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Kurzbeschreibung:  

In dem Verbundprojekt wurde die Entsalzung von geklärtem Abwasser mittels hybrider 
Membranverfahren untersucht. Durch die Kombination von Kristall-geimpfter Nanofiltration 
und Zwischenstufenfällung sollte eine hohe Wasserausbeute erreicht werden, welche bislang 
durch unkontrolliertes Verblocken der Membran verhindert wird. Durch generative Verfahren 
wurden Membranen mit maßgeschneiderten Eigenschaften hergestellt, welche in 
unterschiedlichen Szenarien Anwendung finden können. Eine zunehmende Wasserknappheit, 
die zu hohe Salzkonzentration in Abwässern als auch die bislang oft teuren Verfahren zur 
Wasseraufbereitung stellten eine besondere Motivation für dieses Forschungsprojekt dar. Ziel 
des Vorhabens war es, einen technisch-ökonomisch attraktiven Prozess zu entwickeln, welcher 
mittelfristig in der Abwasserindustrie Anwendung finden kann. 

Ein zentraler Punkt des Teilvorhabens war die Herstellung von Membranen mit 
maßgeschneiderten Eigenschaften. Hierzu wurden Polyelektrolyte mit der sogenannten Layer-
by-Layer Technik im Permeationsmodus auf eine Trägermembran aufgebracht. Für die 
Beschichtung wurden verschiedene Polyelektrolyte getestet, auch unter variierenden 
Prozessparametern. Es wurden die Permeabilität und der Salzrückhalt für verschiedene Ionen 
gemessen sowie die Stabilität überprüft. Mit den gewonnenen Erkenntnissen wurde ein Modell 
erstellt, welches in Zukunft den experimentellen Aufwand zur Entwicklung neuer Membranen 
deutlich reduzieren wird. Die Membranen mit den besten Eigenschaften wurden beim 
israelischen Projektpartner in einem gekoppelten Prozess mit einer Kristallisation, bzw. einer 
Fällungsstufe gekoppelt. Tests mit realen Abwässern ermöglichten, das System 
anwendungsnah experimentell zu untersuchen. 
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I. Kurzbericht 
Das übergeordnete Ziel des Projekts EfflueNF, einem Gemeinschaftsprojekt zwischen der RWTH 

Aachen und dem israelischen Partner von der Ben-Gurion-Universität des Negev, war die Entwicklung 

und Untersuchung eines neuen Membranfiltrationsverfahrens mit hoher Ausbeute zur Verbesserung 

der Qualität von bereits geklärten Abwässern. Hintergrund ist die zunehmende Wasserknappheit, der 

steigende Wasserbedarf in der Landwirtschaft und Industrie, die oft teuren Verfahren zur 

Wasseraufbereitung sowie der Trend zu strengeren Vorschriften für die Einleitung von Abwässern in 

die Umwelt. Hoch permeable Nanofiltrationsmembranen können einen wichtigen Beitrag zur 

effizienten Behandlung von Sekundärabwässern leisten. Die Kombination von kristallbesetzter 

Nanofiltration und zwischengeschalteter Fällung kann ein unkontrolliertes Verblocken der Membran 

verhindern, wodurch eine hohe Ausbeute an qualitativ hochwertigem Wasser bei minimalem 

Konzentratvolumen ermöglicht wird. 

Auf deutscher Seite wurde eine neue Methode zur Herstellung von hochleistungsfähigen 

Nanofiltrationsmembranen mit dem Layer-by-Layer (LbL) Polyelektrolytbeschichtungsverfahren 

entwickelt. Kommerzielle Hohlfasermembranträger wurden mit Polystyrolsulfonat (PSS) / 

Polydiallyldimethylammoniumchlorid (PDADMAC) Multilayer mit kombinierter Ionenstärke in den 

Polyelektrolyt-Lösungen beschichtet. Als Ergebnis wurden Hohlfaser-Polyelektrolyt-

Multischichtmembranen (HF-PEMM) mit einem hohen Anteil an negativen Ladungen hergestellt. Mit 

den neu synthetisierten HF-PEMMs wurden erstmals Rückhaltewerte von über 99 % für Natriumsulfat 

(Na2SO4) und zweiwertigen Phosphatspezies erreicht. Darüber hinaus wurden im Vergleich zur 

Literatur deutlich höhere Selektivitäten sowohl für die einwertige als auch für die zweiwertige 

Mischung von Phosphaten erzielt. Ein Vergleich hat gezeigt, dass die HF-PEMMs mit den kommerziell 

erhältlichen Membranen NF90 und NF270 konkurrieren und diese in Bezug auf Phosphatrückhaltung 

und Permeabilität sogar übertreffen können. Die experimentelle Arbeit wurde von der Modellierung 

des Ionentransports durch Polyelektrolyt-Multischichten mit verschiedenen Modellierungsansätzen 

begleitet. Die Ergebnisse stimmten gut mit den experimentellen Arbeiten überein und wurden 

verwendet, um ungünstige Salzkonzentrationen vorherzusagen, die während des Betriebs zu 

Ablagerungen führen. In zusätzlichen Experimenten in Zusammenarbeit mit dem israelischen Partner 

wurde gezeigt, dass die HF-PEMMs stabil gegenüber Rückspülung und saurer Reinigung sind. Diese 

Beständigkeit stellt einen weiteren entscheidenden Vorteil im Vergleich zu kommerziell erhältlichen 

Spiralwickel-Modulen in Hinsicht auf Membranreinigung und Maßnahme gegen kolloidales Fouling 

dar. Diese vielversprechenden Ergebnisse zeigen das Potenzial der neu entwickelten Membranen für 

den Einsatz in speziellen Anwendungen wie der Phosphatentfernung aus Abwässern. Als nächster 

Schritt ist geplant, größere kommerzielle Module herzustellen und diese in einer Pilotanlage in einer 

kommerziellen Kläranlage für den Langzeiteinsatz zu erproben.  

Bei den israelischen Partnern wurde mit den hergestellten Membranen ein neues Filtrationsverfahren, 

eine Kristall-geimpfte Nanofiltration und Zwischenstufenfällung für die Abwasseraufbereitung 

entwickelt. Mit dem neuen Verfahren werden Kationen und Anionen selektiv zurückgehalten, 

Nährstoffe entfernt und zurückgewonnen sowie gleichzeitig das Konzentratabfallvolumen minimiert. 

Es wurde eine hohe Ausbeute von > 95 % erreicht. Dazu wurden mit der Untersuchung der 

Kristallkonzentration, dem kritischen Fluss/Druck, Bedingungen für ein geeignetes Filtrationsprotokoll, 

welches Filtration, Rückspülung und chemische Reinigung beinhaltet, geeignete Parameter ermittelt. 

In enger Zusammenarbeit mit der RWTH Aachen wurde ebenfalls die Chlorbeständigkeit von HF-

PEMM-Membranen getestet. Darüber hinaus wurde ein schnelles, weniger komplexes, platzsparendes 
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und Chemikalienarmes Zwischenstufen-Entsättigungsverfahren (ISDS) entwickelt, um das Scaling-

Potenzial (Deckschichtbildung von ausgefallenen Salzen aus einer übersättigten Lösung) von 

Umkehrosmose-/Nanofiltrations-Retentat-Strömen zu reduzieren. Mit systematischen Studien konnte 

gezeigt werden, dass das neu entwickelte Verfahren mit und ohne Kristallimpfung eine praktikable 

Technik zur Behandlung von Abwasser bei gleichzeitiger Entfernung und Rückgewinnung von 

Nährstoffen für eine mögliche Wiederverwendung darstellt. Die Kombination von HF-PEMM- und ISDS-

Prozessen ist eine vielversprechende Alternative für die Behandlung von Abwasser und anderen für 

Scaling anfälligen Strömen (Umkehrosmose-Konzentrat).  

Aufgrund der hervorragenden Ergebnisse dieses Projekts ist geplant, das HF-PEMM-Verfahren im 

Pilotmaßstab zu testen. Es ist geplant, das Verfahren in Zusammenarbeit mit einem weltweit tätigen 

Membranhersteller und lokalen Kläranlagenbetreibern zu erweitern. Das Projekt bildet die Grundlage 

für die ersten rückspülbaren Nanofiltrationsmembranen für die Abwasserbehandlung. Die 

ausgezeichneten Ergebnisse dieses Projekts unterstreichen die Bedeutung der interdisziplinären und 

integrierten Verbundforschung zwischen den beteiligten Partnern. 

 

II. Eingehende Darstellung des Projektes EfflueNF 
 

II.1 Eingehende Darstellung der Verwendung der Zuwendung und der erzielten 

Ergebnisse im Einzelnen, mit Gegenüberstellung der vorgegebenen Ziele 
Eine umfassende Darstellung der Verwendung der Zuwendung, der erzielten Ergebnisse und der 

Gegenüberstellung der vorgegebenen Ziele ist dem englischen Joint Final Report zu entnehmen. 

 

II.2 Positionen des zahlenmäßigen Nachweises 
Zur Bearbeitung der Arbeitspakete des Teilprojektes an der Rheinisch-Westfälischen Technischen 

Hochschule Aachen am Lehrstuhl für Chemische Verfahrenstechnik wurden im Bearbeitungszeitraum 

bis 31.08.2021 317.416,00 € bewilligt. Hierbei entfielen der wesentliche Teil der Kosten auf 

Personalausgaben. An zweiter Stelle folgten die Kosten für Investitionen über 410 €. An Dritter Stelle 

stehen die Kosten für allgemeine Verbrauchsmaterialien und Infrastrukturmittel. Im Folgenden sind 

die Positionen und die jeweiligen Kosten tabellarisch in Tabelle 1 aufgelistet.  

Tabelle 1: Kosten aufgeschlüsselt auf die Positionen 

Position Ausgaben bis 
einschließlich 2021 

Personalausgaben 271.059 € 
Reisekosten  1.231 € 
Investitionen < 410/400€ 1.160 € 
Investitionen > 410/400€ 17.566 € 
Verbrauchsmaterial und Infrastrukturmittel 16.733 € 

Gesamtkosten 307.750 € 

 

 



 

3 
 

II.3 Notwendigkeit und Angemessenheit der geleisteten Arbeit 
Dieses Teilvorhaben war umfangreich, inhaltlich anspruchsvoll und risikobehaftet. Der wesentliche Teil 

der Zuwendung wurde für Personalausgaben verwendet, die sich in den erzielten Ergebnissen der 

Arbeitspakete wiederspiegeln.  

