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V 

SUMMARY 

Too much nitrogen is released into the air, water and soil in the Netherlands. 

This is harmful to nature, water and soil quality and biodiversity. Therefore, 

nitrogen emissions must be reduced. To achieve this, the European Union and 

Dutch government have set emission limits for agriculture, industry, 

construction, traffic and transport and are investing in nature restoration. While 

manure is a valuable source of nutrients for crops, it also poses significant 

environmental challenges, particularly in terms of nitrogen pollution. Untreated 

manure releases ammonia (NH3) into the atmosphere, in addition, when 

manure is applied to land, excess nitrogen can be converted to ammonium 

(NH4
+) and nitrates, which can leach into groundwater and surface waters, 

leading to eutrophication. The constraints in the agricultural sector are to 

reduce the environmental impact but this will also result in a significant increase 

in manure excess over the years, increasing the need for a more efficient and 

sustainable manure treatment. A manure or digestate treatment plant consists 

of a solid-liquid separation followed by a polishing step of the solid and liquid 

fractions, resulting in nutrient-rich streams suitable for tailored fertilization 

increasing circularity. Chapter 1 provides information on the origin of manure 

surpluses and treatment options. 

In Chapter 2, the flocculation in the solid-liquid separation is studied. Here, the 

effect of the molecular weight, charge density and branching of reference and 

commercially available flocculants is investigated by establishing the optimal 

flocculant dosage and the corresponding maximum organic matter removal. 

Higher molecular weight flocculants show increased turbidity removal as a 

result of their long chains corresponding to a higher amount of amide groups 

and thus adsorption sites. The results presented that polymers with increased 

cationic charge density values give a moderate and unstable flocculation trend 

due to unfavorable repulsion between the partially bridged particles. Moreover, 

a linear high molecular weight flocculant with a nonionic or a low anionic charge 

density is most effective as it reached the highest organic matter removal at a 

low dosage.  

Chapter 3 focusses on the separation of N and K in the liquid fraction of manure 

digestate. In this stream, N is present as NH4
+, which is challenging to separate 

from K+
 with reverse osmosis (RO) due to their very identical size and charge. 



VI 

The chapter shows that with smart tuning of the pH to control the NH3/NH4
+ 

equilibrium, nanofiltration (NF) and RO membranes can be used to produce 

dedicated N and K-rich streams for tailored fertilization as at increased pH, the 

NH3/NH4
+ equilibrium shifts towards neutral NH3 that permeates much more 

easy through the membrane than the positively charged NH4
+ and K+ ions. 

Experiments with both artificial NH4Cl/KCl mixtures as well as real digestate 

and four different membrane types, ranging from open NF to sea water RO 

were performed. At neutral pH, none of the membranes showed N/K selectivity, 

not for single components nor for mixtures. However, when the pH was 

increased towards alkaline environment, distinct selectivity for N/K was indeed 

obtained both with model solutions and real digestate. The highest selectivity 

was reached at pH 12. However, a pH of 10 with >80% of the total ammonia 

present as NH3 giving an N/K selectivity of 35 (at a pressure of 20 bar and cross 

flow velocity of 1.5 m/s) is preferred to guarantee long-term stable membrane 

operation. Here, the RO membrane for brackish water is the most suitable to 

separate NH3 from K+. The separation is then followed by neutralization of the 

N-rich permeate to a pH of 6 to allow subsequent concentration of the N 

fraction. The presented dynamic pH approach proofs that in a two-step RO 

system both N, and K-enriched fertilizers can be produced from real digestate.   

In Chapter 4, a promising membrane modification is studied as strategy to 

enhance the separation of N and K. A three-step modification approach of an 

ultrafiltration (UF) polyacrylonitrile (PAN) membrane support is investigated to 

establish ion specific separation. Hydrolysis of the PAN membrane support 

introduces charged carboxylic acid groups enabling Donnan exclusion with a 

significant decrease in water flux due to pore swelling. The subsequently 

applied polyelectrolyte multilayers add size exclusion to the Donnan-exclusion 

by pore-coverage increasing the retention of monovalent and multivalent ions. 

This size exclusion can be further enhanced by crosslinking although at some 

expense of the water flux through the rigid polymer network. The NH4
+/K+ 

separation benefits from this, despite the NH4
+ and K+ ions having a similar 

native size and charge, they differ in dehydration energy. This difference in 

dehydration energy results in a difference in mobility and thus permeation 

selectivity through the crosslinked polyelectrolyte layers on the hydrolyzed 

membranes. Next, the separation of these nutrients can be further improved by 

increasing the pH of the manure digestate as described in the previous chapter. 



 

VII 

Chapter 5 focusses on the on-site production of the required base and acid for 

the conversion of NH4
+ and NH3 for separation and concentration with RO. The 

chapter investigates the potential of OH- and H+ production with in-situ by 

bipolar membranes, known for their high water dissociation rate. The process 

becomes more sustainable by saving on transportation, storage and dilution by 

adding aqueous alkali and acid. For system validation, first a water dissociation 

experiment was performed in a membrane stack with three compartments fed 

with a NaCl solution. Follow-up experiments were done with artificial model 

solutions and co-digested manure digestate. It was found that the NaCl feed 

and the artificial feed stream showed similar performance for both the OH- and 

H+ production. On the other hand, the real co-digested manure showed an 

effective OH- production for the conversion of NH4
+ to NH3, which was half of 

the effective production in the acid compartment. This lower efficiency in the 

base compartment is due to the presence of other OH- consuming components 

in the manure digestate. The surplus in H+ production can be used as acid for 

other processes in the manure treatment. 

Chapter 6 reflects the results and shows how the research findings of 

flocculation, nutrient separation at alkaline conditions with RO and bipolar 

membrane base and acid production can be implemented in existing manure 

treatment plants and provide insights on economic aspects. Moreover, the 

chapter provides insights into future research directions. The major goal of 

manure treatment is to realize circular tailored fertilization using separate 

nutrient rich streams originating from manure. Hence, the future research 

directions focusses on improvements to produce these fractions within the 

scope of the research shown in this dissertation like the removal of phosphate 

into the solid fraction and additional tuning of the acid-base equilibrium of 

ammonium.  

 



 



 

IX 

SAMENVATTING 

Te veel stikstof wordt vrijgegeven in de lucht, het water en de bodem in 

Nederland. Dit is schadelijk voor de natuur, water- en bodemkwaliteit en 

biodiversiteit. Daarom moeten de stikstofemissies worden verminderd. Om dit 

te bereiken, hebben de Europese Unie en de Nederlandse overheid 

emissiegrenzen vastgesteld voor de landbouw, industrie, bouw, verkeer en 

transport en investeren ze in natuurherstel. Hoewel mest een waardevolle bron 

van nutriënten is voor gewassen, brengt het ook aanzienlijke milieuproblemen 

met zich mee, vooral op het gebied van stikstofvervuiling. Onbehandelde mest 

stoot ammoniak (NH3) uit in de atmosfeer. Bovendien kan overtollige stikstof, 

wanneer mest op het land wordt aangebracht, worden omgezet in ammonium 

(NH4
+) en nitraten, die in het grondwater en oppervlaktewater kunnen 

uitspoelen, wat leidt tot eutrofiëring. De restricties in de landbouwsector zijn er 

om de milieueffecten te verminderen, maar dit zal ook resulteren in een 

aanzienlijke toename van het mestoverschot in de loop der jaren, waardoor de 

behoefte aan een efficiëntere en duurzamere mestbehandeling toeneemt. Een 

mest- of digestaatbehandelingsinstallatie bestaat uit een vast-

vloeistofscheiding, gevolgd door een polijststap voor de vaste en vloeibare 

fracties, resulterend in nutriëntenrijke stromen die geschikt zijn voor bemesting 

op maat om de circulariteit te vergroten. Hoofdstuk 1 geeft informatie over de 

oorsprong van mestoverschotten en behandelingsopties. 

In Hoofdstuk 2 wordt de flocculatie in de vast-vloeistofscheiding bestudeerd. 

Hier wordt het effect van het molecuulgewicht, de ladingsdichtheid en 

vertakking van referentie- en commercieel beschikbare flocculanten 

onderzocht door de optimale flocculantdosis en de bijbehorende maximale 

verwijdering van organisch materiaal vast te stellen. Flocculanten met een 

hoger molecuulgewicht laten een verhoogde troebelheidsverwijdering zien als 

gevolg van hun lange ketens met daardoor een groter aantal amidegroepen en 

dus adsorptieplaatsen. De resultaten toonden aan dat polymeren met 

verhoogde kationische ladingsdichtheidswaarden een matige en onstabiele 

flocculatietrend vertonen vanwege ongunstige afstoting tussen de gedeeltelijk 

gelinkte deeltjes. Bovendien is een lineaire flocculant met een hoog 

molecuulgewicht en een niet-ionische of lage anionische ladingsdichtheid het 

meest effectief, gezien het de hoogste verwijdering van organisch materiaal 

bereikte bij een lage dosering. 



X 

Hoofdstuk 3 richt zich op de scheiding van N en K in de vloeibare fractie van 

mestdigestaat. In deze stroom is N aanwezig als NH4
+, wat moeilijk te scheiden 

is van K+ met omgekeerde osmose (RO) vanwege hun zeer identieke grootte 

en lading. Het hoofdstuk toont aan dat met afstemming van de pH om het 

NH3/NH4
+ evenwicht te regelen, nanofiltratie (NF) en RO-membranen kunnen 

worden gebruikt om toegewijde N- en K-rijke stromen te produceren voor 

bemesting op maat, aangezien bij verhoogde pH het NH3/NH4
+ evenwicht 

verschuift naar neutrale NH3 dat veel gemakkelijker door het membraan kan 

doordringen dan de positief geladen NH4
+ en K+ ionen. Experimenten met 

zowel kunstmatige NH4Cl/KCl mengsels als echte digestaat en vier 

verschillende membraantypes, variërend van open NF tot zeewater RO, 

werden uitgevoerd. Bij neutrale pH vertoonde geen van de membranen N/K 

selectiviteit, voor zowel de kunstmatige oplossing als echte digestaat. Echter, 

wanneer de pH werd verhoogd naar een alkalische waardes, werd er inderdaad 

een duidelijke selectiviteit voor N/K verkregen, zowel met kunstmatige 

oplossingen als echte digestaat. De hoogste selectiviteit werd bereikt bij pH 12. 

Echter, een pH van 10 met >80% van de totale ammoniak aanwezig als NH3, 

wat een N/K selectiviteit van 35 geeft (bij een druk van 20 bar en een 

stroomsnelheid van 1.5 m/s), heeft de voorkeur om een langdurige stabiele 

membraanwerking te garanderen. Het RO-membraan voor brak water is het 

meest geschikt om NH3 van K+ te scheiden. De scheiding kan vervolgens 

worden gevolgd door neutralisatie van het N-rijke permeaat naar een pH van 6 

om de concentratie van de N-fractie mogelijk te maken. De gepresenteerde 

dynamische pH-benadering bewijst dat in een twee staps RO-systeem zowel 

N- als K-rijke meststoffen kunnen worden geproduceerd uit echte digestaat. 

In Hoofdstuk 4 wordt een veelbelovende membraanmodificatie bestudeerd als 

strategie om de scheiding van N en K te verbeteren. Een drie staps 

modificatiebenadering van een ultrafiltratie (UF) polyacrylonitril (PAN) 

membraansupport wordt onderzocht om ion-specifieke scheiding te realiseren. 

Hydrolyse van de PAN-membraansupport introduceert geladen carboxylzuur-

groepen die Donnan-uitsluiting mogelijk maken met een significante afname 

van de waterflux als gevolg van poriezwelling. De daaropvolgende 

aangebrachte polyelektrolyt-multilagen voegen grootte-uitsluiting toe aan de 

Donnan-uitsluiting door poriebedekking, waardoor de retentie van monovalente 

en multivalente ionen toeneemt. Deze grootte-uitsluiting kan verder worden 

verbeterd door crosslinking, hoewel dit ten koste gaat van de waterflux door het 

rigide polymeernetwerk. De NH4
+/K+ scheiding profiteert hiervan, ondanks dat 



 

XI 

de NH4
+ en K+ ionen vergelijkbare grootte en lading hebben, verschillen ze 

namelijk in dehydratie-energie. Dit verschil in dehydratie-energie resulteert in 

een verschil in mobiliteit en dus permeatieselectiviteit door de gecrosslinkte 

polyelektrolyt-lagen op de gehydrolyseerde membranen. Vervolgens kan de 

scheiding van deze nutriënten verder worden verbeterd door de pH van het 

mestdigestaat te verhogen zoals beschreven in het vorige hoofdstuk. 

Hoofdstuk 5 richt zich op de productie van de benodigde base en zuur op 

locatie voor de omzetting van NH4
+ en NH3 voor scheiding en concentratie met 

RO. Het hoofdstuk onderzoekt de potentie van OH- en H+ productie in-situ met 

bipolaire membranen, bekend om hun hoge waterdissociatiesnelheid. Het 

proces wordt duurzamer door te besparen op transport, opslag en verdunning 

door toevoeging van waterige base en zuur. Voor systeemvalidatie werd eerst 

een waterdissociatie-experiment uitgevoerd in een membraanstack met drie 

compartimenten gevoed met een NaCl-oplossing. Vervolgexperimenten 

werden uitgevoerd met kunstmatige modeloplossingen en co-vergiste 

mestdigestaat. Het bleek dat de NaCl-voeding en de kunstmatige 

voedingsstroom vergelijkbare prestaties vertoonden voor zowel de OH- als H+ 

productie. Aan de andere kant toonde de echte co-vergiste mest een 

gehalveerde effectieve OH- productie voor de omzetting van NH4
+ naar NH3 in 

vergelijk met de effectieve productie in het zuurcompartiment. Deze lagere 

efficiëntie van het basecompartiment is te wijten aan de aanwezigheid van 

andere OH- consumerende componenten in mestdigestaat. Het overschot aan 

H+ productie kan worden gebruikt als zuur voor andere processen in de 

mestbehandeling. 

Hoofdstuk 6 reflecteert op de resultaten en toont hoe de onderzoeksresultaten 

van flocculatie, nutriëntenscheiding bij alkalische omstandigheden met RO en 

bipolaire membraan base- en zuurproductie kunnen worden geïmplementeerd 

in bestaande mestbehandelingsinstallaties en geeft inzichten in economische 

aspecten. Daarnaast geeft het hoofdstuk inzichten in toekomstige onderzoeks-

richtingen. Het belangrijkste doel van mestbehandeling is om circulaire 

bemesting op maat te realiseren met behulp van afzonderlijke nutriëntenrijke 

stromen afkomstig van mest. Daarom ligt de focus op verbeteringen in de 

productie van deze fracties binnen de scope van het onderzoek zoals getoond 

in dit proefschrift, zoals de verwijdering van fosfaat naar de vaste fractie en 

extra afstemming van het zuur-base evenwicht van ammonium.  
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CHAPTER 1  

Introduction 
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1 

1.1 Dutch agriculture 

The growing human population is ever increasing the footprint on planet earth. 

The emissions from the human needs pollute the atmosphere. This pollution 

originates from greenhouse gas emissions from energy production, industry, 

transport, waste management and agriculture of which the majority of 

greenhouse gas emissions, in terms of CO2 equivalents, originate from energy 

production. Agriculture is responsible for approximately 11% of the total 

greenhouse gas emissions, in CO2 equivalents, of which the agricultural sector 

produces the majority of the overall emitted methane and nitrogen oxides [1]. 

Moreover, the increasing population and thus growing food needs have 

resulted in depleting nutrient sources [2]. Hence, to lower our impact on earth, 

all aforementioned sectors have to reduce their emissions and changes 

towards more circular approaches are crucial. For example, recently, the 

government has been ordered in the lawsuit between the government and 

Greenpeace to hasten the reduction of nitrogen emissions to reach the goals 

set for 2030 [3]. Important steps towards a more sustainable agriculture have 

been made in the past years. In the Netherlands, 90% of the for agriculture 

available land is in use. Only 6% of this land is used for horticulture whereas 

the majority is used for livestock [4]. This correlates to the high livestock density 

in the Netherlands when compared to other European countries. Fig. 1.1 shows 

that almost all provinces in the Netherlands have more than 1.4 unit of livestock 

per utilized agricultural land [5]. Hence, it is not surprising that the Netherlands 

is the second largest agri-food exporter in the world after the US [6]. 

 

Fig. 1.1: Livestock density in Europe presented as livestock unit per hectare of utilized 

agricultural area [5]. 
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A significant part of the exports come from livestock. The majority of the 

livestock in the Netherlands consists of poultry followed by swine and cattle, as 

shown in Fig. 1.2a [7]. This large number of livestock produces also a large 

amount of manure. For example, one cow produces 29 kg of manure per day 

and one chicken produces 0.08 kg [8]. Overall, 74.6 million tons of manure were 

produced in the Netherlands in 2023 [9]. Fig. 1.2b shows that cattle has the 

largest contribution to the manure production followed by pigs and chickens, 

based on the number of animals and their respective manure production.  

 

Fig. 1.2: a. The number of animals per livestock type in December 2023 in the 

Netherlands [7]. b. The daily manure production of each livestock type [8]. 

Even though manure contains multiple valuable components, it also causes 

environmental issues. One of the main issues is the emission of methane and 

nitrogen oxides that contribute to our overall greenhouse gas emissions. 

Moreover, the emission of ammonia results in deposition of nutrients in 

vulnerable areas. These emissions occur in stables, during storage and 

spreading of manure on land as fertilizer [10]. Over the years, much research 

has been conducted on how to reduce these emissions. For example, 

emission-reduced stables, short term storage before processing and improved 

spreading techniques [10]. Nevertheless, the spreading of manure leads to 

more environmental issues next to emissions. The nutrients phosphate and 

nitrate tend to leach into the surface water resulting in eutrophication [10]. 

Eutrophication induces a chain reaction and is followed by the excessive growth 

of simple organisms like algae due to a high amount of nutrients that 

subsequently leads to depletion of oxygen and thus death of organisms in water 

bodies. Hence, the European union and the Dutch government aim to reduce 

emissions and nutrient leaching to improve climate and environment.   
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1.1.1 Manure management 

Following from the high emissions and leaching, the European union and Dutch 

government implemented constraints in the agricultural sector. These 

constraints follow from several frameworks, mainly concerning nitrogen 

emissions, like the well-known nitrates directive [11]. The Dutch government 

introduced several laws regarding livestock and manure management as well. 

This starts with the management of livestock numbers per business, for 

example via phosphate rights [12]. The limitation in livestock number should 

ensure that the manure production stays below the established production 

ceilings. These ceilings limit the production of phosphate and nitrogen from 

manure, where the Dutch phosphate ceiling is 172.9 million kg per year and for 

nitrogen 504.4 million kg per year. The production of these nutrients is 

distributed between the different livestock types resulting in specific ceilings for 

dairy cattle, pigs and poultry as shown in Fig. 1.3 [12]. However, in 2025 these 

ceilings are lowered by 10% [13].  

 

Fig. 1.3: The production ceiling of phosphate and nitrogen in 106 kg per year for dairy 

cattle, pigs and poultry [12].  

Next to the aim to reduce manure production, the government asks for nitrogen 

emission reductions. Where in some regions the aimed reduction is below 12% 

in other regions, a very significant reduction of over 95% is needed, as shown 

in Fig. 1.4. The more pressing areas that require a significant reduction are the 

so-called Natura-2000 areas, areas that are based on the 1979 Birds directive, 

and are considered vulnerable to high nitrogen emissions [14], [15]. As 

mentioned before, this reduction should predominantly be reached by lowering 

the livestock number, improved stable design and fertilization limitations [16].  
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Fig. 1.4: Aimed nitrogen reduction per region in the Netherlands [17].  

The emission reduction from agriculture is partially reached by fertilization 

limitations reducing emission and nutrient leaching into the water bodies. The 

use of manure for fertilization is restricted by a prohibition of application during 

certain periods. Moreover, application/spreading methods are improved over 

the years to ensure limited emissions [16]. Since 2024, the so-called buffer 

regions are implemented where fertilization is prohibited within 5 meters from 

the water body [18]. In addition, Dutch legislation limits the amount of nutrients 

from manure and fertilizer that can be applied on different types of land based 

on the 1991 European nitrogen directive. For phosphate the amount from 

manure and/or fertilizers is limited to 75 kg/ha for grassland and 40 kg/ha for 

other farmland. On the other hand, for nitrogen a distinction is made between 

fertilization with manure and artificial fertilizer. A maximum of 170 kg of nitrogen 

per hectare can originate from manure whereas an additional amount of 

nitrogen from fertilizer depends on the crop, the harvest, ecology and the 

surrounding water. Moreover, the derogation rule provided some farmers with 

the opportunity to surpass the 170 kg nitrogen per hectare in cases where there 

was no imminent effect on the environment. However, this derogation rule will 

be diminished over time starting in 2024 [19]. This will result in a significant 

increase in manure excess over the years starting with an excess of 

approximately 25 million tons of manure in 2026 [20]. This excess manure must 

be exported or treated. Hence, in the coming years the necessity for efficient 

and sustainable manure treatment will grow.  
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1.2 Manure treatment 

Over the past years, manure treatment has grown as a result of the 

aforementioned restrictions and thus growing manure excess. The main focus 

has been to recover resources like bioenergy and nutrients from manure, 

whereas the treatment also has potential for the reduction of the environmental 

impact [21]. Various manure management systems are in use nowadays that 

are either on-farm or centralized. The choice between on-farm or centralization 

requires various considerations like the type of manure, arable land availability, 

scale, transportation, use of potential products and social variables like the 

compliance of farmers [22].  

Different processes can be considered for manure treatment. These processes 

can be biological, chemical or mechanical, all contributing to energy, nutrient 

and water recovery to different extents. A current treatment plant typically 

consists of solid-liquid separation of manure or manure digestate followed by 

eventual polishing of the solid and liquid fractions resulting in nutrient recovery 

[23], [24]. An overview of treatment processes is shown in Fig. 1.5. 

 

Fig. 1.5: A schematic overview of a manure treatment process with several options 

showing different products that can be produced [23], [24]. 

1.2.1 Biogas production  

Anaerobic digestion is one of the biological processes often encountered in a 

manure treatment process to produce biogas that can be converted into either 

energy and heat or into biomethane. In this process a part of the organic matter 

is converted into biomethane in several steps. First, hydrolysis breaks down 

complex organic matter like cellulose, starch and proteins. The produced 
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dissolved organic molecules are then broken down via acidogenesis into 

alcohols, volatile fatty acids, H2 and CO2. Next acetogenesis produces acetic 

acid whereas meanwhile in the last stage methanogenesis produces methane 

from the available H2 and CO2 [25]. This symbiotic biological system requires a 

specific temperature, pH and time and is highly impacted by toxic components 

present like NH3 and H2S. To improve the performance of the system several 

adaptations are possible. For example, co-digestion where next to manure, 

organic waste is added to the digestor in order to increase the carbon to 

nitrogen ratio to improve the nutrient balance for the bacteria and limit the 

production of NH3 and increase in pH [25], [26]. Also, additives like iron can be 

added to reduce the amount of toxic H2S [27]. The use of co-products, additives 

and the overall performance of the bacteria leads to the production of complex 

digestate streams. The complexity in terms of content, species and their 

concentrations can result in the requirement of additional or different treatment 

process steps to reach suitable products from digestate.   

1.2.2 Solid-liquid separation  

The digestate stream produced in the anaerobic digestion is a source of 

valuable nutrients and organic matter, similar to manure, which can be 

valorized with additional treatment steps [28]. The solid content and type of 

solids present in the digestate are important for the solid-liquid separation step 

that typically follows as first treatment step. This step often consists of more 

than one step starting with the removal of the course materials. This can be 

done with a relatively simple sedimentation process or with mechanical 

systems like a sieve belt, decanter or screw press. Additional steps are often 

installed to remove the smaller particles that are left behind in the liquid stream. 

For this, processes like dissolved air flotation (DAF), a drum filter, filter paper 

or ultrafiltration can be used. All steps either employing gravity, centrifugal or 

mechanical driving forces for separation [23], [29]. To improve these processes, 

additives are often used to increase both weight and size of the particles to 

enhance separation. Such additives are either coagulants like metal salts or 

polymer-based flocculants like polyacrylamide. The use of coagulants and 

flocculants requires precise dosing as too little of the additives does not provide 

adequate removal whereas too much can lead to lower agglomeration 

efficiencies and processing problems later in the treatment system [23], [30]. 

For example, processes like reverse osmosis (RO) suffer from dissolved 

polymers as these foul the membrane surface. Moreover, the type of coagulant 

or flocculant most suitable can change with, for example different co-products 
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added for biogas production [23], [31]. Hence, monitoring of the additive 

performance is essential for optimal treatment and safekeeping of additional 

treatment steps.  

1.2.2.1 Flocculation 

Flocculation is used to enhance the removal of solids during treatment steps by 

the formation of agglomerates with flocculants. These flocculants are typically 

long polymers with molecular weights ranging between a thousand and millions 

g/mol that can eventually also have positively or negatively charged groups 

[32], [33]. Depending on their affinity and their length they interact with the solid 

material present via electrostatic, hydrogen and/or hydrophobic interactions 

[32]. Overall, the addition of flocculants results in agglomerates either by forcing 

particles together by altering the attraction and repulsion between the particles 

or by actively binding particles [33]. Finding the most suitable polymer and 

dosage requires experimental determination to improve large scale usage of 

flocculation [30].  

So far, research regarding the use of flocculants for manure digestate is limited. 

Hjorth has extensively studied the effect of the typical flocculant polymer 

polyacrylamide and investigated the effect of charge and polymer structure on 

the removal of solids from manure [30], [34]. Moreover, an extensive literature 

review showed the effect of coagulants, flocculants and the combination of both 

for manure slurries [35]. Vanotti et al. and Riaño and García-González et al. 

showed the use of PAM as flocculant on large scale for enhancement of solid-

liquid separation of manure streams [36], [37]. Also, some flocculation 

performance studies were performed for manure digestate. Luo et al. showed 

that several combinations of polyacrylamide with coagulants can lead to 

superior removal of solids [38]. Similarly, Salud Camilleri-Rumbau et al. showed 

the improvement from flocculation combined with coagulation on the 

performance of membranes in terms of reducing fouling on tubular ultrafiltration 

membranes [39]. Nevertheless, these studies provide little information 

regarding the range of charge and the optimal dosage for especially manure 

digestate, which has a different composition in comparison to manure.  

1.2.3 Nutrient recovery from liquid fraction 

The liquid fraction produced in the solid-liquid separation step contains valuable 

nutrients like nitrogen (N) and potassium (K) [23], [31]. This liquid fraction is 

often polished to ensure a high-quality stream suitable for fertilization. There 

are several treatment options used for this step like RO, stripping-scrubbing, 
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struvite production, electrochemical treatment and biological processes like 

nitrification-denitrification [23]. Depending on the goal of the polishing step, 

nutrients can either be recovered or removed. For example, nitrification-

denitrification is applied to remove N as this nutrient results in emissions of 

ammonia and nitrogen oxides and is therefore a limiting factor for disposal [40]. 

However, N is also a valuable nutrient that is currently partially applied on land 

as artificial fertilizer. These artificial N fertilizers are typically produced with the 

Haber-Bosch process that produces ammonium salts from the N in the air using 

large amounts of (fossil-based) energy while simultaneously emitting significant 

amounts of carbon dioxide [41]. Hence, a more sustainable, circular approach 

is the use of the N-rich concentrate obtained from manure treatment as 

fertilizer. Unfortunately, there are strict regulations for the production of 

manure-based fertilizers that are allowed for use on land [31]. However, 

legislation is currently under development to allow the so-called Renure, 

REcovered Nitrogen from manURE, products for the replacement of artificial 

fertilizers up to a certain amount [24]. The Renure legislation allows only RO, 

stripping-scrubbing and struvite precipitation for the production of such nutrient-

rich products. Renure products have to meet certain criteria as presented in 

Table 1.1 to ensure safe application on land [42].  

Table 1.1: Final product criteria for manure-based fertilizers Renure [42]. 

Category Criteria 

Technology Physical, chemical and/or biological process step 

Nitrogen ratio Nitrogen: Total Nitrogen ≥    or 

Total Organic Carbon: Total Nitrogen ≤3  

Corrected for N not originating from manure 

Metals Cu ≤3   mg    g dry matter 

Zn ≤    mg    g dry matter 

Micro-organisms Salmonella spp. 0 colony forming units (CFU) in 25 ml 

 scherichia coli or  nterococcaceae ≤1 000 CFU in 1 ml 

RO is a relevant technology for large scale (centralized) treatment as it allows 

the recovery of water next to the production of a concentrated mineral stream 

containing N and K. Stripping-scrubbing, an alternative approach for N-removal 

from manure in the form of ammonium sulphate or ammonium nitrate, is more 

suitable for small scale (on-farm) treatment as in that case, water is not 

removed from the treated liquid fraction increasing product volumes and with 

that transportation costs [22], [23], [43]. The production of struvite,     
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MgNH4PO4 · 6H2O, provides challenges in terms of the quality of the final 

product due to the presence of for example heavy metals making this option 

less interesting for immediate application on large scale [40]. 

1.2.3.1 Reverse osmosis in manure treatment 

RO is a membrane process already extensively used in manure treatment for 

the recovery of clean water, as in RO even small ions like the nutrients NH4
+ 

and K+ are retained in the so-called mineral concentrate [44], [45]. This rejection 

stems from the relatively dense selective layer of the membrane. As this layer 

has a relatively high resistance to permeation, combined with the high osmotic 

pressures of the feed solutions, RO operates at high pressures when compared 

to other available membrane techniques like micro-, ultra- and nanofiltration as 

shown in Fig. 1.6 [46], [47]. Depending on the type of membrane, the 

application and the specific stream to be treated pressures up to 80 - 100 bar 

are employed [46], [47].  

 

Fig. 1.6: Schematic overview of different membrane techniques indicating their pore 

size, applied pressure, flux and species typically retained [46], [47]. 

