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SUMMARY 
 
 
 
 
Ionic liquids are regarded as a promising substance class; because they 
are potential substituents for volatile solvents as well as they allow the 
design of new processes. However, up to the present, there are only few 
industrial processes using them. One of the reasons is related with 
handling wastes containing contamination of possibly toxic and not easily 
biodegradable ionic liquids. As a direct consequence, an application of 
ionic liquids should minimize waste generation and allow the recovery of 
the ionic liquids, especially from wastewaters.  
 
Nanofiltration seems to be a versatile method for this task, because 
membranes can be selected properly according to the required purpose: 
either to retain the ionic liquid or to allow it to pass through the membrane. 
However, in the field of membrane technology, the scientific base for the 
rational and task-specific design of membranes is very limited. This is 
especially true for nanofiltration membranes, in which their performance is 
based on several solute-membrane interaction mechanisms. Therefore, 
any deeper understanding of these mechanisms will improve the 
predictability of the separation behaviour of nanofiltration membranes.  
 
“Thinking in terms of Structure-Activity-Relationships” (T-SAR) is a 
methodology developed at the University of Bremen in 2003. It permits to 
describe properties and effects of different substance classes on biological 
systems, like ionic liquids, biocides or chitosan. This methodology applies 
a systematic analysis of a chemical entity based on its structural formula. 
Admittedly with increasing size of the molecule, as in the case of polymeric 
membranes, the SAR analysis becomes more complex. 
 
In the first part of this work, the T-SAR methodology was combined with 
classical membrane characterization methods, deriving in a new 
methodology which allowed not only to explain membrane characteristics, 
but also to evidence the importance of the chemical structure for 
separation performance. An application of the combined approach and its 
potential to discover stereochemistry, molecular interaction potentials, and 
reactivity of two commercial FilmTec nanofiltration membranes (NF-90 and 
NF-270) was demonstrated. Based on these results, it was possible to 
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successfully predict the performance of both membranes for the recovery 
of hydrophobic and hydrophilic ionic liquids from aqueous solution. 
 
In the second part of this work, the relationships already developed were 
used to establish the fundament for the recovery of ionic liquids from 
aqueous solution. They were also applied in two case studies by testing 
the possibility to recover hydrophobic and hydrophilic ionic liquids from 
their respective industrial wastewater.  
 
Using model solutions of 1-hexyl-1-methylpyrrolidinium bis(trifluoromethyl-
sulfonyl)-amide, Pyr16 (CF3SO2)2N, it could be evidenced that the 
formation of a new phase of ionic liquid during the concentration process 
follows a nucleation-growth mechanism. In this case, 66% of the ionic 
liquid originally present in the feed was separated. Additionally, the 
effective recovery rate was duplicated up to 30% by using a coalescence 
filter. Some suggestions to increase both theoretical and effective recovery 
rates were also discussed. Furthermore, the hydrophobic ionic liquids from 
wastewaters produced in biotransformations of 2-octanone to 2-octanol, 
could be recovered as a separate phase by concentrating them beyond 
the solubility limit. 
 
Contrary to the hydrophobic ionic liquids, hydrophilic ionic liquids which 
are used for the dissolution of cellulose and its subsequent regeneration 
could be recovered as an aqueous solution. It could be done in a way that 
the recovered solution is similar to the originally used process solution but 
it is also almost free of undesired by-products. Finally, some 
recommendations for the systematic recovery of ionic liquids from 
industrial wastewaters were also introduced. 
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ZUSAMMENFASSUNG 
 
 
 
 
Ionische Flüssigkeiten werden als eine vielversprechende Substanzklasse 
angesehen, weil sie potentielle Substituenten für leichtflüchtige Lösemittel 
sind und die Entwicklung neuer Prozesse ermöglichen. Trotzdem gibt es 
bis heute nur wenige industrielle Prozesse, bei denen ionische 
Flüssigkeiten verwendet werden. Als einer der Gründe dafür wird die 
Entsorgung von Abfällen mit Kontaminationen von möglicherweise 
toxischen und schwer biologisch abbaubaren ionischen Flüssigkeiten 
angesehen. In direkter Konsequenz ist die Produktion von derartigen 
Abfällen zu minimieren und die Rückgewinnung der ionischen 
Flüssigkeiten zu ermöglichen, insbesondere aus Abwässern.  
 
Nanofiltration scheint eine vielseitig einsetzbare Methode für diese 
Aufgabe zu sein, weil die Membranen ihrem Verwendungszweck 
entsprechend gewählt werden können: entweder, um die ionische 
Flüssigkeit zurückzubehalten, oder um sie durch die Membrane fließen zu 
lassen. Im Gebiet der Membrantechnologie sind jedoch die 
wissenschaftlichen Grundlagen für die theoretische und 
aufgabenspezifische Entwicklung der Membranen sehr begrenzt. Dies gilt 
insbesondere für Nanofiltrationsmembranen, deren Funktion auf mehreren 
Stoff-Membran-Wechselwirkungsmechanismen basiert. Folglich 
verbessert jedes tiefere Verständnis dieser Mechanismen die 
Voraussagbarkeit des Trennverhaltens der Nanofiltrationsmembranen.  
 
„Struktur-Wirkungs-Denken in der Chemie“ (T-SAR) ist eine Methode, die  
im Jahr 2003 an der Universität Bremen entwickelt wurde. Sie erlaubt es, 
die Eigenschaften von verschiedenen Substanzklassen und ihre Effekte 
auf biologische Systeme anschaulich zu beschreiben, beispielsweise bei 
ionischen Flüssigkeiten, Bioziden oder Chitosan. Diese Methode basiert 
auf der systematischen Analyse einer chemischen Einheit mit Hilfe der 
Betrachtung seiner Strukturformel. Allerdings wird bei Zunahme der 
Molekülgröße, wie im Fall von Polymermembranen, die SAR-Analyse 
recht aufwändig.  
 
Im ersten Teil dieser Arbeit wurde T-SAR mit den klassischen 
Charakterisierungsmethoden für Membranen zu einer neuen Methode 
kombiniert, die nicht nur Membraneneigenschaften erklärt, sondern auch 
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Anhaltspunkte für die Bedeutung der chemischen Struktur für die 
Trennungsleistung der Membran geben kann. Eine Anwendung dieses 
kombinierten Ansatzes und seines Potenzials, die Stereochemie, die 
molekularen Wechselwirkungspotenziale und die Reaktivität von zwei 
kommerziellen FilmTec Nanofiltrationsmembranen (NF-90 und NF-270) zu 
ergründen, wurde hier gezeigt. Aufgrund dieser Resultate war es möglich, 
die Leistung der Membranen für die Rückgewinnung von hydrophoben 
und hydrophilen ionischen Flüssigkeiten von wässrigen Lösungen 
erfolgreich vorauszusagen.  
 
Im zweiten Teil dieser Arbeit wurden die zuvor erarbeiteten 
Zusammenhänge angewendet, um Grundlagen für die Rückgewinnung 
von ionischen Flüssigkeiten aus wässrigen Lösungen zu schaffen und in 
zwei Fallstudien anzuwenden. Dabei wurde die Möglichkeit geprüft, 
hydrophobe und hydrophile ionische Flüssigkeiten aus ihrem jeweiligen 
industriellen Abwasser zurückzugewinnen.  
 
Unter Verwendung von Pyr16 (CF3SO2)2N Modelllösungen (1-Hexyl-1-
methylpyrrolidinium bis-(trifluoromethylsulfonyl)amid) konnte gezeigt 
werden, dass die Entstehung einer neuen Phase der ionischen Flüssigkeit 
während des Konzentrationsprozesses einem Keimbildungs- und 
Wachstumsmechanismus folgt. In diesem Fall konnten 66% der 
eingesetzten ionischen Flüssigkeit zurückgewonnen werden. Zusätzlich 
konnte die effektive Wiederfindungsrate dadurch auf 30% dupliziert 
werden, dass man einen Koaleszenzfilter verwendete. Einige Vorschläge, 
um die theoretischen und effektive Wiederfindungsrate zu erhöhen, 
wurden auch diskutiert. Außerdem konnten die hydrophoben ionischen 
Flüssigkeiten, die in der Biotransformation von 2-Octanone zu 2-Oktanol 
verwendet wurden, als zweite Phase von den Abwässern 
zurückgewonnen werden, indem man sie über die Löslichkeitsgrenze 
hinaus konzentrierte.  
  
Im Gegensatz zu den hydrophoben ionischen Flüssigkeiten konnten die 
hydrophilen ionischen Flüssigkeiten, die für die Auflösung von Zellulose 
und seine darauffolgende Regeneration benutzt wurden, als wässrige 
Lösung zurückgewonnen werden. Dies konnte so erfolgen, dass sie der 
ursprünglich benutzten Lösung ähnlich und von unerwünschten 
Nebenprodukten fast frei sind. Schließlich wurden einige Empfehlungen 
für die systematische Rückgewinnung ionischer Flüssigkeiten von 
industriellen Abwässern eingeführt.  
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1 INTRODUCTION 
 
 
 
 
1.1 PROBLEM DEFINITION 
 
Ionic liquids (ILs) are compounds that consist exclusively of ions, and have 
melting points below 100°C [1]. Because ionic liquids consist of cations 
(head group and side chains) and anions, they have dual functionality. 
Tables 1.1 and 1.2 summarize several cations and anions commercially 
available [2]. 
 

Table 1.1: Selection of cations commonly used.  
 

Head group 
Side chains 

Name Structure 

Ammonium R1-4: -H, -CnH2n+1 

Imidazolium 
R1: -H, -CH3, -C2H5 

R2: -CnH2n+1 

Phosphonium R1-4: -H, -CnH2n+1 

Piperidinium 
R1: -CH3 

R2: -CnH2n+1 

Pyridinium R1: -CnH2n+1 

Pyrrolidinium 
R1: -CH3, -C2H5 

R2: -CnH2n+1 
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Table 1.2: Selection of anions commonly used.  
 

Central element Chemical name Structure 

Boron 

Tetrafluoroborate 

 

Tetracyanoborate 

 

Carbon 

Alkylcarboxylate (R: -H, -CnH2n+1) 

 

Trifluoroacetate 

 

Halides 
Bromide 

 

Chloride 
 

Nitrogen 

Nitrate 
 

Bis(trifluoromethylsulfonyl)amide 

 

Phosphorus 

Hexafluorophosphate 

 

Tri(pentafluoroethyl)trifluorophosphate 

 

Sulphur 

Alkylsulphate (R: -H, -CnH2n+1) 

  

Trifluoromethanesulphonate 
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Ionic liquids are regarded as a promising substance class, because they 
can potentially replace more hazardous solvents in industrial processes, 
but also can be used as new materials in a wide field of applications. 
Potential uses of ionic liquids have been reported in the fields of synthesis 
and catalysis, biocatalysis, electrochemistry, analytical chemistry, liquid 
and gas separations, and polymer science [3-12].  
 
However, their impact in industrial processes is still marginal. In 2001 it 
was pointed out that processes and technologies based on ionic liquids 
could not reach large-scale commercial applications quickly, and that 
certain time is needed between invention and implementation of ionic 
liquids in full-scale commercial programs [13]. Ten years later, the 
situation has not changed significantly. However, an important growth of 
the ionic liquids market worldwide is expected, reaching 3.4 billion US $ by 
2020 from 300 million US $ today [14].  
 
Actually, there are only about twenty applications known to public that use 
ionic liquids, which are commercialized and/or used in chemical industries 
[1,15,16]. Within all the reported industrial applications using ionic liquids, 
a common denominator for those which are commercially relevant is the 
following: all of them reuse the ionic liquid regularly and seem to be waste-
free. No references have been found for industrial applications that include 
recovery and removal of ionic liquids from wastewater [17].  
 
This situation could indicate that there are still some unsolved problems 
related with handling wastes containing ionic liquids. Additionally, 
economical and environmental factors play the most decisive role. The 
major cost associated with adopting ionic liquids in many industrial 
processes is not necessarily the capital associated with the concerned 
technology, but the cost of the ionic liquid itself [18]. If the process 
generates wastes containing ionic liquids, the operating costs for the 
make-up of lost ionic liquids should be considered, as well as the 
environmental acceptability of the waste in terms of (eco)toxicity and 
biodegradability. However, these and other issues of importance for the 
lifecycle of ionic liquids have been commonly neglected [19], and the 
majority of ionic liquids actually used are considered to be low or not 
environmental compatible [20].   
 
Despite this discouraging scenario, it could be possible to make more use 
of the advantages of the ionic liquids if they are part of a closed system, 
where their recovery can be carefully controlled [21]. Then, the research 
focus for industrial applications of ionic liquids must be either finding new 
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ionic liquids which reduce waste generation and/or developing processes 
to recover ionic liquids from wastes. This last point constitutes the central 
idea of this study. 
 
Additionally, if the performance of an ionic liquid is much better than the 
performance of the conventional material it aims to replace, less amounts 
of ionic liquid may be needed for a specific process [22]. In this case, the 
economical and environmental issues could be totally or partially 
overruled. However, this situation is not true for the ionic liquid lost in 
wastewater, in which an economic impact in the overall performance of the 
application, as well as potential environmental effects, have to be 
considered. 
 
Ionic liquids are more expensive than common organic solvents, because 
they are manufactured mainly in kilogram quantities and therefore are 
offered at high prices. On the one hand, industrial users will not show real 
interest in ionic liquids while the price remains so high and the supply 
remains uncertain. On the other hand, manufacturers of ionic liquids have 
to bear huge research and development costs as well as product and 
market development costs [23]. The prices of one kilogram product of 
several hydrophilic and hydrophobic ionic liquids, commonly used in the 
case studies considered later in this work are presented in Table 1.3, with 
values ranging from 300 €/kg to 1100 €/kg approximately [24,25]. 
 

Table 1.3: Current prices for selected ionic liquids. 
 

Ionic liquids1 Price (€/kg) [Reference] 

Hydrophilic  
character 

IM12 Cl 495 [24]  

IM14 Cl 290 [24] 

IM12 1COO 617 [25] 

IM14 1COO 562 [25] 

Hydrophobic  
character 

Pyr14 (CF3SO2)2N 725 [24] 

Pyr16 (CF3SO2)2N Not found 

IM14 (CF3SO2)2N 795 [24] 

IM16 (CF3SO2)2N 1075 [24] 

                                                 
1 IM12: 1-ethyl-3-methylimidazolium cation,   Cl: chloride anion, IM14: 1-butyl-3-
methylimidazolium cation, 1COO: acetate anion, Pyr14: 1-butyl-1-methylpyrrolidinium 
cation, (CF3SO2)2N: bis(trifluoromethylsulfonyl)amide anion, Pyr16: 1-hexyl-1-
methylpyrrolidinium cation, IM16: 1-hexyl-3-methylimidazolium cation 
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Accurate information regarding pricing of bulk quantities of ionic liquids is 
not current available, because the processes are not well established, the 
market price does not exist and there are not any analogous products on 
the market [26]. However, based on its data about first production runs on 
a ton scale, the company BASF expects to see prices for standard quality 
ionic liquids with growing demands in tons quantities below 30 €/kg [27].  
 
The environmental issues concerning the entrance of ionic liquids into the 
environment are persistence, bioaccumulation potential and toxicity, and 
this data which should be considered together during the hazard 
assessment of ionic liquids: 
 
 Persistence is the ability of a chemical substance to remain in an 

environment in an unchanged form. The longer a chemical persists, the 
higher the potential exposure to it [28]. The most important process 
minimizing this hazard potential in water and soil is biodegradation 
[29]. Biodegradation studies determine if an ionic liquid persist in the 
environment. When an ionic liquid passes a biodegradation test, it is 
unlikely to bioaccumulate. On the contrary, an ionic liquid which does 
not pass biodegradation tests has greater potential to bioaccumulate 
[30]. 

 
 Bioaccumulation is the process by which the chemical concentration in 

an aquatic organism achieves a level that exceeds that in the water, as 
a net result of the uptake, distribution and elimination of the chemical 
through all possible routes of exposure, i.e. exposure to air, water, 
soil/sediment and food [28,31]. The octanol-water partition coefficient 
(KOW) describes the hydrophobicity or hydrophilicity of a compound and 
is the basis of correlations to calculate bioaccumulation [32,33]. 
However, it exhibits some important limitations in the case of ionic 
substances [34,35]. In the case of ionic liquids, it has been shown that 
chromatographic parameters are even better descriptors than octanol-
water partition coefficients. Furthermore, the same chromatographic 
parameters describing cation and anion hydrophobicity can be used to 
estimate toxicity and water solubility of ionic liquids [36,37]. 

 
 Toxicity is defined as the inherent potential or capacity of a substance 

to cause adverse effects on a living organism, seriously damaging 
structure or function, or producing death. Because persistent and 
bioaccumulative chemicals are long-lasting substances that can build 
up in the food chain to high levels, they have a higher potential to 
express toxicity and be harmful to humans and the ecosystem [28,31].  
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Different ionic liquids have been investigated at the UFT (University of 
Bremen) in screening toxicity assays, and some of them have been 
characterised in detail using an (eco)toxicological test battery comprising 
different levels of biological complexity - from enzymes, cells, 
microorganisms up to organisms and multi-species-systems [38].  
 
The (eco)toxicity of ionic liquids seems to be predominantly determined by 
the side chains connected to the cationic head group, while the cationic 
head group itself has a minor relevance for the (eco)toxicity [39,40]. Most 
of the tested anions do not exhibit significant (eco)toxicological effects in 
nearly so far investigated systems, but hydrophobic and mostly fluorinated 
anions, like (CF3SO2)2N, do it in some of the tested systems [38,41]. 
 
Furthermore, several biodegradation tests and the determination of 
hydrophobicity chromatographic parameters have been also performed to 
determine the biodegradability and bioaccumulation potential of ionic 
liquids. Imidazolium cations with short side chains are not biodegradable, 
while no biodegradability data is known for ionic liquids based on 
pyrrolidinium head groups [30].  
 
In general, for anionic moieties like chloride or acetate, the shorter the 
alkyl side chain, the safer the chemical is with respect to (eco)toxicity 
issues due to reduced hydrophobicity, but the higher the risk of 
persistency due to the missing of biodegradability [42]. Furthermore, 
anions like (CF3SO2)2N can lead to decrease the biodegradability of the 
cation due reduced water solubility and to increase the bioaccumulation 
potential due to higher hydrophobicity, accumulating in tissues of living 
organisms and thus exhibiting strong (eco)toxicological effects [43].  
 
All results from these systematic studies, completed with data from 
literature, were collected in the UFT / Merck Ionic Liquids Biological Effects 
Database [44]. Using the information available in this database, it is 
possible to estimate qualitatively the importance of the environmental 
issues concerning the ionic liquids used in the applications considered 
later in this study. Table 1.4 comprises the results of this qualitative 
evaluation. 
 
According to these economical and environmental issues, the recovery of 
hydrophobic ionic liquids should receive more and primary attention 
compared to the recovery of hydrophilic ionic liquids. 
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Table 1.4: Qualitative estimation of persistence, bioaccumulation potential and 
toxicity of selected ionic liquids. 

 

Ionic liquids 
Persistence 

(biodegradability) 
Bioaccumulation 

potential 
Mammalian 
toxicity (1) 

Aquatic 
toxicity (2) 

H
yd

ro
ph

ili
c 

IM12 Cl 

Moderate 
(non 

biodegradable 
cation, anion not 

relevant) 

Very low Low to moderate 

IM14 Cl Low 
Moderate 
 to high 

Moderate 

IM12 1COO Very low Low Unknown 

IM14 1COO Low Unknown 

H
yd

ro
ph

ob
ic

 

Pyr14 
(CF3SO2)2N Unknown 

(anion no 
biodegradable) 

Moderate Moderate 

Pyr16 
(CF3SO2)2N 

High Moderate 
Moderate 

to high 

IM14 
(CF3SO2)2N 

High  
(cation and anion 

no 
biodegradable) 

Moderate Moderate to high 

IM16 
(CF3SO2)2N 

High Moderate 
Moderate 

to high 
(1) Enzyme inhibition assay with acetylcholine esterase and cytotoxicity assay with the IPC-81 cell line (rat 
leukemia cells).  
(2) Luminiscence inhibiton assay with the marine bacterium Vibrio fischeri and reproduction inhibition assay with 
the unicellular limnic green algae Scenedesmus vacuolatus. 

 
1.2 STATE OF TECHNOLOGY 
 
Due to the negligibly low vapour pressure of ionic liquids under normal 
operational conditions, it is clear that they do not contribute to air pollution, 
except by forming aerosols. However, they can cause soil and water 
pollution [45]. If an aqueous mixture containing an ionic liquid is not 
reusable anymore, it finally becomes wastewater. According to the OECD-
Eurostat Joint Questionnaire on Waste, waste recovery is defined as any 
operation that diverts a waste material (in our case, ionic liquid) from the 
waste stream (in our case, wastewater) and which results in a certain 
product with a potential economic or ecological benefit [46].  
 
In the case of aqueous dispersions of a hydrophobic ionic liquid the 
separation can be achieved by gravity settling, but can also be improved 
by using a centrifugal contactor [47]. However, even though hydrophobic 
ionic liquids have low water solubility, some ionic liquid remains dissolved 
and its amount in water could be still relative high. The simplest method to 
remove water from an ionic liquid would be evaporation, due to the non-
volatility of ionic liquids. However, the high energy costs associated with 
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evaporating the water from a solution of ionic liquid makes this method 
impractical [48].  
 
As alternative separation method, simple salting-out processes have been 
investigated [49-53]. In this case, the mixture of ionic liquid and water has 
to be brought into contact with an electrolyte (as solid or as saturated 
aqueous solution), which has the power to withdraw some of the present 
water to form a second phase that can be removed by decantation. 
Despite the formation of such aqueous biphasic systems open new areas 
of research and development, the introduction of inorganic ions hinders 
the recovery of the ionic liquid in its original form, due to additional ions 
related to ion exchange reactions and possible mixed salts. To avoid this 
situation, one option is to replace inorganic structuring salts with molecular 
kosmotropes, like sugars, which can be removed more easily in 
comparison to inorganic ions by crystallization [54-56].  
 
A different form of salting-out is observed when aqueous solutions of ionic 
liquids in presence of carbon dioxide (gaseous or liquid), form three 
phases. One liquid phase is enriched with ionic liquid; a second one is 
enriched with water and the third phase (vapour) contains mostly carbon 
dioxide with a small amount of dissolved water [57,58]. It is believed than 
carbon dioxide generates carbonic acid and its dissociation products in 
aqueous solution, thus lowering the pH, changing the solution equilibrium 
between the ionic liquid and water, and finally, leading to phase separation 
[57].  
 
Another method for the separation of ionic liquids from water is membrane 
filtration. Membranes can be designed to pass water and retain ionic 
liquids selectively. Membrane-based processes offer clear advantages 
over the aforementioned techniques because separation is achieved 
without phase change and little or no chemical addition is required [59].  
 
Dissolved ionic liquids ions are preferably retained by nanofiltration (NF) 
membranes, which are known to interact more strongly with ions 
compared to neutral compounds. Since nanofiltration membranes are 
negatively charged, it is the anion repulsion which mainly determines 
solute rejection [60]. In addition, cations will be rejected simultaneously 
due to the macroscopically need of maintaining electroneutrality [61]. 
However, due to the organic nature of ionic liquids cations, their size and 
affinity to the membrane chemistry also play a role during the separation. 
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At a fundamental level, nanofiltration is a very complex process. The 
events leading to rejection are taking place on a length scale of the order 
of one nanometre (not much greater than atomic dimensions), at which 
macroscopic descriptions of hydrodynamics and interactions are beginning 
to break drown [62]. As a consequence, the modelling of nanofiltration 
processes for design purposes is often performed by applying black-box 
models or short-cut methods which can lead to unreliable results, because 
the complexity of the molecular interactions on and inside the membrane  
[63].  Insofar, the scientific base for the rational design of membranes for 
specific applications (like the recovery of ionic liquids) is very limited, and 
hence there is an immense frontier to be conquered [64]. 
 