 

Zur Erreichung der Projektziele wurden zu Beginn des Projektes die folgenden Investitionen getätigt.  

Für die Nutzung des Osmo Convergence Beschichtungsanlage wurden Konnektoren und ein 

Druckregler gekauft und in die bestehende Anlage eingebaut. Mit der modifizierten 

Beschichtungsanlage wurden Polyelektrolyte mit der sogenannten Layer-by-Layer Technik im 

Permeations- und Lumendurchflussverfahren auf eine Trägermembran aufgebracht.  

Zusätzlich wurde eine leistungsstarke Kreiselpumpe angeschafft. Beide Bauteile wurden in die 

Hochdurchsatzanlage eingebaut mit dem die hergestellten Membranen hinsichtlich den typischen 

Membraneigenschaften Reinwasserpermeabilität, molekularen Cut-Offs und Salzrückhalten 

charakterisiert wurden. 

In der zweiten Projekthälfte wurden zusätzlich fünf Pumpen für die Beschichtungsanlage angeschafft. 

Die Vielzahl an zu charakterisierenden Membranen in der zweiten Projekthälfte erforderte die 

Erweiterung der Hochdurchsatzanlage mit weiteren Pumpen. Dazu wurden zwei weitere 

Zahnradpumpen angeschafft sowie zwei bestehende Pumpen gewartet. 

 

Die Reisemittel wurden dazu verwendet, am Statusseminar der Förderinitiative und am Projekttreffen 

in Be‘er Scheva (Israel) teilzunehmen, um die Koordination zwischen den Projektpartnern 

sicherzustellen. Zusätzlich wurden Fachkonferenzen und -tagungen besucht, um sich über aktuelle 

Ergebnisse der Fachcommunity zu informieren, um eigene Ergebnisse zu kommunizieren und sich über 

Erfahrungen auszutauschen. Besonders herauszustellen ist hier der Vortrag auf der europäischen 

Membran Konferenz in Kopenhagen im Jahr 2021. 

 

Die Zusammensetzung der Kosten für das Verbrauchsmaterial, Kleininvestitionen und der 

Infrastrukturmittel sind exemplarisch für die größten Positionen wie folgt aufgelistet: 

 

 Chemikalien für die Beschichtung der Membranen: Es wurden verschiedene Polyelektrolyte 

wie z.B. Polystyrene sulfonate, Polydiallyldimethylammonium chloride, Polyethylenimin und 

Polyallylamine hydrochloride verwendet. Mit dem Rhodamin fluoreszenzmarkierten 

Polyelektrolyten Polystyrene sulfonate wurde die Polyelektrolytadsorption auf der 

Trägermembran visualisiert. Das Salz Kaliumbromid wurde für die Reinigung der 

Beschichtungsanlage eingesetzt. Durch die hohe Salzkonzentration in wässriger Lösung 

konnten Polyelektrolytrückstände in den Leitungen der Beschichtungsanlage gelöst und 

entfernt werden. 

 Mit den hergestellten Membranen wurden Membranmodule für die Charakterisierung 

hergestellt. Dafür wurden Steckanschlüsse, Schlauch, Verschlusskappen, Verschraubungen, 

UHU Sekundenkleber usw. verwendet. 

 Chemikalien für die Charakterisierung der hergestellten Membranen: Für die 

Charakterisierung wurden Lösungen mit verschiedenen Salzen wie z.B. Phosphorsäure, 

Natriummetabisulfit, Natriumdihydrogenphosphat und Natriumsulfat hergestellt. Es wurde 

eine Messlösung mit Glucose verwendet, um den molekularen Cut-Off in einem ersten Schritt 

abschätzen zu können.  
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 Für die Herstellung von Beschichtungs- und Charakterisierungslösungen wurden 

Gewindeflaschen, Bechergläser, Magnetrührstäbchen usw. eingesetzt. 

 Zur Durchführung der Messungen und der Analytik wurden Manometer, Schläuche, Filter usw. 

benötigt. 

 

II.4 Nutzen, insbesondere Verwertbarkeit des Ergebnisses im Sinne des 

fortgeschriebenen Verwertungsplans 
Im Projekt EfflueNF wurde erfolgreich eine neue Methode zur Herstellung von Hohlfaser-

Polyelektrolyt-Multischicht-Membranen (HF-PEMM) mit maßgeschneiderten Ionenretentionen 

entwickelt. Für die Abwasseraufbereitung wurden negativ geladene HF-PEMM mit signifikant hohen 

Salz- und insbesondere Phosphatrückhalten sowie hohen Permeatflüssen hergestellt. Im Vergleich zu 

kommerziell verfügbaren Polyamid-Spiralwickelmodulmembranen erreichen die Membranen 

vergleichbare und bessere Rückhalte sowie Permeatflüsse. Es wurde zudem gezeigt, dass die 

Membranen stabil sind bei Rückspülung und chemischer Reinigung. In Hinsicht auf die Reduktion von 

Deckschichtbildung und Membranreinigung stellt dies einen weiteren Vorteil gegenüber 

kommerziellen Flachmembranen dar. Auf israelischer Seite wurden mit entwickelten Membranen 

erfolgreich Prozessparameter für die Aufbereitung von Abwässern entwickelt. Es wurden hohe 

Umsätze mit niedrigen Konzentrat (Abfall) Strömen erzielt. 

Im Laufe des Projektes wurden vom Konsortium mehrere Fachartikel veröffentlicht und Ergebnisse auf 

Fachkonferenzen und -tagungen präsentiert. Abgesehen davon hat das Projekt durch verschiedene 

Lehrveranstaltungen sowie zahlreiche Projekt- und Abschlussarbeiten und Praktika Einfluss in die 

Lehre gefunden. Am Projekt haben neben wissenschaftlichen Mitarbeitern auch zahlreiche 

studentische Hilfskräfte mitgewirkt. Die Beschäftigung als studentische Hilfskraft fördert junge 

Nachwuchstalente, die Erfahrung in der Bearbeitung von Projekten und praktischen Fragestellungen 

sammeln können. Daher stellt die Beschäftigung als studentische Hilfskraft einen wichtigen Teil der 

Ingenieursausbildung an der RWTH Aachen dar. 

Es besteht ein konkretes Interesse aus der Industrie, die neu entwickelte Herstellungsmethode sowie 

die gewonnenen Erkenntnisse weiter zu nutzen. Es ist geplant, ein Folgeprojekt zu beantragen, bei 

dem als nächster Schritt der Prozess in einem Pilotmaßstab realisiert wird. Im aktuell laufenden BMBF 

Projekt Aurrelia (Förderkennzeichen: 30XP0351A) wird die neu entwickelte Herstellungsmethode 

angewendet und weiterentwickelt, um Membranen für den Recyclingprozess von Post-Consumer 

Lithium-Ionen-Batterien herzustellen.  

Die Ergebnisse und gesammelten Erfahrungen bezüglich der Membranherstellung und 

Membrancharakterisierung werden weiterhin am Institut genutzt. Folgearbeiten profitieren schon 

jetzt von den Ergebnissen. Bei Folgeprojekten wird die neue Herstellungsmethode weiterhin eingesetzt 

und bei geeigneter Ergebnislage zu weiteren Publikationen führen.  

 

II.5 Während der Durchführung des Vorhabens dem ZE bekannt gewordener 

Fortschritt auf dem Gebiet des Vorhabens bei anderen Stellen 
Reurink et al. berichteten über die Entwicklung von Polyelektrolyt-Multischicht-Membranen (PEMM) 

mit negativer Oberflächenladung mittels der Layer-by-Layer Polyelektrolytbeschichtungsmethode. Die 

hergestellten Membranen wurden mit einer stark salzhaltigen Lösung gespült und anschließend mit 
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Polyanion beschichtet. Durch diese Nachbehandlung wurden PEMMs mit signifikant höherer negativer 

Oberflächenladung hergestellt. Die Membranen wiesen Na2SO4 Rückhalte von bis zu 97% bei 

gleichzeitig hohen Permeatflüssen auf. [1] 

Scheepers et al. veröffentlichten eine Arbeit zur Herstellung von maßgeschneiderten Polyelektrolyt-

Multischicht-Membranen (PEMM) mittels der Layer-by-Layer Polyelektrolytbeschichtungsmethode. Es 

wurde gezeigt, dass durch die Einstellung von Ladungsdichte und Ionenstärke in den Polyelektrolyt-

Beschichtungslösungen die Polyelektrolytadsorption im Herstellungsprozess beeinflusst werden kann. 

[2] 

Scheepers et al. veröffentlichten einen Artikel über die Herstellung von Polyelektrolyt-Multischicht-

Membranen (PEMM) mit negativer Oberflächenladung mittels der Layer-by-Layer 

Polyelektrolytbeschichtungsmethode. Dazu wurde beim Herstellungsprozess eine Kombination aus 

Polykationen mit unterschiedlichen Ladungsdichten verwendet. Die somit hergestellten Membranen 

wiesen eine negative Oberflächenladung auf. Es wurden hohe Na2SO4 Rückhalte bis 95 % bei 

gleichzeitig hoher Permeabilität von 7-19 LMH/bar erreicht. [3] 

 

Literatur 

[1] D.M. Reurink, J.P. Haven, I. Achterhuis, S. Lindhoud, E.H.D.W. Roesink, W.M. de Vos, Annealing of 

polyelectrolyte multilayers for control over ion permeation, Adv. Mater. Interfaces 5 (20) (2018) 

1800651, http://dx.doi.org/10.1002/admi. 201800651  

[2] D. Scheepers, B. Chatillon, Z. Borneman, K. Nijmeijer, Influence of charge density and ionic 

strength on diallyldimethylammonium chloride (DADMAC)- based polyelectrolyte multilayer 

membrane formation, J. Membr. Sci. 617 (2021) 118619, 

http://dx.doi.org/10.1016/j.memsci.2020.118619. 

[3] D. Scheepers, B. Chatillon, K. Nijmeijer, Z. Borneman, Asymmetric layer–by–layer polyelectrolyte 

nanofiltration membranes with tunable retention, J. Polym. Sci. 62 (2021) 68, 

http://dx.doi.org/10.1002/pol.20210166 

 

II.6 Erfolgten Veröffentlichungen der Ergebnisse 
 

II.6.1 Veröffentlichungen 

D. Rall, A. M. Schweidtmann, B. M. Aumeier, J. Kamp, J. Karwe, K. Ostendorf, A. Mitsos, M. Wessling, 

Simultaneous rational design of ion separation membranes and processes, Journal of Membrane 

Science 600 (6343) (2020) 117860. doi:10.1016/j.memsci.2020.117860.  