In manure treatment, micro- and ultrafiltration are sometimes used for, for 

example, as pre-treatment steps for RO to lower the presence of organic matter 

to reduce the fouling tendency of the solution [23], [45]. The larger pores 

present in the selective layer of these membranes provide a higher water flux 

at lower pressures while retaining for example organic matter, bacteria, proteins 

and suspended solids while ions like ammonium and potassium permeate [46], 
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[47]. Also nanofiltration can be used for manure treatment, however, the 

monovalent salt rejection of nanofiltration membranes is low in comparison to 

RO due to the more open selective layer, resulting in a permeate stream 

contaminated with monovalent ions, which thus does not allow direct discharge 

to surface water [23], [45], [48]. The rejection of these types of membranes 

originates from several exclusion mechanisms providing selectivity by 

differences in size and/or charge. Exclusion by size plays a crucial role in the 

rejection achieved with porous membranes: solutes with a larger size than the 

pore size of the membrane are retained and solutes with a smaller are sterically 

hindered [46], [47], [49]. The exclusion by charge originates from electrostatic 

repulsion or Donnan exclusion between the fixed charges of the membrane and 

similarly charged species (co-ions) in the feed solution. Salt retention occurs 

when the repulsive forces between the co-ion and membrane exceed the 

attractive forces between membrane charges and oppositely charged counter-

ions as electroneutrality has to be maintained [46], [47], [49]. Moreover, also 

dielectric exclusion contributes to retention and is caused by the presence of a 

solvation energy barrier due to the difference in dielectric constant of the bulk 

solution and the solvent in the membrane resulting in a difference in permeation 

resistance depending on the dehydration energy of the ion [49], [50]. However, 

the use of membrane technology for manure treatment has as drawback that 

severe fouling occurs over time due to the presence of organic matter and 

scaling components [23]. Hence, often alkaline, acidic and surfactant 

containing solutions are used to restore the performance of the membranes 

[46], [47], although compromising membrane lifetime. Nowadays, the 

production of base and acid can be achieved simultaneously with so-called 

bipolar membranes which reach several million times faster water dissociation 

rates compared to dissociation in aqueous solutions [51]. The bipolar 

membranes show potential in electrodialysis systems for integrated production 

of base and acid for amongst the recovery of ammonium [52]–[56]. 

Mainly RO is applied for the concentration of N and K to produce a mineral 

concentrate, this concentrate can serve as green N-K fertilizer substitute for 

artificial fertilizer, while clean water is recovered reducing transport and storage 

costs [24], [45], [57]–[60]. Over the past years several studies have shown the 

potential of RO for the production of a mineral concentrate on large scale [29], 

[31], [61], [62]. However, the production of separate concentrated N and K 

streams is a prerequisite for true circular processes and tailored fertilization 

[41], [63]. Zarebska et al. suggests the separation of N and K with nanofiltration 
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at high pH as this converts ammonium to ammonia and thus enhances the 

permeation of ammonia while potassium ions are retained [23]. Masse et al. 

measured that at a high pH more N in the form of ammonia permeates the 

membrane confirming the potential to separate N from K at a high pH [64]. 

Overall, the manure treatment can be further improved to increase 

sustainability in terms of emission reduction by the formation of separate 

nutrient-rich fractions suitable to replace artificial fertilizers and thus increasing 

circularity.  

1.3 Dissertation overview 

The aim of this dissertation is to address several aspects in manure digestate 

treatment that led to an improvement in current processes used to valorize 

manure and increase circularity in the agricultural sector. In the previous 

sections the urgency of manure treatment is elaborated and the implementation 

of current manure treatment is discussed. It also indicated several aspects that 

require improvement like the flocculation in the solid-liquid separation, the urge 

to separate N from K to increase the value of the products and the necessity of 

base and acid on manure treatment plants. The chapters in this dissertation 

further investigate these treatment aspects in order to enhance the separation 

of nutrients into separate fractions to increase circularity in the agricultural 

sector.  

In Chapter 2, flocculation in the solid-liquid separation pre-treatment process 

step for manure digestate is investigated. Different flocculants and dosages are 

systematically researched in order to get insights on the organic matter removal 

efficiency and thus into which flocculant type is most suitable for manure 

digestate and how the optimal dosage can be established further optimizing the 

solid-liquid separation. 

Chapter 3 focusses on the separation of N and K with RO using commercial 

membranes. Here, the addition of base and acid is employed to tune the 

solution pH as tool to utilize the ammonium/ammonia equilibrium in order to 

enhance N permeation in the form of ammonia through the membrane while 

retaining potassium ions. This research focusses on both artificial and real 

liquid manure digestate and compares dead-end to crossflow filtration to 

determine the separation performance and efficiency.     

Following the separation of N and K using commercial membranes, Chapter 4 

investigates the modification of membranes with the aim of further improving 
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the N/K separation performance. In this chapter, an ultrafiltration 

polyacrylonitrile membrane is used as substrate for modification in three 

subsequent steps: hydrolysis, polyelectrolyte layer formation and crosslinking. 

The performance changes induced by the modification steps are monitored by 

investigating the retention of various salt solutions including artificial and real 

liquid manure digestate.  

In Chapter 5 the use of bipolar membrane electrodialysis for the on-site 

production of base and acid for N and K separation with RO is studied. This 

chapter investigates an integrated process consisting of a bipolar membrane 

electrodialysis (BMED) stack producing base and acid, which adjust the pH of 

the digestate solutions, integrated with N and K separation with RO as 

investigated in Chapter 3. The produced base creates an alkaline environment 

for the manure digestate stream to reach high amounts of ammonia permeating 

through the RO membrane, whereas the acid produced is used to concentrate 

the N in the  permeate stream with a subsequent RO in the form of ammonium. 

In this approach, hydroxide ions and protons are released directly into the liquid 

manure digestate and the N-rich stream from the separation using artificial 

solutions and real liquid manure digestate reducing the addition of water with 

aqueous base and acid.  

Chapter 6 provides the main conclusions of the dissertation and gives insights 

into the possible implementation. Moreover, it provides suggestions for future 

research directions.  
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CHAPTER 2  

Optimizing flocculation of digestate to 

increase circularity in manure 

treatment 

 

Abstract 

The flocculation of (co-)digested cattle and pig manure has rarely been 

investigated, leading to a rather intuitive use of flocculants in manure digestate 

treatment processes, resulting in overdosing and increasing costs. Here, the 

effect of molecular weight, charge density and branching of reference and 

commercially available flocculants is investigated by establishing the optimal 

flocculant dosage and the corresponding maximum organic matter removal. 

Higher molecular weight flocculants show increased turbidity removal as result 

of their long chains corresponding to a higher amount adsorption sites. Results 

presented show that polymers with an increased cationic charge density give 

moderate and unstable flocculation due to the low amounts of non-charged 

parts essential for the hydrophobic interactions and hydrogen bonding. Further, 

the results show that a linear high molecular weight flocculant with a nonionic 

or a low anionic charge density is the most effective as it reached the highest 

organic matter removal at a low dosage. 
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to increase circularity in manure treatment, Bioresource Technology Reports, 

23, 2023



Chapter 2 

2  

2 

2.1 Introduction 

Manure surplus is a well-known challenge for the agricultural sector due to more 

strict legislation on the utilization of manure in Europe and particularly in the 

Netherlands [1]. The Netherlands aims to lower the agricultural nitrogen 

emission by farm housing, nutrition and manure production by 10 kt/yr in 2030 

to protect the so-called Nature 2    areas through an “integrated approach to 

nitrogen” plan ( rogramma  anpa   ti stof,    ) [2]. As stated in these 

regulations, manure processing is becoming increasingly important. Most of all, 

the pig industry has difficulties to meet the legislation as they often do not own 

land for crops and thus lack the convenience of direct manure application for 

fertilization. This increases the need for manure treatment. Therefore, this 

sector aims for the valorization of pig manure into separate nutrient-rich 

fractions for tailored fertilization while limiting the emission of nitrogen in the 

form of ammonia and nitrogen oxide and (climate-driven) CO2 to meet the 

imminent legislation [1], [3], [4]. The valorization treatment, see Fig. 2.1 for a 

schematic overview, often involves co-digestion of manure, various mechanical 

and membrane separation technologies and polishing steps to produce biogas, 

dischargeable water and nutrient-rich fractions [3]–[5].  

 

Fig. 2.1: A schematic overview of general manure treatment for fertilizer production. 

A typical manure treatment process starts with the digestion of manure in 

combination with energetic co-products like food and agricultural waste and can 

be enhanced by the addition of glycerol to increase the production of biogas 

[6]. The digestion leaves a residual stream known as digestate. This stream 

contains a large amount of water and nutrients like phosphorus, nitrogen and 

potassium useful for crop growth. Hence, the digestate is separated into a 

phosphor-rich solid fraction and a liquid stream with techniques like a sieve belt 

press and/or dissolved air flotation. Further separation is applied to the liquid 

streams by extraction of water using reverse osmosis (RO) installations to 

produce a mineral concentrate and dischargeable water, which simultaneously 
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lowers the transportation costs of the nutrient-rich mineral stream. The solid 

fraction rich in phosphorus and the mineral concentrate containing nitrogen and 

potassium are used as basic fertilizers in fertilization where the nutrient ratio is 

adjusted for the specific crop.  

The mechanical solid-liquid separation step is often improved by addition of 

polymeric flocculants to enhance the dewatering of the manure slurry and to 

increase the organic matter removal efficiency. This simultaneously increases 

the recovery of the phosphorus-rich solid fraction [4], [7]. The liquid fraction is 

subsequently cleaned from the suspended particles, after which a high-quality 

liquid stream containing nitrogen and potassium species is obtained that is 

further treated by reverse osmosis [4]. However, so far particularly this dosage 

of the polymeric flocculant in the digestate solid-liquid separation step is not 

well studied. Dosing is done rather intuitively in the current treatment facilities. 

When the flocculation does not perform well, more is added. As removal of 

added flocculant is not possible this intuitive dosage often results in an 

overdosage of the polymeric flocculant. This unnecessarily increases the costs 

and the amount of chemicals used and has even an opposite effect on the 

intended solid-liquid separation.  

Moreover, the excess polymer accumulates in the treatment system due to the 

recycle loops present in the installation and inevitably ends up in the RO 

system. The presence of polymer in the RO system results in fouling of the 

membranes and increases the operational costs [7]. Hence, the importance to 

design an accessible method to find a suitable flocculant and determine its 

optimal dosage to increase the efficiency in the solid-liquid separation.  

In this chapter, the effect of the molecular weight (MW), charge density (CD) 

and branching of polymeric flocculants on the flocculation performance of co-

digested manure digestate is investigated. Polyacrylamide (PAM) is also 

selected for this study as this type of polymer is frequently used as flocculant 

in manure and digestate treatment because of its settling performance and low 

production costs [8], [9]. PAM polymers with a similar chemical structure but 

different charged or noncharged functional groups are used to investigate the 

influence of MW and CD. In addition, linear and branched chemical structures 

are compared.  
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2.1.1 Background 

As mentioned, to increase the efficiency of solid-liquid separations often 

flocculation with polymers or coagulation is used. The characteristics of the 

polymers, mainly MW and CD, influence the flocculation performance in terms 

of floc formation which leads to a certain turbidity removal from the liquid stream 

and corresponding flocculant dosage. Flocculants are known for their high Mw 

ranging from 104 to 108 g/mol [10]. Based on charge, flocculants are divided 

into two subclasses 1) anionic and non-ionic flocculants containing often a 

negative carboxylic group and 2) cationic flocculants containing a positive 

ammonium functionality [10]. Table 2.1 indicates the classification of the 

flocculants in terms of structure, MW and CD. 

Table 2.1: Classification of flocculants based on structure, MW and CD [11], [12]. 

Characteristic Category 

Structure 
Linear 

Branched 

Molecular 

weight 

[g/mol] 

Low 

Medium 

Standard 

High 

Very high 

<3 ·106  

3-6 ·106 

6-10 ·106 

10-15 ·106 

>15 ·106 

Charge class 

Non-ionic 

Anionic 

Cationic 

Charge 

density 

[%] 

Low 

Medium  

High 

Very high 

<10 

10-40 

40-80 

>80 

 

The formation of flocs is based on charge neutralization, patching and/or 

polymer bridging as shown in Fig. 2.2. The neutralization of charged particles 

is generally referred to as coagulation and often achieved by the addition of 

metal salts like iron (III) sulphate/chloride or aluminum chloride. The highly 

charged metal ions interfere with the stable colloidal particles according to the 

DLVO theory [12]–[14]. This theory states that the double layer of counter ions, 

measured as the zeta potential, around the colloid determines whether the 

particles are attracted to or repelled from each other. The presence of metal 

ions destabilizes this double layer which leads to lower repulsion forces (Vr) 

compared to the attractive forces (VA) between the particles. As a result of the 
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decrease in repulsion, the distribution of the forces shifts, lowering the energy 

barrier for the particles to overcome for interaction with one another and 

therefore increasing the flocculation potential. Hence, small flocs are formed 

which typically form a good foundation for additional flocculation to produce 

larger flocs [13], [15], [16]. 

 

Fig. 2.2: Various flocculation mechanisms, a. neutralization (coagulation), b. patching 

and c. bridging are shown schematically for negatively charged particles (representing 

organic matter) and positively charged flocculants. 

Another way to increase the attraction between the particles is by the addition 

and subsequent attachment of relatively short high CD polymers. These 

polymer chains adsorb patchwise onto the negatively charged particles to form 

areas of opposite charge [12], [17]. This gives the required attractive interaction 

between the particles to induce agglomeration which occurs when areas of 

opposite charge align and coincide. The positive and negative sites on two or 

more different particles induce a large attraction force to form strong bonds 

between the particles. This subsequently results in floc formation [8], [15], [17].  

High MW polymers on the other hand can form bridges between the particles 

by adsorption of one polymer chain onto several particles simultaneously. This 

results in strong flocs capable of withstanding the agitation often used in 

manure treatment [10]. The long chains contain tails and a substantial amounts 

of adsorption sites that are able to form loops on the surfaces. When such loops 

and tails extend further than the electrical double layer around the particle, 

multiple particles can be actively adsorbed on one long polymer chain. 

Increasing the MW of the polymer increases the number of adsorption sites and 

flocculation opportunities and thus usually results in higher efficiencies [8], [16], 

a  Neutrali ation c   ridgingb   atching
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[18]. However, this bridging flocculation depends on the particle surface 

coverage and thus on the polymer concentration [10].  

The attractive interactions required for the formation of aggregates are defined 

by the physical chemical surface interactions. The interactions are based on 

charge, dipole moments and the free energy of particles and polymers [14]. 

These driving forces will result in electrostatic or hydrophobic interactions or 

hydrogen bond formation facilitating the aggregate development [14], [17].  

The relatively strong hydrophobic interactions can occur between hydrophobic 

segments of polymers onto hydrophobic parts of particles [17]. This interaction 

is driven by the entropy and the free energy of water surrounding the 

components in the system. The hydrophobic interactions result in an aggregate 

of non-polar particles in polar solvents [14]. However, the organic matter 

particles in digestate are often more hydrophilic components like humic acids 

and proteins that rather form hydrogen bonds in the polar solvent [16].  

Hydrogen bonds are a result of attractive interactions between a partially 

positively charged hydrogen, attached to an electronegative element, and an 

electronegative element from another component. These elements are typically 

oxygen and nitrogen. However, negatively charged species might also 

contribute to the hydrogen bonding. This interaction is considered a contact like 

interaction which dominates other intermolecular interactions like van der 

Waals interactions [14]. These hydrogen bonds are often observed for bridging 

flocculation as the organic matter particles contain the electronegative 

elements and the long bridging polymers generally contain amide bonds 

suitable for this hydrogen bond formation [12], [17].  

Looking further into the bridging flocculation, high MW polymers with a positive 

charge are often used to aggregate negatively charged organic matter typically 

present in digestate [9], [19]. Polymers with a high CD easily attach to the 

negative sites of the particles, forming strong bridges and flocs. However, the 

amount of charge added with the polymers should be aligned with the charge 

present on the particles in solution to prevent charge overcompensation [17], 

[20], [21]. Such overcompensation occurs in case e.g. the polymer contains 

significantly more charges compared to the bound particles, resulting in an 

excess of positive charges attached to the particles. This excess charge from 

the polymers induce repulsive forces between the partially bridged particles, 

preventing the formation of additional bridges for the formation of large flocs as 
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presented in Fig. 2.3 [20]. Therefore, for low to non-charged particles the 

addition of low or non-charged polymers is favorable to induce floc formation 

by bridging through several loops and tails based on the physical chemical 

interactions and especially hydrogen bonding rather than on strong electrostatic 

interactions [17].  

 

Fig. 2.3: A schematic drawing of the flocculation mechanisms for a. highly charged 

particles and polymers, b. charge repulsion present for low charged particles combined 

with highly charged polymers c. and uncharged polymer for low/non-charged particles. 

Next to the MW and CD, the chemical structure of a polymeric flocculant plays 

a significant role in the flocculation efficiency as well. Flocculants are polymers 

with a linear or branched chemical structure. Large amounts of branches result 

in steric hindrance during floc formation, which lowers the efficiency [12], [16]. 

This steric hinderance between the polymers reduces the ability of the polymer 

adsorption sites to reach the particle surface, preventing attachment. 

Consequently, a higher dosage is required to reach the same organic matter 

removal as for linear polymers [12], [15]. Nevertheless, branching can be 

favorable in case the polymer side chains have certain functionalities like a 

specific charge or increased hydrophobicity that changes the flocculation 

interactions [12]. The charged functional side chain is used to bind particles 

through charge neutralization to form strong flocs. Flocculation polymers can 

also be modified by adding hydrophobic groups for hydrophobic interactions 

and to improve dewatering of the flocs [12]. In this chapter, the focus is on the 

investigation on the interplay of MW, CD and linear or branched structures of 

various commercial flocculants.  
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2.2  Materials and methods 

2.2.1 Chemicals and materials 

Nonionic polyacrylamide (nPAM) with MWs of 2.5·104, 1.5·105 and 2.5·106 

g/mol (Sigma Aldrich, Germany), with a medium to standard MW (Table 1), 

were used to investigate the effect of MW. Commercially available cationic PAM 

(cPAM) with an MW of 106 g/mol and CD values of +0.18, +0.43 and +1.57 

meq/g (SNF Floerger, France), corresponding to the low to medium CD range 

for flocculants, were investigated for the effect of cationic charge. Additionally, 

synthetic polymers 5CL, 12AB and 8AL (MW *106 g/mol, Cationic/Anionic, 

Linear/Branched) were used for the performance evaluation of commercial 

flocculants typically applied in manure treatment processes. The bulk 

composition of the flocculants consists of polyacrylamide. However, due to the 

use of commercial products, the exact composition of the monomers of the 

flocculants is unknown. The MW of the commercial flocculants was measured 

using a 1 M sodium chloride (Akzonobel, Denmark) (currently Nouryon), citric 

acid (VWR, USA) and sodium phosphate dibasic (Sigma Aldrich, Germany) 

buffer of pH 7. The CD of the polymers was determined using N/400 potassium 

polyvinyl sulphate (PVSK) and polydiallyldimethyl ammonium chloride (PDAD) 

solutions (Fujifilm Wako Chemicals, USA) with pH adjustment by addition of      

1 M hydrochloric acid (Sigma Aldrich, Germany) and 1 M sodium hydroxide 

(Sigma Aldrich, Germany).  

2.2.2 Digestate preparation  

Real co-digestate was collected after the hygenisation step from the manure 

treatment processing plant Duurzaam Landleven Bernheze, Heeswijk-Dinther 

(the Netherlands). Before transport the co-digestate was filtered through a 

screen with a 4 mm mesh to remove coarse impurities. The average 

characteristics and ion composition of the digestate from three different days 

over the range of 5 months are shown in Table 2.2.  

The amount of dry matter (DM) in the digestate was measured by weight after 

water evaporation for 24 hours at 105 °C under a nitrogen flow. The turbidity 

values of the digestate before treatment and of the liquid fraction were 

measured, after a dilution of 200 times using water, with a turbidity meter 

(Eutech TN-100, Thermo scientific, USA).  
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Table 2.2: The average characteristics and ion composition of the co-digested manure. 

Characteristic Ion composition 

DM feed 

Turbidity digestate 

Turbidity liquid fraction 

Particle size 

pH 

Conductivity 

Zeta potential 

Surface charge density 

85 g/kg 

16 500 NTU 

6 000 NTU 

100 to 2000 nm 

8.5 

35 mS/cm 

-32 mV 

-32 meq/kg digestate 

Sodium 

Ammonium 

Potassium 

Chloride 

Phosphate 

Sulphate 

2.30 g/L 

5.47 g/L 

5.17 g/L 

3.40 g/L 

1.86 g/L 

0.07 g/L 

The particle size of the digestate was measured with an Antonpaar Litesizer 

500 with an angle of 175 °, 12 to 30 runs at 20 °C repeated three times. This 

resulted in particle size distribution up to 2000 nm for sample 2 and 3 as 

visualized in Fig. S2.1. The particle size distribution of sample 1 deviates a little 

since it also contains some bigger particles. The Litesizer 500 was also used 

for the zeta potential measurements of 100 runs repeated three times at 20 °C 

using the Smoluchowski method to calculate the zeta potential of the liquid 

fractions after flocculation and resulted in a value of -32 mV for the manure 

digestate. Zeta potential measurements were also performed after titration of 

the digestate with polycation solution (2.5·10-4 mol/mL PDAD solution with          

1 eq/mol charge) to find the surface charge density of the digestate [19], [22]. 

For the pH and conductivity, a pH meter (pocket pro+ multi 2, Hach, France) 

and a conductivity meter (GMH 3400, Greisinger, Germany) were used. The 

ion composition was measured with a Thermo Fisher Integrion-Aquion ion 

chromatography system (Thermo Fisher, Breda, the Netherlands) using an 

CS12A cation column with a methyl sulfonic acid eluent and an AS12A anion 

column with a sodium carbonate/sodium bicarbonate eluent.  

2.2.3 Flocculation procedure  

A jar tester flocculator system (Velp scientifica, Italy) was used with six 

simultaneously stirring paddles. Beakers with 250 grams of homogenous 

digestate at room temperature were used for the flocculation. In the first step 

the digestate was rapidly pre-mixed at 300 rpm for one minute after which 

flocculant in mg/g dry matter (DM) was added. The solution was mixed for 

another minute. The flocculation proceeded with five minutes of slow stirring at 

50 rpm for floc formation. The solid-liquid separation was simulated by a 

centrifuge (Sigma 2-16 KL, Salm en Kipp, the Netherlands) running 45 mL of 
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the flocculation mixtures at 12,000 rpm for ten minutes. Next 10 mL of 

supernatant was removed to represent the liquid fraction. The turbidity of the 

liquid fraction was measured after a dilution of 200 times with demineralized 

water [23]. Water was used as the effect of salt concentration from a dilution 

with a salt solution (neutral pH) on the turbidity was within the error of the 

measurement, as was tested with NaCl solutions with a conductivity range of 

0.005 to 31.5 mS/cm, of which the highest is comparable to the conductivity of 

the original digestate. 

2.2.4 Polymer structure characterization  

The general structure of the commercial flocculants 5CL, 12AB and 8AL were 

compared to nPAM (MW 106 g/mol) through ATR FT-IR (Varian, the 

Netherlands) and solid-solid NMR (MW of the polymers was too high for liquid 

NMR). A Varian-cary 3100 FT-IR spectrometer with a golden gate attenuated 

total reflectance (ATR) was used to produce spectra (resolution 4 cm-1 and       

50 scans) of the synthetic polymers at room temperature. The solid-state MAS 

NMR (Magic Angle Spinning Nuclear Magnetic Resonance) spectra were 

obtained using an 11.7 T AVANCE NEO Bruker NMR spectrometer operating 

at 500 MHz, and 125 MHz for 1H and 13C respectively. 1H and 13C MAS NMR 

experiments were performed using a Bruker triple channel 4 mm MAS probe 

head spinning at a rate of 8 kHz. A Hahn echo pulse sequence p1-τ1-p2-τ2-aq 

with a 90° pulse p1=5 μs and a 180° pulse p2=10 μsec was used for 1H NMR 

spectra with an interscan delay of 5 sec. 13C spectra were measured using a 

CPMAS pulse sequence with a 2 ms contact time and 5 s interscan delay. NMR 

shift calibrations of 1H and 13C were done using tetramethyl silane and solid 

adamantane, respectively.  

2.2.5 Molecular weight and charge density calculations 

The MW was calculated with the Mark-Houwink equation and constants for 

PAM which involved the intrinsic viscosity as shown in Eq. 2.1 [10]. The reduced 

viscosity of several polymer solutions with various concentration in a buffer of 

pH 7 was determined with a 532 10 Ubbelohde viscometer (SI analytics, 

Germany) in a water bath of 30 °C. The intrinsic viscosity (ƞintrinsic) was 

extrapolated as the intersection with the y-axis after plotting the reduced 

viscosity (dL/g) against the polymer concentration (g/dL).  

 𝜂𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = 3.73 ∙ 10
−4 ∙ 𝑀𝑊0.66 Eq. 2.1 
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Direct and indirect colloidal titration were used to establish the CD (meq/g) in 

acidic and alkaline conditions according to Eq. 2.2. The cationic and anionic 

titration required the addition of PVSK and PDAD solution with a concentration 

of 2.5·10-3 M (Mtitrant) and molar equivalent of 1 eq/mol (Eqtitrant). The amount of 

PVSK or PDAD in terms of volume in liters (Vtitrant) required for the color change 

of toluidine from blue to purple violet was determined. The results were used to 

calculate the equivalent charge per 0.5·10-3 gram of polymer (mpolymer) [24].  

 
𝐶𝐷 =  

𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑡 ∙  𝑀𝑡𝑖𝑡𝑟𝑎𝑛𝑡  ∙  𝐸𝑞𝑡𝑖𝑡𝑟𝑎𝑛𝑡  

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 Eq. 2.2 

2.3 Results and discussion 

2.3.1 The effect of molecular weight and cationic charge density  

The effect of MW on the flocculation performance is investigated using several 

nPAM polymers with different MWs (respectively 104, 105 and 106 g/mol) as 

flocculants and measuring the turbidity over a range of polymer dosages           

(Fig. 2.4).  

 

Fig. 2.4: The turbidity [103 NTU] of the remaining liquid fraction after flocculant treatment 

over a range of flocculant dosages [mg/g DM] for a. nPAM with an MW of respectively 

104, 105 and 106 g/mol and b. cPAM with an MW of 106 g/mol and CDs of +0.18, +0.41 

and +1.57 meq/g. Lines are provided to guide the eye.  

Fig. 2.4a shows that initially the turbidity of the supernatant decreases with 

increasing nPAM dosage. This proves that a higher polymer dosage results in 

an increased amount of sedimented aggregated particles during floc formation 

resulting in a lower turbidity [8], [15]. However, after a certain dosage point, 

referred to as the optimal dosage point (ODP), no additional turbidity removal 

and thus particle attachments, occurs as indicated by the plateau value. At this 
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point, steric stabilization occurs as a result of the high polymer concentration 

[12]. This high concentration of polymer adsorbs onto the particles which gives 

hinderance for bridging formation and thus reaches a maximum removal. That 

is in agreement with previous findings with bentonite (Gregory and Barany et 

al.) and kaolinite (Nasser and James et al.) particles [8], [17]. Moreover, the 

addition of high polymer dosages above the ODP results in an excess of 

polymer that is unbound to the particles which can even slightly increase the 

turbidity again. Such overdosages will lower the manure treatment performance 

in the long-term due buildup of polymer in the process [17]. Dosages just below 

the ODP are thus preferred giving fractional surface covering of flocculant 

(Gregory and Barany et al.) [17]. 

Fig. 2.4a shows that the plateau region for high MW polymers is reached at 

lower turbidity values. This lower turbidity correlates to increased organic 

matter removal and thus higher flocculation efficiency. This efficiency 

corresponds to the number of aggregates that is formed during flocculation as 

the removal of aggregates in solid-liquid separation is more efficient compared 

to particles [15]. The formation of these aggregates is for nPAM based on the 

number of bridges that are formed between the particles and polymers [17]. 

This amount is higher for long chain high MW polymers as these contain a 

larger amount of amide groups that can adsorb onto the particles through 

hydrogen bonding [8], [17], [25].  

Alongside the MW of the polymers, the CD of the flocculant plays a significant 

role in the flocculation of negatively charged organic matter. This flocculation 

occurs when electrostatic interactions are made when the particles contain 

negative charges or dipole moments (partial charges) and the polymers contain 

positive charges. The interaction is based on the coulombic potential energy of 

interaction between the particle and polymer. The potential energy between a 

charge and dipole moment reaches zero much faster with increasing distance 

between the particle and polymer compared to the interaction energy between 

two charges [14]. Therefore, the interaction chance for charged particles to form 

an ionic interaction is much higher compared to partially charged particles 

forming a van der Waals interaction, which would be the case for patching 

flocculation [10].  

To understand the flocculation of digestate in more detail, the effect of the 

amount of cationic charge is investigated by using cPAM with CD values of 

respectively +0.18, +0.43 and +1.57 meq/g and an MW of respectively              
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106 g/mol (best performing polymer from Fig. 2.4a). The turbidity of the 

remaining liquid fraction against the flocculant dosage for cPAM with various 

CD values is shown in Fig. 2.4b. The results demonstrate that cationically 

charged PAMs are not able to reach the same flocculation efficiencies as 

neutral nPAM for the flocculation of digestate to enhance solid-liquid 

separation. The graph shows some flocculation for the lower CD values while 

no floc formation is observed for the polymer with a high CD value of             

+1.57 meq/L. The flocculation with low CD polymers reaches the plateau region 

at a dosage comparable to nPAM. However, in comparison, this polymer 

removes less organic matter and gives unstable flocculation behavior as shown 

by significant deviations over the whole dosage range. The charge 

compensation from the cationically charged polymers would be up to 3% based 

on the surface charge density of the digestate and polymers [22]. However, no 

organic matter removal is observed at this charge compensation of 3% whereas 

at 0.3% charge compensation a significant drop of turbidity was measured. This 

indicates that electrostatic interactions are of minor importance compared to 

hydrogen bonding and hydrophobic interactions at low flocculant dosages. The 

removal of turbidity at low cationic CD suggests that the organic matter 

removed had a low number of negative charges compared to the high surface 

charge density of -32 meq/kg of the digestate. In contradiction, as reported in 

literature, typically a lower surface charge density of around -4 meq/kg manure 

is found, where the use of cationically charged polymers results in significant 

organic matter removal indicating the removal of negative charges [15], [19], 

[22]. For co-digested manure, it was found that flocculants with a low cationic 

charge are more effective compared to high cationically charged polymers, 

showing that the removed organic matter from digestate contains low amounts 

of negatively charged particles [9]. This further indicates the importance of 

hydrogen bonding and hydrophobic interactions for the flocculation of digestate. 