To the best of our knowledge, there are no earlier references about the 
use of nanofiltration for the concentration of aqueous solutions of 
hydrophobic ionic liquids. Some preliminary results for membrane 
screening with three commercial nanofiltration membranes (FilmTec NF-
90 and NF-270, and GE Osmonics Desal DK) and four different 
hydrophobic ionic liquids (IM14 PF62, IM14 (CF3SO2)2N, IM16 PF6 and 
IM14 (CF3SO2)2N) were presented by us in 2008 during the 10th World 
Filtration Congress. Tendencies for permeate flux (NF-270 > Desal DK > 
NF-90) and retention (NF-90 > Desal DK > NF-270) were reported for 
each ionic liquid, and high retention values (>99%) were achieved with the 
NF-90 membrane. In this study, the concentration of each ionic liquid in 
feed was around 50% of solubility level at 25°C (ranging from 1 to 10 g/L) 
and HPLC-analysis was used to determine the concentration of 
imidazolium cations [65]. 
 
On the other hand, the first reference about the application of nanofiltration 
to separate aqueous solutions containing hydrophilic ionic liquids was 
published in 2003. Two preliminary experiments were conducted using         
10 mM aqueous solutions of IM14 BF43 and (IM14)2 SO44 and two 
commercial nanofiltration membranes (GE Osmonics Desal DVA 032 for 
IM14 BF4 and GE Osmonics Desal DVA00 for (IM14)2 SO4). Retentions 
of 82% and 95% were found respectively, concluding that such retention 
can be high enough for concentration of the ionic liquids from various 
solutions in order to clean or recover the ionic liquid. In this study, the 
concentrations of ionic liquid in permeate and retentate were measured by 
conductivity [66]. 
 

                                                 
2 PF6: hexafluorophosphate anion, 
3 BF4: tetrafluoroborate anion 
4 SO4: sulphate anion 
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Other experiences with aqueous solutions of hydrophilic ionic liquids (IM14 
BF4 and IM14 Br) were published in 2009. The aim of this work was to 
demonstrate the potential of nanofiltration to concentrating ionic liquids, 
but the maximum retentions obtained with a feed concentration of 45 mM 
were low: 60% for IM14 BF4 und 67% for IM14 Br5, using a Koch TFC-
SR3 commercial membrane. In this case, concentrations of ionic liquids in 
permeate and retentate were determined by UV-spectrophotometry. 
Despite these results, the authors consider that nanofiltration remain as a 
promising way to concentrate aqueous solutions of ionic liquids if the 
operational conditions can be improved [67]. 
 
The third and last reference known about the use of nanofiltration for the 
concentration of aqueous solutions of hydrophilic ionic liquids was 
published in 2010. In this case, three commercial nanofiltration 
membranes (Microdyn-Nadir N30F, FilmTec NF45 and GE Osmonics 
Desal DK) were used to concentrate a solution containing 0.1% wt. of 
IM12 Cl and 0.1% wt. of AlCl3. In this study, an analytical method using ion 
chromatography (IC) was developed for the determination of Al+3 and IM12 
cation concentrations. The N30F membrane was reported as inadequate 
for a practical application (retention values around 20% for IM12 cation 
and no retention for Al+3); while a two step membrane separation process 
with the remaining membranes was proposed. In the first step, the 
membrane NF45 is used for solution concentration due to high retention 
values for both IM12 cation (>99%) and Al+3 (>95%). In the second step, 
the Desal DK membrane separates selectively both cations, because it 
exhibits retention values of >98% for IM12 cation and around 40% for Al+3 
[68]. 
 
1.3 SCOPE AND KEY QUESTIONS 
 
According to the information already presented, is desirable (or even 
imperative) to avoid the entrance of ionic liquids into the environment as 
wastewater, with respect to environmental as well as economical issues. 
Contrary to the traditional approach considering the complete removal of 
ionic liquids (Figure 1.1a), a recovery process using nanofiltration 
membranes is the approach selected for this study (Figure 1.1b).  
 
The removal of ionic liquids from wastewater can transfer the pollution into 
a solid, if adsorption techniques are used [48,69]; or destroy completely 
the ionic liquid by using advanced oxidation processes [70,71]. In both 
                                                 
5 Br: bromide anion  
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cases, the losses of ionic liquid and the cost of the removal treatment 
should be considered into the global process economical analysis. By 
using nanofiltration, it would be possible to separate selectively the ionic 
liquid from the wastewater and recycling it into the process, but also a 
less- or even non-polluting wastewater could reach the environment, 
requiring or not further treatment.  
 

 

Figure 1.1: Approaches used for handling wastes containing ionic liquids: a) 
Traditional approach, b) Nanofiltration-based process for ionic liquid recovery.  

 
This study has been carried out under an interdisciplinary atmosphere at 
the Centre for Environmental Research and Sustainable Technology 
(UFT) of the University of Bremen. The topic here developed combines 
two main UFT research fields (Sustainable Chemicals and Selective 
Separation Technology), in order to find a solution for the recovery of ionic 
liquids from wastewater, but also to understand their selective separation 
by nanofiltration by conducting an exemplarily study of Structure-Activity-
Relationships (SAR) of nanofiltration membranes and ionic liquids, and 
their interplay. 
 
In this context, the key questions of this study are: 
 
1. Considering that the interactions between the chemical structure of the 

ionic liquid and the membrane are responsible for the separation, is the 
methodology “Thinking in Terms of Structure-Activity-Relationships”  
(T-SAR) able to provide a better picture of a nanofiltration membrane? 
Can such a model be used to understand membrane properties and 
also predict the performance of nanofiltration membranes for the 
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recovery of ionic liquids? Are these predictions in agreement with 
experimental data? 

 

2. Considering that the recovery of hydrophobic ionic liquids is physically 
limited by the water solubility of the ionic liquid, it is possible to use 
nanofiltration to promote the formation of a second phase of ionic liquid 
by continuously concentrating an ionic liquid aqueous solution? On 
what parameters is the efficiency of the recovery depending on? How 
is the recovery influenced by the presence of additional compounds 
present in real wastewaters? 

 

3. Considering that hydrophilic ionic liquids could not be recovered in the 
same way as hydrophobic ionic liquids, due to higher water solubility 
values, can be nanofiltration also used for their recovery from industrial 
wastewaters? Due to the lack of information about many topics related 
with ionic liquids, how could the development of ionic liquids recovery 
conducted in a systematic way? 
 

1.4 OUTLINE 
 
Consequently, this study is divided into four chapters (Figure 1.2). The 
definition of the current problem together with the available range of 
solutions, followed by the approach description and the establishment of 
the key questions of this study, comprises the current Chapter 1. 
 

 

Figure 1.2: Structure and organization of the present study.  
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In order to facilitate comprehension, Chapters 2 and 3 were conceived as 
independent entities. That means, each of these chapters contain not only 
the corresponding results and their discussion, but also the theoretical 
background and the experimental issues involved. However, these 
chapters do not remain unconnected. The level of knowledge achieved in 
Chapter 2 is used later in Chapter 3, covering aspects which ranging from 
basic to applied research. 
 
Due to the nanofiltration membrane is responsible for the selective 
separation of the ionic liquid; the research interest was focused at the 
beginning on the separation agent and its acting separation mechanisms. 
In Chapter 2, an analysis tool based on Structure-Activity-Relationships is 
used to produce a better picture of two commercial nanofiltration 
membranes. Then, this picture can be used not only to explain membrane 
properties derived from the application of well-established membrane 
characterization methods, but also to predict performance based on the 
interactions between ionic liquids and the membrane chemical structure. 
 
Chapter 3 begins with the recovery of hydrophobic ionic liquids by 
nanofiltration. In consequence, the complexity of the wastewater is 
reduced in order to investigate how the recovery of ionic liquid is achieved 
and how it could be improved. After studying two different case studies for 
the recovery of ionic liquids from wastewaters derived from potential 
industrial applications, Chapter 3 concludes with some issues about the 
systematic development of solutions for the recovery of ionic liquids from 
real wastewaters. 
 
Finally, Chapter 4 summarizes the main conclusions of this study and the 
research contributions already done, with special emphasis on suggesting 
fields for further research in this area.  
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2 UNDERSTANDING MEMBRANE CHEMISTRY 
 
 
 
 
2.1 BACKGROUND 
 
An ideal membrane material should have a reasonable mechanical 
strength, maintain a high throughput and be selective for the desired 
permeate constituent [1]. Synthetic membranes for molecular liquid 
pressure-driven separations can be classified according to their cross-
section structure, the membrane material and their selective barrier, as is 
summarized in Table 2.1 [2-7]. 
 

Table 2.1: Classification of membranes for liquid pressure-driven separations. 
 

Criterion for 
classification 

Types of 
membrane 

Description 

Cross-section 
structure 

Anisotropic Exhibit two or more planes of different 
morphologies but same composition 

Isotropic 
Exhibit an uniform composition and 

morphology throughout 

Composite Consist of layers of dissimilar materials 
joined together into a single membrane 

Membrane 
material 

Inorganic Made from metals, glass, silica or ceramic 

Organic Made from synthetic polymeric compounds 

Selective 
barrier 

Charged 
Can exhibit fixed electric charges or can 

acquire electric charge in water 

Dense 
Have no detectable pores and the material 

itself determines performance 

Porous 
Exhibit discrete pores which vary in size and 

distribution 

 
Although nanofiltration is used to characterize the process in between 
reverse osmosis and ultrafiltration, there is still confusion whether a 
membrane is called a reverse osmosis membrane or a nanofiltration 
membrane. Moreover, nanofiltration membranes are often considered to 
be loose reverse osmosis membranes or tight ultrafiltration membranes, 
despite the last membranes do not retain any salts [8]. In general, 
commercially available nanofiltration membranes are typically composite 
and organic membranes, as is shown schematically in Figure 2.1.  
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Figure 2.1: Schematic representation of a composite nanofiltration membrane. 
 

Such a composite membrane consists of a base layer of a woven or a 
non-woven fabric (typically a polyester web) for handling strength. This 
base layer is over-coated with a layer of an anisotropic porous polymer, 
usually polysulfone. Then, the surface of this substrate is coated with an 
ultrathin veneer of a polymeric composition, which provides the controlling 
properties.  
 
The composite approach is applied to form on the top a selective layer that 
is both thin and sufficiently hydrophilic to give high water flux, but at the 
same time cross-linked enough to the extent required for nanofiltration 
selectivity [9]. Furthermore, each individual layer can be optimized for its 
particular function: the ultrathin barrier layer can be optimized for the 
desired combination of solvent flux and solute rejection, while the porous 
substrate can be optimized for maximum strength and compression 
resistance, but also minimum resistance to permeate flow [10]. 
 
Nanofiltration membranes are charged membranes, but also exhibit 
characteristics of dense and porous membranes. Separation by dense 
membranes implies physicochemical interactions between the permeating 
components and the membrane material, by a solution-diffusion process. 
Porous membranes, on the other hand, achieve material separation 
mechanically by size exclusion (sieving), depending on material size 
relative to that of the pores. Thus, nanofiltration membranes use a 
combination of charge retention, solution-diffusion and sieving through 
pores smaller than 2 nm to separate materials [1,11]. 
 
Basically, the preparation of composite membranes involves first the 
preparation of the porous substrate and afterwards the deposition of a 
selective barrier layer on this porous support. Several methods can be 
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employed for the formation of either the ultrathin barrier layer [10] or the 
porous substrate [12]. However, the most important processes actually 
used to prepare composite nanofiltration membranes (phase separation 
and interfacial polymerization) are going to be described in detail in the 
next section. 
 
2.1.1 Preparation of composite nanofiltration membranes  
 
The majority of porous substrates are prepared by controlled phase 
separation. This process, sometimes also called phase inversion or 
polymer precipitation, describes the process changing a one-phase 
casting solution into two separate phases. That means, a liquid polymer 
solution is precipitated into two phases: one with a high polymer 
concentration, and a second one with a low polymer concentration. The 
concentrated phase solidifies shortly after phase separation and forms the 
matrix of the membrane, while the diluted phase forms the pores [3].  
 
The polysulfone family of polymers (polysulfone, polyphenylsulfone and 
polyethersulfone) is of practical interest for making porous supports for 
nanofiltration and reverse osmosis membranes, due to their chemical, 
mechanical, thermal and hydrolytic stability [13]. A common way to 
produce the formation of a second phase is to immerse the cast polymer 
solution in a non-solvent bath (typically water). Precipitation can occur 
because the good solvent in the polymer solution is exchanged for non-
solvent [14]. A diagram of a small casting machine is shown in Figure 2.2.  
 

 

Figure 2.2: Membrane production process by phase separation.                        
Adapted from [3]. 
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The polymer solution is cast onto a moving non-woven web. The cast film 
is then precipitated by immersion in a water bath. The water precipitates 
the top surface of the cast film rapidly, forming a finely microporous skin. 
This skin forms a barrier that slows further entry of water into the 
underlying polymer solution, which precipitates much more slowly and 
forms a more porous substructure [3]. The membrane structure is 
dependent on which type of phase transition (crystallisation, gelation or 
liquid-liquid demixing) takes place first. The kinetics competition of these 
three different types of phase transitions is a dominant factor in 
determining the configuration of the membrane, the thickness and density 
of the skin, and the porosity of the sub-layer [14]. 
 
Once the porous substrate is obtained, interfacial polymerization based on 
condensation reactions, can occur in order to produce the ultrathin barrier 
layer. Interfacial polycondensation is a rapid, irreversible polymerization at 
the interface between water containing a difunctional intermediate and an 
inert immiscible organic solvent containing a complementary di- or 
trifunctional reactant. It is based on the Schotten-Baumann reaction in 
which acid chlorides react with compounds containing active hydrogen 
atoms (-OH, -NH and –SH) and a large number of polymers can be 
prepared using it [15]. Polyamides clearly dominate the field of thin film 
composites (TFC) by interfacial polycondensation and they can be 
prepared under very mild conditions starting from a solution of a diamine 
in water and a di- or triacyl chloride dissolved in an organic solvent [10,16]. 
The term “thin film” describes the manner in which these membranes are 
fabricated, as it is shown in Figure 2.3.  
 

 

Figure 2.3: Membrane production process by interfacial polycondensation. 
Adapted from [3]. 
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The polysulfone used as the support film is first immersed in an aqueous 
diamine bath. On leaving this bath the membrane passes to a second 
organic di- or triacyl chloride bath. Immediately after the two components 
are brought together a polymer film is formed at the interface. With 
increasing thickness of the polymer film the reaction stops after some time. 
On leaving the oven, the membrane is already formed [3,17]. It has been 
generally believed that polymerization occurs in a thin region of the 
organic phase close to the interface and that the interface has no specific 
effect other than permitting a controlled diffusion of the water soluble 
monomers into the organic phase and removing acid by-product from the 
polymerization zone [18,19].  
 
The choice of the organic solvent is most important since it will affect 
several other polymerization factors such as the partition potential of the 
reactants between the two phases, the diffusion of reactants, reaction rate, 
and the solubility, swelling, or permeability of the growing polymer. 
Additionally, for many polycondensation reactions it has been found that 
there is an optimum ratio of concentration of reactant in the organic phase 
to the concentration of reactant in the water phase. The optimum ratio is 
affected by the properties of the reactants, the organic solvent, agitation, 
additives in the aqueous phase such a salt or alkali, and the overall 
concentration of reactants in both phases [15,16]. 
 
2.1.2 Thinking in terms of Structure-Activity Relationships 
 
The methodology denominated “Thinking in terms of Structure-Activity 
Relationships” (T-SAR) was introduced by Jastorff, Störmann and Wölcke 
at the University of Bremen in 2003 [20]. T-SAR applies a systematic 
analysis of a chemical entity based on its structural formula and it allows 
the formulation of working hypotheses about properties and effects of 
chemicals that have not yet been experimentally verified [21]. Indeed, it 
has been applied with success to determine the properties and the effects 
on biological systems of different substance classes, like ionic liquids [22-
24], biocides [25,26] and chitosan [27]. 
 
The T-SAR approach can be represented as a triangle, like in Figure 2.4.  
From the chemical structure it is necessary to identify systematically 
several aspects related with the stereochemistry, the molecular interaction 
potentials and the reactivity of the desired compound; these three 
parameters constitute the cornerstones of the T-SAR analysis.  
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Figure 2.4: The T-SAR Triangle. Adapted from [21]. 

 
The chemical structure should ideally be represented by the 
corresponding three-dimensional formula, which is the graphical 
representation of the molecular structure, showing how the atoms are 
arranged.  
 
The stereochemistry describes the shape of the molecule on the one hand 
and its flexibility on the other. Thus it also describes directionality and 
spatial organization of molecular interaction potentials, which are identified 
by using a colour code (Figure 2.4). These interaction potentials describe 
the possible attractions and repulsions within a molecule, between 
different molecules or molecular superstructures. Finally, the reactivity 
indicates the potential of the molecule for further transformation and it is 
related with the presence of functional groups, tautomerism and pKa-
values [20,21].   
 
A practically oriented algorithm for the T-SAR approach implies the 
observance of seventeen steps [21], organized in Table 2.2. By following 
these steps it is possible to analyse every compound using only its three-
dimensional chemical structure, but the analysis becomes more complex 
as the size of the molecule increases.  
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Table 2.2: Algorithm for the T-SAR analysis of a chemical compound. 
 

Chemical 
structure 

01. Identify the atoms from the structural formula 

02. Identify the types of bond that are present 

03. Localize free electron pairs 

Stereo-
chemistry 

04. Identify the hybridization of all the atoms 

05. Identify ring systems and their stereochemical features 

06. Identify steric hindrance and conformational freedom 

07. Identify possible geometric isomerism 

08. Determine the presence of chiral centres 

Molecular 
Interaction 
Potentials 

09. Identify hydrogen bond donor potential  

10. Identify hydrogen bond acceptor potential  

11. Identify charge transfer () interaction potential  

12. Identify groups with local dipole moments 

13. Identify groups with hydrophobic interaction potential 

14. Identify permanently charged groups (ionic potential) 

Reactivity 

15. Identify possibilities for prototropic shifts (tautomerism) 

16. Estimate pKa values for groups able to accept or donate protons

17. Identify remaining functional groups and their reactivity 

 
2.2 EXPERIMENTAL 
 
2.2.1 Materials 
 
Three nanofiltration membranes: FilmTec NF-90 and NF-270 (Dow 
Chemical), and Desal DK (GE Osmonics) were employed. The main 
characteristics of the membrane were obtained from the manufacturers 
[28-30] and they are summarized in Table 2.3.  
 
2.2.2 Infrared spectroscopy 
 
Attenuated total reflection (ATR) Fourier-transform infrared (FTIR) 
spectroscopy is a technique used to determine the chemical composition 
of membrane samples. ATR-FTIR spectra were obtained using a Thermo 
Nicolet Avatar 370 FTIR spectrometer (Thermo Electron Corporation) 
equipped with an ATR element (zinc selenide crystal) and Omnic software 
(Thermo Electron Corporation) at the University of Bremen (AG Swiderek).  

 



 26

Table 2.3: Characteristics of selected nanofiltration membranes. 
 

 Membrane 

 FilmTec NF-90 FilmTec NF-270 Desal-DK 

Manufacturer Dow Chemical Dow Chemical GE Osmonics 

Membrane type* Polyamide TFC Polyamide TFC TFC 

Max. operating 
pressure (bar) 

41 41 
41 (T < 35°C) 
30 (T > 35°C) 

Max. operating 
temperature (°C) 

45 45 50 

pH range: 
operation  and 

cleaning 

3 – 10 2 – 11 3 – 9 

1 – 13  1 – 12  2 – 10.5 

Free chlorine 
tolerance 

< 0.1 ppm < 0.1 ppm 500 ppm-hours 

* TFC = Thin-Film Composite. Exact compositions are not available. 

 
An instrument blank was taken to account for differences in instrument 
response and atmospheric environment (i.e. H2O and CO2). The 
membrane active layers were pressed tightly against the crystal plate. At 
least four or five replicates were obtained for every membrane type, with 
each spectrum averaged from 200 scans collected from 650 to 4000 cm-1 
at 4 cm-1 resolution, and rationed to the appropriate background spectra. 
No baseline or further ATR corrections were applied. The absorbance 
intensities were normalised for further comparison between the spectra. 
 
2.2.3 Membrane characterization methods 
 
The streaming potential measurements were perfomed by Anton Paar 
GmbH (Graz, Austria) with the SurPASS Adjustable Gap Cell in presence 
of a 5 mM solution of KCl as background electrolyte at different pH values, 
which was adjusted with 0.1 M HCl or 0.1 M NaOH solutions. For each 
measurement a pair of membrane (cross section of 20 x 10 mm2) was 
used. The electrolyte pH was first decreased by adding 0.1 M HCl. After 
that, the same membranes samples were rinsed with deionised water and 
fresh 5 mM KCl solution and titration continues towards the alkaline range 
using 0.1 M NaOH. 
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The surface morphology of the top layer of each membrane was visualized 
by Environmental Scanning Electron Microscopy, ESEM (FEI, Quanta 
600) at the Rovira i Virgili University (Tarragona, Spain) and Scanning 
Electron Microscopy, SEM (Carl Zeiss AG, SUPRA 40) at the University of 
Bremen (AG Willems). Samples were examined without previous 
metallization. 
 
A titration was carried out to determine the amount of charged groups on 
the membrane. Three pieces of membrane (each 2 x 2 cm2) were 
immersed for 15 minutes into 50 mL of a 0.1 M CsCl or NaF solution. After 
rinsing with demineralised water, the membrane pieces were immersed for 
15 minutes into 50 mL of a 0.01 M MgCl2 or Na2SO4 solution and these 
solutions were taken for later analysis.  
 
Considering that the number of cesium ions measured is equal to the 
number of negatively charged groups, while the number of fluoride ions 
measured is equal to the number of positively charged groups [31] and 
using top layer thickness values from already published results [32,33], the 
following equation was used to determine the density of charged groups: 








MS

ASOLION

A

NVC
                         (Eq. 2.1) 

where: 

: density of membrane charged groups (groups/nm3) 
CION: concentration of cesium or fluoride ions (mol/L) 
VSOL: volume of MgCl2 or Na2SO4 solution (0.05 L) 
NA: Avogrado constant (6.022x1023 ions/mol) 
AMS: Membrane surface exposed to solution (24x1014 nm2) 

: membrane top layer thickness (nm) 

 
For the determination of pure water permeability, the membranes were 
placed in deionised water for two days before use to assure complete 
swelling. For the experiments, a stirred dead-end cell HP4750 (Sterlitech 
Corporation) was used, with a membrane active area of 13.9 cm2 
(Appendix A).  
 
The feed pressure was achieved by an inert nitrogen atmosphere and 
experiments were carried out at ambient temperature. The swollen 
membrane was conditioned with deionised water by increasing pressure 
progressively in 10 bar steps until a final pressure of 40 bar was reached. 
After that, deionised water was filled again in the cell; operating pressure 
difference was fixed (from 10 to 40 bar, increasing the pressure in 5 bar 
every time) and the time required to collect 25 mL permeate volume was 
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measured. Values reported are the averages of at least five 
measurements using in each case a new membrane piece. 
 