E. Evdochenko, J. Kamp, R. Femmer, Y. Xu, V. V. Nikonenko, M. Wessling, Unraveling the effect of 

charge distribution in a polyelectrolyte multilayer nanofiltration membrane on its ion transport 

properties, Journal of Membrane Science 611 (7) (2020) 118045. doi:10.1016/j.memsci.2020.118045.  
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J. Kamp, S. Emonds, M. Seidenfaden, P. Papenheim, M. Kryschewski, J. Rubner, M. Wessling, Tuning 

the excess charge and inverting the salt rejection hierarchy of polyelectrolyte multilayer membranes, 

Journal of Membrane Science (2021) 119636. doi:10.1016/j.memsci.2021.119636.  

E. Evdochenko, J. Kamp, R. Dunkel, V. V. Nikonenko, M. Wessling, Charge distribution in polyelectrolyte 

multilayer nanofiltration membranes affects ion separation and scaling propensity, Journal of 

Membrane Science 636 (5) (2021) 119533. doi:10.1016/j.memsci.2021.119533. 

 

II.6.2 Patente 

Im Rahmen des Projektes wurden keine Patentanmeldungen eingereicht. 

 

II.6.3 Konferenzbeiträge 

Evdochenko E., Kalde A., Kamp J., Wessling M., “ Modeling of layer-by-layer coated capillaries used in 

nanofiltration process”, Euromembrane, Kopenhagen, 02.12.2021 (Konferenzvortrag). 

II.6.4 Dissertationen 

Evdochenko E., Modeling of Ion Transport through Nanofiltration and Ion-exchange Membranes, 

RWTH Aachen University, 08/2020 

Kamp J., Tailoring Polyelectrolyte Multilayer Membranes for Advanced Selectivities, RWTH Aachen 

University, geplant bis 07/2022 

 

II.6.5 Studentische Arbeiten 

 3 Masterarbeiten  

 2 Bachelorarbeiten 

 

II.7 Anlage - Joint Final Report 
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2. SCIENTIFIC OR TECHNICAL RESULTS

2.1 Abstract: 

The overall aim of the joint project was the development and investigation of a new 
high-recovery membrane-filtration process for upgrading the quallity of treated 
wastewater. The motivation was the increasing demand for water in agriculture, 
recreation, and nature, as well as the trend towards more strict regulations of 
effluent discharge to the environment. Treating the concentrate of membrane 
processes is often too expensive. By combining crystal-seeded nanofiltration and 
interstage precipitation, uncontrolled blocking of the membrane was prevented, 
enabling a high yield of high-quality water and minimal concentrate volume. 

For this purpose, the German partner developed a new Layer-by-Layer (LbL) 
membrane manufacturing approach as the first concept of the project. 
PSS/PDADMAC multilayers were coated on a commercial hollow fiber membrane 
support with combined ionic strength in the polyion coating solutions. As a result, 
hollow fiber polyelectrolyte multilayer membranes (HF-PEMM) with a high amount 
of negative excess fixed charges were fabricated. Rejections above 99% for Na2SO4 
and divalent phosphate species were achieved for the first time with the new 
synthesized HF-PEMMs. Furthermore, significantly higher selectivities for the 
monovalent as well as for the divalent mixture of phosphate species were obtained 
compared to the literature. A comparison demonstrates that HF-PEMMs can 
compete and even outperform commercially available membranes NF90 and NF270 
regarding phosphate rejections and permeabilities. In additional experiments 
collaborating with BGU, we showed that the HF-PEMMs are stable against backwash 
and acidic cleaning. This durability represents a further valuable advantage 
compared to commercially available spiral wound modules as a tool for membrane 
cleaning and against colloidal fouling. These promising results demonstrate the 
potential of the newly developed membranes to be applied in special applications 
such as phosphate removal from effluent. Scale-up of the membrane to commercial 
modules and testing in a pilot plant at a commercial wastewater treatment plant for 
the long-term is planned as the next step. The manufactured membranes were 
handed to our Israeli project partners to develop a new feed-seeded NF membrane 
process as the second concept of the joint project. 

On the Israeli side of this project, we developed a new treatment process - feed-
seeded nanofiltration (NF) for high recovery (≥95%) wastewater treatment that 
selectively rejects cations/anions, remove and recover nutrients for different reuse 
alternatives while minimizing concentrate waste volume. Here, we present key 
highlights of the developed treatment process. We used hollow fibre polyelectrolyte 
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multilayer membranes (HF-PEMM) prepared by our German project partners to 
establish (first concept) the feed-seeded NF process parameters: type of seed; seed 
concentration; critical flux/pressure; filtration protocol: backwash; duration, 
backwash condition, chemical cleaning; type of chemicals, concentrations, duration 
and efficiency to restore flux and membrane rejection properties for a sustainable 
feed-seeded high recovery wastewater treatment. We also tested the chlorine 
resistance of HF-PEMM membranes in close collaboration with Aachen (we 
synthesized flat-sheet HF-PEMM for this purpose). Further, we developed a fast, 
simple, low chemical, and minimal footprint inter-stage de-supersaturation process 
(ISDS) (second concept) for reducing the scaling potential of RO/NF retentate 
streams. We demonstrated through systematic studies (only key results are 
highlighted in this report) that our newly developed feed-seeded (and without 
seeds) HF-PEMM process is a viable technique to treat wastewater effluent at high 
recovery while removing and recovering nutrients for possible reuse. Combining the 
HF-PEMM and ISDS concepts/processes is a promising alternative for wastewater 
effluent and other scaling-prone streams (RO concentrate) treatment. Due to the 
excellent results obtained from this project, plans are underway to test the feed-
seeded HF-PEMM process on a pilot scale. The project provides a foundation for the 
first backwashable NF membranes for effluent treatment. The excellent results 
obtained from this project underpin the role of interdisciplinary and integrated 
collaborative research between the participating partners. 

2.2 Main objectives 

Within the project EfflueNF two main objectives were pursued: 

1. A method was developed to use HF-PEMM membranes with tailored ionic 
retentions for different wastewater treatment and valorization scenarios. 

2. The developed membranes were combined with the concepts of feed-seeding 
(with the cleanable and robust HF-PEMM) and inter-stage de-supersaturation to 
effectively minimize concentrate production in wastewater nanofiltration. 

2.3 Methodology and results 

German Part 

Tasks Status 
WP 3.1.1 PEMM’s 
preparation and characterization 
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1 Construction of the flow-cell for layer-
by- layer coating 

2 Rejection experiments and surface 
characterization of 
existing HFPEMM's 

3    Development of HF- PEMM optimized 
for salinity + phosphate reduction 

4 Development of HF- PEMM optimized 
for selective phosphate removal. 

accomplished 
 

accomplished 
 
 
 

accomplished 
 

accomplished  

WP 3.1.2 Neural network  modelling  

1 Development of Artificial Neural- 
Network (ANN) model 

2 Artificial Neural Network modelling 

accomplished 
 

accomplished 

WP 3.1.7 Stability tests  

1 Selected HF-PEMM's will be 
submitted to successive cleaning 
cycles 

 
accomplished 

WP 3.1.8 Data Management  

1 Data Management and exchange of 
collected data 

accomplished 

 

Israeli Part 

Tasks Status 
WP 3.1.3 Filtration Experiments  
1 Detailed design, purchase, instalment 

and testing of filtration experimental 
unit 

2 Low recovery filtration experiments 
with Hap in pure water 

3     Low recovery filtration experiments 
with Hap particles in pure water – 
characterizing critical flux on HAp 
particles concentration 

4    Backwash duration and cycles 
5    Cleaning protocol for HF-PEMM 

regeneration after high recovery 
filtration 

6    High recovery filtration experiments 
with/without Hap seeds in real 
wastewater effluent 

accomplished 
 
 

accomplished 
 
 

accomplished 
 
 
 

accomplished 
 

accomplished 
 
 

accomplished 
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WP 3.1.4 Inter-stage desupersaturation  

1 Design and construction of ISDS 
experimental setup 

2 CaCO3 ISDS packed column 
experiments 

3     CaCO3 ISDS fibres filter experiments 
4      Modeling of the ISDS process 

accomplished 
 

accomplished 
 

 
accomplished 
accomplished 

WP 3.1.7 Stability tests  

1 Selected HF-PEMM's will be 
submitted to successive cleaning 
cycles 

 
accomplished 

WP 3.1.8 Data Management  

1 Data Management and exchange of 
collected data 

accomplished 

 

WP 3.1.1-1 Construction of the flow-cell for layer-by-layer coating 

The support hollow fiber membrane employed is a polyethersulfone-based 
ultrafiltration membrane provided by PentairX-Flow (Netherlands). Ten of those 
fibers were potted with a two-component epoxy resin into a module housing (PA 
tube with 9 mm inner diameter and 12 mm outer diameter). Each fiber has a length 
of 40 cm and an inner diameter of 0.8 mm, resulting in a total membrane area of 
about 0.01m2 per module (Figure.1). 

Figure 1: Hollow fiber membrane module. 

For the dynamic constant flux membrane coating, a fluid handling system, the LbL 
Osmo inspector by convergence industries is used (Figure.2). 
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Figure 2: Flowsheet of the LbL Osmo Inspector coating setup. 

During one coating step, the polyelectrolyte solution is filtrated dead-end through 
the membrane. The polyelectrolytes are retained on the surface of the UF support 
membrane, where they adsorb due to the charge. While the layer builds up, the 
resistance of the membranes increases. 

For static coating, the membrane modules are immersed in the polyelectrolyte 
coating solutions in an alternating sequence. Between the coating steps, unreacted 
components are removed via rinsing with pure water. 

WP 3.1.1-2 Rejection experiments and surface characterization of existing 
HFPEMM's 

Two sets of membranes fabricated from different ionic strengths (0.1 and 0.5 mol/l 
NaCl) were chosen to compare the different layer build-up and the resulting 
properties. For characterization, the pure water permeability (PWP), salt rejections, 
the molecular weight cut-off (MWCO) were measured. Field Emission Scanning 
Electron Microscopy (FESEM) was used to visualize the layer build-up on the actual 
support fibers. To evaluate the phosphate rejection performance, the HFPEMM's 
were tested in crossflow filtration experiments at different transmembrane 
pressures (TMP's) as well as at different pH. 