In contradiction, the study from Sievers et al., shows successful flocculation 

experiments of digested manure with high cationically charged polymers, 

nevertheless at high optimal dosage values of 150 mg/g DM. However, in their 

study, the digested manure was diluted with tap water before flocculation 

whereas here undiluted manure is used, being more efficient and in line with 

reality as added water gives additional costs as it has to be removed and 

cleaned again before it can be discharged [26]. 

In this research, more insight was gained with zeta potential measurements 

which is often used in research concerning model solutions containing e.g. 
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kaolin where the negative kaolin particles are removed with positively charged 

polymer resulting in increasing zeta potential values with increasing flocculant 

dosages [8]. The zeta potentials of the liquid fractions after flocculation with the 

cationically charged PAMs showed no significant change over the dosage 

range as for example for the low cationically charged polymer no addition of 

cPAM resulted in a zeta potential of -40 mV and dosages of 2.6 (approximately 

the ODP) and 5.2 mg/g DM resulted in zeta potentials values of -40.9 and             

-42.1 mV. Also, the use of high charge density cPAM resulted in a similar zeta 

potential at the highest dosage of -41.8 mV as the amount of charge 

compensated would not result in significant zeta potential change. However, as 

a change in turbidity was observed for the low CD flocculant, the zeta potential 

measurements confirmed that bridging flocculation based on hydrophobic 

interactions and hydrogen bonding is dominant and electrostatic interactions 

are of minor importance in this dosage range. For the low CD flocculant, the 

polymer chain has sufficient non-charged parts for these interactions. 

Increasing the CD resulted in less change in turbidity as more charge groups 

would result in less polymer chain suitable for non-electrostatic interactions. As 

a result, the influence of the high concentration of ions present in the digestate 

(Table 2.2) on the flocculation interaction is limited. Typically, the ions influence 

electrostatic interaction whereas the bridging flocculation mechanism based on 

the hydrophobic interactions and hydrogen bonding in the digestate is 

insensitive to the ionic strength of the solution [27]. 

2.3.2 Efficiency of commercial flocculants 

2.3.2.1 Characterization of commercial flocculants 

Typically, commercial flocculants are PAM based polymers, nPAM as used in 

this study, is thus used as a reference material to assess commercial 

flocculants 5CL, 12AB and 8AL typically used for manure treatment processes 

[8], [9]. First, the characteristics of the commercial flocculants were determined 

before investigating their flocculation performance. The functional groups and 

structure of the polymer combined with the MW and CD provide important 

information on the flocculation performance [8].  

The functional groups of the commercial polymers are assigned through ATR 

FT-IR spectra (see Fig. S2.2). The FT-IR shows that all bonds from the 

functional groups of nPAM are also present in the spectra of the commercial 

flocculants. The peaks found in the spectra are assigned to the carbon 

backbone and the amide group of nPAM [28]–[30]. The peak at 1100 cm-1, 
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presenting the C-O acyl bond, is more intense in the 5CL spectrum compared 

to the spectrum of nPAM. The higher intensity suggests the presences of 

charged groups close to this bond as typically present in amine-based charged 

flocculants [31], [32]. 

The solid-state NMR (see Fig. S2.3a and b) shows that the polymer base of all 

commercial flocculants consists of PAM as the peaks corresponding to the 

protons and carbons of PAM are found for all flocculants. The additional 

information from the NMR spectra suggests the presence of charged groups 

and branching, which can influence the flocculation performance of the 

polymer. For 5CL an additional peak is found in the 13C spectra at 162 ppm, as 

shown by the blue dotted line, which represents the presence of a charged 

group changing the chemical shift of the amide group [33]. The 13C NMR 

spectrum for 8AL shows a small additional peak at 53 ppm, presented by the 

red dotted line, which indicates the presence of a methoxy group indicating that 

small amounts of electron negative groups are present [33], [34]. The 1H NMR 

spectrum of 12AB shows an additional peak in the downfield at 0.1 ppm, as 

shown by the green dotted line, which indicates the presence of CH3 at a low 

chemical shift as a result of alkane branching [35].  

The flocculation performance of the polymers is largely devoted to the MW and 

CD of the commercial flocculants [16]. The molecular weight of these synthetic 

polymers, given in Table 2.3, show a significant difference between the 

polymers ranging from 4.9·106 to 12·106 g/mol which are standard values for 

bridging flocculation [12]. These measurements indicate that 5CL contains a 

low cationic charge whereas very low anionic charge densities for the high 

molecular weight flocculants 12AB and 8AL compared to nPAM. Literature 

indicates that high MW polymers with a low anionic CD stretch because of 

repulsion within the polymer coil. The extension of the polymer increases the 

formation of loops and leads to higher flocculation efficiencies [8], [16].  

Table 2.3: Experimentally determined characteristics for nPAM (reference), 5CL, 12AB 

and 8AL. 

Flocculant nPAM 5CL 12AB 8AL 

Molecular weight [·106 g/mol] 2.5 4.9 12 8.1 

Charge density [meq/g] 0 +0.09 -0.02 -0.03 

Structure Linear Linear Branched Linear 



Chapter 2 

3  

2 

2.3.2.2 Flocculation performance  

Next, the flocculation behavior of the commercial polymers is investigated and 

compared to that of nPAM (Fig. 2.5). All flocculants show the same removal 

trend where the turbidity lowers with increasing flocculant dosage until a 

plateau is reached, similar to the performance results of nPAM. Again, the 

minimum turbidity value is established from the plateau region which correlates 

to the maximum organic matter removal. The start of the plateau region is the 

corresponds to the optimal dosage point (ODP). This value can be quantified 

from the intersection of the stable part of the linear declining slope with the 

asymptotic line, as presented by the dashed lines drawn in Fig. 2.5.  

 

Fig. 2.5: The liquid fraction turbidity [103 NTU] versus the flocculant dosage [mg/g DM] 

of a. nPAM and commercially available flocculants b. 5CL, c. 12AB and d. 8AL. 

This shows that a minimum turbidity of approximately 1200 NTU is reached for 

the commercially available polymers while a value of only 2200 NTU is obtained 

for reference polymer nPAM. This confirms that the high MW of all commercial 
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polymers results in lower turbidity values and thus increased organic matter 

removal. However, the various commercially available flocculants do show 

different ODP values due to their characteristics influencing the efficiency of the 

bridging flocculation. These ODP values are significantly lower than those 

found in literature for digestate (15.8 mg/g DM) and manure (10 mg/g DM) [9], 

[15]. However, in that case, the initial amount of DM in the digestate and 

manure was approximately 33 and 56 g/kg and their flocculation procedures 

were different than the methods used in our study, involving a filter press and 

gravitational drainage. This makes it thus difficult to directly compare their 

results with the ones found in our study where a feed with a DM of 84 g/kg is 

used and a procedure using a centrifuge [9], [15]. The reference nPAM required 

an optimal dosage of 2.3 mg/g DM, slightly higher than the ODP value found in 

the MW investigation as a result of the difference between the digestate 

batches. 5CL has the highest ODP value (4.2 mg/g DM) due to its low cationic 

CD and lower MW compared to the other flocculants. The branched high MW 

flocculant 12AB reaches the minimum turbidity at an ODP value of 1.9 mg/g 

DM, which is lower compared to the reference nPAM due to its higher MW. 

Moreover, 8AL required a much lower dosage (0.8 mg/g DM) leading to a high 

flocculation efficiency as a result of its high MW and linear chemical structure. 

The performance of the commercial flocculants also shows a different behavior 

in terms of flocculation stability. Based on the CD results for cPAM, it was 

expected that more repulsion would occur for the low positively charged 5CL 

as schematically shown in Fig. 2.3b. Though, only a larger deviation (in terms 

of larger error bars) is found up to the plateau region, most likely induced by 

some repulsion before stable flocculation is achieved at the high ODP value. 

Moreover, 5CL shows a plateau with a small deviation while 12AB gives varying 

flocculation performances over the whole dosage range. This is explained by 

the branching of 12AB interfering with the hydrophobic interactions and 

hydrogen bonding resulting in polymer adsorption on the particles. This steric 

hindrance lowers the overall performance of the high MW polymer in terms of 

stability [12], [15]. The high MW and very low anionic charge of 8AL results in 

stable and efficient flocculation, as a low dosage is enough to reach the 

minimum turbidity. Literature confirms that the flocculation performance for 

linear polymers with a high MW is high due to the large amount of adsorption 

sites and thus increased bridging capacity [16], [17]. In addition, following the 

studies of Dayarathne et al. and Nasser and James et al. that state that the 

small anionic charge of 8AL can result in repulsion within the polymer, leading 



Chapter 2 

   

2 

to stretching of the long chain depending on the ion composition of the solution, 

it is hypothesized that a low ion concentration potentially leads to more 

repulsion between the charges in the polymer chain and thus stretching which 

would be favorable for the bridging flocculation as shown in Fig. 2.2c [8], [16]. 

This further increases the amount of adsorption sites and therefore improves 

the efficiency. The overall results show that a high MW flocculant increases the 

organic matter removal wherein using a low CD anionic flocculant further 

increases turbidity removal even at a lower dosage. 

2.4 Conclusion  

Various flocculants were investigated to determine the effect of polymer 

characteristics on the flocculation of manure digestate. Turbidity determinations 

provide insight into the flocculant efficiency and usage in organic matter 

removal. Cationic high CD flocculants provide moderate and unstable floc 

formation resulting in lower turbidity removal as the majority of the flocculation 

interactions are hydrophobic interactions and hydrogen bonding. The best 

turbidity removal was obtained with linear high MW low CD anionic flocculants. 

This flocculant reached the lowest turbidity values at small flocculant dosages 

lowering use of chemicals and costs.  
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S2 Supplementary information  

S2.1  Particle size distribution 

 

Fig. S2.1: The particle size distribution measured with dynamic light scattering of three 

digestate samples taken in December, January and April shown as the intensity at 

different particles sizes on a logarithmic scale in nm.  

S2.2.  ATR FT-IR  

 

Fig. S2.2: FTIR spectra of the reference nPAM and the commercially available 

flocculants 5CL, 12AB and 8AL. 
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S2.3  Solid state proton and carbon NMR 

 

Fig. S2.3: a. The solid-state proton NMR of nPAM, 5CL, 12AB and 8AL and in b. the 

solid-state carbon NMR.
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CHAPTER 3  

Dynamic ammonium retention for 

nutrient separation from manure 

digestate 

Abstract  

Typically, manure digestate is mechanically separated into a solid 

phosphorous-rich fraction and a liquid fraction containing both NH4
+ and K. 

These ions are difficult to separate due to their very identical size and charge. 

This chapter shows that with smart tuning of the pH to control the NH3/NH4
+ 

equilibrium, membranes can produce dedicated N and K-rich streams. The 

increased pH switches the equilibrium towards the neutrally charged solute NH3 

that permeates more easily through the membrane than charged NH4
+ and K+ 

ions. Experiments with both artificial NH4Cl/KCl mixtures as well as real liquid 

digestate and four different membrane types, ranging from open nanofiltration 

(NF) to sea water reverse osmosis (RO) membranes were performed. At 

neutral pH, no N/K selectivity was observed, not for single components nor for 

mixtures. When the pH was increased towards alkaline environment, distinct 

selectivity for N/K was obtained both with model solutions and real liquid 

digestate. At a suitable pH of 10, with >80% of the total ammonia present as 

NH3, the RO BW membrane showed a high N/K selectivity of 35 in the crossflow 

system. Additional RO steps at low pH allows subsequent concentration of the 

formed NH4
+ and K+ fractions. The presented dynamic pH approach proofs that 

in a two-step RO system both N, and K-enriched fertilizers can be produced 

from real liquid digestate.   

 

 

This chapter is published as:  

M. van der Wal, J. van Alphen, K. Nijmeijer, Z. Borneman, Dynamic ammonium 

retention for nutrients separation from manure, Waste management, 190, 2024
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3.1 Introduction  

Tailored fertilization of N, P and K combined with limited nitrogen and 

greenhouse gas emissions is an essential aspect of a sustainable agricultural 

sector. This tailored fertilization typically covers various fertilization parameters, 

amongst these nutrient supply, absorption uptake rates, soil and weather 

conditions. In general, it is based on the amount of nutrients present in the soil, 

the nutrient balance (e.g. N/K ratio) in the soil and the specific crop needs. For 

example, grass typically requires a relatively high amount of N, while the soil 

provides sufficient P and K. Tomatoes and other vegetables need additional P 

and K for their flowering while flowering bulbs flourish with a high P-amount for 

healthy roots [1].  

For example, computer simulations and mathematical models are used to 

increase or level agricultural productivity but at lower operation costs. Such 

models support farmers in taking systematic decisions based on e.g. weather 

conditions, crop species needs, fertilizer and soil characteristics [2]. In addition, 

this approach lowers the use of agricultural machinery as its use and transport 

routes are also optimized [3]. These models would benefit from separate 

nutrient streams to tailor the nutrient ratio per crop per season on different types 

of soil. 

A major contribution towards sustainable agriculture must come from the 

valorization of manure though. The agricultural sector puts much effort in the 

development of technologies to valorize manure producing separate individual 

nutrient-rich fractions that can be used for tailored fertilization while limiting N 

and CO2 emissions [3]. Moreover, the combination of tailored fertilization with 

an improved soil ecosystem results in an additional reduction of greenhouse 

gas emissions as enhanced cultivation of the soil increases its abilities for 

carbon storage [3]. The degree of greenhouse gas emission reduction also 

depends on the type of fertilizer used for tailored application of nutrients. 

Typically, the production of N-containing fertilizers is done with the Haber-

Bosch process where N from the air is converted into ammonium (NH4
+). This 

process has a high fossil energy demand (29 GJ/t N-fertilizer) and associated 

CO2 emissions as it requires high temperatures and pressures [4], [5]. Hence, 

using manure digestate (often considered waste) as a nutrient resource 

combined with a treatment procedure with a low environmental impact will 

sustainabilize the agricultural sector and has a positive impact on the 

environment as N and CO2 emissions are reduced. The strict regulations often 
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forbidding direct manure application and the economic benefits compared to 

artificial fertilizer are other drivers [5], [6].  

Adequate valorization treatment technologies do not exist yet and the above 

clearly stresses the need for technology that can produce separate nutrient-rich 

fractions that each individually can be used for tailored fertilization in terms of 

crop type and requirements, seasonal variations, soil characteristics etc..  

Due to stricter regulations towards N emissions, the focus of many current 

technological approaches is often on the removal of N (ammonia) only, to meet 

these regulations and lower the environmental impact [6]. Company et al. 

shows, for example, the use of nitrification-denitrification biological 

pretreatment to lower the N-content for the recovery of K-rich struvite 

(MgKPO4·6H2O) [6]. However, struvite typically precipitates as 

NH4MgPO4·6H2O, which thus results in the removal of both N and 

simultaneously P [7].  

Often current manure treatment installations also involve the production of 

biogas by (co-)digestion of the manure. In such cases, manure is first treated 

in a digestor to produce biogas after which the remaining digestate undergoes 

a multistep fractionation and separation process. After mechanical separation 

of the digestate in a solid phosphorous-rich fraction and a liquid fraction 

containing the original amounts of N and K, this liquid fraction is further treated 

with a reverse osmosis (RO) membrane process to produce a mineral 

concentrate [8]. Especially, the N and K present in this liquid fraction are difficult 

to separate: N is mainly present in the form of ammonium ions (NH4
+) that have 

a similar charge, valency, radius, hydration number and molar Gibbs energy of 

hydration as K+ (Table 3.1). 

Table 3.1: The characteristics of K+ and NH4
+. 

Specie Valency Radius 

hydrateda 

[Å] 

 Radius 

Stokesa 

[Å] 

Hydration 

numberb 

Molar 

Gibbs 

energy of 

hydrationc 

[kJ/mol] 

Diffusion 

coefficient 

in waterd 

[m2/s] 

K+ 1+ 3.31 1.25 6.8 -295 1.96·10-9 

NH4
+ 1+ 3.31 1.25 5.2 -285 1.95·10-9 

a Nightingale et al. [9], b Aydin et al. [10], c Marcus et al. [11], d Tomczak et al. [12] 
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However, NH4
+ forms an equilibrium with NH3: Where NH4

+ is highly retained 

by most RO membranes, the neutral molecule NH3 (molecular size 3.26 Å) can 

easily permeate the membrane (diffusion coefficient in water 2.1·10-9 m2/s [13]), 

due to the absence of charge and thus Donnan (charge) exclusion [14]–[16]. 

The NH4
+/NH3 equilibrium is pH-sensitive, and the pH can thus be used to tune 

the degree of retention of the total ammonium N (TAN) relative to the retention 

of K-species [14]. At a high pH the acid-base equilibrium shifts towards NH3 

while at low pH mostly NH4
+ is present as shown in Fig. 3.1a. 

 

Fig. 3.1: a. The acid-base equilibrium of NH4
+ and NH3 is shown as the percentage of 

the component versus the pH. b. A schematic overview of the pH influence on the 

retention or permeation of K and N species through a NF or RO membrane presented 

by a SEM cross section picture of a NF90 membrane (500x magnification). Thickness 

indication from Yang et al. [17] 

Some techniques use this NH4
+/NH3 equilibrium combined with the high vapor 

pressure of NH3 to separate the gaseous N with distillation, stripping-scrubbing 

or gas permeable membranes where the NH3-vapor is captured in low pH 

solutions [7]. Also, membrane processes, such as nanofiltration NF and RO are 

often combined with a pH change to capture the N [18]  

However, in the end, these technologies produce an acidic solution or create a 

mineral concentrate in which both N and K are present not allowing tailored 

fertilization of e.g. N-rich or K-rich fractions. Clearly, tailored fertilization 

requires the use of single nutrient rich streams to facilitate the tunability of the 

ratio between the different main nutrients and to match the pH conditions of the 

targeted crop. Hence, the above approaches are insufficient. 

In this research, it is proposed to use the pH sensitivity of the NH4
+/NH3 

equilibrium to control the permeation of N-species through a NF or RO 

Jw K      N  
 N 3    2 

N 3

        

  
a b 
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membrane (Fig. 3.1b) thus steering the ultimate retentate and permeate 

compositions resulting in an N-rich and a K-rich fraction applicable for tailored 

fertilization. To prevent nutrient leaching and to avoid the high transport costs 

of undiluted manure/digestate, the digestate fraction is already concentrated by 

default. The process proposed here is only a minor modification to the current 

technology, so the additional costs are limited. It is expected that at high pH, N 

is predominantly present as NH3 (next to the presence of K+). In a membrane 

process, K+ is retained by the membrane, while neutral NH3 molecules do 

permeate the membrane. At low pH on the other hand, N is present as NH4
+ 

and both NH4
+ and K+ are retained by the membrane. When applied in a 

membrane cascade this approach results in a permeate stream rich in N which 

for example is suitable as a versatile fertilizer in the agriculture [19]. Moreover, 

the retentate stream enriched in K is of value as fertilizer for K-demanding crops 

like maize and potatoes [20]. In this chapter, the value of this concept is 

investigated using both artificial NH4
+/K+ feed mixtures as well as real liquid 

digestate samples at different p ’s both in a stirred dead end filtration cell and 

a crossflow system. By increasing the pH, the neutralized N-molecule can 

permeate the membrane while the charged K-ion is permanently retained by 

the membrane thereby separating the nutrients, resulting in two fractions. A 

concentrated mineral digestate fraction that is enriched in K/N and a diluted 

permeate fraction that contains almost pure N, which increases the application 

of this mineral fertilizer.  

3.2 Materials and methods 

3.2.1 Chemicals and materials 

For the salt solutions, sodium chloride (Sanal® P, pharmaceutical grade) was 

kindly supplied by Akzonobel (currently Nouryon) and ammonium chloride 

(purity 98+%) and potassium chloride (purity 99+%) by Thermo Scientific, the 

Netherlands. For pH adjustments 1 M sodium hydroxide and 1 M hydrochloric 

acid from Honeywell Fluka, USA were purchased, sulfuric acid (98%) from 

VWR Chemicals, USA and 0.1 M potassium hydroxide from Supelco, 

Switzerland. The solutions were prepared with demineralized water and the pH 

was measured with a WTW plus Inolab® pH meter, Germany. Real feed 

measurements were conducted with liquid manure digestate from a co-

digestion system collected after pre-treatment by a sieve belt, dissolved air 

flotation and pre-filtered over an 80 μm filter cloth kindly provided by Duurzaam 

Landleven Bernheze, the Netherlands. The pretreated liquid manure digestate 
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is a complex stream due to the use of varying co-products during digestion and 

amongst organic matter, metals and humic acid next to the ions, the ions 

composition is presented in Table S3.1.  

The extensively investigated NF270 and NF90 thin film composite membranes 

were used from Dupont FilmTec™, Germany. In addition, in manure treatment 

facilities used, thin film nanocomposite membranes LG BW 400 R G2 (RO BW) 

and LG SW 400 R G2 (RO SW) were kindly provided by LG Chem, South 

Korea. The membrane characteristics from the provided datasheets are 

mentioned in Table S3.2. The characteristics show that the more open NF 

membranes have a high multivalent ion retention compared to monovalent ion 

retention whereas the RO membranes almost retain all ions present due to their 

denser selective layer [15].  

3.2.2 Surface charge  

The surface charge of the membranes over a pH range of 2 to 12 was 

measured in terms of zeta potential using a 5 mM KCl solution adjusted in pH 

using HCl and KOH. The zeta potential was determined with the electrokinetic 

analyzer SurPASSTM3 from Anton Paar, Austria, and calculated from the 

measured streaming potential using the Helmholtz-Smoluchowski equation.   

3.2.3 Dead-end cell filtration 

The membrane performance using different solutions was established using a 

HP4750X stirred dead-end filtration cell from Sterlitech, USA. Nitrogen gas was 

used to adjust the transmembrane pressure, the pressure was set using a 

Tescom™ pressure regulator (maximum pressure of 60 bar). The cell was 

continuously stirred at 500 rpm to minimize the boundary layer effects, the 

accumulation of ions above the membrane surface, at the membrane surface 

using a stirring plate from Velp scientific, Italy.  

3.2.3.1 Pure water permeability 

All permeation measurements were carried out in triplicate with new 

membranes, providing a standard deviation, at room temperature for 10 

minutes after a stabilization time of 2 minutes using 100 mL feed solution and 

for every measurement a new membrane was used with an area of 1.5·10-3 m2  

that had been conditioned in demineralized water for at least 12 hours. The 

permeation was measured over a pressure range up to 50% of the maximum 

allowable trans membrane pressure. Moreover, for the RO SW low fluxes were 

observed up to 20 bar, hence higher transmembrane pressures up to 40 bar 
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present more accurate results. The pure water permeability was calculated 

using Eq. 3.1 with the weight of the permeate, WP, in g measured, the density 

ρ of demineralized water (997 g/L), the effective membrane area A in m2, time 

t in h and the starting pressure P applied in bar.  

 
𝑃𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  

 𝑊𝑃 𝜌⁄

𝐴 ∙  𝑡 ∙  𝑃
 Eq. 3.1 

3.2.3.2 Retention measurements 

The single salt retention, indicating the percentage of a solute that is retained 

by the membrane, was measured in triplicate with new membranes providing a 

standard deviation over the same pressure range using a model single salt 

solution containing 8.9 g/L NaCl. Additionally, NH4Cl and KCl single salt 

solutions were used containing 3.5 g/L NH4
+ or K+, which is similar to the 

concentration in pre-treated liquid manure digestate. The concentrations of the 

salt and species in the solutions used for retention measurements are 

presented in Table 3.2 along with the theoretical and measured osmotic 

pressure. The theoretical osmotic pressure for pre-treated liquid digestate was 

based on the ionic composition presented in Table S3.1. The ion composition 

shows a gap in terms of electroneutrality as the hydroxide ions, metals, humic 

acids and other organic species were not measured. The measured osmotic 

pressures were calculated from the Osmolality as measured with the Osmomat 

3000, from Gonotec Germany.  

Table 3.2: The solution composition in terms of concentration [g/L] along with the 

measured and theoretical osmotic pressure [bar], conc. stands for concentration. 

 

 

 

Salt conc. NH4
+ conc. K+ conc. 

Theoretical 

osmotic 

pressure 

Measured 

osmotic 

pressure 

Solution [g/L] [g/L] [g/L] [bar] [bar] 

NaCl 8.9 - - 7.3 6.9 

NH4Cl 10.4 3.5 - 9.5 8.7 

KCl 6.7 - 3.5 4.4 4.0 

NH4Cl/KCl 10.4/6.7 3.5 3.5 13.9 15.9 

Pre-treated 

liquid  

digestate 

- 3.7 3.2 12.1 12.7 

The observed retention Robs was calculated, as shown in Eq. 3.2, using the 

concentration ratio of the permeate collected CP and the average of the feed 



Chapter 3 

56 

3 

and retentate values CF,avg, to correct for changes in the concentration. In this 

case, these values were measured as conductivity values in mS/cm using a 

Hach pocket pro conductivity meter, USA. In addition the flux in L/m2·h was 

calculated using the measured weight of the permeate WP in gram, the density 

ρ in g/L, membrane area A in m2 and the time t in h as shown in Eq. 3.3.  

 
𝑅𝑜𝑏𝑠 = (1 −

𝐶𝑝

𝐶𝐹,𝑎𝑣𝑔
) ∙ 100% Eq. 3.2 

 
𝐹𝑙𝑢𝑥 =  

𝑊𝑃 𝜌⁄

𝐴 ∙  𝑡 
 Eq. 3.3 

To determine the occurrence of any interaction between the ions, the same 

experiment was conducted using a solution containing both NH4Cl and KCl 

(10.4 and 6.7 g/L). As the permeate collected contains both NH4
+ and K+ ions, 

the permeate was analyzed with ion chromatography to determine the 

concentration of the individual species after an appropriate dilution. For ion 

chromatography analysis a Thermo Fisher Aquion and Integrion ion 

chromatography system from Thermo Fisher, the Netherlands, was used, using 

an Ionpac CS12A cation and Dionex Ionpac AS11 anion column, and methyl 

sulfonic acid and KOH eluents. The measured concentrations of NH4
+ and K+ 

were used to calculate the observed retention using Eq. 3.2 and the flux was 

calculated as explained previously. The same approach was used to 

investigate the effect of the pH in the range 6 to 12 on both the retention and 

flux at a pressure of approximately 20 bar. This pH range was investigated for 

the artificial NH4Cl/KCl solution and pre-treated liquid manure digestate. The 

pH of the artificial solution was adjusted by dosing 1 M NaOH whereas the real 

feed with an initial pH of 8.3 was acidified using H2SO4 and brought to alkaline 

conditions using NaOH. Moreover, the permeate was collected in 1 M HCl to 

prevent evaporation of NH3. The flux and retention were measured as 

described before. 

3.2.4 Crossflow filtration 

To mimic a commercial large scale crossflow system, the MMS triple system 

from MMS AG Membrane Systems, Switzerland, was used to investigate the 

performance in terms of the flux and the separation of N and K. The system 

allows to simultaneously test three membranes (2.8·10-3 m2) as triplicate to 

include the standard deviation. To convert the NH4
+ to NH3, the pH was 

adjusted to 10 by using 1 M NaOH and the flow velocity was varied between 

0.75 to 1.5 m/s during the measurements. After a stable flux was obtained, 
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permeate samples were collected during 30 min at room temperature. The 

permeate was collected in 1 M HCl to prevent NH3 evaporation. The resulting 

fluxes and observed retentions were calculated as shown in Eq. 3.1 and          

Eq. 3.2. As there are two solutes in an aqueous stream the selectivity of N over 

K was expressed as the ratio of the two species in the permeate over the ratio 

of the species in the feed in terms of concentration c in g/L as shown in Eq. 3.4 

[21].  

 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑁/𝐾 = 

𝑐𝑁,𝑃 / 𝑐𝐾,𝑃
𝑐𝑁,𝐹/𝑐𝐾,𝐹

 Eq. 3.4 

3.3 Results and discussion 

3.3.1 Typical membrane filtration performance 

Looking into the surface charge, it is observed that all zeta potentials measured 

were slightly negative as shown in Table S3.3. For example, -29 mV for the NF 

270 and -17 mV for the NF 90 at pH 6. Moreover, the apparent zeta potential 

values over a pH range of 2 to 12 are shown in Fig. S3.2 presenting a negative 

surface charge for all membranes for the in this research investigated pH range 

of 6 to 12. This indicates that due to the negative charge, anion rejection based 

on charge can be expected followed by rejection of cations to maintain 

electroneutrality, which is in addition to size exclusion. Over this pH range, the 

negative surface charge is found as a result of dissociation of the different 

carboxylic acid groups as their pKa values are 5.3 and 9.0 according to a study 

from Coronell et al. [22]. However, we observe a clear difference between the 

zeta potential of the RO BW (-32 mV) and RO SW (-3.4 mV) membranes which 

indicates a difference in the chemical composition of the components used in 

the interfacial polymerization step when forming the selective polyamide layer 

on top of the membrane support. 

The membrane filtration performance depends on the charge, the chemistry 

and the morphology of the selective layers. Both the NF and RO membranes 

investigated contain a selective layer of polyamide where NF270 consists of 

semi aromatic polymers while the other membranes are composed of fully 

aromatic polymers [23], [24]. The NF270 membrane is prepared through an 

interfacial polymerization reaction of benzenetricarbonyl trichloride and 

piperazine on a non-woven polyester reinforced polysulfone microporous 

support [25]. For the NF90 membrane benzenetricarbonyl trichloride is also 

used as the acid chloride but now 1,3-phenylene diamine is applied to form the 
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selective interfacial polymerization polyamide layer [25]. The RO membranes 

are fabricated in a similar manner as the NF90 with additional embedding of 

nanoparticles to improve the flux without compromising the salt retention. 

Moreover, these membranes are covered with an antifouling layer [26].  

A clear difference between the membranes is observed for the pure water 

permeability as shown in Fig. 3.2a. The NF270 membrane is known for its loose 

structure creating less resistance to permeation and therefore shows a high 

pure water permeability of 14.5 L/m2·h·bar [15], [27], [28]. On the other hand, 

the NF90 membrane has a lower pure water permeability compared to NF270 

due to a more dense fully aromatic top layer [23]. The NF90 membrane is 

classified as a tight NF-membrane. This NF90 reaches similar pure water 

permeabilities as the RO BW membranes that have values of respectively 8.2 

and 6.6 L/m2·h·bar. For the RO SW membrane a low pure water permeability 

of 2.1 L/m2·h·bar was found compared to the RO BW membrane. The RO BW 

is typically used for desalination of brackish water (2-5 g/L) which means that 

less stringent requirements can be imposed on mechanical strength and salt 

retention as the applied pressures exerted on this membrane are much lower. 