2.2.4 Analytical methods 
 
Cesium ions were determined by Inductively Coupled Plasma - Mass 
Spectrometry (ICP-MS) at the University of Bremen (AG Bach), while 
fluoride anions and ionic liquid anions/cations were determined by ion-
chromatography (IC). 
 
The ICP-MS measurements were carried out using a Finnigan Element 2 
(Themo Electron Corporation) which contain a PEEK cyclonic spray 
chamber with a micro-flow nebulizer operating in self-aspirating mode  was 
used for sample introduction (sample flow rate of 100 L/min). For such 
analyses the solutions were diluted (1:2000) in a nitric acid solution (2%) 
and spiked with indium (2.5 g/L) used as internal standard. The gas flow 
rates used were 16 L/min (coolant gas), 1.0-1.2 L/min (auxiliary gas) and 
0.8-1.2 L/min (sample gas). Standard solutions for the external calibrations 
(Merck VI, Darmstadt, Germany) were prepared in 2-3% nitric acid and 
also spiked with indium.  
 
The ion-chromatography (IC) measurements were carried out using a 
Metrohm 881 Compact IC system with Metrohm accessories and software 
(Metrohm, Herisau, Switzerland). It is equipped with an online eluent 
degasser, a 20 μL injection loop and a conductometric detector 
(maintained at 30 ± 0.1 °C). All chromatographic data were recorded by 
the MagICNet 1.1 compact software. All measurements were done as 
duplicate and several dilutions factor were used (1:2). Fluoride 
chromatographic separations were performed with an A Supp ion 
exchange column (50 x 4.0 mm ID and 5 μm mean particle size) coupled 
with A Supp 4/5 Guard and RP Guard. A flow rate of 0.7 mL/min of eluent 
(3.2mM Na2CO3, 1mM NaHCO3, 0% CH3CN) was applied. Additionally, a 
self-regenerating Suppressor Module and a CO2-Suppressor were used.  
  
2.3 APPLYING THE T-SAR ALGORITHM TO NF-MEMBRANES 
 
The separation process in nanofiltration membranes is a surface 
phenomenon mainly controlled by the chemistry of the ultrathin barrier 
layer. The micro-porous support can provide some hydraulic resistance to 
permeate flow [10], while the reinforcing fabric located at the bottom 
provides mechanical strength without playing any role during the 
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separation. Consequently, the main effort is related to follow the 
seventeen steps of the T-SAR algorithm only for the top layer.  
 
2.3.1 Chemical structure determination 
 
The membranes were analysed by ATR-FTIR spectroscopy in order to 
obtain indications about their chemical composition. The corresponding 
spectra are shown in Figure 2.5.  
 

 
 

Figure 2.5: Whole ATR-FTIR spectra for three NF-membranes  
with zoom into the fingerprint region. 
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At first sight, the three spectra look very similar and the explanation should 
be found in the characteristics of the infrared spectroscopy method used. 
The analysis depth varies between 1 and 10 m when ATR is used [34]. 
Considering that the top layer in a thin-film composite has a thickness 
around 0.3 and 3 m [10], the ATR-FTIR spectra are showing information 
of both, the top layer and the micro-porous support. 

 

UDEL® polysulfone is one of the preferred materials for the micro-porous 
support and it is synthesized by nucleophilic substitution of 4,4’-
dichlorophenyl sulfone (DCDPS) by 2,2-bis-(4-hydroxyphenyl)-propane 
(Bisphenol A) in a dipolar aprotic solvent, such as dimethyl sulfoxide 
(DMSO) [35]. The solvent promotes very rapid reaction rates and the 
molecular mass of the polymer is controlled by the addition of methyl 
chloride, dealing with a methoxy end-group [36].  
 
The chemical structure of the repeating unit of this kind of polysulfone is 
represented in Figure 2.6, while the identification and assignment of the 
corresponding polysulfone bands, according to the characteristics group 
frequencies [37-39], is condensed in Table 2.4.  
 

 
 

Figure 2.6: Chemical structure of polysulfone. 

 
These values are in good agreement with those found in polysulfone UF-
membranes [40] and some other commercial NF- and RO-membranes 
supported on micro-porous polysulfone [41,42]; but also in compounds like 
2,2-diphenylpropane [43], diphenyl ether [44] and diphenylsulfone [45]. 
 
To determine the chemical composition of the top layer, it is necessary to 
concentrate the attention on the differences between the spectra already 
shown. Having again a look at Figure 2.5 it is possible to determine 
obvious differences in the range 1700-1500 cm-1, and they can be better 
appreciated in Figure 2.7.  
 
From a superficial analysis it can be concluded that the NF-90 membrane 
clearly possesses a chemical composition which differs from those of 
Desal-DK and NF-270 membranes. 
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Table 2.4: Characteristic infrared bands of polysulfone. 
 
Functional 

group 
Peak assignment 

Wavenumber,  (cm-1) 
Expected Observed 

 

Ring C–C stretching  

1625-1590 
1590-1575 
1525-1480 
1420-1400 

1610 
1586 

1504,1488 
1416-1411 

C–H in-plane deformation 
(p-disubstituted ring) 

1185-1165 
1130-1110 
1025-1005 

995-975 

1169 
1106 
1014 

Very weak 

C–H out-of-plane deformation
(p-disubstituted ring) 

860-780 
710-680 

853,833,795 
691 

 

C-H stretching 2990-2850 2925,2875 

>C(CH3)2 deformation 1385-1335 1385 
1365 

>C(CH3)2 skeletal vibrations 
1060-1040 

955-900 
1044 
921 

 

SO2 asymmetric stretching 1350-1270 
1323 
1294 

SO2 symmetric stretching 1180-1145 1151 

 
or 

 

C-H stretching 
3005-2935 
2860-2815 

2970 
2850 

C-H deformation 
1485-1435 
1460-1420 
1235-1155 

1470-1464 
1452-1446 

1205 

C-O-C asymmetric stretching 1310-1210 1242 

C-O-C symmetric stretching  1120-1020 1044 
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Figure 2.7: ATR-FTIR spectra for three NF-membranes over 1400-1700 cm-1. 

 
FilmTec produces two different types of polyamide membranes based on 
the early membranes developed and patented by Cadotte [46]: the first 
type is an aromatic polyamide and the second type is a mixed aromatic-
aliphatic polyamide (polypiperazine).  
 
Both types of membranes are produced from the reaction of aromatic 
trimesoyl chloride (benzene-1,3,5-tricarbonyl chloride) with the 
corresponding amine: m-phenylene diamine (aromatic) or piperazine 
(aliphatic). As consequence, the differences observed in the spectra are 
due to the polyamide formed during the interfacial polymerization reaction.  
 
Additionally, the polymeric chains could finish either with an unreacted 
amino group or with a carboxylic acid group, product of the hydrolysis of 
the acyl chloride group. In Table 2.5 are summarized the bands expected 
for the polyamides and their end-groups from both types of FilmTec 
membranes, which are in good agreement with those already published 
for both kinds of polyamide membranes [47-50] and similar amide 
compounds [51]. 
 
In the case of the Desal-DK membrane, its spectrum is very similar to that 
obtained for the NF-270 membranes, and it could be concluded that the 
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membrane is also based on a piperazine polyamide. However, due to the 
differences between the characteristics for both membranes already 
shown in Table 2.3, it is believed that the membrane suffered some 
modification, like blending with unreactive polymers (e.g. polyvinyl alcohol) 
to change hydrophobicity and density of the top layer [52,53]. 
 

Table 2.5: Characteristic infrared bands for polyamide in NF-membranes. 
 

Functional group Peak assignment 
Wavenumber,  (cm-1) 
Expected Observed 

 

Amide I (C=O stretching) 1680-1630 1670-1655

Amide II (N-H deformation 
and C-N stretching) 

1570-1515 1560-1530

 

Amide I (C=O stretching) 1670-1630 
Very weak 

peaks 

Amide II (C-N-C stretching) 750-700 735 

 

C=O stretching 
1755-1735 
1715-1660 

Several 
peaks 

C–H deformation 
(1,3,5-trisubstituted ring) 

890-810 
730-660 

873 
715, 670 

 
N-H deformation 1615-1580 1610 

 
N-H deformation 

1580-1490 
750-700 

1556,1537 
735 

 
 
In a publication appeared during the accomplishment of this work, similar 
conclusions were obtained with respect to the chemistry of the FilmTec 
membranes, while the authors consider that Desal-DK membrane contains 
a modifying agent containing only carbon, oxygen and hydrogen [54].  
 
In another publication, it was pointed out that Desal-DK membrane has a 
proprietary active layer based on polypiperazine amide and that it consists 
of three sub-layers [55]. Further information in this direction was found in a 
brochure of Osmonics Inc. (acquired by General Electric), which highlights 
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the advantages of the Osmonics 3-layer NF-membranes containing a 
proprietary layer between the polyamide top layer and the polysulfone 
layer [56]. It is believed that the middle layer consists of a discrete layer of 
insolubilized polyvinyl alcohol resting upon a polysulfone microporous 
support, and a polypiperazine amide barrier layer resting upon the 
polyvinyl alcohol layer, similar to those developed by Nitto-Denko [10,57].  
 
From now on, the Desal-DK membrane will be excluded during the T-SAR 
analysis, due to the additional complexity and uncertainty associated with 
the eventual presence of a polyvinyl alcohol intermediate layer.  
 
On the contrary, both FilmTec membranes exhibit clear advantages for 
further T-SAR analysis: trimesoyl chloride takes part in both structures, 
meaning that the origin of the differences should be associated with the 
difunctional amine used in each case. Furthermore, both kinds of amines 
were confirmed without any doubt by infrared analysis.   
 
Because the acyl chloride groups (-COCl) can react either with the amino 
groups or with water, there are two possible main constituting units for the 
polyamide chains: the linear one, in which only two of the three acyl 
chloride groups are forming amide bonds and the third one reacts with 
water to form a carboxylic acid group; and the cross-linked unit, in which 
every acyl chloride group is forming amide bonds [58,59].  
 
All these mentioned structures are represented in Table 2.6, with the lone 
pairs of electrons being explicitly marked. For simplification purposes, the 
hydrogen atoms bounded to the carbon atoms are not represented.  
 
With these constituting units conclude the application of the three first 
steps of the algorithm for T-SAR analysis. Now it is necessary to 
concentrate the attention on the stereochemistry of each of these 
constituting units. 
 
2.3.2 Stereochemistry 
 
The analysis of the stereochemistry begins by determining the 
hybridisation of each atom. For such a task, four components of the 
constituting units are going to be considered, three of them regardless the 
membrane type: the aromatic ring, the amide bond and the carboxylic acid 
end group; while the amino end group is related to the type of the amine 
used in each case. The information corresponding to the atoms 
hybridisation of each component is summarized in Table 2.7.  
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Table 2.6: Chemical structure of FilmTec NF-membranes constituting units. 
 

Constituting 
unit 

Membrane 

NF-90 NF-270 

Linear 

Cross-linked 

 

 

Amino  
end-group 

 

 
 

 

Carboxylic  
acid  

end-group 
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Table 2.7: Atom hybridisation and expected geometry. 
 

Component 
Atom 

hybridisation 
Expected atom geometry 

Benzene 
ring 

 

 
C: sp2 
H: s 

Trigonal planar geometry.  

-molecular orbitals 
delocalized above and below 

the ring plane [60]. 

Amide 
bond 

 

 
C: sp2 
O: sp2 
N: sp2 

Trigonal planar geometry. 
A second resonance 

structure exists with a C=N 
bond, and charged 

 O- and N+ atoms [61]. 

Carboxylic  
acid 

end group 

 

C: sp2 
O: sp2 
H: s 

Trigonal planar geometry. 
There are two resonance 

structures,  
both with negative charge on 

the carbonyl oxygen when 
deprotonated [62,63]. 

Amine  
end-group 

 

C: sp2 
N: sp2 
H: s 

Trigonal planar geometry. 
Overlap of the electron lone 

pair with the -molecular 
orbitals in the ring [62,64]. 

 

C: sp3 
N: sp3 
H: s 

Pseudo tetrahedral 
geometry, preferring a chair 

conformation. 
N-H bonds favour the 

equatorial position [65,66]. 

 
Furthermore, two kinds of ring systems can be observed: planar aromatic 
rings from trimesoyl chloride and m-phenylene diamine, and spatial 
heterocyclic rings from piperazine. 
 
As it is pointed out in Table 2.7, there is a second resonance structure for 
the amide bond, which restricts rotation occurring around the partial 
double C-N bond, making possible the existence of isomeric species if the 
two groups bonded to the nitrogen atom are different (R’ ≠ R”). That is only 
true in the case of the membrane NF-90, because R’ = H and R” = C6H4-.  
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For such amide bonds, the trans-isomer (or Z-configuration) is the most 
preferred configuration due to steric factors and charge interactions [67]. 
Some evidence in this direction is observed in the chemical structure of 
N,N’-(p-phenylene)-dibenzamide, which contains planar phenyl rings 
which are rotated with respect to the plane of the amide group owing to 
steric hindrance [68]. Moreover, in the poly(p-phenylene terephthalamide) 
it was also found that the phenylene rings are twisted in opposite senses 
with respect to the amide plane [69].  
 
In the case of the NF-270 membrane, the piperazine ring introduces 
another possibility for different conformations: chair or boot, like every 
cyclohexane derivative. The chair conformation is more energetically 
favoured than the boot conformation. The free activation enthalpy of ring 
inversion for piperazine is 43.1 KJ/mol [65]. In the case of N,N’-
dibenzoylpiperazine, the piperazine ring adopts a chair conformation and 
the two phenyl rings are in parallel [70]. Furthermore, in a related 
polypiperazine amide (product of the reaction of piperazine with a diacyl 
chloride) it was remarked that hindered rotation exists, because the 
rotation around the amide bond or by inversion of the piperazine ring 
involves relatively high activation energy, around 54.4 KJ/mol [71].  
 
From these results, the geometry of each membrane can be established: 
the constituting units of the fully aromatic chemistry of NF-90 membrane 
exhibit planar geometry (but it does not mean that the whole polyamide 
structure lies in the same plane), while the constituting units of the mixed 
aliphatic-aromatic chemistry of NF-270 membrane combines both, planar 
and spatial geometries.  
 
In Table 2.8 are represented the same constituting units of Table 2.6, but 
this time they were drawn under the considerations described above with 
respect to bond angles and the spatial distribution of the atoms. However, 
in these structures the lone pairs of electrons were not represented.  
 
Finally, there is no evidence of chiral centres in all the analyzed 
constituting units and they are even unlikely, due to the absence of sp3 
hybridised carbon atoms with four different substituents.  
 
2.3.3 Molecular interaction potentials 
 
Using the colour code developed to identify molecular interaction 
potentials [20], it is possible to obtain a map of inherent interaction 
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potentials for the membrane constituent units under consideration (Table 
2.9).  
 

Table 2.8: Stereochemistry of FilmTec NF-membranes constituting units. 
 

Constituting 
unit 

Membrane 

NF-90 NF-270 

Linear 

  

Cross-linked 

 

Amino  
end-group 

 
 

Carboxylic  
acid 

end-group 
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Table 2.9: Molecular interaction potentials of FilmTec NF-membranes 
constituting units, according to the colour code from Figure 2.4. 

 

Constituting 
unit 

Membrane 

NF-90 NF-270 

Linear 

  

Cross-linked 

 

Amino  
end-group 

 
 

Carboxylic  
acid 

end-group 

 

 
As it can be observed in Table 2.9, the membranes in the dry state do not 
possess permanently charged groups. However, both amino and 
carboxylic acid end groups are responsible for the electrical charge that 
nanofiltration membranes acquire in contact with water. Then, water 
introduces changes in the interaction potential map of both membranes 
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(and also in the stereochemistry of the end groups) which are going to be 
discussed together with the reactivity aspects later in Section 2.3.4. 
   
The molecular interaction potentials for the NF-90 membrane constituting 
units can be described as follows. It is evident that strong H-donor 
(hydrogen atom of amide/amine groups and hydrogen atoms of carboxylic 
acid groups) and H-acceptor (oxygen atom of carbonyl/carboxylic acid 
groups) potentials are represented by red and blue colours. Additionally, 
strong charge transfer potentials are found in both types of aromatic rings, 
identified with violet colour; while a permanent dipole exists in the aromatic 
ring due to the 1,3-disubstitution of both amino groups. The carbon 
skeleton and also the nitrogen atoms (due to conjugation with an aromatic 
ring and with an aliphatic double bond) exhibit hydrophobic potential and 
thus are coloured yellow.  
 
Contrarily, in the case of the NF-270 membrane constituting units the H-
donor potentials (red colour) are limited to the hydrogen atoms derived 
from carboxylic acid groups and in a minor scale to hydrogen atoms from 
amino end groups, because during the amide bond formation the single 
hydrogen atoms available were removed from piperazine. Then, mainly 
strong H-acceptor potentials (blue coloured) dominate the interaction 
potential map for this membrane. Moreover, the charge transfer interaction 
potential is limited only to the aromatic rings derived from trimesoyl 
chloride and no dipole moments can be identified due to symmetric 
geometry. Finally, the strong hydrophobic interaction potential is located 
along the whole chemical structure, as it is determined by the yellow 
colour.  
 
2.3.4 Reactivity 
 
The analysis of the membrane reactivity begins with the identification of 
possibilities for prototropic shifts, the most common form of tautomerism 
referring to the relocation of protons [72]. In the membranes considered, 
the only possibility for such a shift is related to the presence of hydrogen in 
the amide group. However, that is only true for the NF-90 membrane 
(secondary amide), because the NF-270 membrane is formed by tertiary 
amides, which do not have available hydrogen atoms.  
 
In the case of aromatic polyamides, similar to that forming the NF-90 
membrane, it was found that the amide form (NHC=O) is more profitable 
than the imidol form (NC-OH) on account of both greater bond energies 
and greater resonance energies [73]. Then, tautomerism is not possible.   
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Both membranes possess amino and carboxylic acid groups which, in 
contact with water, can accept and donate a proton respectively; changing 
their interaction potentials and thus acquiring electrical charge (Table 
2.10). The existence and the amount of the protonated form of carboxylic 
acid and amino groups is pH-dependent and can be determined using the 
acid-base equilibrium and the Henderson-Hasselbalch equation [74]. A 
stereochemical change also occurs (from sp2 to sp3 hybridization), when 
the nitrogen atoms of the NF-90 membrane amino groups are protonated.  
 

Table 2.10: Molecular interaction potentials for charged groups of FilmTec  
NF-membranes, according to the colour code from Figure 2.4. 

 
Constituting 

unit 
Membrane Corresponding reaction 

Amino  
end-group 

NF-90 

 

 

NF-270 

 
 

 

Carboxylic  
acid group 

(linear unit or 
end-group) 

Both 
membranes 

 

 

 
 
Following the T-SAR algorithm, it is necessary to identify the pKa values 
for the functional groups with H-acceptor or H-donor potential. A first 
approach to the pKa values is to identify the pKa values of the monomer 
structures: trimesic acid (product of the hydrolysis of trimesoyl chloride), 
m-phenylene diamine und piperazine (Table 2.11). 
 

+ 

+ 

- 
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Table 2.11: pKa values for the compounds involved on the membrane chemistry. 

 
Compound Chemical structure pKa values [Reference] 

Trimesic  
acid 

3.12 [75,76] 
3.17 [77] 

3.89 [75] 
4.10 [76] 
3.96 [77] 

4.70 [75,77] 
5.18 [76] 

m-phenylene 
diamine 

 

4.88 [75,78] 
4.92 [78] 

2.65 [75,78] 
2.48 [78] 

--- 

Piperazine 

 

9.82 [75] 
9.73 [79] 

5.68 [75] 
5.35 [79] 

--- 

 
The last pKa value for trimesic acid and amines does not play any role in 
the case of the membrane constituting units, because the carboxylic acid 
or amine group was already substituted by the amide bond. In the case of 
pendant carboxylic groups (in the linear constituting units) the second pKa 
value loses its physical sense too. However, the remaining values from 
Table 2.11 must be considered only as a first approximation to the real 
ones, which are conditioned by the ring substitutions and/or the effects of 
polymerization [80].  
 
Insofar, there are some existing chemical compounds which are similar to 
some parts of the membrane structures, and the pKa values of these 
compounds can be used as a refined approximation with respect to the 
pKa values of the monomers involved in polymerization. These chemical 
structures are summarized in Table 2.12 with their respective pKa values, 
which were calculated using MOPAC2009TM calculation tools for pKa 
determination [81] or were found in the CAS-databases [82].  
 
By comparison of these values with those presented in Table 2.11, it can 
be concluded that further (aromatic or aliphatic) rings decrease the pKa 
values found for the original monomers. Then, values from Tables 2.12 
are later used in this study, despite every carboxyl group of the linear units 
should not be described by the same pKa value. However, better values 



                          

 43 

are not available due to the difficulty related to their calculation in more 
complexes structures. 
 

Table 2.12: pKa values for compounds with a chemical structure similar than  
that found in the membrane chemistry. 

 
 

Compound Chemical structure 
pKa value 

[Reference]

S
im

ila
r 

to
 N

F
-9

0 
m

em
b

ra
n

e 
ch

em
is

tr
y 5-[(phenylamino)carbonyl]- 

1,3-benzenedicarboxylic 
acid 

2.66 
2.92  
(both 

calculated) 

3,5-
bis[(phenylamino)carbonyl]-

benzoic acid 

 

2.52 
(calculated) 

N-(3-aminophenyl)- 
benzamide 

4.23 [82] 

S
im

ila
r 

to
 N

F
-2

70
 m

em
b

ra
n

e 
ch

em
is

tr
y 

5-(1-piperazinylcarbonyl)- 
1,3-benzenedicarboxylic 

acid 

 

2.81 
2.91 
(both 

calculated) 

3,5- 
bis(1-piperazinylcarbonyl)-

benzoic acid 

 

2.56 
(calculated) 

1-benzoyl-piperazine 8.48 [82] 

 
The last step of the T-SAR algorithm is to indicate the reactivity of each 
functional group. From all possible reactions [83,84] which could take 
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place from the chemical point of view, only those which have a certain 
probability to occur in aqueous applications of nanofiltration membranes 
are summarized in Table 2.13. 
 
Table 2.13: Reactivity of functional groups present in polyamide membranes. 

 
Functional 

group 
Reaction Observations 

Aromatic ring 
Electrophilic 
substitution 

 Substitution of a hydrogen atom by an 
electrophile. 

 The position of the substituted 
hydrogen is decided by the actual 
substituents in the ring (activating or 
deactivating). 

 The compound obtained depends on 
the electrophile used. 

Amide group Hydrolysis 

 Takes place under both acidic and 
alkaline conditions. 

 Vigorous conditions (heating or 
concentrated solutions) are needed. 

 In both cases the corresponding 
carboxylic acid is obtained 

Amino  
end group 

Oxidation 

 Takes place in aqueous solution of 
hydrogen peroxide. 

 From primary and secondary amines a 
complex mixture of products is 
obtained. 

Salt formation 
In presence of acids, related with the 
dissociation behaviour in aqueous media.  

Carboxylic acid 
end group 

Oxidation 
Produce the removal of the carboxylic 
carbon as carbon dioxide. 

Salt formation 
In presence of bases, related with the 
dissociation behaviour in aqueous media. 