FESEM images 
In Figure 3, the images of: of a) the untreated hollow fiber, b) cross-section of a 2 
bilayer PEMM, c) 1 bilayer PEMM, d) 8 bilayer PEMM are given. In b) the asymmetric 
pore structure is observable. The 4 bilayer PEMM is clearly visible on the surface. 
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Figure 3: FESEM images of a) the untreated hollow fiber, b) crossection of a 2 bilayer PEMM, c) 1 
bilayer PEMM, d) 8 bilayer PEMM. 

Image c) shows the supporting pores of the membrane and one bilayer on top. It is 
observable that the one bilayer coating does not entirely close the support 
membrane's pores yet. Image d) shows the PEMM with 8 bilayers on top. Here the 
PEMM covers the pores of the support membranes completely. 

Salt rejection and molecular weight cut-off (MWCO) 
In Figure 4, the retentions for the three salts are given for a) from 0.1mol/l and b) 0.5 
mol/l over the numbers of bilayers coated. For both, the NaSO4 retentions are at 
above 90% from the first bilayer since the retentions for the other salts are still low. 
By applying more bilayers, the retention of MgSO4 and MgCl2 is increasing to over 
90% for the set from 0.1 mol/l NaCl at 3, for the set from 0.5 mol/l from 2 bilayers. 

Figure 4: Salt (Na2SO4, MgCl2 NaCl) rejections over the number of bilayers. The PEMM's in the left 
diagram were produced from low ionic strength (0.1 mol/l) and in the right from high ionic strength 
(0.5 mol/l). 
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Figure 5: Molecular weight cut-off (MWCO) over the number of bilayers. The PEMM's in the left 
diagram were produced from low ionic strength (0.1 mol/l) and in the right from high ionic strength 
(0.5 mol/l). 

In Figure 5, the molecular weight cut-off for both sets of membranes is given over 
the number of bilayers (left 0.1, right 0.5 mol/l). The first bilayer deposition leads to 
a pore narrowing of the support membrane pores and leads to a decrease of the 
MWCO. For both sets, a minimum constant MWCO of about 260 Da is reached. 

To evaluate the performance of the two different sets of membranes on phosphate 
rejection, crossflow filtration experiments were conducted. Since the valence of 
phosphates is dependent on the pH, we chose to study the rejection of the two 
phosphate ion species H2PO - and HPO 2-, which are present at a pH of 5-9, which is 
in the range of the pH of secondary effluent. Feed compositions were set to 5 
mmol/l NaH2PO4 and Na2HPO4. 

In Figure 6, the rejections for Na2HPO4 and NaH2PO4 over the number of bilayers 
are given. The PEMM's in the left diagram were produced from low ionic strength 
(0.1 mol/l) and in the right from high ionic strength (0.5 mol/l). 
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Figure 6: Rejection for Na2HPO4 and NaH2PO4 over the number of bilayers. The PEMM's in the left 
diagram were produced from low ionic strength (0.1 mol/l) and in the right from high ionic strength 
(0.5 mol/l). 

For the PEMMs from low ionic strength (left), the rejection for the divalent species 
HPO 2- is high at around 90% for the first bilayers, reaching a maximum of 96% for 3 
bilayers. In this region (1-3 bilayers), the rejection for the monovalent species H2PO - 
increases to a maximum of 74%. 

For the PEMM's from high ionic strength (Fig. 5 left), the rejection for both species 
starts at the maximum. For the divalent HPO42- the rejection is 93%, and for H2PO4- 
71% for the first bilayer. From there, the rejection declines for the divalent species 
through the beginning overcompensation of the PEM. From 4 to 5 bilayers, the 
rejection for both the divalent and the monovalent species is similar at around 70%. 
As the overcompensation progresses and the MWCO increases, the rejection of the 
divalent species HPO42- is even lower than the monovalent ones in ~40-50%. 

WP 3.1.1-3&4 Development of HF-PEMM optimized for salinity + phosphate 
reduction and Development of HF-PEMM optimized for selective phosphate 
removal 

Two reuse scenarios are considered in the EfflueNF Project – for the reuse of the 
treated water for irrigation, the phosphate content, and the salinity needs to be 
reduced to prevent salinization. For reuse in rivers and ground waters, phosphate 
needs to be reduced selectively to prevent eutrophication. Even if those work 
packages are due to different periods in the Gantt chart, the development and 
optimization for both optimized HF-PEMM's are carried out simultaneously. The 
Idealized separations for the two reuse scenarios: selective phosphate removal or 
salinity + phosphate reduction. As seen from the previous works, a highly negative 
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membrane charge enhances the Donnan repulsion of the negatively charged 
phosphate species. 

Figure 7: Idealized layer build-up from a) low, b) high c) combined (polycation low – polyanion high) 
ionic strength in the coating solution 

The PE's adsorb in a rather linear fashion from low ionic strength, forming dense, 
highly ionically crosslinked PEM's. High ionic strength in the PE coating solution leads 
to a coiled-like structure of the PE's due to charge screening of the fixed charged 
groups in the PE from the counterions in the solution. Using combined ionic strength 
in the polyanion and polycation coating solution leads to higher growth for the 
polyanion layer than for the polycation layer. Thus, this new approach can generate 
PEM's having increased negative charge. 

Membranes were coated in a static coating process with combined ionic strength in 
the PE-coating solutions. PDADMAC is dissolved in a low ionic strength solution (0.1 
mol l NaCl) and PSS in a high ionic strength solution (0.5 mol l NaCl). On the 
negatively charged support membrane, the PEs are alternate coated, starting with 
the polycation. The last applied layer is the polyanion to achieve a negative surface 
charge, which is essential for high phosphate rejection. For characterization, the 
pure water permeance, salt and phosphate rejections were measured. 



Salt rejection 
For combined ionic strength, complete coverage of the pores is achieved with 10 
layers, leading to a Na2SO4 rejection of above 90% (cf. Figure 8)). 

Figure 8: Na2SO4, MgCl2 and NaCl rejections for the polyelectrolyte multilayer hollow fiber 
membranes coated with a combination of low and high ionic (PSS 0.5 mol/L, PDADMAC 0.1 mol/L) 
strength in the PE coating solutions 

Until 8 layers, even a slight negative rejection of MgCl2 is observed, while NaCl 
rejections are about 25%. For 12 and 14 layers, very high Na2SO4 rejections of 
above 99% are achieved. Due to the low MWCO, steric effects lead to a slight 
increase of MgCl2 rejections but remain below 20%, while NaCl rejections are 
between 30% and 40%. We attribute the very high Na2SO4 rejections and low 
MgCl2 rejections to the high amount of negative fixed charges by combining low 
ionic strength in the PDADMAC and high ionic strength in the PSS coating solution. 
To the best of our knowledge, rejections above 99% for Na2SO4 were achieved for 
the first time for PEMMs under these filtration conditions.  

Phosphate rejection 
The characterization of the membranes from the combined ionic strength in the PE 
coating solution revealed a strongly negative charged PEM indicated by high 
Na2SO4 rejections. Membranes with a high negative excess surface charge are 
beneficial for separations, such as the removal of phosphates from effluent. The 
rejections of the monovalent and divalent ionic phosphate species and their 
mixture, which are present in the typical pH range of effluent from pH 5 to pH 9 
were analyzed (cf. Figure 9). 
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Figure 9: H2PO - , H2PO− 4 & HPO 2- and HPO42− rejections for the polyelectrolyte multilayer 
hollow fiber membranes coated with a combination of low and high ionic (PSS 0.5 mol/L, PDADMAC 
0.1 mol/L) strength in the PE coating solutions. 

The rejection of the divalent species HPO 2- increases from 78% to 89%, mainly due 
to dielectric and Donnan exclusion in the regime of the first 8 layers. From 10 to 14 
layers, additional steric exclusion leads to rejections of HPO 2− of nearly 100% and 
an increase of the monovalent H2PO4− to above 90%. For 20 layers, as discussed 
above, the PDADMAC compensates some of the negative excess charges. Therefore, 
both the rejections for the HPO2− and the H2PO4− decrease due to smaller Donnan- 
repulsion. As expected, the rejections for the mixture of the two phosphate species 
are in between the rejections of the individual species. For 10 to 14 layers, rejections 
above 98% are reached. 

To evaluate the membrane performances, the total phosphate rejection and 
achieved permeabilities are presented in Figure 10. Here, the permeability-rejection 
tradeoff becomes apparent. To compare with state-of-the-art NF polyamide flat 
sheet membranes, the rejections of the NF 90 and NF 270 membranes are given 
from the literature (Hong et al. DOI: 10.1016/j.memsci.2008). For the NF 270, 
rejections of the phosphate mixture of 93% with a permeability of 13 L/(m2 h bar) 
are reached. The 10 layer PEMM outperforms the NF 270 with slightly higher 
rejections while improving the permeability in about 5 L/(m2 h bar). The NF 90 
delivers high rejections of about 99% with a permeability of 11 L/(m2 h bar). (Hong 
et al. DOI: 10.1016/j.memsci.2008) In this case, the 14 layer PEMM can compete 
with slightly lower rejections of about 97% and a higher permeability of 12 L/(m2 5 h 
bar). The comparison shows that PEMMs can be tailored to the application's 
requirements, compete, and even outperform commercially available membranes. 
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Figure 10: Phosphate rejection and achieved permeabilities for the polyelectrolyte multilayer 
hollow fiber membranes coated with a combination of low and high ionic (PSS 0.5 mol/L, PDADMAC 
0.1 mol/L) strength in the PE coating solutions. Phosphate rejections and permeabilities for the 
commercial NF90 and NF270 membranes are adapted from  (Hong et al. DOI: 
10.1016/j.memsci.2008). 

The selectivities are presented in Figure 11 for the chloride-phosphate mixtures 
Cl´/HPO2' 4 , Cl'/(H2PO' 4 & HPO2' 4 ), and Cl´/H2PO' 4. Until layer 8, no significant 
selectivities are achieved. In contrast, from layer 10, for the H2PO' 4, selectivities up 
to S = 10, while for the divalent species, S = 50 are achieved. In contrast, for the 
mixture Cl'/(H2PO' 4 & HPO2' 4 ), selectivities of about S = 15 are observed. For 20 
layers, lower rejections lead to overall lower selectivities. 