In comparison, the RO SW membranes are designed for seawater                    

(32-40 g salt/L) desalination requiring more pressure to demonstrate water 

permeation and to show resistance against both salt permeation and the high 

osmotic pressure created by the sea water, hence the RO SW membrane is 

denser [15].  

 

Fig. 3.2: a. The pure water permeability [L/m2·h·bar] and b. the single salt NaCl retention 

[%] versus the flux [L/m2·h] at 20 bar applied pressure for NF270, NF90, RO BW and 

RO SW measured in triplicate in the dead-end filtration set-up using demineralized water 

and a 8.9 g/L NaCl feed solution. 
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Moreover, a similar trend for the flux, which represents the permeate stream 

production rate, is observed with an NaCl feed solution, further confirming the 

increase in density of the active top layer from the NF270 to the RO SW 

membrane. Usually, a trade-off relationship exists between the flux and 

retention of membranes. A denser structure ensures that less solutes can 

permeate through the membrane, resulting in a higher retention at the expense 

of the permeate flux. For example the RO membranes show, when operated at 

20 bars, NaCl retentions higher than 90% and fluxes of 21 and 41 L/m2·h, as 

presented in Fig. 3.2b, while the NF membranes show lower retentions and 

higher flux values. At these conditions, the NF90 membrane reaches a NaCl 

retention of 69% at a flux of 50 L/m2·h indicating that the NF90 filtration 

performance is comparable with the “loose”     W membrane   t the bottom 

of the trade-off line is the NF270 that shows a 10 times higher flux, but this is 

at the expense of the NaCl retention, which only reached 11%. The measured 

salt retentions deviate slightly from the manufacturer’s datasheets as given in 

Table S3.2. This is due to differences in the experimental conditions; effective 

pressure, concentrations and hydrodynamic conditions used. To be able to 

properly compare the membranes with each other we used for all membranes 

a monovalent NaCl test solution containing 8.9 g NaCl/L and an applied 

pressure of 20 bar. Nevertheless, the measured retention and flux values 

represent the trade-off and thus the expected difference in the density of the 

selective layer of the membranes [15]. 

3.3.2 Retention of NH4
+ and K+ 

To determine the difference in retention between NH4
+ and K+

, retention of 

single salt solutions and a mixture of salts was measured with the dead-end 

filtration cell over a pressure range as shown in Fig. 3.3. Opposite to the other 

membranes, for the RO SW membrane a higher pressure range is measured. 

This pressure range was chosen in order to allow comparison between single 

salt and mixed salt permeation. The measured osmotic pressure of the mixed 

salt solutions is 15.9 bars which indicates a high osmotic pressure difference. 

This high osmotic pressure remains for RO SW membrane as due to its high 

salt retention the osmotic pressure difference over the membrane is (almost) 

equal to the osmotic pressure of the feed solution. This requires a high applied 

pressure in order to create a water flux through the membrane. This effect is 

further enhanced by the accumulation of salt in the boundary layer of the mixed 

salt solution above the membrane. For this reason, all measurements for the 
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RO BW and NF90 membranes were carried out from 10 to 20 bar while for the 

RO SW membrane a pressure range from 15 to 40 bar was chosen.  

 

Fig. 3.3: a. The single salt TAN retention [%] and b. the K retention [%] versus the applied 

pressure for the NF270 (yellow circle), NF90 (blue square), RO BW (green triangle) and 

RO SW (red diamond) membranes at approximately pH 5-5.5 in the dead-end filtration 

set-up using single salt solutions (10.4 and 6.7 g/L). c. The TAN and d. the K retention 

[%] against the applied pressure for the mixture of salts for the NF270 (yellow circle), 

NF90 (blue square), RO BW (green triangle) and RO SW (red diamond) membranes at 

a pH of 5.2 measured with the dead-end filtration set-up using a NH4Cl/KCl solution 

(10.4 and 6.7 g/L). 

Typically, an increase in effective pressure results in an increase in retention 

as the water flux is convective and thus increases with pressure while the salt 

flux is diffusion controlled and therefore remains relatively constant [15]. In 

agreement with this, for example an increase in the water flux for the RO BW 

membrane from 21 to 57 L/m2·h was found while increasing the transmembrane 

pressure from 10 to 20 bar whereas the KCl permeation flux only slightly 

increases from 16 to 22 g/m2·h resulting in an increasing retention with 

increasing pressure (Fig. S3.3). For the single salt solutions, this behavior is 
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also observed for the RO SW membrane where the retention increases from 

75 to approximately 97% for both TAN and K when the applied pressure 

increases from 15 to 40 bars.  

Moreover, both nutrients N and K were present as their monovalent cations, 

NH4
+ and K+: As the solutions used for these experiments had pH values below 

6 and the pKa value of ammonia is 9.25 [29], >99.9% of the N was present as 

NH4
+ and almost no non-charged NH3 was present. Therefore, based on the 

similarity in physical properties of these two cations (Table 3.1), similar 

retentions are expected for TAN and K in the individual and mixed solutions.  

Oppositely, for single salt solutions at 20 bar, the RO BW membrane reaches 

a retention of 71% for TAN and 90% for the K+-ions. This difference in retention 

can be attributed to lower water flux of the NH4Cl solution induced by the lower 

effective transmembrane pressure of the NH4Cl solution. Although both single 

salt solutions contain 3.5 g cation/L, comparable to the digestate concentration, 

due to the difference in the molecular weight of the salts the osmotic pressure 

are measured to be 8.7 and 4.0 bar (Table 3.2), for the NH4Cl and KCl solutions 

respectively. In addition, the hydration number and hydration energy of NH4
+ 

are slightly lower than those of K+ (Table 3.1), hence the permeation of NH4
+ 

through pores with sizes similar to those of the NH4
+ and K+ ions requires less 

energy, allowing easier permeation [10]. For the NF90 a relatively constant 

retention is observed with increasing pressure for TAN and K instead of the 

expected increase with flux and thus applied pressure as is observed for the 

RO membranes. Moreover, for the NF270 membrane, the retention observed 

for both TAN and K remains low at a more or less constant value due to the 

largely convection-controlled transport and therefore almost a pressure-

independent retention.   

A mixture of both 3.5 g cations/L of NH4Cl and KCl was measured in the same 

way to define any competition between NH4
+ and K+. Again, the more open 

NF270 membrane shows a low and almost a pressure-independent retention 

due to its open character. For the NF90 membrane the typical increase in 

retention with increasing effective pressure is observed due to the increased 

water flux at higher pressure, while the salt flux is pressure independent due to 

its diffusive character. In agreement with the single salt experiments also the 

RO membranes show increased retentions at higher pressures, but do show a 

difference in the values of NH4
+ and K+ retention when compared with the single 

salt mixtures. This is caused by the different osmotic pressure of the solutions. 
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In the case of a mixture, both ions are in the same solution and therefore 

experience the same osmotic pressure. As expected, since both ions have the 

same characteristics (Table 3.1) they show the exact same retention behavior. 

However, the slight difference in hydration number and a 10 kJ/mol lower NH4
+ 

dehydration energy of implies that for NH4
+ it is easier to migrate through the 

nanopores of the membrane [10]. This difference is so small that it does not 

result in a noticeable increase in N/K selectivity. Therefore, next the use of pH 

adjustment is investigated to separate NH4
+ from K+. 

3.3.3 Tuning N/K selectivity with pH 

The separation of the N and K relies on the acid-base equilibrium of the 

ammonium typically present in manure digestate. In an alkaline environment 

the equilibrium shifts from the monovalent cation NH4
+ to the neutral NH3 (Fig. 

3.1) that, because it is uncharged, permeates more easily through the 

membrane as it is not affected by the Donnan exclusion mechanism [15], [18]. 

In Fig. 3.4 the retention is shown when filtrating a mixture of TAN and K+ in the 

pH range from 6 to 12 at an applied pressure of 20 bar using the dead-end 

filtration set-up.  

 

Fig. 3.4: The retention of a. TAN and b. K [%] as function of the pH for a mixture of NH4Cl 

and KCl (10.4 and 6.7 g/L) at 20 bar pressure in the dead-end filtration set-up for the 

NF270 (yellow circle), NF90 (blue square), RO BW (green triangle) and RO SW (red 

diamond) membranes. 

For the TAN retention a clear decrease in retention for all membranes is 

observed when the equilibrium shifts more towards neutral NH3 (higher pH). At 

pH 6 the retention of both TAN and K is similar for each membrane as N is for 

>99% present as NH4
+, see Fig. 3.1a. Moreover, at pH 12 the TAN is present 

for >99% as neutral NH3, which results in much lower retentions approaching 
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zero and even below that. The negative retentions are the result of the high 

NH3 flux through the membrane in proportion to the water flux as the osmotic 

pressure created over the membrane acts as driving force for the diffusion of 

NH3 through the membrane [15]. On the other hand, the retention of K+ remains 

constant and high regardless of the change in pH for these membranes. A 

plausible reason for this is that in the case of the positively charged K+ the 

osmotic pressure difference cannot be compensated, due to electroneutrality 

restrictions by K+ transport only. There is only a slight drop in retention when 

the pH exceeds 10 because the high OH- ion concentration results in some 

permeation of these ions, as OH- ions (diffusion coefficient in water             

4.5·10-9 m2/s [30]) permeate more easily through the membrane than Cl- ions 

(diffusion coefficient in water 2.2·10-9 m2/s [31]) and are accompanied by K+ 

ions to ensure electroneutrality. For the NF270 membrane low retentions are 

observed for both TAN and K+ making NF270 not suitable for this application. 

The NF90 membrane reaches a relatively high retention for K+ although it also 

shows slight instability at for example pH 8. This instability in performance might 

be related to the response of the NF90 membrane to the pH: Imbrogno et al. 

(2018) found a 1.65 fold increase in pure water flux when increasing the pH 

from 6 to 8 while in the range from 2 till 6 the pure water flux was decreasing 

with a factor 1.2 [32]. A well-recognized explanation for this flux increase is the 

swelling of the membrane in alkaline environment that results in an increased 

pore size [33].  

The biggest difference in retention between N and K can be reached by 

increasing the pH above 8. The fully aromatic membranes used in this study 

are suitable for p ’s up to 11 (Table S3.2). Even though the highest separation 

efficiency is achieved at pH 12, a feed solution with a pH below 11 is 

recommended to avoid membrane damage and ensure long-term operation. 

The biggest difference in retention is achieved with the RO SW membrane due 

to its excellent monovalent salt retention creating the highest osmotic pressure 

difference as driving force for the NH3 to diffuse towards the permeate. As a 

consequence of the trade-off between retention and flux, the flux of the RO SW 

membrane is found to be the lowest under these conditions (Fig. S3.5). To 

produce a compelling amount of the N-rich stream, the RO BW membrane is 

recommended for this process as the flux with 31 L/m2·h when operated at            

20 bars is about two fold that of the RO SW membrane while the difference in 

permeation between TAN and K+ is similar for both membranes.   
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3.3.4 Performance with real feed stream 

Next, the performance of pH tuning using real liquid manure digestate feed 

streams was investigated. This pre-treated liquid manure digestate has TAN 

and K+ concentrations of approximately 3.7 and 3.2 g/L (Table 3.2). The 

retention of TAN and K+ for this real feed stream was measured with the dead-

end filtration set-up at 20 bar pressure over a pH range from 6 to 12 (Fig. 3.5). 

 

Fig. 3.5: The retention of a. TAN and b. K [%] versus the pH for pre-treated real liquid 

manure digestate at a pressure of 20 bar in the dead-end filtration set-up for the NF270 

(yellow circle), NF90 (blue square), RO BW (green triangle) and RO SW (red diamond) 

membranes. 

The results show the effect of the sensitivity of the NH3/NH4
+ equilibrium for pH 

as also for the pre-treated real liquid manure digestate a large separation is 

observed when the equilibrium is switched to neutral NH3 which easily 

permeates while K+ is retained. When comparing the retention values of TAN 

and K+ for the real liquid digestate feed with the values for the artificial solutions, 

a difference is observed at pH 10 where the retention of TAN is higher for the 

real feed and at pH 12 where the retention for the real feed is lower in 

comparison to the artificial feed. Also, a clear decrease in flux is observed when 

real feed is used as shown in Fig. S3.6. The organic matter still present in the 

pre-treated liquid manure digestate fouls the membrane surface resulting in the 

formation of an additional resistance layer on the membrane that covers the 

pores and increases the permeation resistance. Moreover, this layer shields 

the membrane charge. Hence, until a pH of about 10, a retention of 

approximately 50% is observed for the NF270 membrane, which is a large 

increase compared to the retention obtained with this membrane for the artificial 

solutions. Moreover, the NF90 membrane shows instable results for both TAN 
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and K+ retentions, which is hypothesized to be the result of the pH as mentioned 

before. In comparison, both RO membranes show stable results and only a 

slight decrease in flux most likely due to less severe fouling due to their 

antifouling layer as they showed visually less fouling after measurements in 

comparison to the NF membranes. Another difference between the real feed 

and the artificial mixture is the difference in osmotic pressure. The osmotic 

pressure of the real feed stream is experimentally determined at 12.7 bar. This 

is lower than the measured osmotic pressure of 15.9 bar for artificial feed (Table 

3.2) and presumed to be the result of the presence of divalent counter ions and 

other organic components in the real feed (ion composition is presented in 

Table S3.1), giving a lower amount of particles contributing to the osmotic 

pressure. Typically, a higher effective pressure (applied pressure – osmotic 

pressure) increases the water flux but the effect on solutes is less, thus lowering 

the concentration of solutes in the permeate. In contrast, membrane fouling 

caused by the organic matter present in the feed counteracts this increase in 

water flux. Hence, both the effective pressure and the organic matter present 

affect the water permeation and subsequently the retention. Most important, 

the RO membranes show the same clear trend in TAN permeation at higher pH 

values as the mixed component system. Overall, a maximum difference 

between the retention of TAN and K is reached for the RO SW membrane at a 

pH of 12. However, as addressed earlier, a pH of 12 reduces the membrane 

lifetime. To circumvent this effect, a pH of 10 is therefore recommended, also 

because the adverse effect on NH3 permeation is limited because also at pH 

10 more than 80% of the TAN is still present as NH3. Overall, the consumption 

of base remains low due to the already alkaline pH of the liquid digestate of 

approximately 8. At these process conditions the RO BW reaches a flux of         

11 L/m2·h with an N enriched permeate stream that contains 1.4 g/L of N and 

0.4 g/L of K suitable as agricultural fertilizer. After neutralization, this permeate 

stream can be concentrated with an additional RO-step to increase the 

economic value through broader applicability and reduction of transportation 

costs. Moreover, the acidification of the NH3 containing permeate stream 

requires less acid due to the lowered buffer capacity since organic 

biomolecules and carbonates are retained together with the potassium and are 

left behind in the retentate fraction of the first RO step. The acidification of this 

stream benefits the fertilization performance at around neutral pH and prevents 

evaporation of ammonia after application on land. For the acidification, sulfuric 

acid or nitric acid are recommended as these are commonly used for the 
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production of fertilizers like ammonium sulphate and ammonium nitrate. 

Overall, using this dynamic approach, an N enriched permeate stream can be 

produced while as by-catch a K enriched retentate stream is obtained. At a 

recovery of 50% the K concentration in this retentate stream is doubled 

reaching TAN and K concentrations of 4.0 and 5.4 g/L. This stream would be 

suitable in for example application on maize and potato crops [20].  

3.3.5 Influence of the crossflow velocity on the performance 

The dead-end system provides valuable information about the membrane 

performance. To gain more information about the filtration process, laboratory-

scale crossflow experiments were carried out as this better mimics the flow 

conditions in membrane modules in large-scale membrane systems [15]. 

Moreover, crossflow allows to create better defined turbulence in the feed 

channels above the membrane surface that reduces the boundary layer effects 

and the fouling sensitivity. To verify this, first the permeation behavior of a       

8.9 g/L NaCl solution at 20 bar applied pressure was carried out using the RO 

BW membrane in both the dead end and crossflow system. In agreement with 

the above, a higher retention of 97.5% is observed with the crossflow setup in 

comparison to a retention of only 89.5% in the dead-end cell. The flux measured 

with the crossflow setup was approximately 10% higher explaining the higher 

retention and permeate production rate. Hence, the lab scale crossflow system 

was also used to investigate the separation of TAN and K with the RO BW 

membrane, as that is more comparable to industrial systems. Fig. 3.6a presents 

the retention of TAN and K against the different crossflow velocities at a pH 10 

and a pressure of 20 bar. At this pH, TAN is mostly present as NH3. 

The graph shows TAN and K retentions of 14 to 18% and 96 to 98% 

respectively, slightly increasing with increasing crossflow velocity. Also, the flux 

increases slightly with increasing crossflow velocity from 23 to 29 L/m2·h. This 

small change indicates that there is some concentration polarization but that 

the higher crossflow velocity lowers concentration polarization and boundary 

layer effects resulting in a lower osmotic pressure of the feed just above the 

membrane. This lower osmotic pressure increases the effective pressure 

applied and thus the water flux. Since the flux of the salt ions is mostly diffusion 

controlled and thus less effected by the applied pressure, also the retention 

increases [15].  
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Fig. 3.6: a. The retention of TAN and K [%] of a NH4Cl/KCl mixture (10.4 and 6.7 g/L) 

for different crossflow velocities [m/s] at pH 10 and 20 bar pressure in the crossflow 

system with the RO BW membrane. b. The flux in L/m2·h and the selectivity of N/K for 

the RO BW membrane versus the crossflow velocities [m/s]. 

Moreover, the RO BW when operated at 1.5 m/s, pH 10, and a transmembrane 

pressure of 20 bar reaches a high selectivity of N/K of approximately 35          

(Fig. 3.6b), which means a permeate stream of 29 L/m2·h with a much higher 

N/K ratio. This obtained N/K selectivity with the crossflow cell is higher when 

compared with the N/K selectivity of 3 obtained with the dead-end cell. This N/K 

selectivity increase is not a result of the boundary layer alone. The difference 

in N/K selectivity is also due to the much higher amount of NH3 in the permeate 

in comparison to K and thus the N/K ratio in the permeate. This higher NH3 

permeation is likely the result of permeation over the length of the membrane 

in the crossflow cell. Due to this length, there is a longer residence time during 

which more NH4
+ dissociates into NH3 and a proton to compensate for the shift 

in the NH4
+/NH3 equilibrium caused by the initial NH3 permeation, whereas in 

the dead-end cell a continuous supply of NH4
+ is caused by the stirring [18]. 

Overall, the stage cut for each crossflow velocity was below 1% which means 

no significant change in salt concentration above the membrane between the 

inlet and outlet. Nevertheless, a decline in concentration difference was 

observed for the K at higher crossflow velocities due to the small decrease in 

the observed retention whereas the N concentration was less affected due to 

the higher permeation rate of NH3 resulting in less pronounced boundary layer 

effects. 
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3.4 Conclusion  

As the agricultural sector aims to valorize manure, the potential of pH to tune 

the retention of solutes was investigated for the separation of N and K to 

produce separate nutrient rich fractions for further use in tailored fertilization. 

Four different membranes (NF270, NF90, RO BW and RO SW) were 

investigated where the more open NF270 gave the lowest retentions and the 

RO SW the highest. Each membrane shows no difference between the TAN 

and K retention at a pH of 6 over pressure range of approximately 5 to 40 bar 

indicating that separation at pH 6 cannot be achieved. By increasing the pH it 

is shown that membrane separation can successfully separate TAN from K. 

The N/K selectivity was achieved as a result of the shift in the NH4
+/NH3 

equilibrium where the neutral solute NH3 permeates the membrane while K+ 

rejected remained unchanged and high up to a pH of 10. While a pH of 12 

provides the highest N/K selectivity it exceeds the typical maximum pH for long-

term membrane operation, hence a pH of 10 is recommended. The principle 

was confirmed with pre-treated real liquid manure digestate where the RO BW 

provided a N/K selectivity of 3 with a flux of 11 L/m2·h at a pH of 10. In 

conclusion, by dynamically tuning the pH to 10 a permeate stream containing 

approximately 1.4 g/L of N and 0.4 g/L of K can be produced. To subsequently 

concentrate the N-containing stream, a second RO step at a pH of 6 can easily 

be performed. The translation to large scale membrane separation of N and K 

was proven by the high N/K selectivity of 35 reached in the crossflow system at 

a pH of 10 with the RO BW membrane.  Overall, the tunability of the N retention 

by pH is easily incorporated in RO systems of existing manure treatment plants. 

This shows the potential of this dynamic process for manure valorization to 

produce a separate N rich stream and a K enriched retentate stream suitable 

as fertilizer. 
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S3 Supplementary information  

S3.1  Ion composition 

Table S3.1: The ion composition of pre-treated manure digestate measured with ion 

chromatography. 

Cations Concentration 

[g/L] 

Anions Concentration  

[g/L] 

Na+ 1.5 Cl- 2.0 

K+ 3.2 NO2
- 1.0 

NH4
+ 3.7 SO4

2- 1.5 

Mg2+ 0.9   

Ca2+ 0.1   

 

S3.2  Membrane characteristics 

Table S3.2: Membranes characteristics based on the manufacturer data sheets [1]-[4]. 

Membrane NF270 NF90 RO BW RO SW 

Material 

selective layer 

Polyamide 

thin film 

composite 

Polyamide 

thin film 

composite 

Thin film 

nano-

composite 

Thin film 

nano-

composite 

Maximum 

pressure 
41 bar 41 bar 41 bar 83 bar 

Maximum 

temperature 
45 C 45 C 45 C 45 C 

Maximum pH 

feed solution  
10 11 11 11 

Salt retention >97.0% >98.7% 99.8% 99.8% 

Conditions* 

Concentration 

pH 

Pressure 

Recovery 

 

2 g/L MgSO4 

- 

4.8 bar 

15% 

 

2 g/L MgSO4 

- 

4.8 bar 

15% 

 

2 g/L NaCl 

7 

15.5 bar 

15% 

 

32 g/L NaCl 

8 

55 bar 

8% 

*At 25 °C  
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S3.3  Experimental systems 

 

Fig. S3.1: Illustrations of dead-end (left) and cross flow (right) filtration systems 

according to the definitions as described above. 

Dead-end filtration is a system where the feed flow pattern in a membrane 

module is through the membrane which is the only outlet for the feed resulting 

in a batch process. 

Crossflow filtration is a system where the feed flow pattern is parallel to the 

membrane surface providing an outlet for the feed as retentate whereas the 

permeate moves through the membrane out of the system resulting in a 

continuous process. 
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S3.4  Zeta potential of membrane surface 

Table S3.3: The zeta potential values of the membranes measured in 5 mM KCl at pH 

6. 

Membrane NF 270 NF 90 RO BW RO SW 

Zeta potential [mV] -29 -17 -32 -3.4 

 

 

 

Fig. S3.2: The apparent zeta potential [mV] measured over a pH range for the NF270 

(yellow circle), NF90 (blue square), RO BW (green triangle) and RO SW (red diamond) 

membranes. 
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S3.5  Membrane performance 

 

Fig. S3.3: The flux [L/m2·h] against the pressure [bar] for measurements using single 

salt solutions containing a. NH4Cl (10.4 g/L) and b. KCl (6.7 g/L) at a pH of 5-5.5 NF270 

(yellow circle), NF90 (blue square), RO BW (green triangle) and RO SW (red diamond) 

membranes. 

 

 

Fig. S3.4: The flux [L/m2·h] against the pressure [bar] for measurements using a mixture 

containing NH4Cl and KCl (10.4 and 6.7 g/L) at a pH of 5.2 for NF270 (yellow circle), 

NF90 (blue square), RO BW (green triangle) and RO SW (red diamond). 
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Fig. S3.5: The flux [L/m2·h] against the pH for the NF270 (yellow circle), NF90 (blue 

square), RO BW (green triangle) and RO SW (red diamond) membranes measured with 

a mixture of NH4Cl and KCl (10.4 and 6.7 g/L) at 20 bar in the dead-end filtration set-up.  

 

Fig. S3.6: The flux [L/m2·h] against the pH using pre-treated manure digestate for the 

NF270 (yellow circle), NF90 (blue square), RO BW (green triangle) and RO SW (red 

diamond) membranes measured at 20 bar in the dead-end filtration set-up.  
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CHAPTER 4  

Membrane modification for nutrient 

separation in manure treatment 

Abstract  

An emerging application for a more sustainable future is the separation of N 

and K nutrients from pretreated manure digestate to allow tailored fertilization 

with recycled functional manure minerals. Reverse osmosis (RO) membranes, 

traditionally employed in manure treatment, offer efficient water-ion separation 

but lack ion specificity. To enhance this specificity, membrane modification has 

emerged as a promising strategy. This chapter investigates a three-step 

modification approach of an ultrafiltration (UF) polyacrylonitrile (PAN) 

membrane support to establish ion specific separation. Hydrolysis of the PAN 

membrane support introduces charged carboxylic acid groups enabling 

Donnan exclusion with a significant decrease in water flux due to pore swelling. 

The subsequently applied polyelectrolyte multilayers add size exclusion to the 

Donnan-exclusion by pore-covering increasing the retention of monovalent and 

multivalent ions. This size exclusion can be further enhanced by crosslinking 

although at some expense of the water flux through the rigid polymer network. 

The NH4
+/K+ separation benefits from this, despite the NH4

+ and K+ ions having 

similar native size and charge they differ in dehydration energy. This difference 

in dehydration energy results in a difference in mobility and thus permeation 

selectivity through the crosslinked PE layers on the hydrolyzed membranes. 

Next, the separation of these nutrients can be further improved by increasing 

the pH of the manure digestate above the pKa value of the NH4
+/NH3 

equilibrium, which converts NH4
+ to neutral NH3. NH3 molecules are uncharged, 

and smaller than NH4
+ ions, making them not susceptible to Donnan exclusion, 

resulting in an improved N/K separation. 

This chapter was submitted as:  

M. van der Wal, A. Kinik, M. van Maris, Z. Borneman, K. Nijmeijer, Membrane 

modification for nutrient separation in manure treatment, 2025 
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4.1 Introduction 

The agricultural sector contributes to the societal challenges of limiting nitrogen 

and CO2 emissions into the atmosphere. In addition, it aims for the valorization 

of manure into separate nutrient-rich fractions for tailored fertilization to 

customize the nutrient ratio per crop and season. The liquid fraction remaining 

after co-digestion of manure contains nitrogen (N) and potassium (K), where 

the N is mainly present in the form of ammonium (NH4
+). This stream is further 

treated with reverse osmosis (RO) to create a mineral concentrate containing 

both nutrients, N and K, in the same ratio. In this process NH4
+ and K+ are thus 

not separated from each other and both end up in the concentrate stream [1], 

[2]. Commonly used RO membranes do not provide selectivity between NH4
+  

and K+ due to the identical size and charge of these ions [3]. The experimentally 

observed small difference in rejection between NH4
+ and K+ is based on the 

slightly lower dehydration energy of NH4
+ resulting in a slightly lower retention 

in comparison to K+.  

The previous chapter showed that the pH is a suitable tool to tune the NH4
+ 

retention. Under alkaline conditions NH4
+ is converted to NH3, which permeates 

the membrane more easily because of its smaller size and charge neutrality, 

while K+ remains charged and is thus retained by the membrane resulting in 

nutrient separation [3]. 

As a next step, this chapter investigates how membrane modification can be 

used as a tool for N/K separation. Here a systematic multistep membrane 

modification is performed to fabricate membranes with tailored ion retentions. 

A three-step modification is conducted with a polyacrylonitrile (PAN) 

ultrafiltration (UF) membrane as support and starting material. This support is 

known for its high water flux but, due to its porous nature, lacks retention of any 

salt ion. The investigated modification starts with hydrolysis of the nitrile groups 

of this PAN support into carboxylate groups to create negatively charged ionic 

entities on the support that contribute to Donnan exclusion. Second, 

polyelectrolyte (PE) multilayers of polyethyleneimine (PEI) and polystyrene 

sulfonate (PSS) are applied using layer-by-layer (LbL) assembly. The PE layers 

close off pores with a charged, thin but dense layer inducing a significant 

decrease in ion permeation by Donnan and size exclusion. The PEI was chosen 

as it forms dense layers in combination with PSS resulting in a higher 

monovalent salt retention of 70% when compared to for example the strong 

polyelectrolyte poly(diallyldimethylammonium chloride) reaching a retention of 
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10% [4], [5]. Moreover, PEI contains functional groups suitable for crosslinking. 

Lastly, this crosslinking capability of the PEI layers in the LbL assembly is used 

by crosslinking with glutaraldehyde (GA) forming a more rigid selective layer 

that is less susceptible to swelling and that further increases the permeation 

resistance and retention.  

This chapter provides unprecedented insights into how membrane design and 

optimization affects membrane performance and ion specific retention by 

quantifying the impact of the successive modification steps on the flux and the 

salt retention. In line with the above, the performance and subsequent 

exclusion mechanisms of the membranes are investigated after each 

modification step to show the concentration and separation potential of 

nutrients from manure digestate. The research proves that when using carefully 

selected materials, the combination of these three different approaches 

together has a complementary effect on ion selectivity. The fundamental 

information obtained regarding the additional contribution of each modification 

leads to insights into parameter tuning to fabricate an optimal membrane for a 

specific application.  

4.1.1 Theoretical background 

4.1.1.1 Hydrolysis 

The neutral nitrile groups in a UF PAN membrane can be hydrolyzed using a 

strong alkaline medium at elevated temperatures, forming negatively charged 

carboxylic acid groups. This procedure has been widely used to produce 

membranes with charged functional groups suitable for UF, pervaporation and 

desalination applications and as substrate for the assembly of PE multilayers    

[6]–[9]. The hydrolysis reaction, see Scheme 4.1, typically is reported as a two-

step reaction where first a nucleophilic addition of a hydroxide ion on the 

partially positive carbon in the nitrile group occurs forming an amide 

intermediate. This amide intermediate then reacts further with another 

hydroxide ion into a carboxylate group releasing ammonia [10], [11].  