 

In the case of very complexes structures the different structural elements 
should be first analyzed as before, and subsequently, the gained 
knowledge should be used to understand the whole chemical structure, 
like in a puzzle [20]. However, despite the amount of worthy knowledge 
gained until now, there is still a lack of information about how the 
polyamide layer of both membranes looks and this matter is subject of 
attention in the next section.  
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2.3.5 A picture of both nanofiltration membranes 
 

According to the last point discussed in the previous section, in order to 
obtain a picture of the nanofiltration membrane, it is necessary first to 
visualize how the top layer is built. If is supposed that the membrane 
begins to grow in the plane of polymerization (corresponding to the 
interface between both solvents), then additional diamine monomers 
which are able to diffuse through the first formed polymer sheet, begin the 
process again in a subsequent membrane sheet. All the sheets which 
constitute the top layer are kept together either by cross-linking reactions 
or by attractions derived from molecular interaction potentials. 
 
In this context, the chemical structure of each membrane sheet is a 
consequence of a given combination between linear and cross-linked 
constituting units, as well as both kinds of end-groups. At this point, 
experimental information derived from X-ray photoelectron spectroscopy 
(XPS) characterization analysis can be helpful to reveal how such 
combination of constituting units looks. XPS is a technique which allows 
the detection of all the elements (except hydrogen) which are present in 
the sample under analysis. Additionally, the analysis depth is located 
typically between 1 and 3 nm [34], which means that the obtained data 
should correspond to the chemical composition of the last sheet forming 
the top layer in a thin-film composite membrane.  
 
In Table 2.14 are summarized the XPS experimental data corresponding 
to the FilmTec membranes, which were recently published [85], together 
with the element compositions for the linear and cross-linked constituting 
units, directly determined from their chemical structures (Table 2.7) as 
follows: 

100% 



ONC

C

NNN

N
C                         (Eq. 2.2) 

where: 
%C = carbon composition (%) 
NC: number of carbon atoms (-) 
NN: number of nitrogen atoms (-) 
NO: number of oxygen atoms (-) 

 

100% 



ONC

N

NNN

N
N                         (Eq. 2.3) 

where: 
%N = nitrogen composition (%) 
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100% 



ONC

O

NNN

N
O                         (Eq. 2.4) 

where: 
%O = oxygen composition (%) 

 

N

O

N

N

N

O
                                              (Eq. 2.5) 

where: 
O/N = oxygen to nitrogen ratio (-) 

 
Table 2.14: Atomic concentrations for NF-membranes and constituting units. 

 

Membrane 
Constituting 

unit 

Element composition (%) 
O/N ratio 

Carbon Nitrogen Oxygen 

NF-90 

Top layer 
[85] 

73.9 ± 1.4 12.1 ± 1.0 14.0 ± 1.5 1.16 ± 0.16 

Linear  

C15N2O4 
71.5 9.5 19.0 2.0 

Cross-linked 

C36N6O6 
75.0 12.5 12.5 1.0 

NF-270 

Top layer 
[85] 

71.1 ± 1.1 12.5 ± 0.4 16.4 ± 1.0 1.31 ± 0.09 

Linear 

C13N2O4 
68.5 10.5 21.0 2.0 

Cross-linked 

C30N6O6 
71.4 14.3 14.3 1.0 

 
The experimentally determined element composition can be approximately 
considered as a weighted mean of the element composition of each 
constituting unit, with the amount of each constituting unit as weights, as 
follows: 

CLLTL X
nm

n
X

nm

m
X %%% 



















                                 (Eq. 2.6) 

where: 
%XTL = element X composition for the top layer (%) 
m: Number of linear constituting units (-) 
n: Number of cross-linked constituting units (-) 
%XL = element X composition for the linear constituting unit (%) 
%XCL = element X composition for the cross-linked constituting unit (%) 
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As it was pointed out, this last equation must be seen as an approximation 
that considers that linear and cross-linked units have very much higher 
weights than both types of end-groups. Indeed, amino groups do not 
contribute with any atom to this calculation (hydrogen atoms are excluded 
during XPS analysis), while carboxylic acid end-groups contribute only 
with an additional oxygen atom. 
 
In this context, the ratio oxygen-nitrogen is a measure for the membrane 
cross-linking degree [54]. An O/N ratio of 2 represents a fully linear 
polyamide structure (n = 0), while an O/N ratio of 1 represents a fully 
cross-linked polyamide structure (m = 0). Considering that each 
membrane comprises “m” linear units and “n” cross-linked units, it is 
possible to relate this amount of constituting units with the O/N ratio as 
follows: 

nm

nm
N

O




62

64
                           (Eq. 2.7) 

 
Furthermore, if the O/N ratio is known (i.e. from XPS data), then it is 
possible to determine the ratio between cross-linked and linear units, as 
follows: 

 13

2






N
O

N
O

m
n                           (Eq. 2.8) 

where: 
n/m: Cross-linked to linear units ratio (-) 

 
Applying this equation to the experimental O/N ratios shown in Table 2.14, 
an n/m ratio can be obtained for the NF-90 membrane, which can be 
represented as a fractional number by 9/5. In a similar way, an n/m ratio 
for the NF-270 membrane can be also obtained, which can be represented 
as a fractional number by 3/4. However, an equivalent value of 6/8 
(instead of 3/4) was selected in this study for the NF-270 membrane. 
 
That means that the smallest pattern representing the chemistry of the NF-
90 top layer comprises 9 cross-linked constituting units and 5 linear 
constituting units, while the equivalent pattern representing the chemistry 
of the NF-270 membrane top layer comprises 6 cross-linked constituting 
units and 8 linear constituting units. In both cases is the total number of 
constituting units the same (14 in total). Then, by direct comparison of the 
numbers of cross-linked units in each case, it is possible to confirm that 
the NF-90 membrane has a higher cross-linking degree (9/14) than the 
NF-270 membrane (6/14).  



 48

However, the actual challenge consists of finding an arrangement 
containing 14 constituting units for each membrane. According to Table 
2.15, the number of linear and cross-linked constituting units defines how 
many trifunctional and difunctional monomers are involved. Trimesoyl 
chloride can build three covalent bonds, while both amines can build only 
two covalent bonds. As consequence, some covalent bonds remain “open” 
for further growth of the polymeric structure.   
 

Table 2.15: Basic information needed to assemble the membranes patterns. 
 

Number of 
Membrane 

NF-90 NF-270 

Linear units (m) 5 8 

Cross-linked units (n) 9 6 

Trifunctional monomers 23 (5*1+9*2) 20 (8*1+6*2) 

Difunctional monomers 32 (5*1+9*3) 26 (8*1+6*3) 

Remaining bonds 5 (23*3-32*2) 8 (20*3-26*2) 

 
With all these assumptions in mind, the constituting units should be 
randomly arranged to form the polyamide structure. A first approach to 
possible arrangements for the chemical structure of both FilmTec NF-
membranes is represented in Figures 2.8 (NF-90) and 2.9 (NF-270), 
considering also the presence of charged groups and the molecular 
interaction potentials for the whole arrangement.  
 
In the first case, a dense structure was obtained in agreement with a 
higher cross-linking degree; while in the second case a loose structure 
was found. In both cases, the existence of openings is evident: the NF-90 
membrane exhibit two kinds of such openings, while the NF-270 
membrane exhibits only one opening type.  
 
However, an obvious criticism for such patterns is related to the question:  
are only these arrangements possible? And the answer should be no.  
 
In order to consider an arrangement as reliable, it should be coherent with 
the properties exhibited by the membrane and able to describe them in an 
adequate way.  
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Figure 2.8: Pattern developed for the NF-90 membrane (9 cross-linked and 5 
linear units), coloured according to Figure 2.4. Black points are “open” bonds. 
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Figure 2.9: Pattern developed for the NF-270 membrane (6 cross-linked and 8 
linear units), coloured according to Figure 2.4. Black points are “open” bonds. 
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Because several arrangements may differ in the number and nature of 
end-groups, the determination of the theoretical isoelectric point (IEP) in 
the wet state can be a useful way to check such coherence, considering 
that the IEP is the pH at which a particular molecule carries not net 
electrical charge [83].  
 
In this case, the chemical structures for both membranes as well as the 
pKa values of their charged groups are needed. Based on the following 
dissociation reaction:  
 

Acid + Base (H2O) ↔ Conjugate base + Conjugate acid (H3O
+) 

 
for carboxylic groups (acting in this case as acid, -COOH), the conjugate 
base is the carboxylate anion (COO-), while for amino groups (acting in 
this case as conjugate base, -NH2 or -NH), the corresponding acid is the 
protonated amino group (H2N

+ or H3N
+). 

 
If the pH of the solution is given and the pKa value for each involved group 
is known, it is possible to calculate the amount of charged groups already 
formed, using the following equations: 

 
 acid

baseconjugate
pKapH

_
log                       (Eq. 2.9) 

where: 
pH: pH of the solution (-) 
pKa: pKa value for the charged group under consideration (-) 
[conjugate_base]/[acid]: concentration ratio of conjugate base to acid (-) 

 

100*
][]_[1

][]_[
_%

acidbaseconjugate

acidbaseconjugate
baseConjugate


         (Eq. 2.10) 

where: 
%Conjugate_base: amount of carboxylate anions already formed (-) 

 
baseConjugateAcid _%100% 

  
                                        (Eq. 2.11) 

where: 
%Acid: amount of protonated amino groups already formed (%) 

 
When the pH of the solution is equal to the pKa value of the group under 
consideration, the concentration quotient of conjugate base to acid is 
equal to unity, meaning that 50% of the compound exists in the acid form, 
and 50% exist in the conjugate base form.  
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Then, using the pKa values from Table 2.12, it is possible to calculate the 
pH-dependence of the amount of charged groups for both membranes, as 
it is shown in Figures 2.10a (NF-90) and 2.10b (NF-270).  
 
a) 

 
b) 

 
 

Figure 2.10: Distribution of charged groups according to the pH 
 of the feed solution: a) NF-90, b) NF-270. 



                          

 53 

Regardless the type of carboxyl end-group, 90% or more of the 
carboxylate anions are already formed at pH above 5; while the same 
amount of protonated amino groups are already formed when the pH is 
below 3.5 for the NF-270 membrane or below 8 for the NF-90 membrane.  
 
To calculate the theoretical IEP it is necessary to combine the information 
about the relative amount of charged groups (Figure 2.10, Equations 2.9 
to 2.11), with the number of positive and negative groups for each 
membrane pattern, which can be directly obtained from Figures 2.8 and 
2.9. Then, the theoretical IEP corresponds to the pH in which the net 
charge obtained is zero, as follows: 
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X
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        (Eq. 2.12) 

where: 
NCOO

-: number of deprotonated carboxylic acid groups (-) 
%COO-: amount of deprotonated carboxylic acid groups already formed at pH = 
IEP (%) 
NNHx

+: number of protonated amino groups (-) 
%NHx+: amount of protonated amino groups already formed at pH = IEP (%) 
 

These calculations are summarized in Table 2.16 (NF-90 membrane) and 
Table 2.17 (NF-270 membrane).  

 
Table 2.16: Theoretical determination of the isoelectric point for the pattern 

presented in Figures 2.8 (NF-90 membrane).  
 

NF-90 
membrane 

Charged group 

COO- 
Linear 

COO- Terminal H3N
+ 

Number of groups 
(from Figure 2.8) 

5 1 1 3 

pKa value 
(from Table 2.12) 

2.52 2.66 2.92 4.23 

Amount formed at 
pH = 2.45  

(Eq. 2.9-2.11) 
46.23% 38.38% 25.50% 98.35% 

Contribution to 
charge 

(Eq. 2.12) 

-2.31 -0.38 -0.26 +2.95 

-2.95 +2.95 
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Table 2.17: Theoretical determination of the isoelectric point for the pattern 
presented in Figures 2.9 (NF-270 membrane).  

 

NF-270 
membrane 

Charged group 

COO- 
Linear 

COO- Terminal H2N
+ 

Number of groups 
(from Figure 2.9) 

7 1 1 1 

pKa value 
(from Table 2.13) 

2.56 2.81 2.91 8.48 

Amount formed at 
pH = 1.71 

(Eq. 2.9-2.11) 
12.39% 7.36% 5.94% 100.00% 

Contribution to 
charge 

(Eq. 2.12) 

-0.87 -0.07 -0.06 +1.00 

-1.00 +1.00 

 

 
The theoretical IEP is equal to pH = 2.45 and pH = 1.71 for the NF-90 and 
NF-270 membranes, respectively. However, both IEP values are lower 
than the experimental ones determined by zeta potential measurements, 
as it is shown in Figure 2.11.  
 

 
 

Figure 2.11: pH dependence of Z-potential for the NF-membranes under study. 
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Considering that in this case, the IEP is the pH for which the zeta potential 
is zero, values of 4.0 and 2.5 were determined for the NF-90 and the NF-
270 membranes, respectively. Furthermore, in a pH range between 2.5 
and 10, the NF-270 membrane exhibit always a net negative charge, while 
the NF-90 membrane can exhibit either positive (below the IEP) or 
negative (above the IEP) net charge depending of the pH of the solution.  
 
Based on these results, it can be concluded that the patterns proposed in 
Figures 2.8 and 2.9 are not representing the real arrangements, despite 
there are using all the constituting units involved and respecting the open 
bonds condition (Table 2.15). However, from the experimental IEP values 
it could be possible to find a new arrangement for both membranes, but a 
new challenge has to be solved: how many charged groups are needed in 
each pattern to obtain theoretical IEP values equal or very similar to the 
IEP experimental values?  
 
Considering that at least one terminal group (carboxylic acid or amine) 
should be present and the number of carboxylic acid groups should be at 
least equal to the number of linear constituting units, the results of such 
iterative procedures are summarized in Table 2.18 (NF-90 membrane) and 
Table 2.19 (NF-270 membrane). From this information, it can be 
concluded that the number of protonated amino groups is decisive for the 
IEP location: now 6 (instead of 3) and 4 (instead of 1) protonated amino 
groups are required for the NF-90 and NF-270 membranes, respectively. 
 

Table 2.18: Determination of the number of charged groups for the NF-90 
membrane based on the experimental IEP value (pH = 4.0). 

 

NF-90 
membrane 

Charged group 

COO- 
Linear 

COO- Terminal H3N
+ 

Amount formed at 
pH = 3.43 
(Eq. 3-5) 

89.04% 85.47% 76.37% 86.33% 

pKa value 
(from Table 2.12) 

2.52 2.66 2.92 4.23 

Number of groups 
needed 

4 1 1 6 

Contribution to 
charge 

-3.56 0.86 0.76 +5.18 

-5.18 +5.18 
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Table 2.19: Determination of the number of charged groups for the NF-270 
membrane based on the experimental IEP value (pH = 2.5). 

 

NF-270 
membrane 

Charged group 

COO- 
Linear 

COO- Terminal H2N
+ 

Amount formed at 
pH = 2.56 
(Eq. 3-5) 

50.00% 35.99% 30.88% 100.00% 

pKa value 
(from Table 2.12) 

2.56 2.81 2.91 8.48 

Number of groups 
(from Figure 2.9) 

8 0 0 4 

Contribution to 
charge 

-4.00 0 0 +4.00 

-4.00 +4.00 

 

After this calculations IEP values equal to pH = 3.43 and pH = 2.56 were 
obtained for the NF-90 and the NF-270 membranes, respectively, being 
the last value in good agreement with the experimental one (pH = 2.5). 
Furthermore, if the net charge is calculated for different pH values, very 
different tendencies to those expected are obtained (Figure 2.12). 
  

 
 

Figure 2.12: Z-potential and theoretical net charge for both NF-membranes. 
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The curves exhibit a similar tendency around the IEP (despite the 
displacement in the case of NF-90 membrane), but exhibiting completely 
different behaviours at higher pH values. These tendencies are suggesting 
that each charged group possesses definitively an own pKa value, 
determined by the influence of the surrounding chemical structure. 
However, they can also indicate that charged groups in the sheet 
underneath the surface sheet have also an influence in the determination 
of both theoretical and experimental IEP values.  
 
However, the aim of this work is to propose a better picture for both 
nanofiltration membranes and not to discover their real structures. Then, it 
should be necessary to modify the patterns already presented in Figures 
2.8 and 2.9, in order to satisfy the new conditions with respect to the 
number of charged groups. Both modified patterns are represented in 
Figures 2.13 (NF-90 membrane) and 2.14 (NF-270 membrane). By direct 
comparison of the original and new patterns, it is clear than to achieve the 
new condition of more amino end-groups, a looser structure is achieved in 
both cases. Additionally, the big opening initially found disappears from 
the NF-90 structure.  
 
The atomic concentrations and the O/N ratio for all the pattern structures 
are summarized in Table 2.20. All values are in good agreement with the 
experimental ones, even after loose the original patterns. 

 
Table 2.20: Surface atomic concentrations for NF-membranes 

 and the membranes patterns developed in this work. 
 

Membrane 
Constituting 

unit 

Element composition (%) 
O/N ratio 

Carbon Nitrogen Oxygen 

NF-90 

Top layer 
[85] 

73.9 ± 1.4 12.1 ± 1.0 14.0 ± 1.5 1.16 ± 0.16 

Pattern  
Figure 2.8  

74.03 11.87 14.10 1.188 

Pattern  
Figure 2.13  

74.16 11.90 13.94 1.171 

NF-270 

Top layer 
[85] 

71.1 ± 1.1 12.5 ± 0.4 16.4 ± 1.0 1.31 ± 0.09 

Pattern  
Figure 2.9 

70.12 12.84 17.04 1.327 

Pattern  
Figure 2.14 

70.30 12.87 16.83 1.308 
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Figure 2.13: Modified pattern for the NF-90 membrane to assure expected IEP, 
coloured according to Figure 2.4. Black points are “open” bonds. 
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Figure 2.14: Modified pattern for the NF-270 membrane to assure expected IEP, 
coloured according to Figure 2.4. Black points are “open” bonds. 
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In this context, the molecular structures for the three kinds of openings 
identified in Figures 2.8 and 2.9 (but also in Figures 2.13 and 2.14) were 
drawn using ISISTM/Draw 2.4 (MDL Information Systems, Inc.), with every 
open bond being represented as a carboxylic acid end-group.  
 
Then the structures were optimized using HyperChemTM 7.5 (Hypercube, 
Inc.) or MOPAC2009TM (Stewart Computational Chemistry) and the results 
are summarized in Table 2.21.  Finally, optimized structures were 
processed with JMol 11.8.7 (an open-source Java viewer for chemical 
structures in 3D) in order to determine opening size as the distance 
between two opposite atoms.  
 
The NF-270 membrane has a mean opening size of 1.60 nanometres. 
This kind of opening was already described for polypiperazine amides, but 
no details about how such a structure was established were given [86]. 
However, the opening size reported (1.5 nanometres) is in good 
agreement with our measurements.  
 
On the other hand, the openings found in the NF-90 membrane structure 
exhibit two different mean sizes: 1.20 and 2.05 nanometres, for the small 
and big openings, respectively. In this case, no previous references were 
found for these openings. 
 
However, it is known that trimesic acid (derived from trimesoyl chloride by 
hydrolysis) forms a two-dimensional network of six-molecule rings which is 
kept together by internal hydrogen bonds. This network exhibits a similar 
structure than the smallest opening of NF-90, and its size was estimated 
to be 1.4 nanometres [87]. 
 
Similar structures to those presented in Table 2.21, which have opening 
sizes below 1 nanometre and exhibit also separating properties already 
used in chromatographic and chemical analysis, are found in cyclodextrins 
[88] and crown ethers [89]. 
 
Additionally, considering the aforementioned picture that the top layer is 
formed by several sheets and also considering that every sheet contains 
such openings, then the existence of pores in nanofiltration membranes 
can be thus explained as the connection between openings located in 
adjacent sheets.  
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Table 2.21: Nano-openings resulting from the polyamide structure of  
NF-membranes. 
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Furthermore, if the current classification of pore size for catalysis 
recommended by the IUPAC is used [90], these pores are micropores, as 
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the pore width (smallest dimension) is smaller than 2 nanometres. 
However, a new proposal for the classification of pore sizes indicates that 
these pores can be considered as inter-nanopores (pore size between 1 
and 10 nanometres) [91]. 
 
By using the structures from Table 2.21 it is also possible to identify the 
spatial distribution of the molecular interaction potentials. H-acceptor and 
H-donor potentials are operating within the NF-90 membrane openings; 
while H-acceptor potential and hydrophobic potentials are operating within 
the NF-270 membrane openings. For both membranes, charge transfer 
and hydrophobic potentials are also operating above and below the plane 
in which the openings are located.  
 
Finally, the gained knowledge allows to conclude that the separation by 
charge and solution-diffusion mechanisms could be explained using the 
molecular interaction potentials of each membrane; while the separation 
by sieving could be explained through the stereochemistry aspects, 
especially those concerning to the arrangement of the constituting 
structures and the existence of nano-openings in the membrane structure.  
 
2.4 UNDERSTANDING MEMBRANE CHARACTERISTICS 
 
Up to now, the traditional approach to characterize membranes focus on 
the determination (by using several well-established methods) of four 
groups of parameters in order to explain membrane properties or the 
performance obtained in a specific application. These parameters are 
summarized in Figure 2.15 and can be described as follows:  
 Morphology parameters intend to characterize the membrane in terms 

of its surface roughness and porous structure, as well as its 
hydrophobicity.  

 Charge parameters describe the characteristics of the membrane when 
it acquires electrical charge in contact with water.  

 Performance parameters are related to the retention measurements of 
both charged and uncharged solutes, which give an idea about surface 
charge and pore size; as well as permeability measurements to 
determine the resistance offered by the membrane to solvent flow.   

 Stability parameters are not normally considered as part of the 
classical membrane characterization [92], but they comprise thermal, 
mechanical and chemical resistance (especially against extreme acid 
or basic environments and chlorine attack), but also low tendency to 
fouling.  
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Figure 2.15: Most important characteristics of nanofiltration membranes. 

 
However, by following this traditional approach it is only possible to 
establish few and dispersed connections between chemical structure, 
properties and performance.   
 
In this work, a new approach based on the T-SAR analysis is developed to 
understand membrane characteristics from its chemical structure. In 
Figure 2.16 the T-SAR triangle is combined with a second triangle 
comprising the four groups of parameters from Figure 2.15.  
 
Once that the T-SAR algorithm is successfully applied as in Section 2.3, a 
detailed analysis of the membrane characteristics can be conducted, 
either by direct determination of membrane characteristics or simply by 
using data already published about the membranes. As it can be observed 
in Figure 2.15, the data derived from at least two corners of the T-SAR 
triangle is required to explain each group of membrane characteristics: 
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Figure 2.16: The new approach uses T-SAR to understand membrane 
characteristics. 

 
 By combining stereochemistry data and the corresponding molecular 

interaction potentials, both morphology and performance (permeability) 
parameters can be discussed.  

 The analysis of charge and performance (retention) parameters 
requires molecular interaction potentials together with reactivity data.  

 The information related to stereochemistry and reactivity gives 
evidence to support the stability behaviour of the membrane against 
thermal, mechanical and chemical agents.   

 
In order to illustrate the use of the new approach and aiming to ascertain 
its advantages in comparison to the classical one, it will be employed for 
the analysis of the NF-90 and NF-270 FilmTec membranes.  
 