In comparison to a different work by the group of Bruening et al. (Hong et al. DOI: 
10.1016/j.memsci.2008), similar selectivities for the divalent phosphate species 
Cl´/HPO2' 4 were achieved. However, the membranes from the combined ionic 
strength developed in this project lead to higher phosphate rejections, significantly 
higher selectivities for the monovalent and the monovalent as well as for the 
divalent mixture of phosphate species. 
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Figure 11: Monovalent and divalent phosphate, sodium, and chloride rejection at pH 7 over the 
number of layers deposited. 

WP 3.1.2 Neural network modeling 

A central project objective was the rapid integration of the newly 
developed membranes into industrial processes. Therefore, the technical 
and economic optimization of the overall process is of great importance. 
Here, a shortcut optimization model was used, in which both process 
parameters and membrane properties were optimized. The aim was to use 
simulation to determine the required membrane properties for different 
process waters and thus to determine how the membranes should be 
manufactured. 

The conventional approach of process design is based on a pool of known 
membranes (CA): First, the process model is optimized, and a membrane 
is selected from an existing set of three different membrane 
modules (Conventional approach; CA). A single-stage system without 
recirculation is considered. Both the operating variables and the membrane 
selection variable are degrees of freedom. The resulting Pareto front for a 
single filtration unit is shown in Figure 12. Here, each point on the Pareto 
front shows a process in which neither objective can be improved more 
without degrading the other objective. This means that for each Pareto 
point, one cannot enhance purity without incurring additional annual 
operating costs. Thus, the trade-off between the two goals of annual 
operating cost and permeate concentration is obvious. All optimal Pareto 
points define the boundary of the infeasible range and are referred to 
as the Pareto front. The process optimization is finally stopped for 
maximum annual operating cost because lower permeate 
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contamination cannot be achieved. The optimizer can choose between 
different selections of membranes with defined permeability. The curve of the 
Pareto front shows significant discontinuities. This is due to the discrete 
membrane selection in the MINLP optimization problem. 
A total of 50 optimization problems are solved to obtain the illustrated 
approximation of the Pareto front. Each optimization problem has 6 degrees 
of freedom, 2 equality constraints, and 7 inequality constraints. The equations 
describing the ANNs are formulated as Reduced Space and thus hidden from 
the Branch and Bound optimizer. On average, solving a problem required 27 
CPU seconds with a standard deviation of 11 CPU seconds. The total 
optimization time, including all 50 points, is 22 minutes. 

Figure 12: Conventional process design approach based on a pool of known membranes 
(CA): Pareto front of a process plant optimized for a previously known selection of LbL 
membranes. Optimization is performed for the two objectives of (1) minimum annual 
operating cost and (2) minimum permeate concentration. The results shown are for a 
process plant with a single filtration unit. 

Novel Hybrid Membrane Model (HM): this conventional optimization 
strategy is extended by the simultaneous design of the LbL membrane 
modules (Novel Hybrid Membrane Model; HM), where the synthesis 
protocol of the membrane is a new and important degree of freedom of the 
optimization problem. The process plant is optimized for annual operating 
costs and permeate concentration. The resulting Pareto front of the 
optimization is shown in Figure 13. The process with the lowest costs: The 
novel combined optimization achieves lower permeate fouling than before, 
as a membrane is precisely tailored to these process conditions. In Figure 13, 
both process plant optimization frameworks are compared together with a 
process model of a commercial FILMTEC NF270 membrane. Simultaneous 
membrane and process optimization (HM) achieves significantly better 
results than building an existing membrane (CA). The results show that the 
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performance of the conventional approach is limited to the membranes 
considered and thus can be outperformed by other membranes not 
previously considered, such as the NF270. In contrast, simultaneous 
membrane and process optimization expands the possible solution range and 
immediately achieves better results. 

Figure 13: Comparison of development methods: (CA) Conventional process optimization 
with a selection of known membranes only compared to (HM) simultaneous membrane 
and process optimization. (NF270) The results of this optimization framework are 
compared to a process model of a single filtration unit with a commercial FILMTEC NF270 
membrane. Filled data points are Pareto efficient, and unfilled data points are 
dominated. 

This novel data-driven development methodology enables detailed 
investigations to find non-intuitive solutions of a membrane treatment plant. 
The ANN optimization system can potentially improve the initial membrane 
plant development phase, making it more case-specific.  

Polyelectrolyte multilayer modeling (pEnPEn model) 

We developed a pEnPEn model that simulates ion transport through polyelectrolyte 
multilayer membranes of different charge distributions. pEnPEn model solves the 
pressure (p) driven transport of ions through n electrolyte layers (En) and n 
polyelectrolyte layers (PEn). The model can predict the multi-ionic pressure-induced 
transport through PEMM, solving one-dimensional Nernst-Planck-Poisson equations. 
The simulations quantify the influence of asymmetric charge distributions and 
individual PE layers on the rejection and ion selectivity for multi-ion solutions. These 
asymmetric layer properties represent the nanometer-scale membrane properties 
emerging from the ionic crosslinking, fixed charge compensation, and 
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overcompensation. The model gives insight into each ion's concentration profile for n 
layers of electrolyte and n layers of polyelectrolytes.  

 First of all, with this model, realistic multilayer structures were modeled and used to 
analyze the rejection of symmetric and asymmetric salts. First, the model was tested 
for three single salt solutions of different ion combinations. Mainly, two different 
realistic membrane structures were investigated. An intermixed neutral compensated 
bulk highlights the key influence of the membrane top layer. When the bulk is 
overcompensated, it has a strong influence on salt rejection. 

Second of all, the pEnPEn model was extended to be not only able to predict  ionic 
rejections, but also ionic selectivities or realistic polyelectrolyte multilayer 
membranes.  As a first step, idealized layer build-up was investigated, where either 
thicker and higher charged polyanionic or polycationic layers were simulated by 
shifting the reference function along the y-axis. Those are compared to a reference 
with a symmetric charge density profile of the PEM. Then, intermixed PEMs with a 
more realistic charge distribution were modeled, for which charge compensation and 
overcompensation were assumed. The rejections and selectivities of these new 
membranes are studied. Figure 14 shows examples of the developed realistic charge 
distribution functions, where charge compensation and charge overcompensation are 
accounted. 

The PE intermixing in the PEM occurs in two main regimes. The first regime is charge 
compensation when the fixed charges are compensated intrinsically. An example of a 
function developed in our group representing this effect is shown in Fig. 14 a) 
(membrane A). The function describes the distribution of fixed charges along with the 
thickness of a PEMM containing two layers. The bulk charge of the PEMM (located at 
25-50 nm in the membrane) is neutral due to intrinsic charge compensation. Here, the
influence of the charge of the polyanion PSS top layer (located at 0-25 nm) is
predominant. As mentioned above, the degree of extrinsic charge compensation
depends on the PE solution ionic strength and on the material system.

After depositing a certain amount of layers, the second regime called 
overcompensation Fig. 14 c) (membrane C) is initiated. This charge distribution 
function accounts for the asymmetric growth in PEM thickness. The bulk charge of the 
PEMM is still characterized by a neutral charge and the negatively charged outermost 
layer. However, the interdiffusion of the PDADMAC into the underneath layers creates 
an overcompensated zone with positive charges.   
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  Figure 14: Charge distribution functions for PEMs characterized by a complete degree of intermixing. 
a) Membrane A, neutral compensated bulk, with a negative top layer. b) Membrane B, positively
overcompensated bulk and a negative top layer. c) Membrane C, combined positively
overcompensated and neutral compensated bulk charge with a negative top layer. To calculate a
specific charge distribution, the charge density coefficient function is multiplied by the desired value
of charge density (500 mmol/L). The asymmetric growth in PE thickness is taken into account

 The PEMMs characterized by the charge distribution functions from Figure 14 were 
modeled, and their selective properties were evaluated. The influence on the 
selectivity of the different charge distributions for the three solutions is shown in 
Figure 15. 

Figure 15: Selectivity data calculated for membranes A, B, C, characterized by complete 
degree of intermixing: compensation and overcompensation of fixed charges. a) 
Solutions 1 (NaCl + MgCl2). b) Solution 2 (NaCl + Na2SO4). c) Solution 3 (NaCl + MgSO4) 

 Here, the achieved selectivities depend on the individual rejections of the 
corresponding ions. The extensive discussions and rejection graphs for all the three 
solutions by membranes A, B, and C are given in our publications. From Figure 15, it is 
seen that the phenomena of charge compensation and overcompensation, occurring 
in polyelectrolyte systems,  influence the selective performance of PEMs. In the case 
of charge compensation, the membrane bulk charge affects separation. When charge 
overcompensation takes place, the influence of the PEMs top layer plays a key 
role.  The developed model allowed us to estimate the impact of realistic effects 
occurring in PEMs on their transport characteristics. 
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WP 3.1.5 Process optimization 

Lastly, the pEnPEnframework was extended to calculate solution saturation near the 
PEMM surface of realistic charge distributions. Dependencies of permeate velocity, 
initial concentration, and charge distribution function on the solution saturation are 
examined. As a potential scalant, calcium sulfate dihydrate (CaSO4 · 2H2O) in a CaSO4 and 
NaCl solution was chosen, and the model was extended to take equilibria reactions 
between the ions and evolving species into account. We analyzed the saturation 
indexes for calcium sulfate dihydrate in dependency of the permeate velocity for 
different bulk feed concentrations and the three intermixed more realistic charge 
distribution profiles. We show that the charge distributions in the PEM affect the 
potential of oversaturation due to their different selectivities of the divalent anions 
and cations. 

To analyze the impact of the feed concentration, the permeate velocity, and the 
membrane charge distribution on the saturation, the calculations were repeated, 
varying those parameters given in Figure 16. On the z-axis, the saturation index is 
provided. For SI=0, the solution close to the membrane surface is saturated while 
undersaturated for SI<0 and oversaturated for SI>0. Changes in the permeate velocity, 
achieved through different transmembrane pressures (TMP), are given on the x-axis. 
Variations of initial bulk feed concentrations are represented on the y-axis and are 
given as the total concentration of all ions in the bulk feed solution. SIs for membranes 
A, B, C are calculated. 

Figure 16: Saturation for CaSO4 · 2H2O in an equimolar CaSO4 and NaCl solution. Saturation 
index for CaSO4 · 2H2O in an equimolar CaSO4 and NaCl solution for membranes A, B, and C 
as a function of the bulk feed concentration and the transmembrane velocity. The 
concentrations are given as total ions concentration.  
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Here, membranes A, B, C, and the process parameters, as well as the solution 
composition, are chosen exemplary to demonstrate the model's ability to predict the 
saturation at the membrane surface. 