 

Scheme 4.1: The multistep hydrolysis reaction in alkaline conditions [10]. 
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The amount of conversion depends on the type of base, concentration, 

temperature, and time. Zhang et al. showed that KOH provides the highest 

degree of hydrolysis whereas Lohokare et al. shows that higher temperatures 

and higher concentrations facilitate the hydrolysis reaction [12], [13]. An 

increased hydrolysis time increases the number of charged groups and thus 

the impact on ion rejection by Donnan exclusion. Salt retention is facilitated by 

Donnan exclusion, the electrostatic repulsion between fixed carboxylate groups 

and solution anions (co-ions). This mechanism dominates when the repulsive 

force between the fixed charges and anions surpasses the attractive force 

between the fixed charges and mobile counter-ions. This results in increased 

salt retention, especially for anions with higher charges, such as multivalent 

ions [6], [14], [15].  

In addition to increasing the charge of the membrane, hydrolysis also increases 

the hydrophilicity of the membrane, which results in the membrane being more 

susceptible to swelling. Swelling pushes the pore walls closer together, which 

not only decreases the pore size but also promotes Donnan exclusion as the 

charged groups on the pore walls move closer together [13], [14].  

The smallest pore radius reported for UF-membranes is typically 0.5 nm, which 

is still larger than the size of Mg2+ with a hydrated radius of 0.428 nm [16], [17]. 

Ferry and Renkin modeled the rejection of ions (Robs) in such pores using pore 

radius (rpore), solute radius (rsolute), and the fluidic motion of the solvent, resulting 

in Eq. 4.1 [18], [19].  

 𝑅𝑜𝑏𝑠 = (1 − 2(1 −
𝑟𝑠𝑜𝑙𝑢𝑡𝑒
𝑟𝑝𝑜𝑟𝑒

)

2

+ (1 −
𝑟𝑠𝑜𝑙𝑢𝑡𝑒
𝑟𝑝𝑜𝑟𝑒

)

4

) ∙ 100% Eq. 4.1 

This equation shows that pores larger than the target ion can provide rejection, 

e.g. a pore with a radius of 0.5 nm pore radius shows a high Mg2+ retention of 

96%, even without considering the effect of membrane charge. However, larger 

pores are more common hence a lower rejection of ions is expected for UF. 

Thus, Eq. 4.1 shows that membranes with a pore radius of 5 nm or greater 

provides no rejection for the relatively large hydrated Mg2+ ion. Hence, it is 

expected that size exclusion is limited and that therefore Donnan exclusion, 

driven by the charge carboxylic acid groups, is dominant. However, as 

mentioned before, these charged groups also induce swelling of the polymer 

matrix resulting in a reduced pore size which can ultimately result in some 
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retention by size exclusion. Overall, this results in some permeation of cations 

such as Mg2+ as they are attracted by the membrane charge while rejection by 

size is limited. On the other hand, anions like SO4
2- and Cl- are rejected by the 

charge repulsion. Moreover, the contribution of dielectric exclusion, the 

dehydration of ions to pass a pore, is small if there is limited size-based 

exclusion.  

4.1.1.2 Polyelectrolyte multilayers 

The complexation of PE multilayers on top of charged UF membranes has been 

widely studied as it grants a variety of parameters to tune membrane properties 

to provide the desired retention and flux [20], [21]. The adsorption of a 

polycation on a negatively charged substrate (e.g. hydrolyzed PAN) results in 

strong intrinsic charge compensation between the negative groups of the 

support and the positive groups of the PE in solution creating a so-called half 

bilayer (BL) [22]. The then positively charged membrane forms the substrate 

for the electrostatic adsorption of a subsequent polyanion layer, with the two 

applied layers now forming one BL. The PE layer provides surface charge 

resulting in Donnan exclusion while the coverage of pores induces size 

exclusion and contributes to dielectric exclusion. This approach can be 

repeated, using similar or even different PEs, until the desired membrane 

performance is reached [23].  

The most versatile tuning opportunities of LbL assembly consist of the PE type, 

concentration, supporting salt concentration and pH. PSS is an example of a 

frequently used strong anionic PE, see Fig. 4.1a, which provides a stable 

negative terminating layer independent of pH. The branched polycation PEI, 

see Fig. 4.1b and c, is a weak cationic PE known to form dense layers and in 

addition PEI contains amine groups suitable for crosslinking. Moreover, its 

charge density depends on the pH, for example PEI shows 100% charge 

density at a pH of 4 whereas at a pH of 10 the charge density becomes 

approximately 15% [4]. 

 

Fig. 4.1: Schematic drawings of a. PSS, b. PEI at pH 4 and c. PEI at pH 10. 
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Scheepers et al. showed that a PEI solution at pH 4 provides the densest layer 

resulting in significant monovalent NaCl salt retention reaching 70%, while LbL 

coated membranes based on other PE couples often fail to retain monovalent 

ions [4]. However, to separate K+ from NH3, a pH of 10 is required to shift the 

NH4
+/NH3 equilibrium towards 90% NH3, and at this pH, PEI is charged for only 

15%. However, the combination of size exclusion by the LbL layers and Donnan 

exclusion by the negatively charged groups in the PSS terminating layer of the 

LbL assembly may still result in significant rejection of monovalent salts, such 

as KCl [24].  

Moreover, the PE concentration can be employed to increase the rejection with 

a higher PE concentration giving a higher adsorption leading to a thicker layer 

with higher charge densities [5]. Additional tuning can be achieved by adding 

salt to the PE coating solution, causing less intrinsic (between oppositely PEs) 

but more extrinsic (between PE and oppositely charged mobile salt ions) 

charge compensation of the PE functional groups, thereby increasing the 

charge density of the formed selective layer. The concentration and type 

(kosmotropic or chaotropic) of salt used during LbL deposition provides 

different membrane properties [25]. In general, the tunability of LbL assembly 

offers the opportunity of creating membranes with specific properties.  

To provide significant exclusion of monovalent ions with an LbL selective layer 

a dense layer with a high charge density is required. The charges present 

provide Donnan exclusion, while the denseness of the LbL layers contribute to 

size exclusion in combination with dielectric exclusion [20]. Donnan exclusion 

is the rejection of ions based on charges that are similar to the charges from 

the membrane surface. Whereas dielectric exclusion is an energy barrier of 

both cations and anions represented by the difference in solvation energy 

between the dielectric constant in the bulk and the solvent in the membrane, 

which is also known as dehydration energy [26]. Generally, the combination of 

size and charge-based exclusion leads to a higher retention of ions. The highest 

retentions are typically observed for multivalent salt ions with higher charge 

density and thus dehydration energy. Nevertheless, greater size and dielectric 

exclusion also leads to increased monovalent ion retention which are smaller 

and have a lower charge density compared to multivalent ions [20], [27].  

4.1.1.3 Crosslinking  

Crosslinking of polymers typically provides more mechanical and chemical 

strength in terms of reduced swelling and pH resistance [28]. In addition, 
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crosslinking can also be used to increase membrane rejection. The aldehyde 

entity of GA is well-known for its ability to crosslink primary amine groups 

forming a crosslinked polymer network and water, see Scheme 4.2. In the case 

of e.g. PEI, this results in covalent imine bonding between the PEI polymer 

chains, diminishing swelling and creating a more rigid structure [7].  

 

Scheme 4.2: The crosslinking between the amine and aldehyde groups resulting in imine 

bonds [7]. 

The denser and more rigid crosslinked polymer structure has narrower paths 

and the polymer chains are less mobile. The ions thus have more restricted 

pathways, increasing the permeation resistance in terms of size exclusion [28]. 

In addition, narrow paths lead to an increase in dielectric exclusion as 

dehydration is required for the ions to permeate. Hence, the ions with a lower 

dehydration energy can more easily permeate through a rigid polymer structure 

compared to ions with a higher dehydration energy [17]. Therefore, the 

dielectric exclusion and thus the difference in dehydration energy can also 

attribute to a difference in retention between monovalent ions like NH4
+ and K+ 

with the same stokes radius, see Table S4.1.  

4.2 Materials and methods 

4.2.1 Chemicals and materials  

UF PAN support with a pore size of ±10nm was kindly provided by GMT 

Membrantechnik GmbH (Germany). Ethanol was purchased from VWR 

(France). KOH pallets with 85% purity were retrieved from Sigma Aldrich 

(Germany). PE solutions of 50 wt% polyethyleneimine (PEI) 750 kDa was 

purchased from Merck (Germany) and 20.4 wt% poly(sodium 4-styrene 

sulfonate) (PSS) 500-700 kDa from Tosoh Organic Chemical Co. LTD (Japan). 

Sodium chloride (Sanal® P, pharmaceutical grade) was provided by Akzonobel 

(currently Nouryon) (the Netherlands). Glutaraldehyde (GA) with a 

concentration of 50 wt% was purchased at Sigma Aldrich (Germany). 

Magnesium chloride hexahydrate was purchased from VWR chemicals 

(Belgium), Sodium sulphate decahydrate with a purity of 99+% from Thermo 
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Scientific (Spain) and anhydrous magnesium sulphate with a purity of 98+% 

from Merck (Germany). Polyethylene glycol (PEG) of 1 and 10 kDa were 

retrieved from Sigma Aldrich (Germany). The ammonium chloride (>98%) and 

potassium chloride (>99%) were retrieved from Thermo Scientific. All solutions 

were made with demineralized water. Manure digestate pre-treated with a sieve 

belt, dissolved air flotation and 80 μm paper filter was kindly supplied by 

Duurzaam Landleven Bernheze (the Netherlands). For pH adjustment 6 M and 

1 M hydrochloric acid VWR chemicals (the Netherlands) and Honeywell Fluka 

(USA), 1 M and 50% sodium hydroxide and 5 M sulfuric acid were retrieved 

from Merck (Germany).  

4.2.2 Membrane modification  

The UF PAN membrane support was pre-treated by soaking it overnight in a 

1:1 water ethanol solution. After that it was used as starting material for the 

membrane modification sequence as shown in Fig. 4.2.  

 

Fig. 4.2: An overview of the membrane modification starting with hydrolyzation of the 

PAN support using in 1.7 M KOH at 45 °C, followed by the formation of n BLs by 

subsequent dip coating in 0.01 wt% PEI solution with 50 mM NaCl at a pH of 4 and 0.01 

wt% PSS solution with 50 mM NaCl at a pH of 6 interrupted by a rinsing step with 50 

mM NaCl and crosslinking for 3 hours in a 1 wt% GA solution as final step.  

The substrate was hydrolyzed with 1.7 M KOH solution at 45 °C for 2, 4 and 6 

hours on a shaker from IKA-Werke GmbH (Germany) at 60 rpm. For further 

modification the 4 hours hydrolyzed PAN membranes were used as support for 

the application of PE layers. The application of the layers was started with the 

immersion of the 4 hours hydrolyzed PAN support in a solution containing 

0.01 wt% PEI in 50 mM NaCl at pH 4 for 15 min on a shaker at 60 rpm, followed 

by three rinsing steps of 5 min each with fresh salt solution of 50 mM NaCl 

without pH adjustment. The BLs were finished similarly in a solution of             

0.01 wt% PSS in 50 mM NaCl at pH 7 for 15 min with the same subsequent 

rinsing steps. In this chapter, 2 and 4 BLs were prepared always with a negative 

terminating layer. For performance comparison a 4 BLs coated membrane was 

crosslinked using a 1 wt% GA solution, the membrane was immersed for             
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3 hours and rinsed three times in water for 30 min. All membranes were stored 

in demineralized water before the measurements.  

4.2.3 Membrane surface characterization 

The surface composition after hydrolysis was determined with Fourier-

Transform Infra-Red (FTIR) spectroscopy, X-ray Photoelectron Spectroscopy 

(XPS) and zeta potential measurements. The morphology was studied with 

Field Emission Scanning Electron Microscopy (FESEM).  

The functional groups were identified with FTIR spectra using a Varian-cary 

3100 FT-IR spectrometer (USA) with a golden gate attenuated total reflectance 

using a resolution of 4 cm-1 and 50 scans at room temperature.  

For the elemental composition of the surface the K-alpha XPS from Thermo 

Scientific (the Netherlands) with a monochromatic small-spot X-ray source and 

a 180° double focusing hemispherical analyzer with a 128 channel detector was 

used. The spectra were measured with an aluminum anode source operating 

at 72 W and a spot size of 400 μm at a constant pass energy of 200 eV and 

region scans at 50 eV. The ratio of oxygen and nitrogen to carbon (O/C and 

N/C) was calculated from the elemental analysis.  

An electrokinetic analyzer SurPASSTM3 from Anton Paar (Austria) was used to 

measure the streaming potential using 5 mM KCl over a pH range of 2 to 12 

with a cylindrical cell. The Hemholtz-Smoluchowski equation was used to 

calculate the apparent zeta potential providing an indication of the membrane 

surface charge.  

A Gemini 460 FEG-SEM from Zeiss (Germany) was used to provide detailed 

images of the selective layer of the membranes after different times of 

hydrolysis. A ~6 nm platinum coating (as verified by AFM and FESEM on a SI-

wafer) was applied to the membrane surface using a JFC-2300HR sputter 

coater from JEOL (Japan) to improve the electrical conductivity. This coating 

also served to protect the membranes from electron beam damage and loss of 

resolution due to surface charging. The membranes were measured with SE 

in-lens detection using 5 kV acceleration voltage and 42 pA probe current at a 

working distance of ~3mm.  

4.2.4 Membrane performance 

For the filtration measurements a HP4750X stirred dead-end filtration cell from 

Sterlitech (USA) was used. The system was pressurized with nitrogen gas and 
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adjusted using a pressure regulator from Emerson (USA). The solution in the 

cell was stirred continuously at 500 rpm with the magnetic stirrer insert and a 

stirring plate from Velp scientific (Italy). The membranes in the cell had an active 

area of 1.5·10-3 m2. Measurements were performed in duplicate at room 

temperature after a stabilization time of at least 1 minute or after at least 1 g of 

permeate was collected.  

4.2.4.1 Pure water permeability 

The PWP measurements, using 200 ml of demineralized water, were 

performed at 5 bar applied pressure until at least 3 g of permeate was collected 

or permeate was collected for 10 minutes. The collected permeate was used to 

calculate the PWP in L/m2·h·bar using Eq. 4.2 with the weight of the permeate, 

WP, in g, the density ρ of water (997 g/L), the effective membrane area A in m2, 

time t in h and the pressure P applied in bar.  

 𝑃𝑊𝑃 = 
 𝑊𝑃 𝜌⁄

𝐴 ∙  𝑡 ∙  𝑃
 Eq. 4.2 

4.2.4.2 Retention measurements 

The retention of various solutions was measured at various pressures with        

200 ml of feed solution until at least 3 g of permeate was collected or for              

10 minutes. The permeate was weighed (Wp in g) to define the flux in L/m2·h 

using Eq. 4.3 with the density ρ of water (997 g/L), membrane area A in m2 and 

the time t in h.  

 𝐹𝑙𝑢𝑥 =  
𝑊𝑃 𝜌⁄

𝐴 ∙  𝑡 
 Eq. 4.3 

The retentions (Robs) of different species from various solutions were calculated 

with Eq. 4.4.  

 
𝑅𝑜𝑏𝑠 = (1 −

𝐶𝑃
𝐶𝐹,𝑎𝑣𝑔

) ∙ 100% Eq. 4.4 

For the single salt solutions, the concentrations of the species in the permeate 

and on average in the feed, CP and CF,avg, were based on the conductivity of 

the respective solutions measured in mS/cm. For ion specific retentions (mixed 

salt solutions and pre-treated manure digestate) the CP and CF,avg were based 

on the ion concentrations in g/L measured with ion chromatography (IC) after 

appropriate dilutions. For the ion concentration analysis, the Aquion (for 

cations) and Integrion IC (for anions) systems from Thermo Fisher (the 
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Netherlands) were used with the Ionpac CS12A cation and Dionex Ionpac 

AS11 anion columns, and methyl sulfonic acid and KOH eluents. The 

composition of the salt solutions can be found in Table 4.1 including the 

measured osmotic pressure in bar based on the osmolality (in mOsmol/kg) of 

the solutions determined with the Osmomat 3000 from Gonotec (Germany).  

Table 4.1: An overview of the salt concentration and measured osmotic pressure based 

on the determined osmolality [mOsmol/kg] of the solution for the solutions used for 

membrane performance measurements. 
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The PEG retention was determined with 1 g/L solutions of PEG with molecular 

weight values of approximately 1 kDa and 10 kDa. The retention calculations 

were calculated with Eq. 4.4 based on the concentrations measured with a Gel 

Permeation Chromatograph (GPC) LC-2050 3D from Shimadzu (Japan). The 

analysis was performed with a OHpak SB-803 HQ column from Shodex (the 

Netherlands) and ultrapure water as eluent with a flow rate of 1 ml/min. The 

size of PEG with a molecular weight of 10 kDa is measured to be approximately           

4.5 nm whereas the size of 1 KDa is 1.5 nm based on dynamic light scattering 

measurements using an Anton Paar Litesizer 500 with an angle of 175 °, 12 to 

30 runs at 20 °C. 

The selectivity between total ammonia nitrogen (TAN) and K retention was 

determined with an artificial NH4Cl and KCl solution of which the pH was 

adjusted to 8 and 10 with 1 M NaOH. To prevent evaporation of the NH3 present 

in the permeate, the permeate was collected in an acid solution containing a 

known amount of 1 M HCl. For the pre-treated manure digestate the pH was 

increased to 10 with a 50% NaOH solution to minimize the effect of dilution and 

NH3 evaporation was prevented with a known amount of 1 M H2SO4 as this 
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provides 2 mol of H+ for 1 mol of SO4 instead of 1 to 1 for HCl to keep the 

chloride peak and conductivity withing the boundaries for IC analysis. Based on 

the osmotic pressure of these solutions, an applied pressure of 20 bar was used 

for the artificial solutions and 30 bar for the pre-treated manure digestate to 

have similar effective pressure values and thus driving force in both cases. 

Similar as previously described, the experiments were run until at least 3 g of 

permeate was collected or for 10 minutes starting with 200 ml of feed solution. 

The flux was calculated with the weight of the permeate using Eq. 4.3. The 

retention was calculated based on the concentration of the species measured 

with IC using Eq. 4.4. 

4.3 Results and discussion  

4.3.1 Effect of hydrolysis time 

4.3.1.1 Surface characterization of hydrolyzed membranes 

The degree of hydrolysis of the porous PAN support was monitored with FTIR 

analysis, see Fig. 4.3a, and showed that with increasing hydrolysis time a 

decrease in the nitrile bond -C≡N pea s at 22 5 and 1 52 cm-1 was observed. 

In contrast, peaks corresponding to the intermediate amide -C=N bond 

appeared upon hydrolysis and were observed at 1675 cm-1. Moreover, an 

increase in the peak height at 1560 cm-1 shows the formation of the -CONH2 

amide and -COO- carboxylate bonds. Also, the peak at 1400 cm-1 of the -COO- 

bond increased in height with increasing hydrolysis time. These results thus 

confirm the successful hydrolysis of the porous PAN support. 

In Fig. 4.3b, the XPS results also confirm that the hydrolysis reaction, visualized 

by the amount of oxygen to carbon ratio (O/C) within the PAN support, 

increases with increasing hydrolysis time. Moreover, at the same time the 

amount of nitrogen in comparison to carbon (N/C) decreases indicating that 

nitrile groups react away. The increase and decrease of the O/C and N/C ratios 

between 2 and 6 hours hydrolyzed samples shows that the conversion is time 

dependent. The reference sample at 0 hours of hydrolysis was not chemically 

treated hence a different composition is observed where oxygen and nitrogen 

show similar ratios. Moreover, the offset might be increased by the presence of 

a preservative or pore stabilizers in the porous structure which are later washed 

out during the hydrolysis reaction.  
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Fig. 4.3: a. The FTIR spectra of the selective layer of the pristine (0), 2, 4 and 6 hours 

hydrolyzed membranes. b. The O/C (circles) and N/C (squares) ratio based on XPS 

elemental analysis versus the hydrolysis time [hours]. c. FESEM images of the 

hydrolyzed surface of the 0 (pristine), 2, 4 and 6 hours hydrolyzed membranes. The 

insert is a three times magnification. 

The advancing hydrolysis reaction is also confirmed by the surface charge of 

the porous PAN support, measured as zeta potential, plotted in Fig. S4.1. A 

decrease in zeta potential (i.e. more negative value) with hydrolysis time means 

the formation of an increasing amount of carboxylate groups over time with after 

4 hours a significant decrease in the conversion reaction rate. The pristine 

sample also showed a negative value which is typically for neutral surfaces as 

hydroxide ions preferentially adsorb at the surface generating a negative 

response of the zeta potential [29]. This negative value despite the neutral 

surface was experimentally confirmed by the absence of an isoelectric point 

pristine PAN is zero. On the other hand, the isoelectric point was observed for 

the hydrolyzed samples.   

The FESEM pictures of the dried hydrolyzed PAN support in Fig. 4.3c show a 

morphology change with hydrolysis time showing that the top surface 

roughness starts to smoothen out. From these images of dry samples, it looks 

that the number of pores decreases and that their size increases. However, the 

observed morphology does not represent the actual morphology during water 

        2      4             
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permeation. This is also visible during any performance characterization using 

aqueous solutions: wetting of the material in that case results in swelling of the 

membrane thus altering its morphology i.e. lowering its pore size, as 

investigated by Lohokare [13], [14]. Moreover, the use of a platinum coating 

results in partial coverage of the pores hence no clear indication of the pore 

size is provided.  

4.3.1.2 Performance with various feed streams 

The hydrolysis reaction has a significant effect on the water permeability and 

the salt retention of the PAN support membrane (Fig. 4.4). The PWP, Fig. 4.4a, 

drastically drops when the pristine PAN, with a PWP of approximately 

200 L/m2·h·bar, is compared with the 2 hours hydrolyzed PAN that reaches only 

20 L/m2·h·bar. The PWP keeps declining with the hydrolysis time: the higher 

amount of nitrile groups converted to carboxylic acid with increasing hydrolysis 

time makes the membrane more sensitive to swelling. This increased swelling 

is due to its increased charge and hydrophilicity of the polymer membrane 

matrix [13]. The higher swelling subsequently results in a higher pore size 

reduction and thus a decrease in PWP. The PWP of the 4 hours hydrolyzed 

PAN decreased significantly to values comparable to tight NF or loose RO 

membranes, implying a performance loss in terms of production capacity [3].  

 

Fig. 4.4: a. The pure water permeability (PWP) [L/m2·h·bar] versus the hydrolysis time 

[hours] measured at 5 bar applied pressure and b. the observed PEG 10 kDA retention 

[%] versus the hydrolysis time [hours] measured at 10 bar applied pressure.   

Moreover, Fig. 4.4b shows the retention of PEG with a molecular weight of 

10 kDa and a size of 4.5 nm. The 2 hours hydrolyzed membrane has the highest 

PWP, but does not possess retention for PEG 10 kDa due to a too large pore 
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size. Due to swelling the pore size decreases significantly after four hours of 

hydrolysis, increasing the retention of PEG 10 kDa to 90% for the 4 hours 

hydrolyzed membrane.  

The NaCl rejection (Fig. 4.5) was investigated to understand the effect of the 

charged groups formed and the associated swelling pore size reduction on the 

exclusion mechanisms.  

 

Fig. 4.5: a. The flux [L/m2·h] and b. The observed NaCl retention [%] versus the applied 

pressure [bar] for membranes hydrolyzed for 2, 4, and 6 hours using a 1 g/L NaCl feed 

solution.  

First, in Fig. 4.5a, we observe that the flux increases linearly with the applied 

pressure as the water permeation is convective. The flux for the 2 hours 

hydrolyzed membrane is much higher due to its more open structure, less pore 

narrowing by swelling, in comparison to the 4 and 6 hours hydrolyzed 

membranes. In Fig. 4.5b, the effect of hydrolysis time and applied pressure on 

the NaCl retention is presented. As the hydrolysis time increases also the NaCl 

retention increases due to the larger amount of charged groups and thus an 

increased membrane charge density. This charge causes repulsion and 

therefore Donnan exclusion between the negatively charged carboxyl groups 

of the membrane and the negatively charged Cl- ions of the salt. To maintain 

electroneutrality, the associated positively charged Na+ ion is retained as well 

by the membrane. Moreover, also here the reduced pore size due to swelling 

can contribute to the increasing retention by size exclusion. For the 2 hours 

hydrolyzed membranes the NaCl retention slightly decreases at higher 

pressure. This is attributed to the still more open, pore structure of that 

membrane, inducing convective salt transport (in contrast to diffusion-controlled 

transport) which is pressure controlled [17]. A drop in NaCl retention with 
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increasing pressure, although less strong, is also still observed for the 4 hours 

hydrolyzed sample. Only after 6 hours of hydrolysis, when a significant pore 

size reduction is reached, the NaCl retention improves slightly with increasing 

pressure. Here the salt flux becomes more diffusion controlled and thus 

pressure independent whereas the water flux remains convective as shown in 

Fig. 4.5a, ultimately resulting in an increase in NaCl retention with pressure.  

To provide insight into the impact of charge exclusion, the retention of various 

salt solutions is presented in Fig. 4.6a and b.  

 

Fig. 4.6: a. The observed retention [%] of NaCl (circles) and MgCl2 (triangles) and b. of 

Na2SO4 (diamonds) and MgSO4 (squares) versus the hydrolysis time [hours] measured 

at 10 bar applied pressure using feed solutions of approximately 1 g/L.  

An increase in NaCl retention with increasing hydrolysis time is observed. 

However, MgCl2 does not show any retention at all, independent of the 

hydrolysis time and associated with that the membrane surface charge and 

pore size. As Mg2+ is a multivalent cation, it has a high charge density that 

induces a significant attraction of Mg2+ towards the negative charges of the 

selective layer, whereas the anion Cl- provides little rejection due to its small 

size and single charge and thus lower charge density. Hence, Mg2+ ions drag 

Cl- ions along through the membrane to keep electroneutrality. Oppositely, as 

Na+ has a lower charge density, less attraction between the membrane surface 

and the Na+ ions occurs resulting in a rejection that is dominated by the Cl- ion. 

Moreover, it can be assumed that size exclusion is not dominant for these 

membranes as the bigger Mg2+ ion (hydrated radius) permeates faster in 

comparison to the smaller Na+ ion, see Table S4.1. This is further confirmed in 

Fig. 4.6b, where the rejection of Mg2+ in combination with the multivalent anion 
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SO4
2- is very low and only slight improvements are visible when a significant 

reduction in pore size is achieved after 6 hours of hydrolysis. In the case of Na+ 

as cation, having a lower attraction to the selective layer, the rejection of SO4
2- 

is dominant as indicated by the increasing retention with increasing hydrolysis 

time. This proves that Donnan exclusion is the main rejection mechanism of 

hydrolyzed PAN membranes, which is induced by the carboxylate groups.  

4.3.2 Polyelectrolyte layer formation 

Additional modification by PE multilayer formation using LbL assembly on top 

of the porous hydrolyzed PAN support can further tune flux and retention 

behavior. Upon coating, the pores of the porous support are covered with PE 

chains increasing size and dielectric exclusion. Simultaneously, charge 

exclusion is not compromised as also the PE layers contain charged groups. 

Pore coverage upon coating is confirmed by the reduction in PWP with 

increasing number of layers, shown in Fig. 4.7a. The PE layers applied on top 

of 4 hours hydrolyzed PAN support increase the mass transport resistance and 

thereby lower the PWP to approximately 2.0 L/m2·h·bar.  

 

Fig. 4.7: a. The pure water permeability (PWP) [L/m2·h·bar] versus the number of BL [-] 

applied on a 4 hours hydrolyzed PAN substrate measured at 5 bar applied pressure and 

b. the observed PEG 1 kDA retention [%] versus the number of BL [-] applied on a 4 

hours hydrolyzed PAN substrate measured at 10 bar applied pressure.   

Following the flux-retention trade off, the decrease in flux comes with an 

increased PEG 1 kDa retention. The increased retention of these smaller sized 

PEG molecules with a hydrodynamic radius of approximately 1.5 nm indicates 

that the PE coating enhances size exclusion.  
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In Fig. 4.8a, the water flux for all membranes increases linearly with the applied 

pressure confirming that the membranes are pressure stable and that the water 

flux is convective. Moreover, the addition of PE layers increases the resistance 

to water permeation which is illustrated by the decreasing water flux with the 

numbers of BLs applied. 

 

Fig. 4.8: a. The flux [L/m2·h] and b. The observed NaCl retention [%] versus the applied 

pressure [bar] for membranes with 0, 2 and 4 BL applied on a 4 hours hydrolyzed PAN 

substrate using a 1 g/L NaCl feed solution.  

Fig. 4.8b shows that the NaCl retention is almost independent of the number of 

LbL coating layers. The LbL coating creates an approximately constant 

retention value of 35%. In Fig. 4.9, the retention of various single salt solutions 

is shown for the different number of BLs. Unlike the retention of monovalent 

ions, NaCl, the number of LBL coating layers does affect the retention of the 

divalent ions such as Mg2+, where a significant retention increase is observed 

with increasing number of BLs. This increase in retention is attributed to the 

additional effect of size-exclusion originating from the denser LBL coating that 

amplifies the Donnan exclusion caused by the charge of  the support and the 

final applied PSS PE layer. This additional size exclusion does not show any 

increase in the Na2SO4 retention. This shows that the Donnan exclusion 

provides a similar amount of rejection as the size exclusion as we observe that 

regardless of the charge of the cation the amount of rejection reaches similar 

values for 2 and 4 BLs.  
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Fig. 4.9: a. The observed retention [%] of NaCl (circles) and MgCl2 (triangles) and b. of 

Na2SO4 (diamonds) and MgSO4 (squares) versus the number of BL [-] applied on 4 

hours hydrolyzed PAN substrate measured at 10 bar applied pressure using feed 

solutions of approximately 1 g/L. 

It rarely occurs that a process fluid only consists of one salt type, hence the 

retention of a mixture of NaCl and MgSO4 is investigated to identify the retention 

of the specific ions and the effect of ions on each other. Fig. 4.10 shows the 

observed retention of individual ions in the feed mixture for the uncoated and 

PE-coated hydrolyzed PAN substrate.  

 

Fig. 4.10: The observed retention [%] of Na+, Cl-, Mg2+ and SO4
2- ions from a mixture of 

NaCl and MgSO4
 (0.6 and 0.6 g/L respectively) for 0, 2 and 4 BLs applied on a 4 hours 

hydrolyzed PAN substrate at 10 bar applied pressure.  