2.4.1 Morphology parameters 
 
A first approach to learn more about the morphology of the membranes is 
to visualize it by scanning electron microscopy. The NF-90 membrane 
(Figure 2.17a) exhibits a rougher surface than the NF-270 membrane 
(Figure 2.17b). The structure of NF-90 showed the typical ridge-and-valley 
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structure, which is characteristic of those membranes where aromatic 
amines reacted with trimesoyl chloride [8].    
 
a) 

 
 
b)

 
 

Figure 2.17: Microscopy views (left: ESEM, right: SEM) of nanofiltration 
membranes top layer surface: a) NF-90, b) NF-270 

 
Despite the role of the polysulfone layer on the surface morphology of 
polyamides has been recently discussed [93], it is believed that the 
characteristics of the surface are more related with the cross-linking 
degree of each membrane. For example, comparing the chemical 
structure of both membranes, it can be observed that the NF-90 
membrane pattern (Figure 2.13) contain less open bonds, which allows 
certain flexibility on the resulting surface. Then, those constituting units 
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nearby the open bonds constitute deep regions in the surface, while the 
units which are not suffering the strain derived from the open bonds, lead 
to produce high regions in the surface. On the contrary, the NF-270 
membrane pattern (Figure 2.14) has more open bonds by the same 
number of constituting units, which tend to strain the structure and thus, to 
smooth down the resulting surface.  
 
The surface roughness can be derived from Atomic Force Microscopy 
(AFM) measurements, in which a three-dimensional picture from the 
membrane surface can be obtained [92]. Surface roughness values 
already published for both FilmTec membranes are summarized in Table 
2.22. Arithmetic Average (AA) and Root-Mean-Square (RMS) are 
alternative methods by which the roughness mean value is computed. The 
AA method uses the absolute values of the deviations from the mean line, 
while the RMS method uses the squared values of the same deviations 
[94].  
 

Table 2.22: Membrane surface roughness derived  
from AFM measurements at different scan sizes.  

 

Type of 
roughness 

Scan size  
(m2) 

Surface roughness (nm) 
Reference 

NF-90 NF-270 

Arithmetic 
Average,  

AA 

1 x 1  31.3 3.0 [95] 

2 x 2 22.8 3.4 [94] 

5 x 5 84.5 10.2 [95] 

Root mean 
square,  

RMS 

1 x 1 21.9 2.8 [96] 

2 x 2 27.8 4.4 [94] 

5 x 5 38.8 4.6 [96] 

 
The differences between the values are due to the heterogeneity of the 
membrane surface and the scan sizes used. However, a tendency is clear: 
the surface roughness for the NF-90 membrane is manifestly higher than 
the surface roughness for the NF-270 membrane. These results support 
the qualitative conclusions derived from microscopy analyses and are a 
consequence of the chemical structure and the cross-linking degree of the 
studied membranes. 
 
From AFM measurements, and also by using retention data of uncharged 
solutes (like sugar, polyethylene glycol and glycerol), it is possible to 
estimate the pore size of membranes (Table 2.23).  
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Table 2.23: Pore sizes of nanofiltration membranes.  

 

Parameter 
Membrane 

Derived from Reference 
NF-90 NF-270 

Pore size (nm) 

0.51 0.68 AFM data [94] 

0.399 0.395 Retention data [95] 

0.34 0.42 Retention data [97] 

 

Apart the results for reference [95], which were not expected and were 
argued due to experimental errors; the pore size for the NF-270 
membrane is slightly higher than the pore size for the NF-90 membrane. 
However, all values are considerably smaller than those values showed in 
Table 2.21. On the one hand, it is known that pore sizes derived from AFM 
measurements can be underestimated due to the tip can not probe into 
the depth of the pore and that pore sizes derived from retention data are 
subject to the limitations of the available models to describe separation 
performance [98].  
 
On the other hand, real pore sizes should be smaller than the values 
shown in Table 2.21, because the latter values represent the distance 
between two opposite atoms of the opening structure and they are, in 
consequence, the biggest size possible. It can be demonstrated when the 
surface area surrounding the opening structure is considered. The 
membrane openings are represented again in Table 2.24, but now 
including the Van der Waals surface area and the solvent accessible 
surface area, if the solvent is water. The reduction in the opening size as a 
measurement of free space to permeation results evident and can reach 
up to 76% of the original size for the NF-90 membrane smallest pore. 
 
Hydrophobicity can be also described using the T-SAR approach. 
Theoretically and according to the identified molecular interaction 
potentials for each membrane (Figures 2.13 and 2.14), the NF-90 
membrane exhibit both H-donor and H-acceptor potentials, the same 
potentials exhibited by the water molecule. That means that the NF-90 
membrane must interact easily with water. On the contrary, interactions 
between the NF-270 membrane and water molecules are less favourable 
because H-donor potentials are absent in its structure, leaving more parts 
of the membrane which exhibit hydrophobic interaction potential in contact 
with water.  



 68

Table 2.24: Different representations of the membrane openings. 

 
 

Representation used 

Only chemical 
structure 

Van der Waals 
surface area 

Solvent accessible 
surface area 

N
F

-2
70

 

 
Mean size ≈ 1.60 nm 

 
Mean size ≈ 1.26 nm 

 
Mean size ≈ 0.86 nm 

N
F

-9
0 

 
Mean size ≈ 2.05 nm 

 
Mean size ≈ 1.91 nm 

 
Mean size ≈ 1.46 nm 

 
Mean size ≈ 1.20 nm 

 
Mean size ≈ 0.83 nm 

 
Mean size ≈ 0.29 nm 

 
The contact angle () is a measure of wettability of the membrane i.e., the 
capacity of water to be adsorbed, which can be interpreted as the 
hydrophobicity of the membrane. Furthermore, measurements in wet state 
are beneficial, because they are less influenced by swelling and presence 
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of pores [92]. In Table 2.25 contact angle values are summarized from 
literature for both membranes, either determined by the captive bubble 
method or the sessile drop method, but the contact angle being always 
measured in the fluid phase with a higher density [99]. In both cases, 
contact angles lower than 90° indicate a hydrophilic surface, being 0° the 
contact angle for perfect wetting. 
 

Table 2.25: Contact angles as a measure of membrane hydrophobicity.  

 

Method 
Contact angle,  (°) Membrane 

state 
Reference 

NF-90 NF-270 

Sessile drop 

44.7 32.6 Vacuum dried [85] 

54 27 Wet [96] 

45.4 28.8 Air dried [100] 

Captive bubble 
38.7 51.4 Wet [101] 

42.5 55.0 Wet [102] 

 
Those values determined by using the captive bubble method are in good 
agreement with the behaviour expected derived from the analysis of 
molecular interaction potentials, indicating that the NF-90 membrane is 
more hydrophilic than the NF-270 membrane. However, the results 
obtained by the sessile drop method (regardless the membrane state) are 
contradictory to those expected from the chemical structure, and in 
consequence can be hardly considered as reliable. Finally, no matter the 
method used, well swollen membranes should be used and the time 
evolution of the contact angle has to be considered in order to provide 
equilibrium values rather than instantaneous values; but also the 
membrane roughness and surface texture effects should be considered 
during the analysis of experimental data [103].  
 
2.4.2 Charge parameters 
 
The isoelectric points obtained in this work and those values from 
literature are presented in Table 2.26. Values reported for the NF-90 
membrane exhibit more consistency than those reported for the NF-270 
membrane, which can be related with the difficulty of the swelling process 
for this membrane, due to its higher hydrophobicity. In our measurements, 
it was found that after 90 minutes and 3 days exposure to aqueous 
solution, the zeta potential for the NF-270 membrane varied 30% and 70% 
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respectively, when compared to the zeta potential measured after 
instantaneous exposure to aqueous solution. 
 

Table 2.26: Isoelectric points of nanofiltration membranes.  

 

Isoelectric point, IEP (pH units) Electrolyte 
used 

Reference 
NF-90 NF-270 

4.0 2.5 5 mM KCl This work 

4.2 2.8 5 mM KCl [95] 

3.5 3.5 10 mM KCl [96] 

4.0 Not reported 10 mM KCl [101] 

4.0 3.5 
20 mM NaCl 

1 mM NaHCO3 
[104] 

 
By means of a two steps titration already described in Section 2.2.3, the 
amount of positively and negatively charged groups for each membrane 
were determined, using top layer thickness already published in the 
literature (Table 2.27).  
 

Table 2.27: Amount of membrane charged groups obtained by titration. 

 

Membrane 
NF-90 

Density of charged groups,  (groups/nm3), 

according to the membrane thickness () 
= 134 nm  

From Ref. [32] 
= 180 nm 

From Ref. [33] 
= 214 nm  

From Ref. [32] 
Positively 
charged 

9 ± 1 7 ± 1 6 ± 1 

Negatively 
charged 

9 ± 1 7 ± 1 6 ± 1 

Membrane 
NF-270 

Density of charged groups (groups/nm3), 
according to the membrane thickness () 

= 27 nm  
From Ref. [32] 

= 80 nm 
From Ref. [32] 

= 170 nm  
From Ref. [33] 

Positively 
charged 

43 ± 9 14 ± 3 7 ± 1 

Negatively 
charged 

46 ± 11 15 ± 4 7 ± 2 
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For a given thickness, it can be observed that the amount of positively and 
negatively charged groups is almost the same. Despite this result can be 
considered at a first sight as unforeseen, it should be expected, because 
titration determines not only the charge at the exterior surface, the 
contribution of the total membrane charge is taken also into account [31]. 
Furthermore, it is known that the reaction mechanisms involved in 
interfacial polymerization lead to an asymmetric distribution of end-groups. 
The surface exposed to the water phase during reaction contains only 
amino end-groups, while the opposite surface is rich in carboxyl end-
groups. In between, density and kind of end-groups change continuously 
[17]. 
 
The second aspect to be discussed from Table 2.27 is related to the real 
thickness of the top layer for each membrane. For the NF-90 membrane, 
both references found are in good agreement and in consequence, the 
densities of charged groups obtained are very similar. However, in the 
case of the NF-270 membrane all values reported are very different, 
leading to a big variation in the density of charged groups. In both cases, 
charge density real values should be lower than calculated values, 
because the membrane thicknesses used were determined for 
membranes in dry state. Moreover, in a previous reference which uses the 
same method to determine membrane thickness, an increase up to 26% of 
thickness for swollen membranes was reported [105]. 
  
2.4.3 Stability parameters 
 
Both membrane top layers are formed by cross-linked polymers, which 
can be considered as amorphous materials. With increasing temperature, 
they should exhibit a reversible transition from a hard state (chain motion 
is limited) into a rubber-like state (chains are able to rotate or slip), 
generally characterized by the glass-transition temperature (Tg) [5].  
 
In a recent publication, the glass-transition temperatures for the NF-90 and 
NF-270 membranes were reported as 43°C and 41°C, respectively [33], 
values which are in good agreement with the maximal operating 
temperature (45°C) derived from the manufacturer information (Table 2.3). 
Despite the glass transition should be a reversible process; increasing the 
operating temperature can produce irreversible changes in the original 
membrane morphology (thickness and pore size) due to further 
compaction above the glass-transition temperature.  
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Additionally, membranes exposed to chlorine lose their properties to 
structural changes, as result from chlorine attack on amide nitrogen and 
aromatic rings [106].  
 
In the case of the NF-90 membrane, both mechanisms are possible due to 
the presence of a secondary amide with fully aromatic chemistry. 
Furthermore, the patented procedure related to the synthesis of fully 
aromatic polyamides indicate that a post-treatment with chlorine or with a 
chlorine-releasing agent in order to reduce the possibilities for further 
chlorine attack was employed. Moreover, the tan colour of the NF-90 
membrane is a direct consequence of this post-treatment, which reduced 
the flux but slightly improved the salt rejection [59]. According to the 
structure presented in Figures 2.8 and 2.12, it is believed that the chlorine 
atoms can find place inside the biggest pores leading to a reduction of this 
size, which can also explain the reduction in flux and the increase in 
rejection.  
 
On the contrary, the NF-270 membrane should exhibit stronger resistance 
against chlorine, due to the absence of a hydrogen atom linked to the 
amide nitrogen, but also due to the aliphatic nature of the diamine ring. 
Some evidence in this direction is already known [107]. 
 
2.4.4 Performance parameters 
 
Finally, an analysis of separation performance parameters following the T-
SAR approach is presented. The simplest membrane characterization 
experiment is the determination of the pure water permeability. In Figure 
2.18 water flux values for compacted membranes are represented as a 
function of the transmembrane pressure differences (full dots), but also the 
effect of membrane compaction can be also observed (open dots).  
 
Linear regressions give, as a slope, the pure water permeabilities, 
resulting in a higher value for the NF-270 membrane (11.7 L/m2hbar) 
compared with the NF-90 membrane (4.6 L/m2hbar). These results are in 
qualitative agreement with the results derived from the stereochemistry 
and the molecular interaction potentials for both membranes.  In the one 
hand, the NF-90 membrane possesses smaller pores and higher 
roughness than the NF-270 membrane. Additionally, the NF-90 top layer is 
thicker than the NF-270 top layer, a factor which is also contributing to the 
reduction in the water permeability 
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Figure 2.18: Determination of the pure water permeability of nanofiltration 
membranes considering the effect of membrane compaction. 

 
On the other hand, the NF-90 membrane exhibit stronger interactions with 
the water molecules due to the formation of hydrogen bonds. While these 
interactions are weaker within the NF-270 membrane pores. All of these 
effects complicate the flow of water through the membrane, leading to a 
smaller water flux for a given pressure difference. 
 
Water fluxes obtained during the compaction process are slightly higher 
than those obtained for the same membrane after compaction, except for 
those water fluxes obtained at the highest pressure difference used, which 
are slightly lower and indicate the status of compaction.   
 
For comparison purposes, Table 2.28 contains the pure water permeability 
values reported by other studies for the membranes under consideration.  
In all cases it was obtained that the NF-270 membrane possesses higher 
water permeability than the NF-90 membrane. However, except the results 
derived from this work, all the measurements were carried out at low 
pressures, at which the compaction process can not proceed completely. 
Then, higher values than those reported here can be expected. 
Additionally, in some studies the water permeability is calculated based on 
a single point and thus the reported value is missing reliability.  
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Table 2.28: Pure water permeability values of nanofiltration membranes.  

 
Pure water permeability,  

LP (L/m2hbar) 
Applied 

pressure 
(bar) 

Experimental 
conditions 

Reference 
NF-90 NF-270 

4.6 11.7 10 – 40  
Deionised water 

13.9 cm2 membrane 
This work 

11.2 14.5 13.8 
MilliQ water 

140 cm2 membrane 
[85] 

13.0 17.6 3 – 13 
Deionised water 

274 cm2 membrane 
[95] 

5.2 8.5 8 
No details are given 
59 cm2 membrane 

[96] 

6.4 13.5 12 
Deionised water 

46 cm2 membrane 
[102] 

9.6 26.3 6 – 9 
No details are given 
30 cm2 membrane 

[108] 

 
Until now, it has been evidenced by discussing several membrane 
characteristics that not only the surface heterogeneity must be considered 
(or its influence must be minimized by increasing either the area under 
study or the number of repetitions), but also the experimental conditions 
and the analysis methods used have an influence on the results. Then, 
absolute values do not exist and discussions must be carried out with 
carefulness and more desirably, together with the membrane chemical 
structure, according to the approach proposed in this work. 
 
In this context, the complexity related to the variety of solutes tested, feed 
concentrations and pH values, analytical methods, pressure differences, 
type of filtration and so on; makes it almost impossible to use already 
published experimental data for the retention of charged and uncharged 
solutes. In this work, the analysis of retention values will be only 
considered for the case of ionic liquids, as follows in the next and last 
section. 
 
2.5 UNDERSTANDING THE SEPARATION OF IONIC LIQUIDS 
 
As a final part of the discussion, the developed model for nanofiltration 
membranes will be used to understand the separation of ionic liquids later 
used in this work. In general, membranes derived from aromatic diamines 
(NF-90) show lower water fluxes, but higher retentions than those derived 
from aliphatic diamines (NF-270) [12].  
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The first aspect to be considered is the size of the ionic liquid ions. Ionic 
volumes were determined by using BP86/TZVP + COSMO calculations 
[109], while the ionic radius was calculated from the ionic volume 
assuming ideally spherical behaviour [110], as follows: 

3

4

3




 

 ION
ION

V
r

  
                                                                        (Eq. 2.13) 

where: 
r±

ION: ionic radius (nm) 
V±

ION: ionic volume (nm3)  

 
In Table 2.29 are summarized the corresponding ionic radii for selected 
anions and cations, ordered by increasing size. 

 
Table 2.29: Ionic volumes and radii for selected cations and anions. 

 

Ionic liquid entity6 
Ionic volume, 

V±
ION (nm3) 

Ionic radius, 
r±

ION (nm) 

Anions 

Cl 0.03577 0.204 

1COO 0.07797 0.265 

(CF3SO2)2N 0.2178 0.373 

Cations 

IM14 0.1966 0.361 

Py6 0.2387 0.385 

IM16 0.2438 0.388 

Pyr16 0.2589 0.395 

  
Chloride and acetate anions are considerably smaller than the 
(CF3SO2)2N anion, while this last anion has a size located between both 
imidazolium cations (IM14 and IM16 respectively). Moreover, all cations 
containing a hexyl side chain exhibit a similar size.  
 
In this context, the molecular radius for an ionic liquid can be calculated as 
the sum of anionic and cationic radius [110], as follows: 

  IONIONm rrr
  
                                                                        (Eq. 2.14) 

where: 
rm: molecular radius (nm) 

                                                 
6 Py6: 1-hexylpyridinium cation 
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r-
ION: anionic radius (nm) 

r+
ION: anionic radius (nm) 

 
The molecular diameter can be calculated as follows: 

mm rd  2
  
                                                                                  (Eq. 2.15) 

where: 
dm: molecular diameter (nm) 
 

Both molecular radius and molecular diameter for each ionic liquid 
considered later in this study were calculated and summarized in Table 
2.30. Because the molecular diameter does not consider hydration effects, 
these values should be only compared with the sizes of the membrane 
openings obtained when the Van der Waals surface is considered (second 
column in Table 2.24).  
 

Table 2.30: Molecular radii and diameter for selected ionic liquids. 

 

Ionic liquid 
Molecular 

radius, 
rm (nm) 

Molecular 
diameter, 
dm (nm) 

Hydrophilic 
character 

IM14 Cl 0.565 1.130 

IM14 1COO 0.626 1.252 

Hydrophobic 
character 

Py6 (CF3SO2)2N 0.758 1.516 

IM16 (CF3SO2)2N 0.761 1.522 

Pyr16 (CF3SO2)2N 0.768 1.536 

 
According to this, hydrophilic ionic liquids can permeate through the 
openings of the NF-270 membrane (opening size around 1.26 nm), while 
hydrophobic ionic liquids should be retained at a great extent due their 
whole size. However, it has to be taken into account that the molecular 
diameter consider that anion and cation are together due to charge 
interactions, but their permeation through the openings must not occurs 
simultaneously. 
 
In the case of the NF-90 membrane, all cations may be retained by the 
smaller openings (0.83 nm), but all ions could permeate through the bigger 
openings (1.91 nm). However, in the NF-90 membrane structure smaller 
openings are in higher amount than bigger openings, which also could 
posses a reduced opening size due to the presence of chlorine atoms or it 
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simply does not exist, as it was pointed out in Section 2.4.3. Then, it is 
expected that the NF-90 membrane retains preferably all ionic liquids 
considered in this study mainly by a sieving mechanism. 
 
On the contrary, in order to explain the differences in retention by the          
NF-270 membrane, molecular interactions potentials of the hydrophobic 
ionic liquids selected are required. They are quite different, due to the 
differences in the cations, as it is represented in Table 2.31.  

 
Table 2.31: Molecular interaction potentials for three hydrophobic ionic liquids: 

Py6 (CF3SO2)2N, IM16 (CF3SO2)2N and Pyr16 (CF3SO2)2N. 

 

Ionic liquid Cation Anion 

Py6 
(CF3SO2)2N 

 

IM16 
(CF3SO2)2N 

Pyr16 
(CF3SO2)2N 

 

 
The interaction potentials associated to the (CF3SO2)2N anion are a 
hydrophobic potential at the fluorinated carbon atoms, a delocalized 
negative charge due to resonance effects and an H-acceptor potential at 
the oxygen atoms. In the case of the NF-270 membrane, repulsions occur 
between the (CF3SO2)2N anion and the membrane due to both negative 
charge (at pH values > 2.5) and H-bonding acceptors in both chemical 
structures. Then, these repulsions lead mainly to high retentions for such 
ionic liquids, but also some influence is related to the cation employed.  
 
Both Py6 and IM16 cations exhibit hydrophobic potential and charge 
transfer potentials, but with an important difference: in case of Py6 the 
positive charge is localized at the nitrogen atom, while in the case of IM16 
there is a delocalized positive charge between both nitrogen atoms. Pyr16 
cation exhibits hydrophobic potential but no charge transfer due to an 
aliphatic ring, with a localized positive charge which can be partially 
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sheltered because both methyl and hexyl side chains are bounded to the 
same nitrogen atom. From logk0 values derived from reversed phase 
gradient HPLC retention times and used as an approximate measure of 
cation lipophilicity, the following values were determined: 1.04 for Py6, 
1.24 for IM16 and 1.17 for Pyr16 [111,112]. 
 
Pyr16 cation exhibits interactions mainly due to the hydrophobic 
attractions with the NF-270 membrane structure. Both IM16 and Py6 
cations experience also charge transfer, which is not present in the Pyr16 
cation. Furthermore, the charge delocalization in the IM16 cation leads to 
weaker attractions with the negatively charged groups of the membrane.  
 
In this context, the following tendencies can be summarized in order of 
importance: 

 Cation size: Pyr16 > IM16 > Py6 
 Hydrophobicity: IM16 ≥ Pyr16 > Py6  
 Charge transfer potential: Py6 > IM16 
 Cation positive charge: Py6 > Pyr16 ≥ IM16 

 
Then, considering that cation size and hydrophobicity are playing the most 
important roles in the separation, the retention should decrease as follows: 
Pyr16 > IM16 > Py6. Finally, the higher the retention (due to lower 
interactions with the membrane structure) the higher the permeate flux. 
Then, the tendency Pyr16 > IM16 > Py6 is also valid for permeate fluxes. 
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3 ACHIEVING IONIC LIQUID RECOVERY 
 
 
 
 
3.1 BACKGROUND 
 
Nanofiltration is a membrane process which falls between reverse osmosis 
and ultrafiltration in its separation characteristics: ultrafiltration membrane 
processes are not able to discriminate efficiently between low molecular 
weight species, whereas reverse osmosis membrane processes reject 
both low molecular weight species and salts. Such a process rejects 
species which have a size in the order of one nanometer, and then a 
suitable name for it should be nanofiltration [1].  
 
The most distinctive features of nanofiltration in comparison with other 
membrane processes are summarized in Figure 3.1. 
 

 
 

Figure 3.1: Separation characteristics of different membrane processes. 

 
Nanofiltration exhibits low rejection for salts with monovalent anions and 
non-ionized organics with molecular weight below 150 g/mol, while the 
rejection is high for salts with di- and multivalent anions and organics with 
molecular weight above 300 g/mol. As consequence, nanofiltration has 
introduced a new perspective for applications in the processing of foods, 
pharmaceuticals, demineralising water, separation processes, for 
downstream processes and treatment of industrial effluents [1,2]. 
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3.1.1. Components of a membrane process 
 
Nanofiltration, like all the pressure-driven membrane processes, separates 
a feed stream in two streams: permeate and retentate. The retentate 
stream contains the material rejected by the membrane, while the 
permeate stream contains the material that permeated through it, as it is 
shown in Figure 3.2. 

 
Figure 3.2: Main components of a pressure-driven membrane process. 

 
If the feed is pumped directly towards the membrane and no retentate 
stream is leaving the module, the process is termed dead-end; but if the 
feed is pumped across or tangentially to the membrane surface and two 
streams are leaving the module, the process is known as cross-flow [3].  
 