For investigations and predictions, the membrane parameters and process 
parameters can be fitted to experimental data. With such a model, a TMP range can 
be predicted for specific applications in which oversaturation is then avoided and 
therefore scaling prevented. 

 With the help of pEnPEn model, we show that the charge distributions in the PEM 
affect the potential of oversaturation due to their different selectivities of the divalent 
anions and cations. 

The pEnPEn model can be adjusted for the case of weak electrolytes. That means 
pEnPEn can be utilized for different applications, for example, for phosphate removal. 
Therefore, the model framework functions as a powerful tool to optimize the 
properties of a PEMM and the corresponding operating conditions in order to 
maximize separation performance and minimize the risk of scaling by staying below 
the saturation level. 

Israeli Part 

2.3.1 Fundamentals of CaCO3 and CaP chemical fouling mechanism studies 

We used the same protocol developed by our German partners (Aachen group) to 
tailor HF-PEMM ionic rejection to coat a 20kDa ultrafiltration (UF) flat sheet 
membrane to 6 bi-layer nanofiltration (NF) polyelectrolyte membrane (NF-PEMM). 
The coated NF-PEMM was used to study the fundamental fouling mechanisms of 
CaCO3 and CaP in a synthetic effluent since these salts are the dominant foulants in 
effluent NF. We simulated increasing water recovery during effluent filtration by 
adding the scaling salts. We monitored the fouling evolution by combining in-situ 
real-time imaging of the feed and fouling monitoring on the membrane surface by 
electrical impedance spectroscopy (EIS).  
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Fig. 1: (a) Comparison of the normalized permeability graphs of CaCO3 (Δ) and Ca-P (O) over 
time [h] with three phases observed, (b) captured images of the CaCO3 (b-1) and CaP(b-2) show 
different crystallinity of defined compact and fluffy amorphous shapes respectively.  

Three stages or regions of fouling were observed (Fig. 1a). The first phase is 
characterized by a sharp drop in permeability in both cases with the permeability 
decline more severe in Ca-P, with the first phase ending marked by the black arrow. 
The second phase is identified by permeability recovery in both cases and a 
transition to the third phase, which is identified with a gradual decrease in 
permeability. Generally, we see Ca-P affects the permeability more severely than 
CaCO3 primarily due to the morphological effects of their particles on fouling.  

2.3.2 Seeding the feed to minimize liquid discharge in wastewater effluent NF 

Similarly, we used an HF-PEMM coated by our German partners and simulated 
increasing rejected solute concentration filtration of a solution containing sodium 
phosphate and calcium chloride to investigate minimizing liquid discharge using 
feeding the seed concept. In addition to seeds characterization and filtration metrics, 
we also applied iC PVM probe-based imaging to investigate seeds' evolution during 
filtration. We maintained the same volume in the feed tank while keeping the pH 
constant (using NaOH) during filtration.  
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2.3.2.1 WP 3.1.3 Low recovery filtration experiments with hydroxyapatite 
particles in pure water 

Fig. 2: Effect of TMP on the filtration of a seeded suspension. Black boxes and dashed lines denote 
measurements points and the best fit line respectively. The slope (Permeability L) and the error 
value (R2) are given in addition. Experimental conditions: 1000ppm 10µm HAp; pH=7; 
crossflow=1m/s; TMP=6bar; membrane M4; T=25°C 

Fig. 3: Fiber blocking occurred when filtering seed suspensions. The permeability vs the filtration 
time is presented by full circles. The operating fibre equivalent is given in the second y-axis on the 
right. Dashed lines match the measured permeability according to fibre equivalent. Experimental 
conditions: 2000ppm 10µm HAp; pH=7; crossflow=1m/s; membrane M2; T=25°C; full recycling. 

We tested two seed sizes (5 and 10 µm) at different concentrations (up to 4000 
ppm) at different pressures up to 6 bar and in pure water only. 10 µm seeds at 
1000ppm (Fig. 2) under all tested conditions showed pure water behaviour. While 
for seed concentrations above 1000 ppm, 4 bar and 1 m/s we observed a random 
and stepwise decline in permeability (Fig. 3). This indicates that 1000 ppm is the 
optimal seed concentration for sustainable seeding the feed process.  
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2.3.2.2 Bench scale seeded nanofiltration experiments with hydroxyapatite 
seeds 

Fig. 4: Permeance plots of filtration with 6 bar TMP, pH = 7, 1 m/s crossflow, 0.01m2 membrane 
surface and full retentate recycling A) unseeded filtration permeance vs time. B) unseeded and 
seeded filtration permeance as a function of the concentration factor. 90% original permeance is 
marked by the red line as the critical CF. Each experiment was repeated three times with excellent 
reproducibility. 

Fig. 5: Comparison between seeded vs unseeded (conventional) nanofiltration. A) Critical 
concentration factor, which is related to the achievable recovery ratio and the final volume of the 
concentrate. B) Phosphorous concentrations in the permeate, related to P removal efficiency. C) 
Calcium concentrations in the permeate. 

Here we established proof-of-concept for seeded NF using HF-PEMM and showed 
the advantages of this concept for high recovery effluent NF. After 5 hours of 
unseeded filtration (Fig. 4A), we observed a sharp 40% decrease in permeability 
while the solution turbidity simultaneously turned white, indicating mineral 
precipitation. In the case of seeded filtration (Fig. 4B) relative to feed concentration 
factor (CF), CF was 51% higher than unseeded – 35% concentrate volume reduction 
(Fig. 5A). Phosphate (P) concentration was 3x lower (Fig. 5B) while calcium 
concentration was 20% lower (Fig. 5C) in the permeate generated by seeded 
filtration.  

2.3.3 High water recovery wastewater effluent NF 

We used the Osmo-inspector titan model purchased from Convergence (The 
Netherlands), iC PVM probe (Mettler-Toledo) for real-time imaging, and HF-PEMM 
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membranes for high water recovery (≥95%) wastewater treatment. First, we 
optimized process parameters, including backwash protocols, required for high 
recovery operation. Real wastewater collected from the Beer Sheva wastewater 
treatment plant was used for all filtration experiments. Samples were collected at 
different water recoveries and analyzed for elemental composition, while data was 
logged in automatically for filtration metrics (TMP, flux, pH). 

2.3.3.1 High water recovery wastewater effluent NF – process development 

2.3.3.1.1 Seeded batch crystallization of different hydroxyapatite and 
calcite particles in pure water 

Fig. 6: Different particles evolution with time in a synthetic effluent. All HAP and TCP particles 
performed better, while calcite didn't change as the slope indicates. Captured images by the 
microscope corroborate no change in the calcite particles, while changes were observed in other 
particles.  

We assessed the suitability of different hydroxyapatite and calcite seeds as 
nucleating surfaces during feed-seeding application in a synthetic effluent batch 
system using V19 ParticleView microscope by Mettler Toledo. Signals generated by 
the V19 microscope as RBI (refractive backscattering index) indicate the 
crystallization process progress. Here (Fig. 6), the RBIs of HAP 10 µm, TCP 4 µm, and 
CaCO3 particles were compared to HAP 5 µm RBI since it has the highest slope 
(crystallization change). All apatite seeds performed better than calcite seeds in this 
order HAP 5 µm > HAP 10 µm > TCP 4 µm > CaCO3, affirming the suitability of apatite 
seeds for feed-seeded NF.  
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2.3.3.1.2 WP 3.1.3 Detailed design, purchase, installment, and testing 
of experimental filtration unit 

Fig. 7: complete setup for testing the seeded filtration with multiple functions, including 
continuous or batch filtration under constant pressure or constant flux conditions, backwash, 
chemical cleaning, and more. 

We designed, purchased, and installed the filtration unit (Fig. 7), which has high 
flexibility and functionality for the project.  

2.3.3.1.3 WP 3.1.3 Low recovery filtration experiments with HAP seeds 
in pure water – characterizing critical flux on HAP seeds concentration 

Fig. 8: Effect of increasing and decreasing TMP on flux for 1g/L (≡4g/4L); (a) TMP vs. Flux evolution 
and (b) normalized fouling resistances build-up at different pressures. 

We used the square-wave method to determine what HAP seed concentration 
resides in the critical pressure and flux, the region beyond which pressure/flux 
deviates from pure water behavior and promotes higher fouling rates. Filtration 
should be performed below this region. We tested different concentrations (0.2g/L 
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to 1.2g/L) at 0.5m/s crossflow velocity, with no significant fouling developing 
between 0.2g/L (≡0.8g/4L) to 0.8g/L (≡3.2g/4L) seed concentrations (figures not 
included). However, at 1g/L (≡4/4L) (Fig. 8), we observed different fouling regions 
corresponding to the critical flux. The increasing/decreasing TMPs and fluxes 
followed pure water permeability behavior (PWP) until 3 bars (Fig. 8a), beyond 
which deviation from PWP behavior occurred. Hence, 3 bar is the critical pressure 
with a corresponding critical flux of 45 LMH. Similarly, at 3 bars, only reversible 
fouling develops (Fig. 8b) and is recoverable, while both reversible and irreversible 
fouling develops simultaneously from 7 bars.  

2.3.3.1.4 WP 3.1.3 Backwash cycles/duration 

We investigated the filtration operating mode (constant flux or pressure) and 
optimal backwash protocol for a sustainable operation of effluent NF and adopted 
constant flux mode. We tested different backwash durations (10-120s) to 
understand the effect of backwash duration on overall filtration after 7 backwash 
cycles for each experiment. There was a slight increase in overall 7 backwash cycles 
duration (Fig. 9: a & b) when backwash duration was increased from 10 to 30s. No 
significant increase was observed when backwash durations were increased to 50s, 
70s, 90s, and 120s (figures not included). Hence, above the 30s backwash durations 
adds no value to the backwash cycles.  

Fig. 9: Effect of backwash duration to the backwash cycles: (a) 10s, (b) and 30s 
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2.3.3.1.5 WP 3.1.3 HF-PEMM cleaning protocol for regeneration after 
high recovery filtration  

Fig. 10: Effect of different cleaning protocols on membrane regeneration after high recovery 
filtration: (a) NaOH 0.1M (pH 13.5) and HCl 0.15M (pH 1.5), (b) and NaOH 0.1M (pH 13.5) and Citric 
acid 10mM (pH 3). 

