of ED, selec�vely allowing the passage of 

specific ions while blocking others, thereby facilita�ng the separa�on of ionic species. State-of-

the-art membrane technology enables the separa�on of ca�ons from anions and divalent from 

monovalent ions. �owever, separa�ng ions with the same valence remains challenging. In 

par�cular, the separa�on of nitrate from chloride, given their similar physicochemical proper�es, 

is di�cult. �chieving this separa�on would enable the recovery and recycling of valuable 

resources like nitrate from waste�process water streams in fer�lizer plants and agricultural and 

hor�cultural prac�ces, contribu�ng to a circular economy. 

Driven by the possibility of employing the small difference in the dehydra�on energies of nitrate 

and chloride for ion separa�on, this thesis aims to develop new anion-exchange membranes 

(�E�s) with improved nitrate selec�vity. �revious studies have shown that increasing membrane 

hydrophobicity enhances the transport of less hydrated ions, such as nitrate. Therefore, this thesis 

explores the effect of increasing membrane hydrophobicity on the nitrate�chloride selec�ve 

separa�on. 

Chapter 1 provides a comprehensive introduc�on to above-men�oned issues, detailing the 

environmental impact of nitrogen fer�lizers, the principles and challenges of ion-exchange 

membranes in electrodialysis, and the specific focus of this thesis on enhancing nitrate selec�vity 

through increased membrane hydrophobicity. 

Chapter 2 presents a mass balance-based modelling tool for the selec�ve recovery of nitrate 

from a wastewater stream containing chloride, aiming to improve ion-separa�on e�ciency and 

reduce water consump�on in a water purifica�on system. The key element of the process is a 

membrane unit with a nitrate over chloride permea�on selec�vity. Ini�ally, the study outlines the 

interplay between several key process parameters for a generic water purifica�on system, such as 

the nitrate�chloride feed ra�o and the frac�on of nitrate and water recovered, influencing the 
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re�uired membrane selec�vity. These �ndings have then been applied to four scenarios of a real-

life applica�on involving nitrate recovery from a fer�li�er plant�s e�uent, resul�ng in re�uired 

membrane selec�vity values ranging from 3 to 30. 

Chapter 3 focuses on the development and characteri�a�on of new polyvinylidene fluoride 

(PVDF)-based anion-exchange membranes (AEMs) for the selec�ve separa�on of nitrate from 

chloride. PVDF was chosen for its inherent hydrophobic nature. The membranes have been 

manufactured via cas�ng using a commercially available ionomer solu�on in combina�on with 

PVDF, offering a straigh�orward membrane fabrica�on method. The impact of varying the PVDF 

content (0 to 50 wt�) within the membrane was inves�gated, with the PVDF-50 membrane 

containing 50 wt� PVDF showing the highest nitrate selec�vity under constant current condi�ons. 

This selec�vity was found to be almost twice as high as that of a widely used commercial 

membrane (AMX from Neosepta). To gain insights into the rela�onship between hydra�on energy 

and preferen�al ion transport, and thus the selec�vity mechanism, the ionic fluxes of mul�ple 

monovalent anions through this best-performing PVDF-based anion-exchange membranes were 

evaluated. 

Chapter 4 inves�gates the applica�on of the best-performing membrane from Chapter 3 (i.e. 

PVDF-50) for nitrate over chloride selec�ve separa�on in electrodialysis. The selec�vity results 

obtained and membrane proper�es such as ion-exchange capacity, permselec�vity, and 

hydrophobicity have been compared with those of two commercial membranes (AMX and ACS 

from Neosepta). The PVDF-50 membrane showed the highest reported nitrate over chloride 

selec�vity and its performance in ED was found to be independent of applied current density. 

Addi�onally, this chapter describes the poten�al of a proposed approach called nitrate-

selectrodialysis (NO3-SED), leveraging the differences in nitrate over chloride selec�vity of various 

AEMs to achieve concurrent nitrate concentra�on and chloride deple�on in an a�ueous stream. 