The necessary components of a membrane process are the membrane, 
the module and the operating concept, which are completed with the 
system comprising the arrangement of modules, pumps, piping, tanks, 
controls and monitoring, pre-treatment and cleaning facilities [4].  
 
A membrane can be defined as a material through which one type of 
substance can pass more readily than other types, thus presenting the 
basis of the separation process. It is only useful if it takes a form which 
allows some components present in the feed to pass through it [5]. The 
module supports the membrane and provides effective fluid management. 
Membranes are produced either as flat sheets or tubes, and most 
industrial membrane equipment can be divided into three general classes 
[6]: 
 Plate and frame, comprising flat membranes in a filter-press type 

arrangement, 
 Spiral wound, where flat membranes are bounded together and 

wounded into a spiral arrangement, and 
 Tubular, were cylindrical membranes are placed in a shell-tube heat 

exchanger arrangement. 
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However, for laboratory trials, the dead-end stirred cell and the cross-flow 
tester are used with flat membranes. Which such set-ups is possible to 
test new membranes or to evaluate conveniently parameters concerning a 
specific separation problem; despite they do not provide the highest area 
per unit volume of equipment [4].  
 
The dead-end stirred cell is the simplest test system and has the 
advantage that relatively small liquid volume and membrane sample are 
required, as it is schematized in Figure 3.3(a). The solution to be treated is 
introduced in the upper chamber of the cell and then pressure is applied to 
force it through the membrane. Stirring is used to reduce concentration 
polarization and the system does not operate at steady state: samples 
must be taken for both chambers after several time periods to determine 
the performance of the separation [6].  
 
 

(a)  

(b)  
 

Figure 3.3: Laboratory set up: (a) dead-end stirred cell, (b) cross-flow tester.  
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The cross-flow tester involves a flat membrane, preferably with a feed 
channel spacer to simulate the spiral wound module, as it is shown in 
Figure 3.3(b). The feed stream is pumped from the feed tank and flow 
continues into the membrane cavity. Once there, the solution flows 
tangentially across the membrane surface. A portion of the solution 
permeates the membrane and is collected in a permeate tank. The 
retentate continues sweeping over the membrane and then flows into a 
separate tank or back into the feed tank [7]. 

 
Membrane systems can operate in batch or continuous mode. The 
selection is based on process objectives and economics. A batch 
operation is the better option when concentrating ionic liquids, as it is 
shown in Figure 3.4.  
 

Time period Cross-flow configuration – Stage of operation 

t < tSTART 

 

Tank is filled 
with feed 

tSTART < t < tEND 

    

Permeate is 
removed and 

retentate flows 
back to the tank 

t > tEND 

    

Concentrated 
feed is removed 

Figure 3.4: The three stages of batch operation for producing a concentrate.  
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This batch operation mode requires the least membrane area but a larger 
process tank. The tank is first filled with the entire quantity of feed to be 
concentrated (t < tSTART), then, as feed circulates through the membrane 
(tSTART < t < tEND), retentate flows back into the tank. The feed is 
concentrated by small amounts with each pass through the membrane, 
and the overall concentration in the feed tank increase as water is 
removed by permeation through the membrane. When the final 
concentration is reached (t > tEND), the concentrated feed is removed. After 
that, the system is cleaned, the process tank is then refilled with fresh feed 
and the processing begins again. Such batch systems are mainly used in 
smaller wastewater treatment applications that typically process less than 
4000 L/day [8]. 
 
3.1.2 Performance of membrane separations 
 
In a simple membrane separation process, a feed consisting of a mixture 
of two components (solute and solvent) is partially separated by means of 
the membrane through which one component (normally the solvent) move 
faster than another (in this case, the solute). Then, the feed mixture is 
separated into a retentate stream, enriched in solute, and a permeate 
stream, depleted in solute. 
 
 Applying material balances for the overall flow and the solute it is possible 
to relate the amounts of each stream and their compositions, based on the 
definitions shown in Figure 3.5, as follows: 

RPF QQQ                  (Eq. 3.1) 

where: 
QF: Volume of feed (L) 
QP: Volume of permeate (L) 
QR: Volume of retentate (L) 

 
 

 

Figure 3.5: Main variables related to membrane performance. 
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RRPPFF CQCQCQ                 (Eq. 3.2) 

where: 
CF: Concentration of ionic liquid in feed (g/L) 
CP: Concentration of ionic liquid in permeate (g/L) 
CR: Concentration of ionic liquid in retentate (g/L) 

 
When more than one solute is present, a material balance for each solute 
should be applied.  
 
The applied pressure difference, the membrane resistance, the 
hydrodynamics conditions at the feed-membrane interface and the fouling 
of the membrane surface determine the permeate flux, which is defined as 
the quantity of material passing through a unit area of membrane per unit 
time. This means that it takes SI units of m3/m2s (or simply m/s), and is 
occasionally named as the permeate velocity. Other non-SI units used are 
L/m2h, which tends to give more accessible numbers: membranes 
generally operate at fluxes between 10 and 1000 L/m2h. Then, it can be 
determined as follows: 

tA

Q
J

M

P
P 
                   (Eq. 3.3) 

where: 
JP: Permeate flux (L/ m2h) 
AM: Membrane area (m2) 
t: Time (h) 

 
The permeate flux relates directly to the driving force and the total 
resistance offered by the membrane and the interfacial region adjacent to 
it [5].  
 
The combination of the flux and the total membrane area determine the 
recovery or conversion of the process. The recovery, which can be also 
expressed as percentage, is the amount of the feed that is recovered as 
permeate: 

F

P

F

P

Q

Q
V

V 
   

                  (Eq. 3.4) 

where: 
VP/VF: (Process) recovery (-) 

 
A high recovery is aimed at in order to minimize the retentate fraction and 
to maximize the volume of the permeate [9].  
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The perm-selective property of the membrane to the solute is normally 
quantified as the retention or rejection, where: 

F

P

C

C
R  1                   (Eq. 3.5) 

where: 
R: Retention, rejection (-) 

 
Retention values are expressed normally as percentage. Furthermore, it is 
possible to have negative retention values if the membrane is selective for 
the solute. The retention of a membrane is a function of the permeation 
rate (thus the pressure drop across the membrane) and the solution 
composition. There are various models proposed to explain the retention, 
and the dependence of retention upon permeation rate and solution 
concentration can be different to each model. The agreement of such 
models with experimental data provides the principal justification for using 
them. However, most models can not take into account all the possible 
phenomena that take place in membrane transport [6]. 
 
Finally, the composition of the retentate is qualitatively identical to the feed 
composition, but for components rejected by the membrane the 
concentration is higher than in the feed. The concentration factor is 
defined as the ratio of the concentration of the solute in retentate and feed: 

F

R

C

C
CF                                       (Eq. 3.6) 

where: 
CF: Concentration factor (-) 

 
Combining the Equations 3.4, 3.5 and 3.6 with the Equation 3.2, it is 
possible to express the material balance for the solute as a function of 
three performance parameters: recovery, retention and concentration 
factor. The resulting equation is: 

 

F

P

F

P

V
V

RV
V

CF





1

11
                                     (Eq. 3.7) 

 
This can be also presented in a graphic form, as in Figure 3.6. For low 
recovery values, the retention has a minor influence on the concentration 
factor. However, for high recovery values the higher the retention the 
higher the concentration factor. For every recovery rate, no changes in the 
retentate concentration (it remains equal to the feed concentration) are 
observed if the solute is not rejected by the membrane (R = 0). 
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Figure 3.6: Graphical expression of the material balance for the solute. 

 
3.1.3 Second phase formation by concentration 
 
In pressure-driven liquid-phase membrane processes, such as 
nanofiltration, the accumulation of retained species close to the membrane 
is known as concentration polarization [4,10], which can be represented by 
the concentration gradient within a boundary layer adjacent to the 
membrane (Figure 3.7).  
 

 

Figure 3.7: Concentration polarization phenomenon. Adapted from [10]. 
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This layer contains near-stagnant liquid, since at the membrane surface 
itself the liquid velocity must be zero. Thus, rejected materials build up in 
the region adjacent to the membrane, increasing their concentration over 
the bulk value. Such a concentration build-up will generate a diffusive flow 
back to the bulk of the feed. A balance between the forces transporting the 
water and materials towards, through and away from the membrane 
occurs and the concentration profile within the boundary layer is 
established [5,11].  
 
The concentration achieved in this concentration boundary layer adjacent 
to the membrane and the spatial extend of this layer will be dependent 
upon a number of intrinsic and operational factors including concentration 
of the feed stream, the permeate flux and the hydrodynamic conditions at 
the membrane surface [12]. When the concentration within this boundary 
layer exceeds the solubility limit for the solute in the mixture, the onset of a 
second phase could be observed. In the case of dissolved salts, the 
solubility product is exceeded and the precipitation of the corresponding 
solid salt occurs. In the case of ionic liquids in aqueous solution such a 
situation is also expected, if the water solubility of the ionic liquid is 
exceeded a second phase will appear.  
 
Hydrophobic ionic liquids and water are one of the numerous liquid-liquid 
systems which show partial miscibility. However, few contributions dealing 
with liquid-liquid phase equilibrium of ionic liquids and water as a function 
of temperature have been reported [13,14]. In these binary systems under 
constant pressure, an increase in temperature will cause an increase in 
the limits of solubility for both ionic liquid in water and water in ionic liquid.  
 
For some ionic liquids [15], it has been observed that the two solubility 
curves slope toward one another and merge into each other at a 
temperature which is termed the upper critical solution temperature 
(UCST), as it is shown in Figure 3.8(a).  Above the solid line representing 
the phase boundary, both ionic liquid and water are completely miscible 
and only one phase exists. Below the phase boundary, two phases of 
different chemical composition are in equilibrium and phase separation is 
expected [16].  
 
The same diagram can be analyzed in terms of the system stability, as in 
Figure 3.8(b). The coexistence curve is often called the binodal curve and 
the area within it is termed miscibility gap, where are two phases 
coexisting. Below the binodal curve there is a metastable region, in which 
the system is stable to small fluctuations but is unstable to large 
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fluctuations. The line representing the stability limit in a miscibility gap is 
called a spinodal curve and inside the region of the phase diagram 
bounded by this curve, the system is in unstable equilibrium. The critical 
point is the only point where the stability limit can be reached by a stable 
system, because two coexisting states become identical here [17]. 
 
  (a)                                                          (b) 

         
Figure 3.8: (a) Temperature-composition diagram for ionic liquid and water at 
constant pressure. (b) The same diagram showing stability zones and limits. 

 
When a mixture from the one-phase region is brought inside the two-
phase domain by quenching, as it is represented in Figure 3.9, the 
homogeneous phase abruptly reaches either a non-equilibrium state 
(inside the spinodal curve) or a metastable equilibrium state (between the 
spinodal and binodal curves). Then, the system evolves toward a stable 
equilibrium state, where two phases are formed [18]. In the first case, the 
phase separation mechanism is called spinodal decomposition which is 
small in degree and large in extent and would generally produce an 
interconnected structure, while in the second case it is known as 
nucleation and growth; which is large in degree and small in extent, 
generally leading to the droplet morphology [19].  
 
If a concentration process at constant temperature is carried out, the 
change occurs now from the stable homogeneous phase into the 
metastable region, as is represented in Figure 3.10. Then, the 
transformation is initiated within the original phase by the nucleation of 
clusters of the new phase (containing a few atoms or molecules), which 
then grow to macroscopic dimensions.  
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Figure 3.9: Phase diagram showing phase separation obtained by quenching 
into the metastable or unstable regions. Adapted from [20]. 

 

 
 

Figure 3.10: Phase diagram showing phase separation obtained by isothermal 
concentration into the metastable region. 
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However, there is an energetic barrier to nucleation and a critical cluster 
size: smaller clusters will on average dissolve, while larger clusters will on 
average grow to complete the phase transformation. But this critical size is 
kinetic dependent and it changes as any of the parameters of the system 
change [20,21].  
 
Furthermore, if a mixture containing droplets of a new minority phase is 
exposed to shear (like that existing inside the nanofiltration module); two 
opposite tendencies can occur. At the beginning, shear can enhance the 
aggregation of droplets, thus speeding up the growth. However, if the 
shear exceeds a relatively small critical value, then droplets bigger than 
the critical size can be even broken, leading to complete suppression of 
the droplet formation [22-25]. 
 
3.2 EXPERIMENTAL 
 
3.2.1 Materials 
 
Nanofiltration membranes used are the same already described in Section 
2.2.1 (Chapter 2). Three ionic liquids containing the (CF3SO2)2N anion 
were obtained from Merck KGaA (Darmstadt, Germany) and they were 
used as received. Their information is summarized in Table 3.1.  
 
They were selected for model solutions due to their performance during 
the biotransformation of 2-octanone into (R)-2-octanol in a 200 mL 
reaction system [26]. They exhibited higher conversion (91% for IM16, 
86% for Pyr16 and 78% for Py6) compared with the traditional one-phase 
system (55% for aqueous buffer) after five hours of reaction. To reduce 
the influence of additional ions, water for ion chromatography (Fluka 
Analytical, Sigma-Aldrich) with an electric conductivity lower than 2S/cm 
was used to prepare model solutions. 
 
All wastewaters were used as received, after having stabilized the 
temperature at 298 K for one day. The wastewater from the dissolution of 
cellulose comprised an aqueous mixture of IM14 Cl and IM14 1COO 
(about 85:15), with a content of ionic liquid around 18-20%, and exhibiting 
a dark gold colour. It was provided by the Thuringian Institute of Textile 
and Plastic Research (TITK). 
 
Two reaction mixtures from the reduction of 2-octanone catalyzed by the 
Lactobacillus brevis alcohol dehydrogenase (LB-ADH), containing IM16 
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(CF3SO2)2N and Pyr14 (CF3SO2)2N, were provided by Jülich Chiral 
Solutions (JCS, Codexis). 

 
Table 3.1: Ionic liquids selected for membrane screening.  

 

Ionic liquid 
IM16  

(CF3SO2)2N 
Py6  

(CF3SO2)2N 
Pyr16 

(CF3SO2)2N 

Chemical 
name IUPAC 

1-hexyl-3-methyl-
imidazolium 

1-hexylpyridinium 
1-hexyl-1-

methylpyrrolidinium 

bis(trifluoromethylsulfonyl)amide 

Chemical 
structure 

 

 

 
 

 

 

 

CAS Number 382150-50-7 460983-97-5 380497-19-8 

Mol. weight 
(g/mol) 

447.417 444.413 450.461 

Water 
solubility at 
20°C (mol/L) 

3.69x10-3 7.76x10-3 4.22x10-3 

 
These mixtures contained initially 30% v/v of ionic liquid, 1 M 2-octanone, 
20 U/mL LB-ADH and 1 mM NADP in 0.2 M phosphate buffer (pH = 7.0). 
Conversion of 2-octanone to 2-octanol was reported around 60% for Pyr14 
cation, while more than 90% conversion was reported for IM16 cation. The 
differences are related with the cofactor regeneration method used: in the 
first case 2-propanol was oxidized to acetone, while in the second case 
glucose was oxidized by means of glucose dehydrogenase (GDH). After 
reaction, the ionic liquid phase was completely separated by 
sedimentation after 5 hours.  
 
The aqueous phase from whole-cell biotransformation of 2-octanone into 
2-octanol, contained initially 20% v/v of Pyr16 (CF3SO2)2N, 0.3 M 2-
octanone, 50 g/L dry biomass and 1 M sodium formate in 0.5 M phosphate 
buffer (pH = 6.5). The biomass contained an Escherichia coli strain able to 
produce the Lactobacillus brevis alcohol dehydrogenase (LB-ADH) and 
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the Candida boidinii formate dehydrogenase (CB-FDH) for the cofactor 
regeneration. After reaction (conversion around 80-90%), the ionic liquid 
was separated by centrifugation from cells and aqueous phase. This 
sample was provided by the Institute of Biochemical Engineering 
(Technische Universität München, TUM) 
 
3.2.2 Dead-end nanofiltration experiments 
 
For the experiments, the same stirred dead-end cell described in Section 
2.2.3 (Chapter 2) was used. Membranes were placed in deionised water 
for two days before use to assure complete swelling. Each swollen 
membrane was conditioned with deionised water by increasing pressure 
progressively until a pressure of 40 bar was reached. After that, the 
desired amount of feed (100-150 mL at 25°C) was filled in the cell, the 
pressure difference was fixed at 35 bar and permeate was removed 
continuously until the desired recovery rate was reached. The time 
required to obtain different volumes was measured, in order to calculate 
permeate fluxes. Samples of feed, retentate and cumulated permeate 
were taken for later analysis and used to calculate retentions. 
 
3.2.3 Cross-flow nanofiltration experiments 
 
Experiments were carried out using a laboratory scale-test cell developed 
and constructed at the University of Bremen (Figure 3.11).  
 

 
 

Figure 3.11: Schematic diagram of the Cross-flow module used in this work. 
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The membrane active area was 270 cm2, distributed in two identical 
modules connected in series. The two filtration modules are identical and 
were also constructed also at the University of Bremen. Their components 
are shown in Figure 3.12. The use of a spacer in the feed channel and a 
high cross flow velocity of 0.5 m/s (45 L/h) should create enough 
turbulence to reduce concentration polarization effects. 
  

 
 

Figure 3.12: Membrane module and its components. 
 
The equipment was designed for batch filtration of 5 L, and the feed tank 
was made of Plexiglas to observe feed appearance changes. The 
equipment has a plunger pump (NP10 / 4-140 RE, Speck Triplex) with a 
maximal pressure of 140 bar, maximal output of 4 L/min and stainless 
steel valve casings and wetted parts.  
 
The temperature of the solution in the system was maintained at 25 ± 
0.01°C, by using a plate heat exchanger (BHM 22 -20 GBH, FeRo) with a 
maximal operating pressure of 45 bar coupled with a thermostat (ProLine 
RP 845C, Lauda). The feed pressure and the feed flow rate were adjusted 
by needle valves. An oval gear-wheel flowmeter (VO-01.VA.80.VI.ST.IM, 
Profimess) with an operating range of 14-80 L/h was used.  
 
The pipelines (1/4” for feed and retentate, and 1/8” for permeate), the 
coalescence filter housing, the particle filter, the manometers (0-60 bar), 
the valves and all the fittings used are Swagelok parts (Best 
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Fluidsysteme). For the coalescence filter housing a filter element (12-57-
01-SS, MTS Filtertechnik) of stainless steel were also used. The main 
parts of this nanofiltation equipment are also shown in Figure 3.13.  

 

 
 

Figure 3.13: Cross-flow module used in this work. 
 
Swollen membrane pieces were placed in the modules and conditioned 
progressively with deionised water. This conditioning process comprises 
five different pressure levels (0, 10, 20, 30 and 35 bar), and pressure was 
kept 30 minutes for each pressure level, except for the last one (45 
minutes). After that the deionised water was completely discharged and 
the solution of ionic liquid was filled in the tank. The system was operated 
at 35 bar during 30 minutes in the full recirculation mode, while both 
retentate and permeate were continuously returned to the feed tank. 
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After membrane conditioning and system stabilization, the concentration 
process started, remaining the operation parameters: 25°C, 35 bar and 45 
L/h. A feed sample for analysis was taken direct from the feed tank before 
starting to collect permeate, which was collected step-by-step in bottles 
(250 mL) until a recovery rate around 75% (VP/VF = 0.75) was reached. 
Thus a total volume of permeate around 4.0 L was collected and a volume 
of retentate about 1.0 L remained in the tank. For each permeate sample 
collecting time was measured and the exact volume was later determined 
with a graduated cylinder. For each bottle of permeate a sample for 
analysis was taken. The retentate was collected in a separate bottle and a 
sample for analysis was also taken. 
 
3.2.4 Adsorption experiments 
 
Active carbon as powder (Merck KGaA) was used. The equilibrium 
adsorption tests were carried out in stoppered glass bottles (25 mL) 
placed in a shaking thermostat (Lauda A-120S) at 23°C. Different amounts 
of active carbon were placed in contact with 10 cm3 samples of 
wastewater containing IM16 (CF3SO2)2N, to cover a range of 
concentrations between 0 and 50 g/L. The contact time was 72 hours for 
all the samples, to assure equilibrium conditions. After that, samples were 
centrifuged (20 minutes, 4500 rpm) and filtered before analysis to 
determine initial and equilibrium concentrations. The amount of ionic liquid 
adsorbed was determined as follows:  

 
AC

eq

M

VCC
q


 0                                      (Eq. 3.8) 

where: 
q: Amount of ionic liquid adsorbed in active carbon (mmol/g) 
C0: IL-Concentration for samples without active carbon (mmol/L) 
Ceq: Equilibrium IL-concentration for samples with active carbon (mmol/L) 
V: Volume of solution (0.025 L) 
MAC: Mass of active carbon added (g) 

 
3.2.5 Analytical methods 
 
The ion-chromatography (IC) measurements were carried out using a 
Metrohm 881 Compact IC system described in Section 2.2.5 to determine 
concentrations of ionic liquids cations and anions. For cation separations a 
C4 ion exchange column (50 x 4.0 mm ID and 5 μm mean particle size) 
coupled with C4 Guard and RP Guard was used. A flow rate of 0.9 mL/min 
eluent (2mM HNO3, 30% CH3CN) was applied. For the determination of 
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ionic liquid anions, two different eluents (3.2mM Na2CO3, 2mM NaHCO3, 
35% CH3CN or 1mM NaHCO3, 3.9mM H3PO4, 30% CH3CN) were used. 
 
Electrical conductivity was measured at 25°C with an inoLab Cond-Level-
2-Meter using an epoxy TetraCon® 325 probe (WTW GmbH). The 
temperature was kept constant with a thermostat. All measurements were 
done as duplicate. An estimation of the content of cellulose degradation 
by-products was obtained using the anthrone method, applied for the 
colorimetric determination of carbohydrates [27]. The concentration of 
ionic liquids in wastewaters from cellulose dissolution was determined by 
the supplier using its own calibration curves for refractive index versus 
ionic liquid content, method already established for such a task [28]. 
 
3.3 MEMBRANE SCREENING AND IL-SELECTION 
 
Before starting with the recovery of hydrophobic ionic liquids from model 
aqueous solutions by nanofiltration in detail, the selection of a properly 
ionic liquid – membrane pair should be first accomplished.  
 
For an optimal recovery of hydrophobic ionic liquids, it is necessary that 
both permeate flux and retention exhibit highest values possible. A high 
retention assures the concentration process of ionic liquid in the retentate 
stream; while a high permeate flux benefits the concentration process but 
also reduces the needs of membrane area. In Figure 3.14, results that 
were obtained after a series of experiments carried out in a dead-end 
filtration cell at 35 bar are represented. 
 

 
Figure 3.14: Permeate fluxes for each ionic liquid – membrane combination. 
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In the case of both NF-270 and Desal DK membranes, a process recovery 
rate (VP/VF) of 80% could be achieved within 90 minutes of filtration, while 
recovery rates between 50 and 65% could be only achieved for the NF-90 
membrane, corresponding to 4.5 hours of filtration. That means, than 
permeate fluxes for the NF-90 membrane at a feed recovery rate of 80% 
are notable lower than those presented in Figure 3.14.  
 
However, a clear trend can be observed for each membrane: the lowest 
permeate flux is related to the Py6 cation, while the highest permeate flux 
belongs to the Pyr16 cation. Furthermore, the NF-270 membrane provides 
the highest permeate fluxes (more than twice the values obtained for the 
Desal-DK membrane), no matter the ionic liquid employed.  
 