We investigated cleaning protocols effective for regeneration and restoration of 
membrane flux and rejection properties after every high recovery filtration 
(seeded/unseeded) using a combination of 0.1M NaOH and 0.15M HCl and a 
combination of 0.1M NaOH and 10mM citric. An 85% sodium sulfate (NaSO4) 
(0.1mM) rejection after a high recovery filtration indicates successful membrane 
cleaning and can be reused for the next experiment. The cleaning protocol of 
NaOH/HCl performed poorly with 52% and 78% (lower HCl concentration) even with 
a retest (Fig. 10a). However, NaOH/C6H12O6 combination gave ≥92% NaSO4 rejection 
and an averagely 94% flux recovery (Fig. 10b). This result affirms the 
mechanochemical stability and sustainable reuse of HF-PEMM. With the completion 
of the process development, full high recovery filtrations were performed in three 
different modes: 

2.3.3.2 Unseeded high recovery (≥95%) effluent NF with backwash 

No seeds were added to the filtration, while the filtration protocol included a 
backwash. Experiments were performed until one of two conditions were met, (1)  
95% recovery was reached, and (2)  the TMP increased by 50% from the initial value. 
All other conditions in section 2.3.3 apply.  

We performed unseeded high recovery (≥95%) effluent NF with backwash (control 
experiment) to minimize chemical scaling/fouling reduce waste discharge with 
nutrient recovery (P) using real effluent from the Beer Sheva wastewater treatment 
plant (WWTP). TMP increased by 131% (Fig. 11a) upon reaching 95% water recovery 
without seeds, while the permeability dropped by 28% (Fig. 11b). Hybrid backwash 
effectively controlled fouling and mitigated the fast build-up of irreversible fouling.  



28 
 
 

Fig. 11: Unseeded high recovery effluent NF with backwash: (a) TMP vs time, (b) and 
permeability normalized vs time.  

2.3.3.3 Feed seeded high recovery effluent NF with backwash 

Hydroxyapatite seeds (5µm) were added to the filtration while the filtration protocol 
included a backwash. All other conditions in section 2.3.3 apply. 

Fig. 12 Feed-seeded high recovery effluent NF with backwash: (a) TMP vs. time, (b) and 
permeability normalized vs. time 

Similarly, on the experiment with seeds and backwashing, we observe a more 
sporadic movement of TMP (Fig. 12a) in the presence of seeds-reaching 140% at 95% 
water recovery. However, this did not lead to more permeability decline as 
permeability only decreased by 24% (Fig. 12b). The permeability decrease had a 
steadier drop in the seeded experiment than the unseeded experiment with a 
sporadic decrease (Fig. 11b). It is evident that feed-seeding provides stability and 
reduces fouling by inducing fouling on the seeds rather than on the membrane 
surface.  
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2.3.3.4 No seeds high recovery effluent NF without backwash 

No seeds and no backwash to the filtration. In this case, the experiment was 
terminated on reaching a 50% TMP increase. All other conditions in section 2.3.3 
apply.  

Fig. 13 Feed-seeded high recovery effluent NF with backwash: (a) TMP vs time, (b) and 
permeability normalized vs time 

On the experiment with no backwash and no seeds high recovery effluent NF, we 
observed ~150% TMP increase with a 30% (Fig. 13) permeability decrease. Overall, 
the HF-PEMM demonstrated increased resistance to fouling even with no backwash 
for high recovery filtration.  

Generally, HF-PEMM selectively rejected divalent anions while permeating most 
divalent cations, contributing to chemical fouling control and better permeate 
quality for the high recovery effluent NF. Most monovalent ions also permeated, 
which enabled high recovery at very low TMP and energy investment due to low 
osmotic pressure gradient.   

2.3.4 Interstage de-supersaturation (ISDS)  

A new concept for reducing supersaturation levels of process streams undergoing 
reverse osmosis (RO), nanofiltration (NF) or electrodialysis (ED) was developed. The 
method is aimed at preventing inorganic fouling, thus allowing for an increased 
recovery ratio, e.g., >95% in effluent nanofiltration. Unlike some other techniques for 
scaling prevention (acid/antiscalant addition, precipitation ponds), our approach is 
fast, simple, with close-to-zero chemical input and minimal footprint. The de-
supersaturation unit is a packed bed reactor that can be placed, for example, between 
two consecutive RO/NF stages. The supersaturated concentrate leaving the first 
RO/NF stage flows through the reactor to induce rapid precipitation, significantly 
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reducing scaling tendency in the subsequent RO/NF stage. We measured Calcite 
precipitation, which our studies have shown as the critical scaling factor. Our 
experimental setup included a fixed-bed column system, testing calcite particles of 
two sizes (1-2 mm, and 0.15-0.3 mm in diameter), and a filter cake module (~ 0.05 mm 
CaCO3 powder). To extract the kinetic constant of the precipitation reaction and 
predict the system's performance in different conditions (solution composition, 
reactor parameters, etc.), we also developed a chemical equilibrium-kinetic hybrid 
model. 

 
The results of the fixed-bed column experiments (Fig. 16), clearly show the effect of  

particle size on the process of desupersaturation. As a result of the higher surface 
area, more CaCO3 precipitated when the smaller particles were used. This is indicated 
in the faster pH decrease (Fig. 16a) and the faster decrease in calcium-carbonate 
precipitation potential measured in the reduction of Ca2+ concentration (Fig. 16b). 
The results also show that the effect of flow rate in the column on the precipitation 
rate was insignificant, indicating that the reaction rate is surface-dependent. This was 
taken into account in our model that coupled local kinetics with bulk chemical 
equilibrium using Python-PHREEQC coupling. Fig. 16a further shows that the model 
accurately predicted the decrease in pH for all cases, confirming its usability as a 
design tool for the ISDS process. The results of desupersaturation using the filter-cake 
system are shown in Fig. 17. Rapid precipitation of CaCO3 was observed when 
working in this mode due to the high surface area of the calcite microparticles. 
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Fig. 16. Column system precipitation results for the 1-2 mm and 0.15-0.3 mm bed materials, with 
supersaturated solutions. The x-axis is the hydraulic retention time, varied according to sampling from 
different columns heights at steady-state operation. (a) The decrease of pH with respect to the 
maximum pH is due to calcite precipitation. The model lines are simulated from an average of solution 
parameters to emphasize the trend line. (b) CCPP removal along the column where 765 [ml/min] is for 
the 1-2 mm grain size and 400 and 720 [ml/min] are for the 0.15-0.3 mm bed material.  
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Although this is an advantage over the column system, the operation is more 
complicated, requiring uniform cake formation, backwash, and cake reformation. The 
ISDS hybrid model succeeded in predicting the performances also in this case, with 
kinetic constants similar to what was reported in the literature (for batch 
precipitation experiments). Overall, we found that the ISDS step is a promising 
approach for enabling high recovery, using either the column or filter-cake setups; 
the latter requires more research and development before implementation. We also 
found that a hybrid modeling approach can be used to design such processes. 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

Collaborative work packages 

WP 3.1.7 Selected HF-PEMM's will be submitted to successive cleaning cycles 

The developed PEMMs have shown a high potential for applying phosphate removal 
from effluents. However, in real effluent filtrations, different types of fouling 
represent a major limitation of membrane performance and lifetime. The most 
common types of fouling occurring in effluent treatment are colloidal fouling, 
biofouling, and scaling, which reduce the membrane performance. Established 
countermeasures to reconstitute the membrane fluxes and rejections are 
mechanical and chemical cleaning, dependent on the type of foulant. Backwashing is 
applied to remove colloidal fouling layers, while acid cleaning removes inorganic 
scaling layers. 
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Fig. 17. Filter-cake system CaCO3 precipitation results with supersaturated solutions. pH 
decreases as a function of hydraulic retention time. Each point represents a different 
experiment with different flow-rate operating at quasi-steady-state.  
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Backwashing 
In order to evaluate the stability of the PEMMs against backwashing, a total of 30 
backwash steps were performed. The pure water permeability and Na2SO4 rejection 
after 5 backwash cycles are presented in Figure 12. The pure water permeabilities 
are constant over the whole backwash procedure. The Na2SO4 rejections are even 
increasing from 90 to 97%. Since the membranes for this study were tested shortly 
after membrane production, the increase of rejection is attributed to the annealing 
of the PEM separation layer. This behavior, the change of properties in the first 7 
days after the coating, was observed in different works. Overall, the results show 
that the PEMMs are backwash stable. The backwash stability of those hollow fiber 
PEMMs represents a valuable advantage compared to commercially available spiral 
wound modules as a tool against colloidal fouling. 

Figure 12: Backwash stability experiments. Pure water permeability and Na2SO4 rejections, 
measured after 5 backwash cycles at 5 bar for 1 min. A total of 30 backwash steps were performed. 

Acid cleaning 
Next to colloidal fouling, scaling reduces the membranes fluxes and rejections. A 
common counter-measurement represents acid treatment. Most scalants can be 
dissolved at low pH. In order to test the PEMM stability in acidic solutions, the 
PEMMs were rinsed subsequently with HCl solutions at pH 2, 1, and 0 for 24 hours. 
The pure water permeability and Na2SO4 rejections were measured after each pH 
treatment step and are represented in Figure 13. For both, the pure water 
permeability and the Na2SO4 rejection maintain constant, which indicates that the 
PEMMs are stable against acid cleaning. The stability of PDADMAC/PSS PEMMs has 
been reported in different works as well. Even though acid-stable commercial NF 
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membranes exist, such as the' Duracid' by GE Osmonics, the fluxes of the developed 
PEMMs in this project are four times higher. 

Figure 13: Acid stability experiments. Pure water permeability and Na2SO4 rejections, measured 
after 24h insertion tests in HCl solutions at pH 2, 1, and 0. 