Chapter 5 explores the impact of using different polymeric matrices than PVDF on the 

fabrica�on of nitrate-selec�ve anion-exchange membranes (AEMs) as well as their proper�es and 

performance. �n par�cular, two fluorine-free alterna�ve polymers, polyvinyl chloride (PVC) and 

polyacrylonitrile (PAN), were used in combina�on with the ionomer solu�on used in previous 

chapters to successfully manufacture the polymer-based membranes. The PVC and PAN-based 
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membranes were tested in ED and the nitrate over chloride selec�vity followed the trend of PV� 

> PVDF > PAN > commercial membranes. Furthermore, membrane proper�es such as electrical 

resistance, ion-exchange capacity, water uptake, fixed charge concentra�on, surface morphology, 

and hydrophobicity have been analyzed, culmina�ng in the conclusion that selec�vity for this type 

of membranes is governed by hydrophobicity and fixed charge concentra�on. 

Chapter 6 provides an overview of the findings synthesized from the research chapters, a 

discussion of some implica�ons in rela�on to the model and poten�al applica�ons of the studied 

AE�s. �oreover, it also presents poten�al direc�ons for future research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Sommario 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



174 | S o m m a r i o  
 
I fer�lizzan� azota� sono fondamentali in agricoltura per il loro ruolo nella crescita e nella 

riproduzione delle piante. �u�avia, l'uso estensivo di ques� fer�lizzan� ha determinato un forte 

impa�o sulla sostenibilità agricola e sollevato preoccupazioni ambientali. Infa�, una parte 

significa�va del fer�lizzante applicato non viene assorbita dalle colture, portando a problemi 

come l'inquinamento delle acque e quindi a rischi per la salute dovu� alla contaminazione da 

nitra�. 

�er a�rontare queste sfide, tecnologie come l'ele�rodialisi (E�) possono essere impiegate. In 

questo contesto, le membrane a scambio ionico (in inglese ion-exchange membranes, IEMs) sono 

componen� integrali e fondamentali dell'E�, consentendo il passaggio sele�vo di specifici ioni e 

facilitando così la separazione di di�eren� specie ioniche. 

�e membrane a�ualmente disponibili perme�ono la separazione sele�va di ca�oni da anioni 

(e viceversa) e di ioni monovalen� da bivalen� (e viceversa). �u�avia, la separazione di specie 

ioniche con la stessa valenza rimane una sfida. In par�colare, data la simile natura fisico-chimica, 

la separazione del nitrato dal cloruro risulta difficile. Conseguire questa separazione 

perme�erebbe, ad esempio, il recupero e il riciclaggio di una risorsa preziosa come il nitrato dalle 

acque di processo delle fabbriche di fer�lizzan� e serre, contribuendo così a creare un’economia 

circolare. 

�uida� dalla possibilità di sfru�are la piccola di�erenza nelle energie di disidratazione del 

nitrato e del cloruro per o�enerne una separazione sele�va, questa tesi mira a sviluppare nuove 

membrane a scambio anionico (in inglese anion-exchange membranes, AEMs) con più elevata 

sele�vità per il nitrato. In par�colare, considerando che studi preceden� hanno dimostrato che 

l'aumento dell'idrofobicità della membrana migliora il trasporto di ioni meno idrata�, come il 

nitrato, in questa tesi esploreremo l'e�e�o dell'aumento dell'idrofobicità delle membrane sulla 

separazione sele�va nitrato�cloruro. 

Il Capitolo 1 fornisce un’introduzione completa riguardo ai problemi ambientali e sulla salute 

umana associa� all’eccessivo uso dei fer�lizzan� azota�, e ai principi e le sfide rela�ve allo sviluppo 

delle membrane a scambio ionico, focalizzandosi sullo scopo di questa tesi� migliorare la sele�vità 

delle membrane per il nitrato a�raverso l'aumento della loro idrofobicità. 
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Il Capitolo 2 presenta uno strumento intera�vo di calcolo basato sui bilanci di massa in un 

sistema di purificazione dell'acqua, proge�ato per il recupero sele�vo del nitrato da acque di 

processo contenen� anche cloruro, con l'obie�vo di migliorare l'efficienza della separazione 

ionica e ridurre il consumo d'acqua. L'elemento chiave del processo è un'unità a membrana con 

sele�vità per il nitrato rispe�o al cloruro. Lo studio descrive l'interazione tra i principali parametri 

del processo in un sistema di purificazione generico e la loro influenza sul valore della sele�vità 

della membrana richiesta. �ues� parametri includono il rapporto nitrato/cloruro nel flusso di 

alimentazione e la frazione di nitrato e acqua recupera�. I risulta� di questa prima parte dello 

studio sono sta� poi applica� a qua�ro scenari rela�vi al recupero del nitrato dalle acque di 

processo di un impianto di produzione di fer�lizzan�, al fine di determinare i valori minimi di 

sele�vità della membrana necessari per mantenere la concentrazione del cloruro al di so�o di 

livelli prestabili�. I valori minimi di sele�vità o�enu� variano da 3 a 30. 