Based on these results, the membrane NF-270 was selected for further 
experiments; but more information is needed to select properly the ionic 
liquid. For this purpose, the results about membrane performance were 
collected and represented in Figure 3.15.   
 

 
 

Figure 3.15: Performance of NF-270 membrane with respect to the ionic liquid 
employed (VP/VF = 80%, 35 bar, IL-saturated feed solutions) 

 
Only the ionic liquid based on the Py6 cation exhibits a retention value 
under 90%. This ionic liquid exhibit also the higher solubility (around 5 g/L) 
in comparison with the solubilities values for IM16 and Pyr 16 based ionic 
liquids (around 2.0 g/L). That means that either the IM16 cation or the 
Pyr16 cation could be selected for further experiments, considering that 
the differences between both retention values (95 and 97%, respectively) 
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are not big enough. Additionally, the recovery rate of ionic liquid as second 
phase exhibit values around 72% for both cases. It was calculated from 
the ionic liquid material balance as follows: 

FF

RRPPFF

CQ

CQCQCQ




Rec                                     (Eq. 3.9) 

where: 
Rec: Recovery of ionic liquid (total) (-) 

 
and can be also expressed in terms of the performance parameters: 
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At is was already mentioned, water solubility values can not be considered 
to decide which ionic liquid should be used, because their similarity; but it 
is known that the ionic liquid containing the IM16 cation exhibits higher 
toxicity than that containing the Pyr16 cation, for all the toxicity tests 
comprising the UFT test battery [29].  
 
According to this information, the more suitable pair ionic liquid – 
membrane corresponds to the combination Pyr16 (CF3SO2)2N and NF-
270, which is in good agreement with the tendencies predicted in Section 
2.5 (Chapter 2). As a consequence, this pair ionic liquid - membrane was 
employed to perform concentration experiments in a bigger scale using a 
cross-flow filtration equipment.  
  
Finally, independent measurements of cation and anion for different 
samples were also carried out by ion chromatography (Table 3.2).  
 

Table 3.2: Comparison of analytical results by the determination 
 of Pyr16 (CF3SO2)2N for different samples.  

 

Sample 
Concentration of ionic liquid, C (g/L) Relation 

Anion/Cation By measuring anion By measuring cation 

Feed 2.046 ± 0.001 2.037 ± 0.001 1.004 

Permeate 1 0.123 ± 0.001 0.124 ± 0.001 0.991 

Permeate 2 0.154 ± 0.001 0.152 ± 0.001 1.013 

Permeate 3 0.167 ± 0.001 0.168 ± 0.001 0.994 

Retentate 2.239 ± 0.001 2.203 ± 0.001 1.016 
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No matter which specie was determined, both concentrations are almost 
the same. With this experience, not only was possible to verify that no ion 
exchange occurs during the filtration process (the risk was minimized 
using ultra pure water), but also it was possible to simplify the analytic 
work (due the time and costs involved), determining the concentrations of 
only one of the two charged species. 
 
From Table 3.2 and assuming that the concentration of ionic liquid in 
retentate is equal to the water solubility of ionic liquid, it is also possible to 
conclude that the solubility value for Pyr16 (CF3SO2)2N is around 2.2 g/L, 
equivalent to a molar fraction (xF) of 0.88x10-4. This value could not be 
compared with values in the literature, but it is in good agreement with 
those solubility values already published for Pyr13 (CF3SO2)2N and 
Pyr14 (CF3SO2)2N, which are 4.36 x10-4 and 2.38 x10-4 respectively [30]. 
 
3.4 CONCENTRATION OF PYR16 (CF3SO2)2N 
 
The progress of the concentration process for a model solution containing 
the Pyr16 (CF3SO2)2N ionic liquid is shown (Figure 3.16). The curve 
shows the variation of the concentration factor and the permeate flux with 
the process recovery rate. The variation of the concentration factor was 
calculated according to Eq. 3.7 and it represents the theoretical progress 
of the retentate concentration without phase separation.  
 

 
Figure 3.16: Concentration process at 25°C for an aqueous solution of  

Pyr16 (CF3SO2)2N with 27% initial undersaturation. 
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The feed solution exhibited 27% of undersaturation, which means that the 
starting concentration (around 1.60 g/L) represents only the 73% of the 
saturation concentration for an aqueous solution of this ionic liquid at 25°C 
(around 2.20 g/L). However, the coexistence of two phases is theoretically 
possible from the very beginning, but at this point it is important to 
distinguish between the local and the global formation of a second phase. 
 
The local formation of a second phase occurs at the surface of the 
membrane due to concentration polarization effects if the concentration 
near the membrane surface exceeds the solubility limit, but in the 
presence of flow and undersaturation of the whole solution the dissolution 
of the ionic liquid should take place again. Only when the whole solution is 
saturated, the second phase can not dissolve anymore and remains 
unalterable in the system. In this case, the global formation of a second 
phase is achieved.  
  
The point where the global formation of a second phase begins, denoted 
as (VP/VF)Sat in this work, can be identified with the help of the retentate 
concentration, considering that the retentate stream consists of a solution 
at the saturation point plus the ionic liquid forming the second phase. 
Using this information, it is possible to identify in Figure 3.16 that the 
global formation of a second phase occurs when a process recovery value 
of 30.8% is achieved. That means that only one phase “exists” below this 
value (the second phase locally formed has a short existence before 
diluting again), while two phases may coexist above this value as long as 
no thermodynamically supersaturation occurs. 
 
While during concentration process in the one-phase region a clear feed 
solution was observed in the feed collector tank, the liquid becomes 
cloudier as the concentration process proceeds. This indicates that the 
second phase formed remains dispersed due to agitation caused by 
continuous flow. The higher the process recovery, cloudier the liquid in the 
feed tank becomes (Figure 3.17a-d). After collecting 80% of the original 
feed as permeate, a very cloudy retentate volume was obtained, that after 
sedimentation at room temperature (2 days) became clear and many 
droplets of ionic liquid could be observed at the bottom of the bottle 
(Figure 3.17e).  
 
Further evidence for the dissolution of the second phase locally formed is 
the diminution of the permeate flux observed in the one-phase region, as it 
is shown in Figure 3.16. This behaviour can be associated with the typical 
reduction of permeate flux with increasing feed concentration.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
 

Figure 3.17: Changes observed in the feed tank during the concentration 
process: (a) VP/VF = 0%, (b) VP/VF = 40%, (c) VP/VF = 50%, (d) VP/VF = 60%, (e) 

second phase formed after sedimentation of collected retentate. 
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At the frontier between the one-phase and the two-phase regions, it is 
possible to determine the permeate flux at the saturation point. This value 
is necessary for a further treatment of the experimental data; because it 
represents the initial permeate flux for concentration process from a 
saturated feed solution. In this case, for process recovery values higher 
than 30.8%, permeate flux behaves differently, which can be associated 
with a constant feed concentration (equal to the solubility value at 25°C), 
but also with increasing formation of the second phase. This last point is 
going to be discussed in detail in the following paragraphs.  
 
As it was mentioned above, the identification of the permeate flux at the 
saturation point is important, because it represents a common point if 
different concentration experiments need to be compared (Figure 3.18). In 
this case, the saturation point represents a process recovery rate of 0%, 
while negative process recovery values are associated to the 
concentration process between the starting feed concentration (lower than 
saturation) and the saturation concentration. Then, to reach such a 
concentration, permeate should be added to the feed volume at saturation 
point (instead of removed), explaining the negative values reported. 
 

 
 

Figure 3.18: Concentration process at 25°C for aqueous solutions of  
Pyr16 (CF3SO2)2N with different initial undersaturation degrees. 
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In Figure 3.18, it is possible to observe the progress of two concentration 
experiments with different initial concentrations (1.60 and 1.76 g/L), both 
under the saturation value (27 and 22% undersaturation, respectively). 
The differences in the one-phase region (negative process recovery 
values) and the similarities in the two-phase region (positive process 
recovery values) can be explained in terms of the progress of the 
concentration factor (see Figure 3.6) and in terms of the formation of the 
second phase of ionic liquid by the nucleation and grow mechanism.  
 
At the beginning of every concentration process, the concentration in the 
feed tank increases very slowly and a slight reduction of the permeate flux 
can be observed. From this point and until the saturation point, a 
pronounced decrease in the permeate flux is associated with pronounced 
changes in the concentration.  
 
A possible explanation could consider that the viscosity of the mixture 
water-ionic liquid increases with increasing concentration of ionic liquid, 
leading to a higher resistance for the flow of permeate through the 
membrane. Unfortunately, there is no available data about the viscosity of 
the pure Pyr16 (CF3SO2)2N ionic liquid [31,32] or the viscosity of its 
mixtures with water [32,33].  
 
However, it was possible to estimate a viscosity value of 108±8 mPa.s for 
Pyr16 (CF3SO2)2N at 25°C, using a group contribution method for 
viscosity estimation of ionic liquids recently published [34] and the density 
of the pure ionic liquid [35]. This value is in agreement with the values 
found in the literature for Pyr14 (CF3SO2)2N and Pyr18 (CF3SO2)2N at 
25°C, which are 76 and 150 mPa.s, respectively [36-38]. With this 
information, it was possible to estimate either the viscosity for the binary 
mixture in the one-phase region (as solution) or in the two-phase region 
(as emulsion), using some predicting equations published in the literature 
[39-41]. These results are condensed in Table 3.3.  
 
Although the concentration of ionic liquid can increase considerably during 
the concentration process (almost four times), the mixtures can be always 
considered as diluted, due to the elevated hydrophobicity of the ionic 
liquid. Then, the viscosity of the mixture, no matter how many phases are 
present in the system, remains similar to the viscosity of water at 25°C. At 
this point, it is possible to neglect viscosity effects as responsible for the 
reduction of the permeate flux.  
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Table 3.3: Estimation of the viscosity for a mixture water – ionic liquid  
at different concentrations. 

 
Concentration 

of ionic liquid in feed 
Viscosity of the mixture, 

μ (mPa.s) 

CF (g/L) xF (mol/mol) One-phase region Two-phase region 

0 0 0.900 --- 

1.60 6.42x10-5 0.900 - 0.907 --- 

1.76 7.06x10-5 0.900 - 0.908 --- 

2.20 8.83x10-5 0.900 - 0.909 --- 

4.00 1.60x10-4 --- 0.907 

6.00 2.41x10-4 --- 0.910 

 
Nevertheless, it should be considered that the closer the feed 
concentration to the saturation limit, the higher the local formation of 
second phase. That means, that the drops of second phase formed locally 
at the membrane surface should provide a further resistance to the flow of 
permeate through the membrane. Additionally, under these conditions, 
their dissolution inside the module is more difficult, due to the reduced 
concentration gradient between the surface and the bulk stream, leading 
to the behaviour observed in the two-phase region.  
 
In this region, both curves start at the same point due to the data 
treatment using the permeate flux at saturation but they show different 
trajectories, which are related to the previous formation of the second 
phase at the membrane surface. The drops locally formed in the case of 
the solution with higher initial concentration have fewer possibilities to 
dissolve immediately and to leave the module, due to the reduced 
concentration gradient and the high cross-flow velocity inside the module 
(0.5 m/s).  
 
As consequence, the emulsion appears earlier than in the case in which 
the drops can be dissolved again. This previous drop-history show still 
influence even if the whole system has reached the solubility limit, and can 
be observed in Figure 3.18 for recovery rates between 0 and 20%. After 
that, the drops continues growing and new drops appear, but at the same 
time the volume of liquid in the system reduces continuously due to the 
removal of permeate.  
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For higher recovery rates (more than 20% in Figure 3.18, representing 
more than 50% in Figure 3.16) the level of liquid in the feed tank has 
descended considerably and the mixing effects inside the tank due to the 
returning streams (retentate and by-pass) become more and more 
important. In this case, no matter how the emulsion was previously 
formed, it is strongly mixed and the effects on permeate flux are almost 
the same, leading to a similar progress for both curves.  
 
Even though the tendencies already shown have been represented using 
normalized parameters to make possible the comparison between 
different experiments, the heterogeneity of the membrane sheets used 
should play a role due to the small membrane surface employed (only 270 
cm2). In Table 3.4 are summarized the absolute values of concentrations 
and permeate flux obtained for both concentration experiments.  
 
Table 3.4: Performance parameters associated to the concentration experiments 

with Pyr16 (CF3SO2)2N. 

 

Percentage of undersaturation 27% 22% 

Feed 
concentration 

CF (g/L) 

Initial, CF0  1.60  1.76  

At saturation, CF
Sat  2.20 2.24 

Permeate Flux, 
JP (L/m2h) 

Initial, JP0  169  202  

At saturation, JP
Sat  156  197  

Mean Retention, 
R (%) 

One-phase region 91.4 88.8 

Two-phase region 93.0 92.4 

 
The saturation concentration for both experiments is practically the same, 
considering the errors associated with the preparation and analysis of the 
sample by chromatography. The permeate flux exhibit values between 150 
and 200 L/m2h, which represents less than 50% of the permeate flux 
obtained with pure water at 25°C and a pressure difference of 35 bar [42-
44], but exhibit the same order of magnitude that those observed during 
the membrane screening experiments.  
 
A final point to be discussed in this section is the behaviour of the mean 
retention. The retention decreases with increasing feed concentration, and 
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the higher the initial feed concentration, the lower the retention obtained 
for the one-phase region. However, the retention values for the two-phase 
region are almost the same, indicating that in this case, the feed 
concentration remains constant and equal to the saturation value.  
 
Owing to this high retention it was possible to concentrate the ionic liquid 
beyond its solubility value, thus promoting the formation of a second 
phase of hydrophobic ionic liquid in form of an unstable emulsion. 
However, an open question still remains: how much of this ionic liquid can 
be really recovered for practical purposes? A first approach to the answer 
will be presented in the next section.   
 
3.5 RECOVERY OF PYR16 (CF3SO2)2N 
 
As it was already mentioned, during the concentration process an unstable 
emulsion is formed. Moreover, after removing the retentate stream and 
proceed to clean the equipment with about 4 L pure water, it was found 
that the rinsing water contained an elevated concentration of ionic liquid, 
around 1.40–1.50 g/L. This finding indicates that emulsionated ionic liquid 
is coalescing and thus collecting inside the filtration equipment; especially 
at the pump, because it represents the deepest point of the system.  
 
In order to reduce this undesired effect a coalescence filter (Figure 3.19), 
was installed between the outlet of the second filtration module and the 
feed tank. This should facilitate the coalescence of the drops as soon as 
they are formed inside the modules and to collect them at the feed tank, 
after decantation. 
 

 
 

Figure 3.19: Coalescense filter employed. 
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First of all, a different behaviour inside the feed tank during the 
concentration experiment was observed, compared to the results obtained 
without using the coalescence filter. At the end of the experiment it was 
possible to observe a lot of drops, even some big drops, at the surface of 
the remaining liquid in the feed tank (Figure 3.20). Those drops could be 
collected with the retentate stream, leading to a higher recovery of ionic 
liquid.    
 

 
 

Figure 3.20: Second phase observed at the surface of the retentate  
at the end of the experiment. 

 
However, more information about the formation of second phase can be 
collected if the recovery experiment is compared with one of the 
concentration experiments already shown. In Figure 3.21 both 
experiments are represented, starting at the saturation point.  
 
When the coalescence filter was not used, no emulsion was observed at a 
recovery rate of 0%; while two different zones were appreciated with the 
coalescence filter (even so for negative recovery rates). The upper zone 
was cloudy and corresponds to the emulsion of ionic liquid, while the lower 
one was clear and corresponds to a saturated solution of ionic liquid. This 
result confirms the local formation of a second phase inside the filtration 
modules, and due to the presence of the coalescence filter, the drops are 
helped during their growing process.  
 
This behaviour was observed until a recovery rate around 20%. After that 
the emulsion was occupying the whole tank in both cases, but it was 
cloudier as when the coalescence filter was used. Again, a cloudier 
emulsion can be associated with the presence of bigger drops, indicating 
that the coalescence filter is serving its purpose.  
 
The installation of the coalescence filter had also an effect on the variation 
of the permeate flux, as can be observed in Figure 3.22.  
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Figure 3.21: Comparison of the changes observed in the feed tank during the 
concentration process when a coalescence filter is used. 
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.  
 

Figure 3.22: Comparison of the concentration process at 25°C for aqueous 
solutions of Pyr16 (CF3SO2)2N when a coalescence filter is used. 

 
In the one-phase region, the coalescence of the drops leads to an 
improvement of the permeate flux, which can be explained in terms of the 
two zones observed in Figure 3.21 (cloudy upper zone, clear lower zone). 
That means that the drops locally formed coalesce and remain on the top 
of the feed tank, while an undersaturated solution is fed again to the 
modules. Near the saturation point, this effect loses its importance, 
because the lower region is also reaching the saturation concentration. 
 
In the two-phase region the effective coalescence of the drops as well as 
the presence of the two zones in the feed tank contribute to maintain the 
permeate flux similar than the permeate flux value at saturation, until a 
recovery rate of 20%. At this point, the emulsion occupies the whole tank 
at their effects in the permeate flux began to appear, but less pronounced 
than those observed when no coalescence filter is installed. Finally, for 
higher process recovery rates, the mixing effects due to low liquid level are 
similar for both cases. 
 
The more effective drop size growing reduces not only the additional 
resistance to the permeating flow across the membrane, but also improves 
the retention values for the whole process (Table 3.5). In this case, the 
retention for the one-phase region is almost the same as the retention for 
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the two-phase region, indicating that the feed flowing across the modules 
exhibits similar characteristics in every moment.  
 
Furthermore, the retention values are also higher than those obtained 
without using the coalescence filter. It can be explained in terms of a 
reduced accumulation of small drops on the membrane surface. They are 
forced to coalesce and stay at the feed tank before the solution is pumped 
again for a further filtration step.  
 

Table 3.5: Performance parameters associated to the recovery experiments  
with Pyr16 (CF3SO2)2N. 

 

Coalescence filter Without With 

Mean 
Retention, 

R (%) 

One-phase region 88.8 93.8 

Two-phase region 92.4 94.8 

Permeate Flux, 
JP (L/m2h) 

Initial, JP0  202 181 

At saturation, JP
Sat  197 186 

Recovery, 
(%) 

Total, Rec 66.4 68.6 

Effective at lab scale, Rec-eff-lab 15.1 33.4 

 
The permeate fluxes are similar to those presented in Table 3.4, and the 
absolute differences between them are associated with the fact that 
different membrane sheets were employed. Such stochastic differences in 
permeate fluxes can be only minimized with large membrane surfaces, 
where membrane structure heterogeneity effects are reduced.  
 
The last point in this section is related with the amount of ionic liquid which 
can be practically recovered as second phase. The mass balance, 
represented by Eq. 3.9, allows the determination of the amount of ionic 
liquid formed as second phase with respect to the ionic liquid original 
dissolved in feed. This recovery rate of ionic liquid is denominated total 
recovery. It exhibits values between 66 and 69% (Table 3.5), very similar 
to those obtained during the experiments in the dead-end filtration 
equipment (72%). Theoretically, once the membrane, the operational 
conditions and the extent of concentration (VP/VF) are selected, the total 
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recovery can be considered as a fixed value, and in consequence, it 
represents the maximal recovery rate possible.  
 
However, as it was pointed out at the beginning of this section, after 
having rinsed the filtration equipment with water, large amounts of ionic 
liquid were determined in the rinsing water. That means, that the recovery 
of ionic liquid is not complete, and a new term should be introduced.  
 
In this work, it was denominated effective recovery at lab scale. It 
represents the amount of ionic liquid as second phase formed that is not 
dissolved by the rinsing water and it can be recovered with the retentate 
stream. It can be also calculated using a material balance, similar to that 
shown in Eq. 3.9, but including the amount of ionic liquid from rinsing, as 
follows: 

FF

RWRWRRPPFF

CQ

CQCQCQCQ




lab-eff-Rec          (Eq. 3.11) 

where: 
Rec-eff-lab: Effective recovery of ionic liquid at lab scale (-) 
QRW: Volume of rinsing water (L) 
CRW: Concentration of ionic liquid in rinsing water (g/L) 

 
Comparing the values of effective recovery at lab scale for both 
experiments (Table 3.5), it is evident that the use of a coalescence filter 
improves the recovery of ionic liquid due to an effective coalescence of the 
drops after their formation.  
 
3.6 APPROACHES TO IMPROVE IL-RECOVERY 
 
It was already demonstrated that the recovery of hydrophobic ionic liquids 
by nanofiltration is possible. Additionally, if more understanding is first 
gained for the recovery of ionic liquids from aqueous solutions (the 
simplest binary system which can be studied), then it would be easier later 
to find properly solutions for the problems associated with the recovery of 
such ionic liquids from industrial wastewaters. 
 
In this context, considering a total recovery rate of 70% as acceptable, the 
first challenge is in connection with the increase of the effective recovery 
rate in order to reach a value as close as possible to the total recovery 
rate. Once this aim is achieved, another challenge for further improvement 
deals with increasing the total recovery rate.  
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To increase the effective recovery rate, the following approaches might be 
useful: 
 
 Heterogeneous nucleation: The formation of a new phase requires 

the formation of a nucleus from the old phase. Inhomogeneities in 
structure or composition play a role in catalyzing nucleation, which is 
then termed heterogeneous [20,45]. For example, seeding with pure 
ionic liquid could be an option, following the same principle of 
crystallization. On the other hand, any surface represents an important 
heterogeneity for nucleation as it was demonstrated by the use of a 
coalescence filter, which promotes both nucleation and grow of 
droplets of the new phase. Then, the supersaturated solution should be 
forced to nucleate and grow in a large extent before to be collected and 
separated.  

 
 Second phase separation: Methods for separation liquid-liquid 

dispersions are well known: simple and enhanced gravity settling and 
coalescing [46]. The use of centrifugal force, electrocoalescence or 
membranes processes (MF, UF, NF or PV) can be also considered 
[47-52]. However, the choice should consider not only the 
effectiveness of the separation process itself, but also their 
incorporation into the actual equipment. That means it should not affect 
the actual operating concept or the equipment configuration. For 
instance, the use of a lamellar separator which also acts as feed tank 
is in agreement with both conditions and could be used as a first test. 

 
 Equipment modifications: Dead zones inside the equipment are ideal 

places for the second phase formed. Additionally, materials compatible 
with the ionic liquid should be used in order to reduce chemical attack 
of some of the equipment components, like seals. Due to these 
reasons, in the actual equipment the further use of a piston pump 
should be evaluated.  

 
On the other hand, to increase the total recovery rate, some approaches 
would be considered: 
 
 Operation mode: Contrary to the batch mode actually employed, in 

the modified batch an equal volume of fresh feed is added to the 
process tank to keep it at the same level as permeate is removed. In 
this case, the extent of concentration can be higher than those 
obtained in a simple batch mode of operation. Additionally, the mixing 
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effects due to low level can be completely avoided, but it requires 
working with larger amounts of feed. 

 
 Operational conditions: It is believed that the profit by changing the 

operational conditions is marginal, but also possible. The pressure 
difference used (35 bar) is high enough to assure high permeate flux 
without risking to damage the membrane by exceeding the maximal 
pressure difference recommended (41 bar). Changes in temperature 
should be carefully considered, because it affects simultaneously 
retention and permeate flux, but also water solubility of the ionic liquid. 
An optimal cross-flow velocity could be found, for which the local 
formation of second phase is improved but without leading to settling of 
ionic liquid inside the modules. Finally, retention improvements by 
changing the feed pH should be avoided, due to potential ion exchange 
and lost of identity of the ionic liquid. 