It is clear that the uncoated membrane (0 BL) does not show any retention for 

monovalent ions in the salt mixture. This is in contrast to the retentions found 

for monovalent ions present in a single salt solution, Fig. 6a. This is attributed 
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to the permeation of Mg2+ which is attracted to the negative charge of the 

membrane  This results in ”counter-ion competition”, described by Guo et al  

The Mg2+ presence in the electrical double layer near the negative membrane 

surface compensates the charges of the membrane surface and subsequently 

lowers the charge repulsion for Cl- and SO4
2- [30]. The PE-coated membranes 

(2 and 4 BL) do have a higher retention for all ions compared to the uncoated 

membrane. Here, the highest retention is observed for the multivalent ions 

when compared to monovalent ions. This is attributed to both size and Donnan 

exclusion caused by the application of the PE layers. These exclusion 

mechanisms affect the monovalent ions less due to their smaller size and lower 

charge density [30]. Moreover, dielectric exclusion, the exclusion based on the 

required energy for dehydration of an ion, is more relevant for the multivalent 

ions because their electrostatic interaction with water molecules is greater, 

resulting in a denser solvation and thus higher dehydration energy that further 

increases the permeation resistance [27]. Overall, the addition of PE layers on 

the PAN support results in the formation of an NF membrane with a high 

multivalent ion retention and limited monovalent ion retention.  

4.3.3 Crosslinking with glutaraldehyde 

4.3.3.1 Improving retention 

Subsequent crosslinking of the PEI layers from the LbL assembly increases the 

NaCl retention as shown in Fig. 4.11a. This significant doubling in retention 

towards 70% for low salt concentrations is comparable to that of tight NF or 

loose RO membranes. As the salt concentration of the feed is increased, the 

difference in chemical potential between the feed and permeate increases 

resulting in a higher salt transport. At the same time the water flux decreases 

due to the higher osmotic pressure difference. These effects reinforce each 

other resulting in a decrease in retention. Nevertheless, the retention of the 

crosslinked membrane is still about high compared to the non-crosslinked 

membrane.  

In Fig. 4.11b the retention of specific ions in a mixed solution of NaCl and 

MgSO4 is presented for the non-crosslinked and crosslinked membranes. 

Higher retentions are observed for all ions for the crosslinked membrane. The 

significant increase in retention is a result of more size, dielectric and Donnan 

exclusion as crosslinking effectively increases polymer network rigidity, 

reduces swelling and increases charge density, thus increasing exclusion. The 

retention improved mainly for the monovalent ions in comparison to the 
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multivalent ions as for the monovalent ions the effect of dielectric exclusion is 

enhanced by the narrower pathways.  

 

Fig. 4.11: a. The observed NaCl retention [%] for 4 BL and 4 BL-CL (crosslinked) of 1 

g/L and 5 g/L NaCl solution at 10 bar applied pressure for membranes with BLs applied 

on a 4 hours hydrolyzed PAN substrate. b. The observed retention [%] of Na+, Cl-, Mg2+ 

and SO4
2- ions from a mixture of NaCl and MgSO4

 (0.6 and 0.6 g/L respectively) for for 

4 BL and 4 BL-CL (crosslinked). The measurements were performed at 10 bar applied 

pressure. 

Similarly, the rigid PE network increases the resistance for water permeation. 

This behavior is observed after crosslinking the 4-hour hydrolyzed PAN with 

four BLs: crosslinking reduces the PWP with 25% to 1.5 L/m2·h·bar (Fig. S4.2). 

The crosslinked PE network on the hydrolyzed PAN support results in the best 

performance of approximately 50% NaCl retention with a corresponding flux of 

17.5 L/m2·h with a 5 g/L NaCl feed solution. 

4.3.3.2 Contribution to nutrient separation 

Crosslinking the PE layers results in more restricted pathways that increases 

the permeation resistance and plays an important role in selectivity 

performance between NH4
+ and K+. As addressed in the introduction, the 

separation of NH4
+ and K+ is challenging due to the similarity in size and charge 

of these two ions. Nevertheless, it is an important separation for applying 

tailored fertilization what is necessary to create a more sustainable agricultural 

sector. We investigated the application of a 4 BL crosslinked PE coated 

hydrolyzed PAN support for the separation of TAN and K, as the three-step 

modified support provides several exclusion mechanisms. 

The left side of Fig. 4.12 shows the retention of TAN and K for an artificial feed 

at different pH values. These pH values were chosen based on the NH4
+/NH3 
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equilibrium as within this range the equilibrium moves from NH4
+ to NH3 [3]. The 

last two bars of Fig. 4.12 show the separation of N and K using pre-treated real 

manure digestate at pH 10. 

 

Fig. 4.12: The retention [%] of TAN and K for a mixed salt solution at different pH values 

measured at an applied pressure of 20 bar and pre-treated manure digestate at pH 10 

measured at an applied pressure of 30 bar for the membrane with 4 crosslinked BLs 

applied on a 4 hours hydrolyzed PAN substrate.  

At pH 6 approximately all TAN is present as NH4
+ while also PEI is at its 

maximum charge. At that pH, both species, TAN and K are present as 

monovalent cations and have the same size (Table S4.1). Although the ions 

have the same size and charge, a lower retention of TAN is observed compared 

to K+ which is attributed to the difference in dehydration energy, the energy 

needed to remove the water molecules from the solvated ions. As the 

dehydration energy of NH4
+ is slightly lower than that of K+ [31], NH4

+ 

preferentially permeates the membrane. The difference in retention between 

NH4
+ and K+ reaches 16%, which is higher than observed for RO membranes 

proving that crosslinked PE layers can provide some selectivity based on the 

dehydration energy differences and thus dielectric exclusion [3]. At pH 8 merely 

5% of the TAN is converted to NH3 while the PEI charge density drops to 75%. 

Here the retention of TAN seems unaffected while the retention of K drops 

slightly due to lower charge density in the selective PE layers, thus lowering the 

contribution of Donnan exclusion. At pH 10, 85% of the TAN is present as NH3 

whereas the charge density of PEI drops drastically to only 15%. The shift in 

NH4
+/NH3 equilibrium results in a drop in TAN retention as NH3 can more easily 

permeate the membrane due to its smaller size and lack of charge and thus 

lack of Donnan exclusion. Due to the also lower charge density of PEI at this 
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pH, the contribution of the Donnan exclusion decreases even further resulting 

in a lower K retention in comparison to the lower pH values. Nevertheless, the 

retention of K remains relatively high, which combined with lack of retention for 

TAN results in higher separation at pH 10 compared to pH 6.  

On the right side of Fig. 4.12, the TAN and K retention at pH 10 for real pre-

treated manure digestate are presented. Also, here 85% of the TAN is present 

as neutral NH3, and the charge density of PEI is 15%. Contrary to the artificial 

stream, the real digestate contains next to TAN and K also other species like 

multivalent ions and organic matter, which influences the retentions 

significantly. During permeation, organic matter accumulates on top of the 

crosslinked LbL coated layer creating an additional resistance against mass 

transfer. This leads to an increase in TAN retention in comparison to the 

retentions observed for the artificial stream at pH 10. This increased permeation 

resistance is confirmed by the drop in flux from 17.3 for the artificial solution to 

14.3 L/m2·h for the manure digestate. On the other hand, the K retention is 

slightly lower compared to the use of artificial feed, which can be attributed to 

the interaction of the ionic species present in manure with the charges in the 

PE layer. This leads to compensation of the membrane charges resulting in a 

lower charge density of the membrane and associated Donnan exclusion and 

thus a drop in retention, as seen before when the charge density of PEI is 

changed by changing the pH of the solution. For real manure digestate this 

translates into separation of the monovalent ions K and N but at a lower value 

than obtained for artificial streams, as also found for conventional RO 

membranes [3]. 

4.4 Conclusion 

The investigation of different modifications of an UF PAN membrane has led to 

further understanding of the exclusion mechanisms and corresponding 

rejection of specific ions. PAN hydrolysis increases the charge density of the 

membrane and thereby induces Donnan exclusion, causing NaCl rejection. The 

negative charge of the selective layer also attracts multivalent cations, such as 

Mg2+, causing charge compensation that, in a complex ionic mixture, results in 

reduced retention due to a decrease in Donnan exclusion while the pores are 

too large to establish separation by size exclusion. The application of PE layers 

on top of the porous PAN support provide size exclusion in addition to Donnan 

exclusion because the pores are covered with PE layers increasing retention, 

especially for multivalent ions like Mg2+. Additional crosslinking of these PE 
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layers makes the selective layer more rigid and the overall membrane less 

susceptible to swelling. This crosslinking increases ion retention due to an 

increased permeation resistance of the ions through the membrane. In general, 

this leads to an enhanced selective permeation based on ion dehydration 

energy for ions with similar size and charge such as NH4
+ and K+. The 

separation of NH4
+ and K+, essential fertilizers present in manure digestate, is 

further enhanced when operating in alkaline conditions above the pKa of NH4
+, 

where the NH4
+/NH3 equilibrium shifts towards NH3. This allows the separation 

of the small and neutral NH3 molecule from the larger and charged K+ ion with 

the latter experiencing a higher mass transfer resistance for permeating 

through the hydrolyzed crosslinked PE membrane. The proposed membrane 

modifications together with customized process conditions allow the separation 

of manure digestate nutrients in both a K-enriched and an N-enriched fraction 

which increases the applicability of animal fertilizers while tailored fertilization 

made possible does not burden the environment with leaching out and 

emissions of nutrients. 
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S4 Supplementary information 

S4.1  Ion characteristics 

Table S4.1: The stokes radius [nm], hydrated radius [nm], valency [-] and hydration 

energy [kJ/mol] of the various ions investigated.  

Ion Stokes 

radiusa 

[nm] 

Hydrated 

radiusa 

[nm] 

Valency 

[-] 

Hydration 

energyb 

[kJ/mol] 

Sodium 0.184 0.358 +1 -365 

Chloride 0.121 0.332 -1 -340 

Magnesium 0.347 0.428 +2 -1830 

Sulphate 0.230 0.379 -2 -1080 

Potassium 0.125 0.331 +1 -295 

Ammonium 0.125 0.331 +1 -285 

a Nightingale et al. [1], b Marcus et al.[2] 

 

S4.2  Zeta potential  

 

Fig. S4.1: The apparent zeta potential [mV] at pH 7 versus the hydrolysis time [h]. 
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S4.3  Influence of PE layers and crosslinking on pure water 

permeability 

 

Fig. S4.2: The pure water permeability (PWP) [L/m2·h·bar] for the 4 hours hydrolyzed 

PAN substrate with 4 BL measured at 5 bar applied pressure and the 4 hours hydrolyzed 

PAN substrate with 4 BL crosslinked measured at 10 bar applied pressure 
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CHAPTER 5  

Bipolar membrane electrodialysis 

enhanced nutrient separation in 

manure treatment 

Abstract:  

To improve circularity in the agricultural sector, the nutrients nitrogen (N) and 

potassium (K) present in manure must be separated. This can be achieved by 

reverse osmosis (RO) under alkaline conditions where NH4
+ is converted to 

neutral NH3 for selective permeation while K+ is retained by the membrane. The 

NH3 in the collected permeate can be concentrated after acidification, where 

the NH3 is converted back to NH4
+, in a second RO step to produce valuable 

liquid N-fertilizer. In this chapter, the OH- and H+ required for the separation of 

the nutrients is produced in-situ by bipolar membranes, known for their high 

water dissociation rate. The process becomes more sustainable by saving on 

transportation, storage and dilution by adding aqueous alkali and acid. For 

system validation, first a water dissociation experiment was performed in a 

membrane stack with three compartments fed with a NaCl solution. Follow-up 

experiments were done with artificial model solutions and co-digested manure 

digestate. It was found that the NaCl feed and the artificial feed stream showed 

similar performance for both the OH- and H+ compartments. On the other hand, 

the real co-digested manure showed an effective OH- production for the 

conversion of NH4
+ to NH3 that was half of the effective production of the acid 

compartment. This lower efficiency of the base compartment is due to the 

presence of other components in the manure digestate. The surplus in H+ 

production can be used as acid for other processes in the manure treatment. 

 

This chapter was submitted as:  

M. van der Wal, R. Rovai, K. Nijmeijer, Z. Borneman, Bipolar membrane 

electrodialysis enhanced nutrient separation in manure treatment, 2025
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5.1 Introduction 

To meet the environmental directives of the EU, the agricultural sector puts 

significant efforts to contribute to the societal challenges of limiting nitrogen and 

(climate driven) CO2 emissions into the environment. To minimize emissions to 

air and leaching of nutrients to ground and surface water, manure fractionating 

is a valuable approach to achieve a balanced crop fertilization strategy. 

Relevant in this context is the separation of the liquid manure digestate stream 

in a nitrogen (N) and a potassium (K) rich fraction. Controlled use of both 

fractions enhances tailored fertilization and local circularity as the nutrients can 

be used as substitute for artificial fertilizer [1]. These N and K nutrients are, after 

digestion, present in the liquid fraction as ammonium ions (NH4
+) and 

potassium ions (K+). Due to the similarity in their size and charge, separation of 

NH4
+ and K+ through membrane filtration is challenging as nanofiltration and 

reverse osmosis (RO) provide separation based on size and/or charge 

exclusion [2]. A distinct difference between both components though, is their 

sensitivity to pH. The previous chapters shows that alkaline conditions can be 

employed to push the acid-base equilibrium from NH4
+ to NH3 (Fig. S5.1), after 

which the uncharged NH3 can be separated from the charged K+ ions by 

selective permeation through an RO membrane [3].  

This RO separation is effective at pH values above 10 where at least 85% of 

the nitrogen is present as NH3. This separation leads to a permeate that is 

enriched in N and a concentrated retentate that is enriched in K [3]. The 

permeate is a clean diluted stream with a low osmotic pressure that can be 

easily concentrated with an additional, second RO step. This increases its value 

as land application becomes more efficient and meanwhile transportation costs 

are reduced. To shift the equilibrium and ensure that all N is present as NH4
+ 

and thus retained by the second RO concentrating step, acidification of the 

permeate is required towards approximately pH 6 for the best performance [3], 

[4]. Separation and concentration of nutrients with RO thus requires a two-step 

process with in the first step an increase in pH of the liquid manure digestate to 

separate the N from K while simultaneously concentrating the K in the 

digestate, and acidification in the second step necessary to concentrate the 

diluted N in the RO permeate [3]. These two significant pH adjustments require 

corrosive aqueous chemicals that must be stored on-site and when used result 

in dilution of the mineral streams while the aim is to prepare the opposite, i.e., 

mineral concentrates by water removal.  
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Bipolar membrane electrodialysis (BMED) is a very elegant method for the local 

production of base and acid and offers an opportunity to circumvent the afore 

mentioned disadvantages when integrated into the described nutrient 

separation and concentration process [5]. The hydroxide ions (OH-) produced 

in the BMED system can be used to convert NH4
+ to NH3 that allows separation 

of NH3 from K+ in the first RO step, whereas the produced H+ in the acid 

compartment can be used to convert NH3 back to NH4
+ that allows 

concentration in the second RO step (Fig. 5.1).  

 

Fig. 5.1: Schematic overview of a three-compartment BMED system (middle square) 

combined with the respective RO steps (top and bottom squares) for the formation of a 

K-rich retentate and an N-rich retentate.  

In Fig. 5.1, the BMED system is shown with the conversion of an electrical 

current, which can be supplied from renewable energy, into an ionic current via 

redox reactions, for example hydrogen and oxygen evolution, at the electrodes. 

The produced ionic current is selectively carried through ion exchange 

membranes, cation exchange membranes (CEM) and anion exchange 

membranes (AEM), whereas the bipolar membrane (BPM) dissociates water 

into hydroxide ions (OH-) and protons (H+) at the interface between the cation 

and anion exchange layers (CEL and AEL). The OH- migrates to the 

compartment on the anode side creating a basic solution while the H+ migrates 
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to the compartment on the cathode side creating an acid solution. The BPM 

dissociates water more than a million times faster than in aqueous solutions 

due to the combination of a strong electrical field and protonation-deprotonation 

reactions at the thin junction between the AEL and CEL [6], [7]. In addition, the 

BPM water dissociation is energy efficient when compared to traditional 

methods and is environmentally friendly because it uses less harsh chemicals 

and minimizes waste [8].  

The most useful configuration is a three-compartment configuration adding next 

to the base and acid compartment a salt compartment to maintain 

electroneutrality and to ensure higher quality of the base and acid streams [6]. 

The efficiency and quality of the base and acid streams depend on the amount 

of ion leakage that passes through the membranes. This ion leakage, i.e., 

crossover, is related to the so-called permselectivity of the membranes. The 

permselectivity is a measure of the fraction of the current that is transported 

through the membrane by the desired counter-ion transport and how much 

current is lost via diffusion or migration of the co-ions [9]. Moreover, specifically 

the presence of neutral NH3 can lead to additional leakage through the BPM 

and the other membranes [10]. The permselectivity affects the overall 

concentration of OH- and H+ and thus the current efficiency and energy 

consumption.  

Earlier studies have shown that electrodialysis (ED) can facilitate the removal 

of NH4
+ from an anaerobic digester stream, containing amongst others K+, 

NH4
+, Na+ and Cl-, by selective transport of NH4

+ through a CEM resulting in an 

N-enriched receiving compartment [11]. This method has been combined with 

stripping and RO to subsequently increase the N concentration. However, in 

this approach, the NH4
+/NH3 equilibrium shift towards NH3 resulting in 

evaporation and thus losses of N [12], [13]. Other previous studies already 

utilized the BMED system to treat N-containing wastewater streams with lower 

N losses [10], [14]–[17]. In these studies, the NH4
+/NH3 equilibrium is used as 

an advantage. Due to the migration of ions in the electrical field, the NH4
+ moves 

towards the base compartment through a CEM where the conversion to NH3 

occurs due to the reaction with OH- that is produced in the BPM junction. Next, 

this N-rich stream is treated in a stripper or membrane contactor, to capture the 

NH3 in an acid solution [10], [14]–[17].  

Opposite to the work described above, in this chapter the BMED system is used 

for the integrated production of OH- and H+ for the required shift in the NH3/NH4
+ 
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equilibrium for the separation and concentration of N and K with RO. This 

reduces the transport and storage of corrosive base and acids at the manure 

treatment site. In addition, the production of the base and acid when achieved 

with renewable energy further decreases the environmental impact of the 

agricultural sector. The bycatch of the coupled BMED with RO process is the 

production of high-quality water, free of discharge costs. Moreover, here the 

BMED feed streams directly originating from the manure treatment process, the 

OH- and H+ produced can react immediately with the total ammonium nitrogen 

(TAN) present. As a result, no additional water is added in contrast to external 

dosing of base and acid solutions where inherent dilution decreases the 

efficiency of the concentration process. In this chapter, a batch process was 

chosen to demonstrate the principle with a three-compartment system with one 

cell pair, consisting of an AEM, CEM and BPM, and with sodium sulphate as 

electrolyte, to gain insight into the production rate and associated conversion. 

First, this is done for artificial model solutions and based on the obtained 

results, to complement the work, also a real digestate stream is used. On a 

large scale, the production rate requires to be coupled with the conversion of a 

certain TAN concentration and volume. Alignment can be reached with a 

suitable process type like batch, feed and bleed or a continuous modus [9]. 

5.2 Materials and methods 

5.2.1 Chemicals and materials 

The sodium chloride Sanal® P (pharmaceutical grade) was kindly supplied by 

Akzonobel (currently Nouryon), the Netherlands. Ammonium chloride (98+%), 

potassium chloride (99+%), and sodium sulphate decahydrate (99+%) were 

purchased at Thermo Scientific, the Netherlands. Sodium hydroxide solution 

(50%) was purchased from Merck, Germany. The 1 M hydrochloric acid solution 

was retrieved from Honeywell Fluka, USA. 

5.2.2 Stack assembly 

The BMED stack, REDstack B.V., the Netherlands, was built as a three 

compartment system, see BMED part in Fig. 5.1, using a BPM, two CEM 

shielding membranes for the electrolyte compartments and an AEM. All 

membranes were purchased from Fumatech, Germany and the characteristics 

are given in Table S5.1. 

The electrolyte compartments were closed with CEM, the BPM was placed with 

the AEL towards the anode and the CEL towards the cathode. Next to the CEL 
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an AEM was used to close the acid compartment and form a salt compartment. 

The compartments consisted of woven gasket integrated spacers (Deukum 

GmbH, Germany) with approximately 80% porosity, a thickness of 0.048 cm 

and an area of 10 x 10 cm2. The endplates had embedded platinized titanium 

mesh electrodes (MAGNETO Special Anodes BV, the Netherlands) with each 

an active area of     ×     cm2 to convert the electric current into an ionic 

current. Different current densities were applied (1, 5 and 10 mA/cm2) with an 

ES 030-5 power supply (Delta Elektronika, the Netherlands). The 

corresponding voltage was measured with a XDM2041 digital multimeter 

(Owon, China). For the current conversion, an electrolyte solution of 1 L of       

0.5 M Na2SO4 solution was used. The salt compartment was filled with 0.5 L of 

0.5 M (29.22 g/L) NaCl solution. For the acid and base compartments various 

solutions, NaCl, artificial and real manure digestate, were applied in different 

configurations as presented in Table S5.2.  

The acid and base production rate of the system was determined using a         

0.5 M NaCl solution as starting solution in the base and acid compartments. 

Next, the conversion of TAN in the BMED system was investigated with artificial 

solutions. The concentrations of the artificial solutions in the base and acid 

compartments were mimicking the real digestate and the permeate 

concentrations obtained during the process, without BMED [3]. All 

concentrations and pHs used in this research are listed in Table 5.2. Lastly, 

pre-treated real liquid manure digestate (kindly provided by Duurzaam 

Landleven Bernheze, the Netherlands) was used as starting solution in the 

base compartment next to the artificial solution in the acid compartment. The 

solutions were pumped with two peristaltic pumps with double pump heads 

(Masterflex, the Netherlands). The base, acid and salt solutions were 

recirculated with a linear flow velocity of 1 cm/s.  

5.2.3 Water dissociation with model system 

The stack with the three-compartment configuration was evaluated with NaCl 

solution to investigate the production of OH- and H+ in duplo. The system ran 

for 30 minutes during which the voltage was recorded every 5 minutes and 

samples of 2 mL were taken. The pH of the samples was determined with an 

EC600 pH probe (Extech instruments, USA) where for the base samples acid 

titration was used. The effective production of OH- and H+, ∆n (mmol), in time 

was determined using the logarithmic correlation between the measured pH 

and concentration of OH- and H+. The difference in concentration resulted in 
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the production per time step after taking into account a stabilization time of 5 

minutes after initial production, as shown in Eq. 5.1 and Eq. 5.2 using the pH   

(-) and the volume V (L) corrected for the sampling at the respective time step. 

 ∆𝑛𝑂𝐻− = (10
−(14−𝑝𝐻(𝑡+1)) ∙  𝑉𝑡+1 − 10

−(14−𝑝𝐻(𝑡)) ∙ 𝑉𝑡) ∙ 10
3 Eq. 5.1 

 ∆𝑛𝐻+ = (10
−𝑝𝐻(𝑡+1) ∙  𝑉𝑡+1 − 10

−𝑝𝐻(𝑡) ∙ 𝑉𝑡) ∙ 10
3 Eq. 5.2 

The current efficiency and energy consumption were based on the production 

rate ṅi (mmol/min) that followed from the slope of the effective production 

divided by 60 to convert to mmol/s. The current efficiency ηi (-) was calculated 

as shown in Eq. 5.3. Here the I is the applied current (A) and F is the Faradaic 

constant (96485 C/mol), the subscript i represents either H+ or OH-. 

 𝜂𝑖 = 
ṅ𝑖/60

𝐼/(𝐹 ∙ 10−3)
 Eq. 5.3 

The energy consumption for H+ and OH- (Wh/mol) is calculated using Eq. 5.4 

with the stack potential E (V), the current I (A) and the production rate ṅi 

(mmol/min) corrected to convert to mol, the subscript i represents either H+ or 

OH-. The value of 60 is required to correct for the time.  

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑖  =
𝐸 ∙ 𝐼 ∙ 60

ṅ𝑖 ∙ 10
−3

 Eq. 5.4 

5.2.4 TAN conversion in BMED system  

The BMED system was evaluated with artificial solutions with KCl and NH4Cl in 

the base and NH4Cl in the acid compartment. In addition, the system was used 

in the same way but now with manure digestate in the base compartment. For 

the real manure digestate, the volume of the feed recirculated in the base 

compartment was half of the volume in the acid compartment, Table S5.2, to 

provide a more balanced system in terms of required OH- and H+ production. 

The aim was to achieve a pH of 10 in the base compartment and 6 or lower in 

the acid compartment so that appropriate TAN conversion takes place to 

separate the nutrients K+ and NH3 with RO in the base stream and to 

concentrate NH4
+ in the acid stream. During the production of OH- and H+, the 

equilibrium of TAN was shifted as a result of the reactions between the 

produced ions and respective TAN form. Therefore, the effective production of 

OH- and H+ is defined as the sum of the pH change and the amount of OH- or 

H+ used for TAN conversion. Here, the pH and the pKa, 9.25 for the NH4
+/NH3 

equilibrium, was used as tool to determine the amount of conversion using the 
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rewritten Henderson-Hasselbach equations shown in Eq. 5.5 and Eq. 5.6, and 

simultaneously for the contribution of the produced OH- and H+ to the pH 

change as previously described in Eq. 5.1 and Eq. 5.2.  

To determine the conversion of the total amount of TAN, the concentration of 

the ions, including Na+ and K+, was monitored using ion chromatography 

(Aquion system with a Ionpac CS12A cation column with methyl sulfonic acid 

eluent (Thermo Fisher, the Netherlands)). Hence, 2 mL samples were taken at 

specific time intervals to measure the pH and ion concentrations. From these 

samples the production of OH- and H+ per unit of time was determined as the 

sum of the OH- or H+ attributed to pH change and conversion of TAN. This leads 

to the production rate which is equal to the slope of the production versus the 

time. Similar as previously discussed, this information was used to calculate 

the current efficiency (Eq. 5.3) and energy consumption (Eq. 5.4).  

5.3 Results and discussion 

5.3.1 Producing acid and base in model system 

The production of OH- and H+ with 0.5 M NaCl as starting solution was 

monitored over time as shown in Fig. 5.2. The production of both OH- and H+ 

shows a linear trend correlating to a constant production rate indicating a stable 

operation in time. The linear trend follows from the constant efficiency of the 

process in which a set number of the electrons, delivered by the external power 

source, per unit time is used for water dissociation. However, the production 

observed in the system is lower than the theoretical production calculated 

based on the number of electrons (i.e., current) supplied. Hence, not all 

electrons are used for the dissociation and/or some of the produced OH- and 

H+ products leak away through crossover phenomena because of not 100% 

permselective membranes. This difference between the theoretical maximum 

and the measured effective production results mainly from migration and 

diffusion through the membranes. The unwanted migration of co-ions increases 

with increasing ion transport and thus with increasing current density, while the 

 
[𝑁𝐻3] =  

[𝑇𝐴𝑁]

(1 +
10−𝑝𝐻

10−𝑝𝐾𝑎
)
 

Eq. 5.5 

 
[𝑁𝐻4

+] = [𝑇𝐴𝑁] − 
[𝑇𝐴𝑁]

(1 +
10−𝑝𝐻

10−𝑝𝐾𝑎
)
 

Eq. 5.6 
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contribution of diffusion remains constant because it is independence of the 

current density [10], [18]. Hence, the difference between the theoretical and 

measured effective production is larger at the lowest current density of 1 

mA/cm2 as here the contribution of diffusion is relatively the highest. The CEM 

used in this chapter has a permselectivity for K+ over Cl- of 97% and the Cl- 

over K+ permselectivity of the AEM is 92%. Considering that OH- and H+ have 

a higher ion mobility than Cl- and K+ respectively, OH- and H+ leakage is 

typically higher than indicated by the standard permselectivity values reported 

for the CEM and AEM [19]. Moreover, the difference observed between OH- 

and H+ at this low current density is the result of measurement sensitivity. 

 

Fig. 5.2: Effective production of OH- (squares, blue) and H+ (circles, red) [mmol] versus 

the time [min] for a current density of a. 1 mA/cm2, b. 5 mA/cm2 and c. 10 mA/cm2 in the 

system starting with 0.5 M NaCl as feed. All experiments were done in duplicate with 

the standard deviation presented by the error bars (* indicates a point based on a single 

measurement). The dashed lines represent the theoretical maximum production for the 

respective current densities.  

The production rates that follow from the production in time, amongst other 

performance parameters, are shown in Table 5.1. The production rate, the 

slope of the production over time, increases linearly with the current density. 

The production rates vary between 73 and 98% of the theoretical values of 

0.06, 0.31 and 0.62 mmol/min for 1, 5 and 10 mA/cm2 respectively. This 

difference between theory and practical application is often observed for BMED 

systems and as discussed attributed to OH- leakage through the CEM and H+ 

leakage through the AEM [10]. As mentioned before, the diffusion is 

independent of the current density while migration is dependent hence the 

lowest efficiencies are found for 1 mA/cm2.  
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Table 5.1: Performance results of the system with 0.5 M NaCl as feed for different 

current densities.  

Current 

density 

[mA/cm2] 

Applied 

current 

[A] 

Stack 

potential 

[V] 

Production 

rate 

[mmol/min] 

Current 

efficiency 

[%] 

Energy 

consumption 

[Wh/mol] 

   OH- H+ OH- H+ OH- H+ 

1 0.10 3.21 0.05 0.05 73 87 118 99 

5 0.50 3.81 0.30 0.29 98 95 104 108 

10 1.00 4.30 0.51 0.52 83 84 139 137 

To validate whether the redox reactions in the electrolyte compartment may 

play a role in the lower efficiency, the same experiment with an iron couple as 

electrolyte (FeCl2/FeCl3) was performed, showing identical behavior in terms of 

production over time. This redox couple was chosen as compared to Na2SO4 

this couple does not produce gas and OH-, next to this it has a lower standard 

electrode potential which lowers the overall energy consumption. The results 

indicate that different redox reactions do not alter the efficiency (Fig. S5.2 and 

Table S5.3).  