Il Capitolo 3 si concentra sullo sviluppo e la cara�erizzazione di nuove membrane a scambio 

anionico (AEM) a base di polivinilidenfluoruro (PVDF) per la separazione sele�va del nitrato dal 

cloruro. Il PVDF è stato scelto per la sua natura intrinsecamente idrofobica. Le membrane sono 

state fabbricate tramite un processo di cas�ng u�lizzando una soluzione ionomerica in 

combinazione con il PVDF, risultando in un metodo di fabbricazione semplice. L'impa�o della 

variazione del contenuto di PVDF (dallo 0 al 50 % in peso) all'interno delle membrane è stato 

inves�gato, con la membrana PVDF-50, contenente il 50 % in peso di PVDF, che ha mostrato la 

massima sele�vità per il nitrato in condizioni di corrente costante. �uesta sele�vità è risultata 

essere quasi doppia rispe�o a quella di una membrana commerciale quale AMX di Neosepta. Per 

o�enere informazioni sulla relazione tra energia di idratazione e preferenziale trasporto ionico, e 

quindi sul meccanismo di sele�vità, sono sta� valuta� i flussi ionici di vari anioni monovalen� 

a�raverso la membrana PVDF-50. 

Il Capitolo 4 esamina l'applicazione della membrana PVDF-50 nella separazione sele�va 

nitrato/cloruro in ele�rodialisi. I risulta� o�enu� in termini di sele�vità e le proprietà della 

membrana, come la capacità di scambio ionico, la permsele�vità e l'idrofobicità, sono sta� 

confronta� con quelli di due membrane commerciali quali AMX e ACS di Neosepta. La membrana 

PVDF-50 ha mostrato la massima sele�vità riportata per il nitrato rispe�o al cloruro, con 
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prestazioni in ele�rodialisi indipenden� dalla densità di corrente applicata. Inoltre, questo 

capitolo descrive le potenzialità di un approccio innova�vo chiamato nitrato-selectrodialisi (NO3-

SED), che sfru�a la di�erente sele�vità nitrato�cloruro di diverse AEMs per o�enere la simultanea 

concentrazione di nitrato e deplezione di cloruro in una soluzione. 

Il Capitolo 5 esplora l'e�e�o dell'u�lizzo di matrici polimeriche diverse dal PVDF sulla 

fabbricazione di membrane a scambio anionico (AEM) sele�ve per il nitrato, e quindi sulle loro 

proprietà e prestazioni in ele�rodialisi. In par�colare, sono sta� u�lizza� due polimeri alterna�vi 

privi di fluoro, polivinilcloruro (PVC) e poliacrilonitrile (PAN), in combinazione con la soluzione 

ionomerica, per fabbricare con successo le membrane. Le membrane a base di PVC e PAN sono 

state testate in ele�rodialisi (ED) e la sele�vità nitrato�cloruro o�enuta � stata confrontata con 

quella precedentemente o�enuta per la membrana a base di PVDF. In par�colare, la sele�vità 

verso il nitrato diminuisce nell’ordine PVC > PVDF > PAN > membrane commerciali. Inoltre, sono 

state analizzate le proprietà delle membrane, come resistenza ele�rica, capacità di scambio 

ionico, assorbimento d'acqua, concentrazione di carica fissa, morfologia superficiale e 

idrofobicità, concludendo che la sele�vità di queste membrane � governata dall'idrofobicità e 

dalla concentrazione di carica fissa. 

Il Capitolo 6 fornisce una panoramica dei risulta� o�enu� nei capitoli preceden�, confrontando 

i risulta� teorici del Capitolo � con quelli sperimentali dei capitoli successivi. Inoltre, in questo 

capitolo conclusivo vengono discusse le potenziali applicazioni delle AEM presentate in questa tesi 

e le future direzioni per lo sviluppo di membrane sele�ve per il nitrato. 
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