2.3.5 Chlorine resistance stability of HF-PEMM membranes 

0 20000 40000 60000 80000
0

1

2

3

4

5
 NF270-1
 NF270-2
 NF270-Average
 PEMM-1
 PEMM-2
 PEMM-Average
 NF270-Control
 PEMM-Control

N
or

m
al

iz
ed

 w
at

er
 p

er
m

ea
bi

lit
y

NaOCl dosage (ppm.h)

0 20 40 60 80
Duration of control experiment (h)

0 20000 40000 60000
0

2

4

6

8

10
 NF270-1
 NF270-2
 NF270-Average
 PEMM-1
 PEMM-2
 PEMM-Average
 NF270-Control
 PEMM-Control

N
or

m
al

iz
ed

 s
al

t p
as

sa
ge

NaOCl dosage (ppm.h)

Na2SO4

0 20 40 60
Duration of control experiment (h)

Fig. 14: (a) Normalized water permeability (b) Normalized Na2SO4 salt passage of two 
commercial NF270 membranes and two PEM-coated NF membranes exposed to chlorine 
oxidation and two control experiments where NaOCl was replaced by NaCl, as functions of 
chlorine dose, CT. The NaOCl and NaCl concentrations are1000 and 783 ppm, respectively. pH 
was kept at 7 and temperature at 24 ± 1 °C. Water permeability and salt passage are normalized 
with the initial value. At 0 ppm·h, the absolute water permeability values in L.m2-.h-1. bar1- for 
NF270-1, NF270-2, NF270-control, PEMM-1, PEMM-2, PEMM-control respectively are: 14.6, 
16.6, 21.1, 11.5, 10.9, 13.3. Absolute salt rejection values in (%) for NF270-1, NF270-2, NF270 
control, PEMM-1, PEMM-2 and PEMM control respectively are: 94.7, 90.1, 98.2, 81.9, 87.8, 87.5. 
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Chlorine resistance is a desirable property in water filtration membranes that can 
enable improved membrane cleaning and fouling control. The polyelectrolyte layer-
by-layer assembly we used as NF membranes (PSS & PDADMAC) were found to be 
stable under harsh chemical conditions, e.g., low pH; however, the resistance to 
chlorine of these membranes was not tested. We have tested the chlorine resistance 
of these LBL membranes in a flat sheet form and compared it to conventional NF270 
polyamide-piperazine-based membranes. LBL PEMM's were synthesized in close 
collaboration with the Aachen group. We used a custom-made chemical-resistance 
filtration system to perform dynamic chlorination (where the NaOCl solution is 
filtered through the membrane) in time intervals. Between the intervals, we tested 
pure water permeability, rejection of Na2SO4, and ion rejection in synthetic 
wastewater effluent. Control experiments were performed with NaCl solution 
instead of NaOCl.  

Many experiments were conducted in different conditions (high and low Ca2+, with 
rusting metal iron), and the results in figures 14 and 15 are representative 
(manuscript is under preparation). The main conclusion is that PEMM's do not 
possess a higher chlorine resistance than piperazine-polyamide NF membranes, as 
shown in Fig. 14a, where water permeability increases similarly for both. This was 
also true for experiments with iron corrosion, which accelerated the chlorination 
effect. We have also found that divalent anions rejection decreased for NF270 under 
chlorination but remained unchanged or slightly decreased for PEMM (Fig. 14b). For 
divalent cations, an opposite trend was found (Fig. 15). We, therefore, concluded 
that chlorination increased the negative charge in PEMM and increased the positive 

0 20000 40000 60000
0

2

4

6

 NF270-1
 NF270-2
 NF270-Average
 PEMM-1
 PEMM-2
 PEMM-Average
 NF270-Control
 PEMM-Control

N
or

m
al

iz
ed

 io
n 

pa
ss

ag
e

NaOCl dosage (ppm.h)

Mg2+

0 20 40 60
Duration of control experiment (h)

0 20000 40000 60000
0

2

4

6

 NF270-1
 NF270-2
 NF270-Average
 PEMM-1
 PEMM-2
 PEMM-Average
 NF270-Control
 PEMM-Control

N
or

m
al

iz
ed

 io
n 

pa
ss

ag
e

NaOCl dosage (ppm.h)

Ca2+

0 20 40 60
Duration of control experiment (h)

Fig. 15 Normalized ion passage of (a) Ca2+, (b) Mg2+, of two commercial NF270 membranes and 
two PEM-coated NF membranes exposed to chlorine oxidation and two control membranes 
where NaOCl was replaced by NaCl, as functions of chlorine dose, CT. The NaOCl and NaCl 
concentrations are1000 and 783 ppm, respectively 
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charge in NF270. This can positively affect effluent NF water quality since divalent 
cations are desirable in the permeate, while divalent anions such as HPO42- are not. 

WP 3.1.7 Data Management and exchange of collected data 

The Data Management tool FURTHRmind by FURTHRresearch was used for 
data management, analysis, organization, and sharing between research 
partners. A joint data structure was set up. The software was used as a lab 
book in everyday lab work. Data was uploaded and organized there. 
Additionally, reusable data sets are available for modeling tasks. 

 
Figure 14: Visualization of the joint data management with FURTHRmind 

 

Collaborative work 

17.-18. November 2018: Project meeting in Ben-Gurion University of the Negev 

24.-25.09.2019: Project meeting update in Dresden, Status seminar  

2018 & 2019: Two German master students accomplished their master theses in the 
Israeli working group via the YSEP program. 

Due to the Covid19 pandemic, the BMBF-Most status conference 2021 was not able 
to be carried out. In regular every 3 months, online project meetings the German 
and the Israeli partners discussed the applied experimental methods and used the 
opportunity to exchange experiences and ideas. The project partners presented their 
current results and ideas. 
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Throughout the project time, three different sets of selected HF-PEMM membranes 
were sent to the Israeli partner for testing in the phosphate recovery application. 

 

3. Conclusions 

A new Layer-by-Layer membrane synthesis technique was successfully developed by 
the German partner, combining the ionic strength in the coating solutions of the 
polyanion PSS and the polycation PDADMAC. Hollow fibre PSS/PDADMAC 
polyelectrolyte multilayer membranes (HF-PEMM) with high excess negative fixed 
charges were obtained. Rejections above 99% for Na2SO4 and divalent phosphate 
species were achieved for the first time for HF-PEMM. The fibres feature high 
selectivities for the monovalent as well as for the divalent mixture of phosphate 
species. They can compete and outperform commercially available polyamide spiral 
wound membranes. The stability against acidic cleaning and backwash represents a 
significant advantage compared to commercialized flat sheet spiral wound 
membranes regarding fouling prevention and membrane cleaning. These promising 
results demonstrate the potential of the newly developed membranes to be applied 
in special applications such as phosphate removal from effluent. The experimental 
work was accompanied by modeling ion transport through polyelectrolyte 
multilayers with different modeling approaches. The results fitted well with the 
experimental work and were used to predict unfavorable salt concentrations 
resulting in scaling during operation. 

On the Israeli side, we developed process parameters and filtration protocol 
(backwash and cleaning) for HF-PEMM that permits the treatment of wastewater 
effluent at high recoveries (≥95%) and ISDS for reducing the scaling potential of 
concentrate streams and allowing for increased recovery ratio operation (≥95%). For 
the first time, we demonstrate that NF membrane (HF-PEMM) can be backwashed 
and possess mechanochemical stability for backwash and chemical cleaning. We 
implemented a hybrid backwash protocol (time and TMP-based) that enables control 
of fouling and high recovery sustainable wastewater treatment. The HF-PEMM 
showed the desired monovalent and divalent selective rejection contributing to 
fouling control. Additionally, the ISDS demonstrated to be a fast and straightforward 
process to reduce inorganic fouling potential. The reaction rate was surface-
dependent, and a hybrid geochemical-kinetic model was developed to facilitate 
process design. A combination of feed-seeded HF-PEMM and ISDS processes is a 
promising alternative for high recovery filtration of wastewater and concentrated 
streams. We envisage that the developed methodology for HF-PEMM membrane 
with further pilot testing can be applied on a large scale for wastewater effluent 
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treatment. Efforts are already underway to scale up the process with a global membrane 
manufacturer and local wastewater treatment operators. 

5. Publications 

Submitted manuscripts (under peer-review): 

Elucidating morphological effects in membrane mineral fouling using real-time 
particle imaging and impedance spectroscopy (preprint link below) 

https://chemrxiv.org/engage/chemrxiv/article-details/619be87158bc4b53629f0b76 

Manuscripts in-preparation: 

Minimizing liquid discharge in wastewater effluent nanofiltration by seeding the feed 
with hydroxyapatite microparticles (See Appendix) 

Backwashable hollow-fiber polyelectrolyte multilayer membranes enable high 
recovery effluent nanofiltration 

No evidence for increased chlorine resistance of PDADMAC/PSS multilayers over 
standard polypiperazine-amid in nanofiltration membranes (Based on Msc. Thesis of 
Hala Abu-Ali) 

Calcium carbonate desupersaturation via flow through a calcite packed-Bed and filter 
cake: modeling and experimental (Based on Msc. Thesis of Omer Izraeli) 

 

Published Manuscripts: 

D. Rall, A. M. Schweidtmann, B. M. Aumeier, J. Kamp, J. Karwe, K. Ostendorf, A. 
Mitsos, M. Wessling, Simultaneous rational design of ion separation membranes and 
processes, Journal of Membrane Science 600 (6343) (2020) 117860. 
doi:10.1016/j.memsci.2020.117860.  

E. Evdochenko, J. Kamp, R. Femmer, Y. Xu, V. V. Nikonenko, M. Wessling, Unraveling 
the effect of charge distribution in a polyelectrolyte multilayer nanofiltration 
membrane on its ion transport properties, Journal of Membrane Science 611 (7) 
(2020) 118045. doi:10.1016/j.memsci.2020.118045.  

E. Evdochenko, J. Kamp, R. Dunkel, V. V. Nikonenko, M. Wessling, Charge distribution 
in polyelectrolyte multilayer nanofiltration membranes affects ion separation and 
scaling propensity, Journal of Membrane Science 636 (5) (2021) 119533. 
doi:10.1016/j.memsci.2021.119533.  

J. Kamp, S. Emonds, M. Seidenfaden, P. Papenheim, M. Kryschewski, J. Rubner, M. 
Wessling, Tuning the excess charge and inverting the salt rejection hierarchy of 
polyelectrolyte multilayer membranes, Journal of Membrane Science (2021) 119636. 
doi:10.1016/j.memsci.2021.119636 
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5. Lectures/Conferences 

1. Study of mineral fouling in synthetic effluent nanofiltration using real-time 
particle imaging and electrical impedance spectroscopy 

Chidiebere S. Nnebuo, Oded Nir 

Conference name: North American Membrane Society (NAMS) 2021; Oral 
presentation 

2. Real-time particle imaging reveals morphological effects in calcium 
phosphate membrane fouling 

Chidiebere S. Nnebuo, Oded Nir 

Conference name: Euromembrane Conference (EMS) 2021; Oral presentation 

3. Modeling of layer-by-layer coated capillaries used in nanofiltration process 
Elizaveta Evdochenko, Matthias Wessling 

Conference name: Euromembrane Conference (EMS) 2021; Oral presentation 

 