The current efficiency in Table 5.1 is calculated as the ratio of the measured 

and theoretical production rate. This shows that 100% efficiency is not reached, 

which is attributed to leakage and inefficient conversion of the electric current 

to the ionic current. Typically, the efficiency should improve with increasing 

current density as the attribution of diffusive ion leakage becomes less. 

Nevertheless, no clear trend is observed and the found difference between the 

efficiency values can be attributed to the standard deviation found for the 

experimental procedure. Table 5.1 also shows a difference between the energy 

consumption for OH- and H+ at a current density of 1 mA/cm2 due to the slight 

difference in production rate. At 5 mA/cm2, we observe lower energy 

consumptions than for the highest current density which is linked to the 

difference in efficiency and thus lays within the deviation of the experimental 

procedure. The energy consumption as listed in Table 5.1, is on the high side 

compared to what is observed in other BMED systems for acid and base 

production, where the energy consumption ranges from 15 to 125 Wh/mol from 

laboratory scale to industrial pilots [9], [18], [20], [21]. Considering the energy 

price in 2022 in the Netherlands of approximately 0.15 €  Wh for industry, the 

costs become approximately    2 € mol of   -/H+ [22], which is slightly higher 

than the price for commercially available HCl and NaOH of approximately 0.013 
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and    1  € mol for bul  amounts excluding transport, which is not necessary 

in the case of on-site production with BMED [23], [24]. Moreover, using 

renewable energy to produce the acid and base without transportation costs is 

a green alternative to external supply. In addition, a large-scale BMED system 

with an increased number of cell pairs and thus production has a reduced 

energy consumption per mole by more than 50% (see Fig. S5.3). This reduced 

energy consumption follows from the negligible voltage and thus resistance 

contribution of the electrolyte compartments when comparing a single cell pair 

to a 100 or more. The energy consumption is calculated based on the measured 

voltage over the electrolyte compartment (with one CEM) and the single cell 

pair (CEM, BPM and AEM). The specific voltage attribution of each can be 

determined by measuring the voltage response of the electrolyte compartments 

separately. With this information the energy consumption for multiple cell pairs 

is determined by the sum of the voltage of the electrolyte compartments and 

cell pairs together with the increasing production with increasing number of cell 

pairs. Moreover, the system can be used for the integrated approach, as shown 

in Fig. 5.1, to further lower the costs in terms of water removal with RO as the 

respective streams are provided with solely the required OH- and H+ and their 

counter ions from the adjacent compartments whereas general base and acid 

dosage often includes water.  

5.3.2 Conversion in integrated system with artificial feed 

The previous results show the typical performance of a single BMED system. 

In this paragraph, the BMED system is integrated with the feed solutions for a 

first RO step for the separation of N and K and a second RO step for the 

concentration of N. As such, the feed streams for the two RO separations are 

first fed to the BMED to increase the pH (first RO step) or decrease the pH 

(second RO step), as schematically presented in Fig. 5.1. This implies that in 

the base compartment of the BMED, NH4
+ consumes part of the OH- produced 

for the conversion into NH3. Vice versa, in the acid compartment part of the H+ 

is used to convert NH3 into NH4
+. Moreover, part of the produced OH- and H+ 

ions contributes to the change in pH of the respective solutions. The sum of the 

produced OH- or H+ used for conversion and for pH change thus describes the 

effective production in the BMED system. This time-dependent effective 

production in this integrated system is shown in Fig. 5.3. 
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Fig. 5.3: Effective production of OH- (squares, blue) and H+ (circles, red) [mmol] versus 

the time [min] for a current density of 10 mA/cm2 in the system with artificial manure as 

feed solutions with a NH4Cl/KCl ratio of 10.37/6.67 g/L and a starting pH of 6.4 in the 

base compartment and NH4Cl (4.28 g/L) with a starting pH of 11.5 in the acid 

compartment The dashed line represents the theoretical maximum production of OH- or 

H+ for the used current density. The experiment is done in duplicate with the standard 

deviation presented by the error bars. 

The effective production over time increases reasonably linear with time. The 

OH- production is slightly higher than the H+ production especially at the start, 

which results from an overestimation of the OH- production originating from the 

calculation of the TAN conversion. This follows from the higher concentration 

of TAN (NH4Cl) in the base compartment compared to the acid compartment 

(Table S5.2), leading to a higher deviation in the base compartment compared 

to the acid.  

Table 5.2: Performance results of the system with artificial solutions of NH4Cl/KCl 

(10.37/6.67 g/L) with a starting pH of 6.4 in the base compartment and NH4Cl (4.28 g/L) 

with a starting pH of 11.5 in the acid compartment for a current density of 10 mA/cm2.  

Current 

density 

[mA/cm2] 

Applied 

current 

[A] 

Stack 

potential 

[V] 

Production 

rate 

[mmol/min] 

Current 

efficiency 

[%] 

Energy 

consumption 

[Wh/mol] 

   OH- H+ OH- H+ OH- H+ 

10 1.00 4.36 0.42 0.54 67 87 175 134 

Moreover, the H+ production rate (Table 5.2) aligns with the theoretical total 

production rate of 0.62 mmol/min as well as the NaCl case, showing that the 

system performs similarly when integrated in comparison to the stand-alone 
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NaCl case. The OH- production rate is slightly lower compared to the H+ rate, 

which is linked to the overestimation of its value due to a difference in TAN 

concentration between the base and acid compartment for the effective 

production and thus altering the slope. This leads to a lower efficiency for OH- 

of 67% in comparison to the 87% found for H+ and consequently a difference 

in calculated energy consumption based on OH- or H+. The energy consumption 

for H+ is similar to the value found in the NaCl case and that shows that 

integrating the feed streams in the BMED system does not necessarily increase 

costs in terms of performance of the BMED system.  

The concentration of TAN and NH3 in the base (Fig. 5.4a) and TAN and NH4
+ 

in the acid (Fig. 5.4b) compartment was monitored over time to provide insight 

in the performance of the integrated BMED manure treatment system. In Fig. 

5.4 also the pH of the respective solutions is provided with the base 

compartment having a starting pH of 6.4 and the acid compartment starting with 

a pH of 11.5.  

 

Fig. 5.4: a. TAN (black circles) and NH3 (light green circles) concentrations [g/L] and pH 

(blue triangles) [-] in the base compartment versus time [min] and b. TAN (black circles) 

and NH4
+ (dark green circles) concentrations [g/L] and pH (red triangles) [-] in the acid 

compartment versus time [min] for a current density of 10 mA/cm2 and artificial solutions 

of NH4Cl/KCl (10.37/6.67 g/L) at a feed pH starting at 6.4 in the base compartment and 

NH4Cl (4.28 g/L) at a feed pH starting at 11.5 in the acid compartment. All experiments 

are done in duplicate with the standard deviation presented by the error bars.  

A strong increase in NH3 concentration in the base compartment in time is 

observed following the increase of the pH in time. When a pH of 10 is reached, 

after 120 minutes of operation, 85% of NH4
+ is converted to NH3. At the same 

time, in the acid compartment a pH of 2 is reached, which results according to 
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the NH4
+/NH3 equilibrium in 100% conversion of NH3 to NH4

+, even though the 

same amount of OH- and H+ are produced in the base and the acid 

compartment respectively. Also here, the difference in conversion is a result of 

the relatively higher TAN concentration in the base compartment compared to 

that in the acid compartment. Because of that, a higher amount of base is 

needed to convert all NH4
+ than the amount of acid needed to convert all NH3. 

Also, as soon as all TAN is converted to NH4
+ in the acid compartment the 

production of additional H+ immediately results in a decrease in pH, relatively 

quickly reaching a value of 2. However, for effective integration, a decrease to 

a pH of only 6 at 100% TAN conversion is already sufficient for the integration 

with the second RO step to further concentrate TAN. Any additional production 

of H+ (which is now used to decrease the pH below 6) is a bycatch and can in 

a real application thus be used for other purposes, resulting in additional 

savings. 

In the base compartment NH4
+ is converted into NH3, hence the NH3 

concentration increases over time. NH3 is a neutral species able to diffuse 

through ion exchange membranes. Here, the NH3 flux through the BPM, based 

on the change in TAN concentration in the base compartment and only 

considering lea age through the    , is 6 g h·m2. This is in line with the flux 

found by Ali et al. for a 17 g/L NH3 feed solution and measured under slightly 

different conditions with membranes from several different manufacturers [10]. 

This leakage of nitrogen species explains the small decrease in TAN 

concentration in the base compartment with time. Similarly, the concentration 

of TAN in the acid compartment slightly increases over time with approximately 

the same rate. This diffusion increases the overall efficiency of the process as 

it contributes to the main aim of the integrated BMED-RO system: the removal 

of TAN from the digestate stream (base compartment) and the concentration of 

TAN in the N-rich permeate stream (acid compartment).   

Moreover, other ionic species (Na+ and Cl-) migrate in the BMED system as 

shown in Fig. 5.1. This migration alters the final composition of the streams and 

thus the produced fertilizer. For example, a high concentration of Na+ in 

comparison to K+ can lead to the inhibited uptake of K [25]. Moreover, the 

amount of K+ in the base compartment remains stable overtime as required for 

nutrient separation (see Fig. S5.4).  
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5.3.3 Integrated system performance with real feed 

To validate the proposed BMED concept, we also performed experiments with 

real pretreated manure digestate as feed in the base compartment. The acid 

compartment was still fed with artificial N-rich permeate at a pH of 11.9 as this 

stream is not yet produced at sufficient scale. Fig. 5.5 shows the effective OH- 

and H+ production in time in the base and acid compartment, respectively.  

 

Fig. 5.5: Effective production of OH- (squares, blue) and H+ (circles, red) [mmol] versus 

time [min] for a current density of 10 mA/cm2 using pre-treated liquid manure digestate 

at pH 8.4 as feed in the base compartment and an artificial solution of NH4Cl (4.28 g/L) 

at a pH of 11.9 as feed in the acid compartment. The experiment is performed in 

duplicate with the standard deviation presented by the error bars. The dashed line 

represents the theoretical maximum production of OH- or H+ for the used current density.  

The measured H+ production in the acid compartment is similar to the artificial 

case as expected due to the use of an identical feed solution. Conversely, in 

the base compartment the measured effective OH- production is much lower 

than the H+ production and the OH- production obtained with artificial feed. 

Moreover, it highly deviates from the theoretical values being about half the 

theoretical maximum. Fig. 5.5 shows only the fraction of the total OH- produced 

that is effectively utilized for the conversion of TAN and the pH change. 

However, opposite to artificial feed streams, real manure digestate contains 

multiple other ions and components like carbonates, calcium and magnesium 

that can interact with the OH- [26]. Hence, the strong deviation of the OH- 

production in Fig. 5.5 from the theoretical value is attributed to the presence of 

the other components in the digestate that consume about 50% of the total 

amount of OH- produced. This matrix effect creates a difference between the 

total productivity and the amount of OH- and H+ effectively used (i.e. produced) 
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for the conversion of TAN. The resulting performance parameters are 

summarized in Table 5.3.  

Table 5.3: Performance results of the system with pre-treated liquid manure digestate 

at pH 8.4 in the base compartment and an artificial solution of NH4Cl (4.28 g/L) at a pH 

of 11.9 in the acid compartment for a current density of 10 mA/cm2.  

Current 

density 

[mA/cm2] 

Applied 

current 

[A] 

Stack 

potential 

[V] 

Production 

rate 

[mmol/min] 

Current 

efficiency 

[%] 

Energy 

consumption 

[Wh/mol] 

   OH- H+ OH- H+ OH- H+ 

10 1.00 4.59 0.25 0.49 40 79 304 156 

The effective production rate of 0.49 mmol/min for H+ is comparable to the 

production rate when NaCl or an artificial feed are used, while the effective 

production rate of 0.25 mmol/min for OH- is half as low when compared to the 

other two cases. Due to the mentioned matrix effects, less OH- is effectively 

available for the conversion of TAN, and relatively more OH- has to be 

produced. Hence, in the base compartment, longer residence times are 

required for the aimed TAN conversion in the liquid manure digestate compared 

to the residence times required in the acid compartment to achieve the required 

conversion. Consequently, the current efficiency and energy consumption 

calculated based on the OH- production are lower and higher respectively when 

compared to the values calculated based on the H+ production. By definition, 

OH- and H+ are produced at the same amount and rate, the consequence of 

the above is an overproduction of acid that can be used for other purposes, e.g. 

for back neutralization of digestate, membrane cleaning, regeneration of ion 

exchangers or gas scrubbers. Additionally, with external addition of base, this 

matrix effect must be compensated for, and thus the amount of base needed 

for the integrated system is equal to that required with external base addition.  

Fig. 5.6 shows the concentration of TAN, NH3 and NH4
+ and the pH change in 

time for the base and acid compartments. Due to the matrix effect of the real 

digestate, more time and thus OH- is required to achieve 85% NH4
+ to NH3 

conversion at pH 10, as shown in Fig. 5.6a, compared to the artificial case. Due 

to the longer OH- production time required to reach pH 10, there is slightly more 

crossover of OH- and H+ between the compartments which means a small 

decrease in efficiency when compared to the artificial case. Similarly, also more 
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Na+ migrates from the electrolyte compartment into the base compartment to 

neutralize the OH- and Cl- present, as shown in Fig. S5.5. 

 

Fig. 5.6: a. the TAN (black circles) and NH3 (light green circles) concentration [g/L] and 

pH (blue triangles) [-] in the base compartment versus time [min] and b. the TAN (black 

circles) and NH4
+ (dark green circles) concentration [g/L] and pH (red triangles) [-] versus 

time [min] in the acid compartment for a current density of 10 mA/cm2 and with pre-

treated liquid manure digestate at pH 8.4 as feed in the base compartment and an 

artificial solution of NH4Cl (4.28 g/L) at a pH of 11.9 as feed in the acid compartment. All 

experiments are done in duplicate with the standard deviation presented by the error 

bars. 

Fig. 5.6b shows an increase in TAN concentration in the acid compartment, this 

is attributed to the diffusion of NH3 from the base compartment to the acid 

compartment. Moreover, in the acid compartment the production of H+ leads to 

100% conversion of NH3 into NH4
+ within 90 minutes. After this point all 

produced H+ results in a decrease in pH reaching a pH of approximately 1 at 

the end of the experiment, whereas a pH of 6 would already be sufficient for a 

second RO step as mentioned before.  

5.3.3.1 Segmented production with BMED 

The disbalance in use and with that the relative overproduction of H+ compared 

to OH- further indicates the necessity of tuning of the BMED system in terms of 

operating configuration with for example a segmented process. In a segmented 

process the N-rich permeate can be acidified until the required TAN conversion 

is reached at pH 6 while in the remaining time HCl can be produced. The HCl 

is suitable for digestate neutralization, membrane cleaning, regeneration of ion 

exchangers or for gas scrubbers. For example, in the time that 1 m3 manure 

digestate is treated in the base compartment to reach a pH of 10, the acid 
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compartment can be used to acidify 0.18 m3 of the N-rich permeate to a pH of 

6 and to produce 0.82 m3 HCl acid solution with a concentration of 30 mM when 

the same flow rates are used. This segmented process can be further finetuned 

in terms of flow rate and recycle loops to find a suitable operation that results 

in the required conversion in the manure digestate and N-rich permeate and 

the production of a concentrated HCl solution.  

5.4 Conclusion  

In this research, the application of a BMED system is investigated for the 

production of base and acid on manure treatment sites to enhance N/K 

separation with RO utilizing the NH4
+/NH3 equilibrium. The integration of the 

BMED system shows efficient conversion of NH4
+ into NH3 in the base 

compartment and vice versa in the acidic compartment for artificial TAN-

containing streams. Real pre-treated manure digestate required larger amounts 

of OH- for TAN conversion due to matrix effects. Moreover, integration of the 

BMED system increases the RO efficiency as pH adjustment is achieved 

without addition of water. Overall, the BMED system allows high production 

rates of OH- and H+ from NaCl solutions with efficiencies reaching up to 98%. 

Moreover, the use of renewable energy and the absence of chemical storage 

and transport result in environmental benefits.  
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S5  Supplementary information  

S5.1  Ammonium equilibrium 

 

Fig. S5.1: The NH4
+/NH3 equilibrium in terms of percentage versus the pH at 25ºC [1].  

S5.2  Materials and methods 

Table S5.1: Membrane specifications from technical data sheets [2]-[4]. 

Membrane Type 

Fumasep® 

Thickness 

[µm] 

Resistance 

[Ω   2] 

Perm 

selectivity 

(KCl)  

[%] 

pH 

range 

[-] 

BPM FBM 110-160 - - - 

CEM FKB-PK-75 60-90 <2.5 >97 0-14 

AEM FAB-PK-75 60-90 <4 >92 1-14 

 

Table S5.2: An overview regarding the different configurations and corresponding salt 

concentrations and pH values, mimicking the composition of the real streams for the 

starting solutions in the base and acid compartments [1].  

Configuration Base compartment Acid compartment 

 Salt pH Volume Salt pH Volume 

Model 29.22 g/L NaCl 5.4 0.50 L 

29.22 g/L 

NaCl 5.2 0.50 L 

Artificial 
10.37 g/L NH4Cl 

6.67 g/L KCl 
6.4 0.50 L 

4.28 g/L 

NH4Cl 
11.5 0.50 L 

Real/artificial 
Real manure 

digestate 
8.4 0.25 L 

4.28 g/L 

NH4Cl 
11.9 0.25 L 
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S5.3  Iron couple as electrolyte 

To validate the use of Na2SO4, iron(II)chloride/iron(III)chloride (FeCl2/FeCl3) in 

acidic media was used as electrolyte, which has a reversible cell potential of 

0.77 V. The corresponding redox reactions are shown in Scheme S5.1 and 

Scheme S5.2 [5].  

An acidic 0.25/0.25 M FeCl2/FeCl3 solution at pH 1 was used as electrolyte. 

The solution was made with iron(II) chloride and iron(III) chloride (98+%) 

(Sigma-Aldrich, Germany) and 1 M hydrogen chloride solution (Honeywell 

Fluka, USA). The total production, production rate, current efficiency and 

energy consumption were determined as explained in the materials and 

methods section.  

 

Fig. S5.2: a. Effective production of OH- (squares, blue) and H+ (circles, red) [mmol] 

versus the time [min] for a current density of 10 mA/cm2 in the system starting with 0.5 

M NaCl with FeCl2/FeCl3 (0.25/0.25 M) electrolyte (* This measurement point is based 

on a single measurement). The dashed line represents the theoretical maximum 

production of OH- and H+ for the used current density. This experiment is done in 

duplicate with the standard deviation presented by the error bars.  

  

Anode 𝐹𝑒3+(𝑎𝑞) + 𝑒
−  →  𝐹𝑒2+(𝑎𝑞) Scheme S5.1 

Cathode 𝐹𝑒2+(𝑎𝑞) → 𝐹𝑒
3+
(𝑎𝑞) + 𝑒

− Scheme S5.2 
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Table S5.3: The performance results of the system with 0.5 M NaCl with FeCl2/FeCl3 

(0.25/0.25 M) electrolyte for a current density of 10 mA/cm2.  

Current 

density 

[mA/cm2] 

Applied 

current 

[A] 

Stack 

potential 

[V] 

Production 

rate 

[mmol/min] 

Current 

efficiency 

[%] 

Energy 

consumption 

[Wh/mol] 

   OH- H+ OH- H+ OH- H+ 

10 1.00 1.60 0.56 0.54 90 87 48 49 

S5.4  Effect of cell pairs on performance with NaCl 

 

Fig. S5.3: Energy consumption [Wh/mol] versus the number of cell pairs calculated for 

a current density of 10 mA/cm2 in the system starting with 0.5 M NaCl based on a 

measured voltage for the electrolyte compartments including one CEM of ~3.1 V and 

corrected for the increased voltage and production with increasing number of cell pairs. 
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S5.5  Production with artificial feed 

 

Fig. S5.4: The TAN (black circles), NH4
+ (dark green circles), NH3 (light green circles), 

K+ (yellow circles) and Na+ (grey circles) concentration [g/L] versus time [min] in the a. 

the base compartment and b. the acid compartment for a current density of 10 mA/cm2 

and artificial feed solutions of NH4Cl/KCl (10.37/6.67 g/L) at a pH of 6.4 in the base 

compartment and NH4Cl (4.28 g/L) at a pH of 11.5 in the acid compartment. All 

experiments are done in duplicate with the standard deviation presented by the error 

bars. 

 

S5.6  Production with real manure digestate feed stream 

 

Fig. S5.5: The TAN (black circles), NH4
+ (dark green circles), NH3 (light green circles), 

K+ (yellow circles) and Na+ (grey circles) concentration [g/L] versus time [min] in the a. 

the base compartment and b. the acid compartment for a current density of 10 mA/cm2 

and with pre-treated liquid manure digestate at pH 8.4 in the base compartment and an 

artificial feed solution of NH4Cl (4.28 g/L) at a pH of 11.9 in the acid compartment. All 

experiments are done in duplicate with the standard deviation presented by the error 

bars. 
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This chapter starts with summarizing the main conclusions. This is followed by 

a  description of the implementation of this dissertation. Finally, it concludes 

with an outlook on future research directions to further improve the manure 

treatment in order to enhance circularity by the formation of separate nutrient 

fraction for tailored fertilization. 

6.1 Conclusions 

The emission of greenhouse gases from energy production, industry, transport, 

waste management and agriculture has led to climate change. Moreover, the 

release of ammonia results in pollution of nature and water bodies all leading 

to risks for biodiversity. Hence, strict regulations have been enforced in order 

to reduce the environmental impact of ammonia emissions. In the agricultural 

sector in the Netherlands this leads to a growing manure surplus, putting 

pressure on farmers as well as the manure treatment facilities. This dissertation 

provides insights on aspects to improve different manure treatment processes 

in order to enhance the valorization of manure and increase circularity.  

In Chapter 2 various flocculants for the improvement of solid-liquid separation 

were investigated to determine which type and dosage is most suitable for the 

separation of the solid and liquid fractions originating from manure digestate. 

The flocculant efficiency, based on the turbidity removal in the liquid fraction, 

indicated that flocculants that establish hydrophobic interactions and hydrogen 

bonding provide the highest organic matter removal. Moreover, a linear high 

molecular weight flocculant with a low negative charge density gives superior 

removal with a low flocculant dosage. Efficient use of flocculants leads to a 

reduction in chemical use and costs in terms of chemicals and membrane 

cleaning and replacement.  

Chapter 3 shows the potential of pH tuning for the separation of nitrogen (N) 

and potassium (K) from liquid manure digestate with reverse osmosis (RO). An 

increase in pH lowers the retention of N as this nutrient is mainly present in the 

form of ammonium (NH4
+) that due to its acid-base equilibrium is converted to 

neutral ammonia (NH3) which permeates the membrane more easily. 

Meanwhile potassium ions (K+) are retained by the membrane resulting in 

separation of N and K. The membranes investigated do not show separation of 

N and K at a pH of 6 as both ions are charged at this pH whereas at a pH higher 

than 10 high amounts of N permeate due to the lack of charge of NH3 while the 

K retention remains constant, thus separating both nutrients. As a pH of 12 
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exceeds the maximum pH for long-term operation of the selected membranes, 

a pH of 10 is recommended. At a pH of 10 the selected brackish water RO 

membrane shows an N/K selectivity of 3 with a flux of 11 L/m2·h in a dead-end 

filtration set-up with real pre-treated manure digestate. This leads to a permeate 

stream containing 1.4 g/L of N which can be further concentrated with a 

subsequent RO step at a pH of 6. Moreover, in a crossflow system but with an 

artificial solution an even higher N/K selectivity of 35 can be established. 

Overall, the pH tuning proofs suitable for N and K separation from liquid manure 

digestate and given the configuration and already used chemicals, can be 

relatively easily implemented in existing RO processes in manure treatment 

plants.  

The research in Chapter 4 focuses on the modification of ultrafiltration 

polyacrylonitrile (PAN) membranes using subsequent hydrolysis, 

polyelectrolyte layer formation and crosslinking to investigate the retention of 

various salt solutions including artificial and real manure digestate. The results 

show that only hydrolysis and thus the formation of negatively charged 

carboxylic acid groups on the native PAN membrane results in Donnan 

exclusion which is not sufficient to retain a mixture mono- and multivalent salt 

ions. Subsequent coating of the hydrolyzed PAN membrane with 

polyelectrolyte layers forming a layer-by-layer assembly covers the pores of the 

PAN membrane providing additional size exclusion next to Donnan exclusion. 

This leads to higher retentions reaching 60% for multivalent ions and 20% for 

monovalent ions in a mixture. Crosslinking of the polyelectrolyte layers further 

increases the retention of mono and multivalent ions by the formation of a more 

rigid and less swollen polymer structure. This leads to a retention difference 

between NH4
+ and K+ due to their small difference in dehydration energy. The 

separation is further enhanced at alkaline conditions following the approach 

described in Chapter 3.  

In Chapter 5, the integration of a bipolar membrane electrodialysis system 

(BMED) with nutrient separation using RO is investigated. With the BMED 

system hydroxide ions (OH-) and protons (H+) are produced on-site. The OH- 

converts NH4
+ in the liquid fraction of manure digestate to NH3 that then 

permeates the RO membrane, while K+ is retained, resulting in separation of N 

and K as described in Chapter 3. H+
, also generated in the BMED system, is 

then used to convert NH3 in the RO permeate back into NH4
+, followed by an 

RO concentrating step generating an N-rich stream. Using artificial solutions, a 
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proof of concept is obtained. Experiments with real manure digestate confirm 

the applicability for real streams but also show that half of the OH- is consumed 

by other species than NH4
+

, present in real manure digestate. Nevertheless, the 

total required amount of OH-
, taking into account both NH4

+ conversion as well 

as interactions with other species, is comparable to the required amount from 

an external obtained aqueous base solution. Moreover, the process 

configuration (active membrane area, flow rates, etc.) must be chosen such 

that the amount of OH- produced aligns with the amount of OH- needed. This 

results in an overproduction of H+ that can be utilized elsewhere in the treatment 

process. Overall, this process is a sustainable option as it can utilize renewable 

electricity, minimizing the water added to the RO feed streams and reducing 

storage and transportation of corrosive chemicals.  

6.2 Implementation of this dissertation 

6.2.1 Flocculation improvement 

Fouling of membranes is directly correlated to the presence of, amongst others,  

organic matter. Monitoring the solid-liquid separation treatment can be done by 

continuous measuring of the turbidity of the respective liquid. This can lead to 

the early discovery of problems like high organic matter concentrations in the 

liquid streams in the manure (digestate) treatment process, allowing early 

detection and responses to facilitate proper operation in the downstream 

process (e.g. RO). The flocculation efficiency can be improved by determining 

which (bio-)flocculant reaches the highest turbidity removal. This can be 

accomplished with the screening method proposed in Chapter 2, see Fig. 6.1. 

Moreover, this method can provide an indication of the optimal dosage for the 

respective flocculant to reduce costs and chemical consumption.  

 

Fig. 6.1: Schematic overview of screening method for flocculant type and optimal dosage 

determination.  
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The implementation of  this method to establish which flocculant type is most 

suitable to reach a high organic matter removal improves the separation and 

quality of the liquid stream for subsequent treatment (e.g. with RO) resulting in 

less frequently required membrane cleaning and replacement. Moreover, 

establishing the optimal dosage can significantly reduce the amount of 

chemicals used and improves the quality of the solid stream next to lower 

operation costs further improving the treatment.  

6.2.2 Separation of N and K with reverse osmosis 

In Chapter 3, the separation of N and K with RO is accomplished at a pH of 10 

and higher. This is presented as an alternative to stripping-scrubbing (currently 

regularly employed) for the production of ammonium salt fertilizer. The overall 

treatment process then includes solid-liquid separation to produce a 

phosphorus (P)-rich solid fraction and a liquid fraction containing N and K 

present in ionic form (NH4
+ and K+). After conversion of NH4

+ into NH3 at pH 10, 

the nutrients in the liquid fraction are then separated by RO. Here the retentate 

stream is concentrated in K, while water and NH3 permeate. The permeate 

stream is further concentrated by the permeation of water in an additional RO 

step at pH 6 to ensure the retention of N in the form of NH4
+. In Fig. 6.2, a mass 

balance for the total mass as well as the inorganic nutrients is presented for the 

above-described membrane-based process. The estimated balances are 

calculated based on the dry matter content of samples collected from the 

Duurzaam Landleven Bernheze (the Netherlands) manure treatment plant. 

Moreover, it is assumed that all dry matter is retained in the first RO step as 

this is a dense membrane used to retain species as small as monovalent ions. 

In both balances only inorganic P, N and K are considered with the assumption 

that in this case all P goes to the solid-fraction as PO4
2- precipitates with other 

ions present like Ca2+ and Mg2+ resulting in collection with the dry matter [1]. 

Based on this, the amount of P that might remain in the liquid fraction is little. 

Moreover, for these calculations it is assumed that all N and K go to the liquid 

fraction, however in practice some N and K might be collected in the solid 

fraction. The concentrations of N and K in the liquid fraction are obtained from 

Chapter 3. For the RO steps, the retention values are obtained from the same 

chapter from the separation of N and K with the brackish water RO membranes 

at pH 10 and 6. Moreover, the concentration factor in the first RO step was set 

to a value of 3.0. The concentration factor for the second RO step was set to 

7.4, to reach an overall water recovery of 50% comparable to values found in 

literature [1], [2]. These values are chosen as this corresponds to osmotic 
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pressure differences, based on the N and K concentrations, which remain 

within the maximum pressure of 41 bar for the brackish water RO membrane 

with an effective membrane pressure that remains above 5 bar [3]. 

Nevertheless, the concentration factor used in the second RO step is high and 

might be an overestimation.  

 

 

Fig. 6.2: Mass balances of a. the overall mass and b. inorganic nutrients N (in the form 

of TAN), K and P (PO4
2-). The balances were estimated for a system with a solid-liquid 

separation pre-treatment with two subsequent RO steps for the separation (N/K 

separation) and concentration of nutrients (N-concentrate) resulting in a P-rich solid 

fraction, K-rich mineral concentrate, N-rich concentrate and water.  

From the estimated overall mass balance, Fig. 6.2a, it can be observed that 

only a small solid fraction is retrieved. Based on the samples obtained from 

Duurzaam Landleven, it was established that approximately 78% of the dry 

matter originally present is collected in the solid fraction. The removal of dry 

matter can be further increased by optimization of the solid-liquid separation 

which can also reduce fouling problems in the subsequent RO steps. Moreover, 

the calculation shows that it is possible to recover separate K and N rich 

streams, next to the recovery of approximately 50% water of the original stream.  
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Moreover, the mass balance of the inorganic nutrients, Fig. 6.2b, provides 

information regarding the nutrient content in the different fractions. The solid 

fraction contains all P, resulting in a concentration of approximately 29 g/kg 

based on the amount of P and the mass of the solid stream. The liquid fraction 

contains N and K in a ratio of approximately 1:1 before treatment with RO, 

based on ion chromatography measurements of the samples collected as 

shown in Chapter 3. In the first RO step (N/K separation), a significant amount 

of N permeates at alkaline conditions whereas the K is retained, resulting in a 

so-called K-enriched mineral concentrate. This mineral concentrate has a K 

concentration of 9.3 g/L and N concentration of only 4.3 g/L when considering 

the amount of N and K in the fraction and the overall mass of the fraction. The 

second RO step concentrates the N in the permeate stream originating from 

the first RO step to a concentration of 12.1 g/L, resulting in a clean N-rich 

concentrate stream as product, comparable to the ammonium salt product from 

a stripping-scrubbing process. Moreover, the permeate stream of the second 

RO step contains only a small amount of N.  

The separate nutrient streams can replace artificial fertilizer and are suitable for 

tailored fertilization as the nutrient ratio can be easily adjusted. Typically, these 

products are still considered to be manure and are therefore not allowed as 

fertilizer products outside of the nutrient limits set for manure. The introduction 

of new European legislation Renure, REcovered Nitrogen from ManURE, 

changes this perspective and allows N containing products from manure 

treatment above the set limits. The Renure status is granted if the stream 

complies with the certain characteristics (Table 6.1).  

Table 6.1: The final product criteria for the artificial manure replacement Renure [4]. 

Category Criteria 

Technology Physical, chemical and/or biological process step 

Nitrogen ratio Nitrogen : Total Nitrogen ≥    or 

Total Organic Carbon : Total Nitrogen ≤3  

Corrected for N not originating from manure 

Metals Cu ≤3   mg    g dry matter 

Zn ≤    mg    g dry matter 

Micro-organisms Salmonella spp. 0 colony forming units (CFU) in 25 ml 

 scherichia coli or  nterococcaceae ≤1 000 CFU in 1 ml 
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In terms of Renure status, the N-rich concentrate stream complies with the 

Renure status as it is produced with RO and is a clean stream due to treatment 

with the dense RO membrane in the first RO step resulting in the removal of 

organic carbon, copper, zinc and bacteria. The quality of the N-rich concentrate 

containing ammonium salt is comparable to the Renure product produced with 

stripping and scrubbing, as both are clean NH3 containing streams in which the 

N is captured in an acidic solution. 

The mineral concentrate, typically produced in manure treatment plants 

containing both N and K in equal amounts, is considered to meet the Renure 

criteria [5]. The mineral concentrate enriched in K in the N/K separation at 

alkaline conditions is produced in the same way. Hence, this K-rich mineral 

concentrate has a similar composition and is thus expected to meet the Renure 

criteria. Nevertheless, the bacteria and copper and zinc that might be present 

in the liquid fraction of the manure digestate are concentrated in the first RO 

step. Depending on the initial concentration and concentration factor this might 

exceed the criteria values introducing an issue for both the mineral concentrate 

and K-rich mineral concentrate. Moreover, the Renure products require a TOC 

to N ratio below a value of 3. Due to the removal of the of N and the 

concentration of the TOC present, the TOC to N ratio becomes lower for the K-

rich mineral concentrate from the N/K separation in comparison to the typical 

mineral concentrate retaining both N and K. Nevertheless, this stream shows 

to have potential to also meet the Renure requirements.  

The main N containing product produced with the two-step RO process is as 

mentioned before comparable to the ammonium salt produced with a stripping-

scrubbing process. The stripping-scrubbing process utilizes the NH4
+/NH3 

equilibrium to physically transfer NH3 from the aqueous to gas phase and back. 

The liquid fraction enters the stripping column that contains a basic solution. 

Due to the basic conditions, NH4
+ is converted into NH3 and removed from the 

stripper as NH3-rich gas. The NH3 is converted back into NH4
+ in the scrubber 

with an acidic solution resulting in the recovery of an ammonium salt. The 

stripping tower is typically operated at a pH >9.5 and temperatures between 

60-   ˚C [1]. Both systems produce an ammonium salt that can be considered 

a Renure product as shown in Fig. 6.3. The systems use base and acid as 

driving force to utilize the NH4
+/NH3 equilibrium whereas RO using pressure to 

enhance separation while stripping-scrubbing uses heat. 
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Fig. 6.3: Schematic drawings of nutrient separation from manure digestate. a. A two-

step reverse osmosis system for the production of K-rich mineral concentrate, N-rich 

concentrate consisting of an ammonium salt and clean water and b. A stripping-

scrubbing process for the production of an ammonium salt and an N-depleted effluent. 

Both systems utilize base and acid to produce the respective streams.  

Currently, the main reasoning of using an RO system is the recovery of water 

which can reach values up to 50% relative to the initial digestate stream as also 

established in the mass balance (Fig. 6.2) [1]. Water recovery is not possible 

with scrubbing-stripping installations. However, several studies have shown 

that RO gives higher total estimated costs per m3 digestate in comparison to 

stripping-scrubbing. [1], [6], [7]. Bolzonella et al. calculated the capital and 

operational costs for a membrane and a stripping-scrubbing installation for the 

treatment of manure with the RO producing a mineral concentrate containing 

41% of the initial N and the stripping-scrubbing producing an ammonium salt 

containing 17% of the initial N. The feed for the RO originates from two different 

digestates, cow and pig manure, with flow rates of 42 and 60 ton per day 

whereas the stripping-scrubbing digestate came from combined cow and pig 

manure with a flowrate of 130 ton per day. Both processes have pretreatment 

steps for the removal of organic matter, the RO system a screw press followed 

by decanter and ultrafiltration with flocculant addition and the stripping-

scrubbing process a screw press followed by a lamella settler for 

sedimentation. The capital costs are depreciated over a period of 10 years with 

an interest of 3% to be able to include the capital costs in the total estimated 

costs. For the chemical costs for the RO process the chemicals are the 

flocculant for the pre-treatment and membrane cleaning agents and for the 

stripping-scrubbing the lime to reach a pH above 9 and sulfuric acid to recover 

the ammonium. In Table 6.2, the capital costs and operational costs estimated 

by Bolzonella et al. are presented which does not include the value of the 

products [1].   
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Table 6.2: Estimated capital and operational costs for a two-step RO system for the 

production of a mineral concentrate and water and for a stripping-scrubbing installation 

for the production of an ammonium salt with adapted energy costs to current energy 

prices from Bolzonella et al. [1]. The energy costs are based on an energy price of      

 . 5 €/kWh for non-household consumers in the Netherlands in 2024 [8]. 

Cost item 

Two-step RO 

(mineral 

concentrate) 

Stripping-

scrubbing 

Capital cost [€] 

Depreciation [€  3] 

1 000 000 

2.74 

750 000 

1.58 

Energy [kWh/m3] 

            [€  3] 

18.5 

2.78 

10.6 

1.59 

          [€  3] 0.33 1.50 

L             [€  3] 1.05 0.30 

                           [€  3] 4.16 3.39 

T                    [€  3] 

(including depreciation) 
6.90 4.97 

The capital cost for the RO system is approximately 33% higher compared to 

the stripping-scrubbing system. Also, the operational costs are higher for RO 

as a result of the required amount of energy and the more expensive expertise 

for labor/service [1]. Moreover, the chemicals costs of the RO system are low 

compared to stripping-scrubbing. However, these costs would increase when 

the separation of N and K in RO step 1 is considered as base and acid are 

required in this step next to the other chemicals, the amount of base and acid 

required for N and K separation is comparable to stripping-scrubbing. Overall, 

the operational cost for the RO system is approximately 20% higher than for 

the stripping-scrubbing system. However, this does not consider the difference 

in the profit that can be made with the produced fertilizer products and the 

reduced transportation costs by the recovery of approximately 50% of water 

with the RO system. Hence, more investigation is required to establish a 

comparable cost overview with capital costs for the same stream and the 

inclusion of the profit that can be made with the different streams obtained to 

couple the benefit of RO to the costs. Moreover, the separation of N and K and 

thus the production of N fertilizer can be produced within existing RO systems 

by pH tuning lowering the investment costs.  
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6.2.3 Integration of BMED 

As previously discussed, both RO and stripping-scrubbing require base and 

acid in the proposed configuration, see Fig. 6.3. The BMED system described 

in Chapter 5 can provide this base and acid in an integrated manner resulting 

in the on-site production of base and acid. As discussed in Chapter 5, this 

results in less transport and storage of chemicals next to comparable costs for 

the OH- and H+ produced with a BMED system compared to the costs for NaOH 

and HCl in bulk. Table 6.3 presents an overview of the operational parameters 

of a large scale system able to treat 800 L/h of pre-treated manure digestate to 

reach a pH of 10 with the production of 320 mol OH-/h, based on the results 

obtained in Chapter 5, to have a suitable stream for nutrient separation with 

RO. The flow velocity (1 cm/s), current density (100 A/m2) and resulting cell 

performance in terms of efficiency (80%) are based on the parameters used 

and established in Chapter 5. The production of the required amount of OH- for 

separation with RO is in here achieved in a single pass for the given membrane 

area and number of cell pairs.  

Table 6.3: An overview of the BMED operational parameters to produce the required 

amount of OH- during the single pas integrated treatment of manure digestate for 

subsequent N/K nutrient separation with RO based on the performance measurements 

described in detail in Chapter 5.  

Parameter Value 

Flow rate [L/h]  800 

Flow velocity [cm/s] 1 

Number of cell pairs [-] 125 

Membrane area [m2] 0.86 

Current density [A/m2] 100 

Current efficiency [%] 80 

Energy consumption [kWh/L] 0.016 

To reach the required amount of OH-, 125 cell pairs are required consisting of 

three membranes, each with an area of 0.86 m2 corresponding to a width of 

0.46 and a length of 1.9 m to provide a fitting residence time for the required 

OH- production. Based on the efficiency and the assumption that the energy 

consumption scales linearly with the membrane area, the expected energy 

consumption reaches 0.016 kWh/L manure digestate treated and the additional 

production of an acid stream suitable to treat the N-rich permeate for 
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subsequent concentrating. This leads to operating costs of in terms of energy 

of 0.002 €   based on an energy price of   15 €  Wh for non-household 

consumers in the Netherlands in 2024 [8]. 

The dimensions of the BMED system are used to estimate the capital cost of 

the system as presented in Table 6.4, based on the costs determined for a first 

of a kind acid-base flow battery, consisting of the same components as a BMED 

system [9]. The study of Pärnamäe et al. shows the costs of a 100x upscaled 

plant in comparison to a pilot scale plant, taking into account the development 

in technology and using estimated prices between 2021 and 2025. The costs 

for the BMED system membrane stack are corrected for the amount of cell pairs 

and area whereas the cost of the electrode assembly is extracted from the 

power subsystem costs mentioned in the study corrected for the area. It is 

assumed that the sub- and management systems are comparable to the values 

estimated in the study.  

Table 6.4: An estimation of the total capital cost for the BMED system for the integrated 

treatment of 800 L/h of manure digestate for subsequent nutrient separation with RO. 

The numbers are adapted based on cost evaluation of a first of a kind system for an 

acid-base flow battery consisting of the same components as the described BMED 

system [9]. 

Component Value 

             k [€] 

(Membranes, spacers) 
11 000 

                   [€] 

(Electrodes, endplates) 
13 000 

          [€] 

(Storage tanks, electrolyte) 
35 000 

                  [€] 

(Computer system, sensors) 
22 000 

Estimated total              [€] 81 000 

The cost of a membrane triplet for the battery was estimated to reach a value 

of approximately 1   € m2 based on the expectation of lower membrane prices 

due to the scale and membrane development. This leads to an overall price for 

the membrane stac  of €11 000 which is comparable to the additional electrode 

assembly cost of approximately €13 000 to complete the BMED stack. The 

costs of the subsystem and management system are the values estimated for 

the acid-base flow battery, which are expected to be overestimated. For 
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example, the cost for the subsystem of the BMED might be lower due to a 

difference in required tank size and number of tanks. Moreover, the 

management system is expected to be less complex as the BMED system only 

runs in reverse bias whereas the battery also requires forward bias. Overall, 

this leads to an estimated capital cost of € 1 000 for an on-site BMED system 

for the production of base and acid. The investment in a BMED system is only 

40% of the capital costs estimated for RO and stripping-scrubbing, making the 

integration of the BMED an interesting option (Table 6.2). Moreover, the 

integration of the BMED system provides several benefits like less 

transportation and storage of chemicals and, when implemented with an RO 

system, less removal of water when compared to the addition of aqueous 

commercial base and acid. This can lead to a reduction of approximately        

1 3  €/day in operational costs for the RO system considering a feed of 800 

L/h, a 50% NaOH solution and the operational costs reported in Table 6.2.  

6.3 Future challenges and research directions  

6.3.1 Solid-liquid separation treatment 

6.3.1.1 Silt density index (SDI) 

A series of solid-liquid pretreatment processes is required to accommodate RO 

operation in manure (digestate) treatment, producing the final mineral 

concentrate. This solid-liquid separation in manure treatment varies 

tremendously between treatment plants, originating from the different manure 

types, optional co-products added and varying volumes [2], [10], [11]. It is 

challenging to find one single solution to efficiently separate the solid particles 

from the liquid fraction.  

A way to determine the quality and suitability of a liquid stream for RO is the silt 

density index (SDI), which is a standardized method used to determine the 

membrane fouling tendency of a solution [12]. When a liquid stream has an SDI 

value below 5, which correlates to a turbidity below 1.0 NTU, it can be treated 

with seawater RO [3], [13], [14]. Values less than 3 would require cleaning 

treatments every other month whereas for SDI values between 3 to 5 particulate 

fouling is expected for which frequent cleaning will be required [13]. This SDI 

system is mainly used for seawater RO which requires less pre-treatment 

compared to manure treatment based on the amount of solid matter present. 

For liquid streams originating from manure treatment, if at all measurable, SDI 

and NTU values are far beyond the applicable range, even after intensive 
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pretreatment. For example, at the manure treatment plant Duurzaam 

Landleven Bernheze (the Netherlands), a pre-treatment consisting of a sieve 

belt, dissolved air flotation, vibrating screen and filter paper with several 

flocculant additions only reaches a turbidity of 2750 NTU, measured for a 

sample retrieved after all pretreatment steps with the method described in 

Chapter 2. As in many manure treatment plants, the subsequent RO operates 

under conditions out of the regular membrane specifications, while intensive 

cleaning in combination with frequent membrane replacement is required. 

Nevertheless, based on practical experience, the plant at Bernheze (and many 

others) has surprisingly been running for several years regardless of the high 

turbidity and correlated maintenance showing that operation out of 

specifications and with intensive cleaning works but can be further improved. 

Hence, a similar system as the SDI values for manure treatment is beneficial 

as it can provide a more realistic view on the balance between pretreatment 

costs and membrane lifetime. This method can be based on the SDI method 

but with a more open filter to reduce the amount of clogging. Another approach 

is to adjust the interpretation of the SDI values to fit with current treatment 

systems that can run effectively.  

6.3.1.2 Aiming for improved flocculation 

Not only does the process configuration contribute to an improved solid-liquid 

separation. Flocculation (after adding flocculants) of organic matter in the 

manure digestate is frequently used and further lowers the turbidity and thus 

the SDI value of the liquid fraction. Fluctuations in the digestate composition 

due to the use of, for example varying co-products, require flexibility in 

flocculation type and dose added aligned with the specific (but fluctuating) 

composition of the to be treated stream. However, currently, there a no methods 

to effectively determine which flocculants are needed and with which 

concentration. The relatively straightforward method presented in Chapter 2 

provides an approach to determine the type of flocculants and their optimal 

dosages. However, this still requires a lot of time while often an immediate 

response is required to maintain a low turbidity. Control of the turbidity removal 

can be achieved by monitoring the turbidity throughout the process providing 

insight into the treatment quality and flocculant dosing requirements.  

Moreover, the type of coagulant or flocculant used can alter the quality of the 

solid fraction as they can be considered toxic if present in high quantity [15]. 

The potential toxicity can limit the use of the solid fraction as soil improver in 
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agriculture. Replacement of the current additives by biobased and/or 

biodegradable coagulants and flocculants can limit the toxicity in the final 

product. Currently, research shows for example the potential of chitosan, 

alginate, starch, extracellular polymeric substances and polysaccharides for 

organic matter removal from waste waters [15]–[20]. Some research has been 

conducted regarding flocculation of manure and digestate [21]–[24]. However, 

overall limited information is available regarding flocculation of digestate 

originating from manure [25]–[27]. Hence, more knowledge should be gained 

to find suitable flocculant types and especially bio-based flocculants.  

Moreover, the use of specific additives can lead to additional improvements in 

the valorization of manure digestate. For example, an iron coagulant can 

increase removal of phosphorus (P) towards the solid fraction which improves 

the separation of nutrients in the manure treatment [28]–[30]. The combination 

of the commercial flocculants and iron(II)sulphate for the removal of phosphate 

from manure digestate was investigated experimentally, using the methods 

described in Chapter 2, as shown in Fig. 6.4. Different concentrations of 

iron(II)sulphate were added to manure digestate in combination with the optimal 

dosage of the commercial flocculants nPAM, 5CL, 12AB and 8 AL (2.79, 0.96, 

5.18 and 2.34 mg/g DM) as described in Chapter 2. After stirring, a sample was 

centrifuged in order to remove the liquid fraction to assess the removal of 

phosphate. The amount of phosphate was measured via ion chromatography 

whereas the turbidity removal was measured with a turbidity meter. 

 

Fig. 6.4: a. Phosphate concentration [mg/L] and b. the turbidity [103 NTU] versus iron 

sulphate dosage [mg/g DM] in the liquid fraction of manure digestate with no polymer 

added and combined with the optimal dosages of nPAM, 5CL, 12AB and 8AL as 

reported in Chapter 2.  
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Fig. 6.4a shows that the phosphate concentration is lowered with increasing 

iron sulphate dosage regardless of the commercial flocculant presence 

indicating that more phosphate is captured in the solid fraction, thus improving 

the separation of P from N and K that remain in the liquid fraction. Moreover, 

Fig. 6.4b shows that the addition of iron sulphate in different dosages does not 

result in additional removal of organic matter which would have been an 

additional benefit. Similarly, Lin et al. summarized the dosage of the more 

suitable coagulants Fe3+ and Al3+ (molar ratio between 2 to 3 of metal to 

phosphorus) and their corresponding phosphorus removal from digestate 

streams. The addition of these coagulants leads to phosphorus removals of 

more than 95% compared to 50% for natural sedimentation [28]. Moreover, this 

indicates that higher removals can be reached than shown in Fig. 6.4 as ferric 

salts are more efficient than ferrous salts [28]. Manure treatment processes can 

benefit from additional research regarding phosphorus removal in combination 

with organic matter from manure digestate using coagulants improving the 

nutrient separation. For example, the combination of coagulants and flocculants 

can lead to increased efficiencies [29]. Moreover, the type of additives should 

be chosen carefully to ensure that the fertilizer quality of the solid fraction fulfills 

the requirements for land application and that the nutrients like phosphate 

remain available for the plants. 

6.3.2 Nutrient separation with reverse osmosis 

6.3.2.1 The effect of temperature on the NH4
+/NH3 equilibrium 

The separation of nutrients with RO in this dissertation focused on the presence 

of N in the form of NH4
+. The acid-base equilibrium of NH4

+ and NH3,            

Scheme 6.1, is utilized to separate N and K via charge exclusion due to the 

conversion to neutral NH3 after which NH3 permeates the RO membrane while 

K+ is retained.  

 𝑁𝐻4
+ + 𝑂𝐻− ⇋ 𝑁𝐻3 + 𝐻2𝑂 Scheme 6.1 

An equilibrium is typically pushed towards the product side by the addition and 

removal of respectively reactants and products. In this dissertation, the 

equilibrium is pushed towards NH3 due to the production of OH-
, (i.e. a high pH). 

Moreover, the removal of the product (NH3) over the length of the membrane in 

the crossflow system showed improved removal of the total ammonium 

nitrogen (TAN) compared to a dead-end cell configuration (Chapter 3). Another 

way to push the equilibrium is by influencing the equilibrium constant of the 
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reaction, the pKa. An equilibrium constant is based on the change in Gibs free 

energy and thus the enthalpy and entropy (Eq. 6.1). The equilibrium constant 

is thus affected by the temperature [31].  

 𝐾 =  𝑒−∆𝐺°/𝑅𝑇 = 𝑒−(∆𝐻°−𝑇∆𝑆°)/𝑅𝑇 Eq. 6.1 

In this case, the increase in temperature lowers the pKa value and thus, at the 

same pH, but higher temperature, more NH4
+ converts to NH3 resulting in more 

permeation of NH3 through the membrane [32].  

Emerson et al. studied the effect of temperature on the pKa values of the 

aqueous ammonia equilibrium [33]. The study provided Eq. 6.2 for the 

calculation of the pKa value at a specific temperature T (°C).  

 𝑝𝐾𝑎 =  0.09018 + 
2729.92

𝑇 + 273.15
 Eq. 6.2 

The percentage of TAN present as NH3 can be calculated based on Eq. 6.3 

which is the acid-base equilibrium as rewritten Henderson-Hasselbach 

equation as described in Chapter 5 with the pKa value correlated to a certain 

temperature.  

 
[𝑁𝐻3] =  

[𝑇𝐴𝑁]

(1 +
10−𝑝𝐻

10−𝑝𝐾𝑎
)
 

Eq. 6.3 

In Fig. 6.5, the percentage of NH3 calculated with the above equations is plotted 

over a p  range at a temperature varying from 1  to 5  ˚C   

 

Fig. 6.5: The percentage of NH3 [%] over a pH range based on the NH4
+/NH3 equilibrium 

at different tem eratures [˚C]. 
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A drop in the pKa value from 9.73 to 8.54 is observed when the temperature is 

increased from 1  to 5  ˚C  This shift means that 65  of the T N is converted 

to NH3 at p  1  at 1  ˚C whereas at the same p  at 5  ˚C     is converted 

which can lead to more separation of N and K in an RO system. However, 

considering the membrane in the nutrient separation process, the temperature 

should not exceed the limit of typically  5 ̊ C as this can damage the membrane  

Moreover, membranes also have a limited lifetime in alkalinity that exceeds pH 

11 [3], [14]. Long-term operation is recommended at a temperature of    ˚C at 

a pH of 10 at which 94% of the TAN is present as NH3 to maximize the N/K 

separation. However, adjustment of the temperature increases the operation 

costs. Hence, the benefit of additional separation over the increased costs 

should be investigated. For example, in certain cases heat exchange can be 

utilized to lower the costs. 

6.3.2.2 The presence of other N-containing species 

The separation of N from K has been mainly focused on the presence of NH4
+ 

that at alkaline conditions can be separated from K+. Risberg et al. showed an 

elaborate overview of the N content of cow manure, pig slurry, manure 

digestate with manure as main component for digestion and digestate with 

organic matter as the main component [34]. In Fig. 6.6, the average of the total 

N present in the different streams is shown, accompanied by the concentration 

of organic (carbon) and inorganic (non-carbon) containing N-species. 

Moreover, the concentration of TAN is shown, which is the majority  of the 

inorganic N and a potential risk to environment hence a by law restrained 

component for fertilization. It is observed that the total concentration of N is 

higher for digestate than for manure which is attributed to the addition of N 

containing organic matter to the digester. Moreover, a large error bar is 

observed showing the large variation in compositions. For manure this can be 

the result of the difference in origin whereas for digestate streams this is a 

combination with the variety of organic co-products that have been added. The 

organic N in all streams is comparable, whereas the concentration of inorganic 

N increases for the digestate as during the digestion process organic N is 

partially converted into inorganic N. The inorganic N present in the streams is 

almost identical to the concentration of TAN which shows that this is the main 

N species that requires consideration in manure treatment, especially for 

separation with RO as the majority of the organic N is removed during the pre-

treatment steps.  
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Fig. 6.6: Concentration [kg/ton dry matter] of the total N (taupe), the fractions of this 

being organic (brown) and inorganic (grey) and of TAN (green) being a fraction of the 

inorganic N given for cow manure, pig slurry, manure digestate (co-digested with as 

majority manure) and digestate (with as majority organic matter) as studied by Risberg 

et al. [34]. 

As mentioned before, during digestion or even storage, the organic N can be 

converted into inorganic N. For example, urea, a N containing species found in 

urine, is hydrolyzed into TAN during storage, catalyzed by the enzyme urease 

as shown in Scheme 6.2 [32].  

 𝑁𝐻2(𝐶𝑂)𝑁𝐻2 + 𝐻2𝑂
𝑈𝑟𝑒𝑎𝑠𝑒
→     𝑁𝐻3 + 𝑁𝐻4

+ + 𝐻𝐶𝑂3
− Scheme 6.2 

Furthermore, urea is typically permeating RO membranes indicating most N 

from this organic component is pushed towards the N-rich permeate during       

N and K separation with RO [35].  

Other inorganic N that might be present are nitrite and nitrate ions. These ions 

are typically charged indicating that these ions are retained by the membrane. 

The presence of these ions can therefore decrease the N and K separation with 

RO. Hence, further investigation regarding the concentration of these ions in 

digestate can provide an indication of their impact on the separation of N and 

K. For example, additional rejection measurements with RO for these N 

containing species in manure digestate can show if the produced streams have 

increased N concentrations effecting their value in terms of fertilization potential 

and for the clean water stream if discharge to the surface water is allowed.  
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6.3.2.3 Alternative membrane improvements 

The stability of thin film composite polyamide RO membranes is a reportedly 

addressed issue. Studies have shown that incorporation of additives, e.g. 

graphene oxide, can improve the alkaline stability of nanofiltration membranes 

[36]. Another benefit of the addition of graphene oxide is that it can increase 

the permeability of the membrane while a high retention is maintained [37]. This 

can further improve the separation of N and K as more N-rich permeate is 

produced. In addition, the permeability of NH3 might increase due to the 

hydrophilic pathway. Further investigation regarding improved transport of TAN 

with additives can lead to superior separation with or without pH tuning. 

Moreover, research on the formation of a selective layer on top of a porous 

support with epoxides and biobased polymer chitosan shows excellent alkaline 

stability [38], [39]. An increased chemical stability of the membrane results in 

an elongated lifetime in alkaline conditions. Moreover, in that case the 

separation of nutrients could be achieved at higher alkalinity like for example 

pH 12 where 100% of the TAN is present as NH3, in comparison to the currently 

advised pH 10 where 85% TAN is converted to NH3. However, this increase in 

pH requires more OH- and in a subsequent RO step more acidification is 

necessary which together will increase the amount of chemicals required which 

has to be considered to determine the benefit of more N/K separation at pH 12.  

Next to the aforementioned alternative membrane modifications, the 

modification as addressed in this dissertation, with crosslinked polyelectrolyte 

layers, can be further improved. As the separation of N and K is enhanced at 

alkaline conditions, the use of strong polyelectrolytes, that remain fully charged 

regardless of the pH, is recommended. Moreover, the crosslinking of the 

polyelectrolyte layers improves the separation of N and K. Hence, the presence 

of a functional group suitable for crosslinking is beneficial. Therefore, improved 

performance can be achieved by the synthesis of a polyelectrolyte with a strong 

charged group and a functional group suitable for crosslinking, for example, a 

combination of a quaternary ammonium group for the charge and an amine 

group suitable for crosslinking with glutaraldehyde.  

6.3.3 Alternative technology for acidification 

Typically, organic fertilizers have a high concentration of NH4
+ and at alkaline 

conditions this results in emission of NH3, for example after application on land. 

Hence, the pH of N fertilizers is often kept around a pH of 5 to limit the NH3 

emission. In many processes the ammonium stream is acidified with sulfuric 
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acid (H2SO4) or nitric acid (HNO3) to reach this pH. While H2SO4 is relatively 

cheap (      € mol  +), HNO3 (   25 € mol  + or N) has the benefit that it 

increases the fertilization capacity as its addition leads to an increased N 

concentration [40], [41]. However, next to the higher costs, HNO3 is typically 

produced via the Haber-Bosch nitrogen fixation (Scheme 6.3) followed by the 

Ostwald process (Scheme 6.4, Scheme 6.5 and Scheme 6.6). This widely 

applied process is responsible for approximately 1% of the world’s energy 

consumption and results in 1% of the world’s CO2 emission [42].  

 𝑁2 + 3𝐻2 → 2𝑁𝐻3 Scheme 6.3 

 4𝑁𝐻3 + 5𝑂2  → 4𝑁𝑂 + 6𝐻2𝑂 Scheme 6.4 

 2𝑁𝑂 + 𝑂2  → 2𝑁𝑂2 Scheme 6.5 

 3𝑁𝑂2 + 𝐻2𝑂 → 2𝐻𝑁𝑂3 + 𝑁𝑂 Scheme 6.6 

 

Hence, plasma is an upcoming alternative method to fabricate N fertilizer in the 

form of ammonium nitrate on-site via nitrogen fixation. The gaseous plasma 

initiates nitrogen oxidation by a reaction between N2 and O2 from the air 

resulting in nitrogen oxide products (NO and NO2) via radical intermediates. 

The produced NO2 can react with water molecules forming HNO3 [42], [43].  

Plasma treatment can thus also be used for organic waste streams like 

digestate, leading to its acidification due to the formation of HNO3. Hence, this 

method can be used to limit NH3 emissions from digestate, mineral 

concentrates and N-rich permeate streams. Manaigo et al. indicates that the 

energy required for nitrogen fixation at experimental scale lays around 2 MJ/mol 

N for low yields of around 5% [42]  This leads to a price of      € mol N 

considering an energy price of 0.15 €  Wh for non-household consumers [8]. 

Hence, plasma induced nitrogen fixation shows potential to replace industrial 

HNO3 produced with the Haber-Bosch system/Ostwald process. Moreover, 

plasma treatment can be installed on-site, reducing transportation costs and 

storage of chemicals. In addition, the system can use renewable energy. 

Nevertheless, the explosive nature of ammonium nitrate results in risks that 

have to be taken into account during production, storage and application. 
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