 
 More selective membranes: Theoretically, it would be possible to 

design a membrane which provide the best combination of retention 
and permeate flux for a given ionic liquid. Unfortunately, as it was 
pointed out in Chapter 2, the knowledge about membrane structure 
and membrane formation is limited and in most of the cases, 
manufacturer secrets are involved. Without closer cooperation between 
membrane producers and users, the traditional trial and error approach 
for membrane screening has to be used.   

  
3.7 TWO CASE STUDIES WITH REAL WASTEWATERS 
 
By recovering ionic liquids from wastewater, the water solubility of the ionic 
liquid plays an important role in the definition of the recovery scheme. Both 
ions have influence on the water solubility of the resulting ionic liquid and 
the choice of anion has been used to the greatest effect on controlling 
hydrophobicity. However, cations can be also used to increase the 
hydrophobicity of ionic liquids, especially when the head group is 
substituted with long alkyl side chains (>C8) [53]. Furthermore, water-ion 
interactions due to size and surface charge of both ions determine the 
solubility of ionic liquids in water [54].  
 
In this section, first experiments to recover ionic liquids by nanofiltration 
have been carried out with wastewaters selected from applications which 
are expected to reach industrial scale in the upcoming years: 
 Wastewater containing hydrophobic ionic liquids, like IM16 

(CF3SO2)2N, Pyr14 (CF3SO2)2N and Pyr16 (CF3SO2)2N; which are 
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used as second phase during the asymmetrical synthesis of chiral 
alcohols, and,  

 Wastewater containing hydrophilic ionic liquids, like IM14 Cl and IM14 
1COO; which are used for the dissolution and regeneration of 
cellulose. 

 
3.7.1 Biocatalytic production of chiral alcohols  
 
a) Description of the application: 
 
 The term biocatalysis or biotransformation is used for processes in which 
a starting material is converted into the desired product in just one step. 
This can be done by using either enzymes or whole cells [55].  
 
The use of enzymes is advantageous because an undesirable by-product 
formation is avoided. However, extraction and purification of the enzyme is 
expensive and the stability could be lower than in crude preparation or 
when present in whole cells. On the other hand, despite whole cell 
biotransformations can manifest problems related to undesirable by-
product formation due to the presence of other enzymes, these systems 
are especially advantageous when enzyme cofactors participate in the 
reaction and need to be regenerated [56]. 
 
In the case of low water solubility or high toxicity of substrate and/or 
product a biphasic process design in often applied, in which an additional 
organic solvent functions as a substrate reservoir, as well as an in situ-
extractant [57]. Ionic liquids can be used to replace volatile organic 
solvents and their unconventional properties have extended the solvent 
range for biocatalysis: hydrophilic ionic liquids can be used as a co-solvent 
in aqueous systems, while hydrophobic ionic liquids can be used as pure 
solvents or in two-phase systems. Additionally, performing biocatalytic 
conversions in ionic liquids can be beneficial with regard to activity, 
selectivity and stability [58-60].  
 
Optical active secondary alcohols are widely used as intermediates for the 
introduction of chiral information intro products of the chemical and 
pharmaceutical industry. In particular, the number of industrial processes 
using alcohol dehydrogenases (ADHs) as isolated enzymes or whole cells 
is increasing. These biocatalysts catalyze the asymmetric reduction of 
prochiral ketones with remarkable chemo-, regio- and stereoselectivity and 
normally are dependent on the nicotinamide cofactors NADH oder NADPH 
[61].  
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Several studies have demonstrated that a biphasic ionic liquid – water 
system can improve the asymmetric reduction of prochiral ketones, either 
using isolated enzymes [62,63] or whole cells [64-67]. Ionic liquids like 
IM14 (CF3SO2)2N, IM16 (CF3SO2)2N, Pyr14 (CF3SO2)2N, and Pyr16 
(CF3SO2)2N have been already proved, exhibiting better space-time and 
chemical yields and improving the enantiomeric excess in comparison to 
conventional aqueous systems. A schema for the biocatalytic reduction of 
ketones to produce chiral alcohols in a biphasic system using ionic liquids 
is shown in Figure 3.23. 
 

 
 

Figure 3.23: Reduction of ketone catalyzed by alcohol dehydrogenase  
with enzymatic cofactor regeneration. Adapted from [68]. 

 
The cofactor regeneration is carried out parallel to the conversion of 
substrate to product, and in the case of an enzymatic regeneration two 
different approaches are possible.  
 
The enzyme-coupled approach uses an auxiliary cosubstrate that is 
converted by a second enzyme in the opposite redox direction. Some 
examples include the sodium formate oxidation by formate dehydrogenase 
(FDH) and the glucose oxidation by glucose dehydrogenase (GDH). The 
substrate-coupled approach applies only one enzyme for the production of 
the desired compound and the cofactor regeneration. For the production of 
chiral alcohols the auxiliary cosubstrate is in most cases 2-propanol, which 
is oxidized by the ADH to acetone as by-product. These regeneration 
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processes occur in the media if isolated enzymes are used, or inside the 
whole cells as a part of their metabolism [61,69].  
 
For a given system of biocatalyst and substrate/product, the choice of the 
ionic liquid is crucial. The availability of the ionic liquid as well as its cost, 
stability, corrosive effects, biodegradability and eco(toxicological) data are 
important [65].  
 
Furthermore, an important challenge is to use the unique solvent 
properties of ionic liquids to develop efficient methods for the separation of 
less volatile or non-volatile products and ionic liquid recycling, considering 
their stability over prolonged periods of time under reaction conditions 
[70,71]. 
 
b) Recovery of hydrophobic ionic liquids: 
 
For such ionic liquids which are poor water soluble (< 5 g/L), the target is 
to concentrate the wastewater in order to promote the formation of a 
second phase of pure ionic liquid, as it is shown in Figure 3.24. 
 
 

 
 

Figure 3.24: Recovery schema for hydrophobic ionic liquids. 
 

 
Based on the results presented in Section 3.3, the membrane Desal DK 
was selected for the wastewaters from enzymatic biotransformations, 
while the membrane Filmtec NF-270 was selected for the wastewater from 
whole-cell biotransformation.  
 
In all the cases, a pronounced reduction of the permeate flux during the 
concentration process was observed, as is reported in Figure 3.25.  
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Figure 3.25: Variation of the normalized permeate flux with increasing 
 recovery rate for several hydrophobic ionic liquids.  

 

 
The more pronounced reduction of permeate flux was observed during the 
filtration of aqueous phase containing Pyr16 (CF3SO2)2N, making the 
filtration process too slow: to obtain only 50% of the feed as permeate 
almost 28 hours were required. A less pronounced reduction of permeate 
flux was observed during the filtration of the aqueous phase from 
enzymatic biotransformations, which allowed to obtain 80% of the feed as 
permeate in a reasonable time (between 2 and 4 hours). The results 
obtained were summarized in Table 3.6. 

 
Table 3.6: Performance of nanofiltration with hydrophobic ionic liquids 

in terms of permeate flux. 
 

Ionic liquid 
IM16 

(CF3SO2)2N 
Pyr14 

(CF3SO2)2N 
Pyr16 

(CF3SO2)2N 

Recovery rate, 
VP/VF (%) 

80 80 50 

Permeate flux 
(L/m2h) 

Initial, JP0 55 40 15 

Mean, JPm 30 16 2 
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It can be concluded that the presence of cellular material in wastewater 
from whole-cell biotransformations (although most of the cells were 
removed by centrifugation) contributes to the clogging of the membranes 
and should be removed before treatment. These materials reduce strongly 
both the permeate flux, compared to the wastewaters derived from 
enzymatic biotransformations. Despite these wastewaters could be 
considered cleaner than those derived from whole-cell biotransformations 
due to the absence of cellular material, the presence of other components 
in the mixture (2-octanol, 2-octanone, buffer and/or enzymes) has still an 
influence on the quantity of permeate obtained. 
 
Theoretically, during the filtration process the concentration of ionic liquid 
in retentate goes beyond the solubility of the ionic liquid and the excess of 
ionic liquid must leave the solution as a second phase, leading to a more 
stable thermodynamically state. In the case of the wastewaters from 
enzymatic biotransformations, it was possible to observe in the retentate 
small drops of a second phase. However, in the case of Pyr16 
(CF3SO2)2N it was not possible to observe a second phase, presumably 
to the low process recovery rate achieved (only 50%).  
 
To quantify the recovery of ionic liquid as second phase, the 
concentrations of ionic liquid in feed, retentate and permeate are required. 
The performance of the separation was determined for those wastewaters 
considered clean, as is presented in Table 3.7.  
 

Table 3.7: Performance of nanofiltration with hydrophobic ionic liquids 
in terms of retention and recovery of ionic liquid. 

 

Ionic liquid 
IM16 

(CF3SO2)2N 
Pyr14 

(CF3SO2)2N 

Concentration 
(g/L) 

Feed, CF 1.82 4.74 

Retentate, CR 1.82 9.64 

Permeate, CP 0.67 2.50 

Performance 
(%) 

IL-Retention, R 63 50 

IL-Recovery, Rec 50 17 

 
The best recovery was obtained for IM16 (CF3SO2)2N, for which 50% of 
the ionic liquid originally dissolved in the wastewater can be forced to 
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produce a second phase. Thought the retention is not high enough (63%), 
the concentration of retentate is the same than the concentration of feed. It 
means that the solubility level stayed inalterable during the concentration 
process and the formation of second phase was possible from the very 
beginning.  
 
Other behaviour was observed for Pyr14 (CF3SO2)2N, with a significantly 
lower recovery obtained of only 17%. This situation can be attributed to 
two different effects: the lost of ionic liquid in permeate (47% retention) 
and the apparent displacement of the solubility during concentration 
(CR/CF = 2). This last phenomenon can be imputable to the concentration 
of other components in solution, for example buffer phosphate salts. 
 
On the other hand, an adsorption experiment was carried out with the 
industrial wastewater containing IM16 (CF3SO2)2N at 23°C in order to 
compare the recovery of ionic liquid by nanofiltration with the removal with 
activated carbon, normally used as conventional treatment. The 
experimental data is presented in Figure 3.26, together with the 
corresponding Langmuir isotherm.  
 

 
 

Figure 3.26: Adsorption of IM16 (CF3SO2)2N from wastewater on active carbon. 

 
The differences at higher concentrations are an indication of multilayer 
adsorption. This mechanism was already described for the adsorption of 
ionic liquids on natural soils [72], but not observed before on activated 
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carbon, despite similar results for concentrations below 3 mmol/L have 
been already published for other ionic liquids [73]. 
 
Treating the process wastewater to reach a final concentration of ionic 
liquid similar to that obtained in permeate by nanofiltration (0.67 g/L = 1.5 
mmol/L), a concentration of activated carbon around 13 g/L is required, 
which could be consider too high. Furthermore, the possibilities to recover 
the ionic liquid from the activated carbon (desorption with acetone, for 
example) are not suitable for industrial application. However, adsorption 
with activated carbon can be used for a further reduction of the amount of 
ionic liquid in permeate and/or to treat the purge of the process before 
disposal.  
 
Based on these results, a process for the recovery of hydrophobic ionic 
liquids in summarized in Figure 3.27. In order to improve the separation by 
nanofiltration, a previous filtration should be carried out. Microfiltration 
membranes are applied for the separation of whole cells, while 
ultrafiltration membranes have to be used to retain enzymes [74].  
 

 
 

Figure 3.27: Process flow diagram for the recovery of IM16 (CF3SO2)2N. 

 
Due to the encouraging results obtained for IM16 (CF3SO2)2N and the 
simplicity of the recovery operation, a cost-effectiveness analysis was 
performed. Considering a wastewater production around 25 L/kg 2-octanol 
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produced, a variety of scenarios for an alcohol production between 1 and 
10 ton/year were studied.  
 
The capital costs and operation and maintenance costs for the 
nanofiltration process were calculated using data recently published [75] 
and some other considerations (1€ = 1.2917$, 5 years and 8%, 220 
days/year), as follows: 

774,032.14 QCINV                           (Eq. 3.12) 

where: 
CINV: Nanofiltration capital cost (€/year) 
Q: Amount of wastewater produced (L/day) 

 
638,0

& 49.32 QC MO                                   (Eq. 3.13) 

where: 
CO&M: Nanofiltration operation and maintenance cost (€/year) 

 

MOINVTOTAL CCC &                       (Eq. 3.14) 

where: 
CTOTAL: Nanofiltration total cost (€/year) 

 
The total costs (Figure 3.28) were related with the amount of ionic liquid 
lost in wastewater (water solubility = 1.82 g/L), as follows: 

QWIL  04.0                         (Eq. 3.15) 

where: 
WIL: Amount of ionic liquid loss in wastewater (kg/year) 

 

IL

TOTAL
ILNF W

C
C                     (Eq. 3.16) 

where: 
CNF-IL: Nanofiltration recovery cost (€/kg) 

 
According to Figure 3.28, the cost of the recovery by nanofiltration varies 
between 12 and 28 €/kg ionic liquid lost in wastewater, which compared 
with the actual high prices for ionic liquids, results very attractive for further 
research. 
 
Furthermore, ionic liquids containing the (CF3SO2)2N anion will be 
strongly restricted to only few applications, particularly those in which the 
ionic liquid is part of a closed loop. As consequence, nanofiltration 
appears to be not only an economical, also environmental, option for the 
recovery of ionic liquids. 
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Figure 3.28: Cost-effectiveness analysis for the recovery of IM16 (CF3SO2)2N 
from wastewater. 

 
 
3.7.2 Dissolution and regeneration of cellulose  
 
a) Description of the application: 
 
Cellulose is a polysaccharide consisting of a linear chain of several 
hundred to over ten thousand β(1→4) linked D-glucose units. These 
polymer chains associate to each other through hydrogen bonds, resulting 
in the formation of microfibres, which can interact to form fibres, as it is 
shown in Figure 3.29.  
 
Dissolving a polymer like cellulose is a slow process that occurs in two 
stages. First, solvent molecules diffuse slowly into the polymer to produce 
a swollen gel. If the polymer-polymer intermolecular forces are high, the 
process may stop at this stage. However, if these forces can be overcome 
by strong polymer-solvent interactions, the second stage of solution can 
take place with a gradual disintegration of the gel into a true solution.  
 
A useful classification of cellulose solvents identifies two types: 
derivatizing and non-derivatizing solvents. Derivatizing solvents refer to 
systems in which dissolution occurs in combination with the formation of 
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an unstable ester, ether or acetal derivative; one example is the carbon 
disulphide (CS2)–aqueous sodium hydroxide system. Non-derivatizing 
solvents refer to systems dissolving cellulose only by intermolecular 
interaction, like in the case of the N-methylmorpholine-N-oxide (NMMO)–
water system [77].  
 

 

Figure 3.29: The arrangement of cellulose in plant cell walls [76]. 
 
Industrially, the CS2–aqueous NaOH system has led to the viscose 
process. The proportion of the viscose process in the manufacture of 
cellulose products in relation to world production is still 95%, although this 
process has both ecological and economic drawbacks. One of the most 
important alternatives to the viscose process is the Lyocell process, 
commercialized at the beginning of the 90s and dealing with the NMMO-
water system. Despite many advantages, the Lyocell process is not able 
to gain wide acceptance because it has problems in handling with the 
thermally unstable NMMO, but particularly with the fibre quality [78].  
 
In 2002, Swatloski and co-workers showed that ionic liquids can be used 
as non-derivatizing solvents for cellulose. Cellulose can be dissolved in 
IM14 Cl and other hydrophilic ionic liquids, and can be regenerated from 
the solution by the addition of water, ethanol or acetone [79]. Recent 
studies have shown that cellulose dissolved in IM14 Cl is disordered, 
indicating that its hydrogen bonding network is disrupted. The proposed 
solvation mechanism involves the interaction of the chloride ions with the 



 130

hydroxyl protons of the carbohydrate, breaking the extensive hydrogen 
bonding network of the cellulose and promoting its dissolution [80,81].  
 
These findings increased the interest in the regenerated cellulose industry 
in ionic liquids with respect to environmental issues and the single-
component nature of the solvent system. A method for the production of 
cellulosic fibres and films from ionic liquids was described by the 
Thuringian Institute of Textile and Plastic Research (TITK) [82].  
 
After cellulose dispersion in water, the moist cellulose is mixed with 
aqueous IM14 Cl solution. Stabilizers like sodium hydroxide and propyl 
gallate are added to prevent drastic degradation of the cellulose. Under 
shear strain, increased temperature and vacuum the suspension is 
transformed into a homogeneous, nearly water free solution. By passing 
through a spinneret and an air gap, the solution is shaped into fibres or 
foils. The cellulose is regenerated by precipitation in an aqueous spinning 
bath. To regenerate the solvent, the spinning bath is treated with alkaline 
hydrogen peroxide solution, metal ions are removed with the aid of an ion 
exchanger and the water is finally removed by evaporation.  
 
Despite the interest of ionic liquids for cellulose fibre production is still 
growing, an industrial application of chloride ionic liquids for the production 
of man-made cellulosic fibres is not useful. Some drawbacks should be 
mentioned: no improvement of the fibre characteristics in comparison to 
already used technologies, corrosion caused by chloride containing ionic 
liquids, strong increase of viscosity with cellulose concentration, and 
degradation of the cellulose chain accompanying dissolution [77,83].  
 
Some progresses have been achieved by the selection of the ionic liquids 
constituents [84]. The changing of the anion component from chloride to 
acetate results in a significant stronger difference in the solution state than 
the modification of the cation. Especially the ionic liquids IM14 Cl, IM12 Cl, 
IM14 1COO and IM12 1COO are suitable for the preparation of cellulose 
solutions in a concentration range exhibiting highly technical importance 
[85]. Additionally, ionic liquids containing the IM12 cation and 
alkylphosphate based anions have shown the potential to dissolve 
cellulose under mild conditions [86]. 
 
The fibres obtained by the dissolution of cellulose with ionic liquids are 
very similar to those fibres obtained by the Lyocell process, due to 
comparable dissolution step, the similar solution structure, and the same 
regeneration conditions. Actually, the regeneration of the ionic liquid is 
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more energy-consuming than in the Lyocell process, due to the required 
complete removal of water [83]. However, several methods can be used to 
recover the ionic liquid [87].  
 
Additionally, it is expected that several side reactions that cause the 
formation of by-products in the system NMMO-celullose occurs with the 
use of ionic liquids too, especially those related with the formation of 
chromophores, degradation of cellulose and increased consumption of 
stabilizers [88,89]. As consequence, further research is necessary to 
optimize the recycling process and to keep track of by-product formation 
and accumulation of impurities during the process [78].  
 
b) Recovery of hydrophilic ionic liquids: 
 
Ionic liquids used for this application are highly water soluble (> 1000 g/L). 
Then, the target of the recovery scheme by nanofiltration is to obtain the 
ionic liquid solution free from dissolution stabilizers and by-products, and 
return it again into the process, as it is shown in Figure 3.30.  
 
 

 
 

Figure 3.30: Recovery schema for hydrophilic ionic liquids. 

 
 

In this case, a membrane with low retention for the ionic liquid but with a 
high retention for the undesirable (and unknown) compounds is required. 
According to the results from Chapter 2, the membrane FilmTec NF-270 
was selected.  
 
After recovering the 70% of the feed as permeate (VP/VF = 0.70) in a 
single stage process, it was possible to appreciate the magnitude of the 
separation by visual differences between the colours of the resulting 
streams: the retentate exhibited a caramel colour, while permeate was 
colourless. Those differences could be observed in Figure 3.31(a).  
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(a) (b) 

 
Figure 3.31: Recovery of IM14 Cl and IM14 1COO from wastewater in a single 
NF-stage: (a) Visual differences between feed and products, (b) Performance in 
terms of ionic liquid (IL) and cellulose degradation by-products (CD) separation. 

 
Conductivity measurements were used to estimate the degree of 
separation of the ionic liquid, and the results were 49 mS/cm for retentate, 
47 mS/cm for feed and 45 mS/cm for permeate. These results indicate that 
the ionic liquid distributes itself in all the samples, and the differences in 
colour are related to dissolution by-products and other compounds 
produced by side-reactions.  
 
The ionic liquid content could be estimated by the provider (TITK) using its 
own refraction index-concentration calibration curves. It was found that 
55% of the ionic liquid present in the wastewater can be recovered in the 
permeate stream, although the low retention, located around 21%, as it is 
shown in Figure 3.31(b).  
 
The content of cellulose degradation by-products in feed and retentate 
were experimentally determined (28 and 52 mg/L, respectively) while the 
in permeate it was estimated in 18 mg/L, after applying material balances. 
Due to the presence of undesired compounds, the permeate stream can 
not be directly reused in the cellulose dissolution process without affecting 
its performance. For this reason, a multi-stage nanofiltration process was 
proposed with the idea to produce a permeate stream free of those 
undesired components. 
 
The behaviour of the normalized permeate flux is represented in Figure 
3.32 as a function of the recovery rate for each stage. During the first 
stage, the concentration of by-products (glucose dimmers and monomers) 
in retentate produces a pronounced decrease in the permeate flux. The 
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reduction of the permeate flux is less pronounced during the second 
stage, while during the third stage a constant permeate flux was reached. 
  

 

Figure 3.32: Variation of the normalized permeate flux with increasing recovery 
rate for a three-stage nanofiltration process.  

 
According to the behaviour observed during the first stage, it can be 
concluded that after three stages it is possible to obtain a permeate 
stream almost free of dissolution by-products. An estimation of 15% of 
ionic liquid in permeate of the third stage indicates that the second and 
third stages are not selective for the ionic liquid, but for the undesired 
compounds.  
 
As consequence, despite the ionic liquid retention remains around 21%, 
the recovery of ionic liquid decreases to 27% after three stages, as is 
represented in Figure 3.33.  
 
Although the recovery rate of the ionic liquid could be considered low, it 
was possible to remove the undesired compounds and after evaporation 
of the water, a relative cleaner ionic liquid can be used for a further 
dissolution stage. Furthermore, the condensed water can be used to dilute 
again the retentate obtained, in order to processing it again by 
nanofiltration, as it is schematized in Figure 3.34. 
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Figure 3.33: Recovery of IM14 Cl and IM14 1COO 
from wastewater in three NF-stages. 

 

 
 

Figure 3.34: Process flow diagram for the recovery of IM14 Cl and IM14 1COO. 
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3.8 FACING PROBLEMS AND PROSPECT 
 
Despite the already shown results can be considered promising, there is 
only the beginning of a long road. In order to improve the recovery of ionic 
liquids from wastewaters, not only by nanofiltration, a strategic approach 
was developed. The aim of this approach is to gain previously knowledge 
about some common issues related with wastewater characteristics, 
production and management; before to concentrate the attention in the 
recovery process itself. Acting this way, should be easier to recover ionic 
liquids from waste. The strategic approach is illustrated in Figure 3.35. 
 

 

 

Figure 3.35: Strategic approach for the recovery of ionic liquids from waste. 

 
The first action comprises the identification of quality requirements for the 
recovered ionic liquid. Previous knowledge about the way the waste is 
produced and information about the waste characteristics, mainly the 
information related with other waste constituents and their composition, 
are needed. In this study, the characteristics of the waste from cellulose 
dissolution and regeneration were completely unknown, and a trial-and-
error procedure was required. Besides, the non-availability of 
physicochemical and thermodynamic data for ionic liquids and their 
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mixtures was missing. In the case of the wastewater from 
biotransformations, there is no information about the effects of a changing 
complexity of the mixture during recovery on the ionic liquid water 
solubility. 

 

Such lack of information could complicate the recovery process extremely 
with the corresponding waste of time and resources. However, when these 
prerequisites are fulfilled as far is possible, acceptable values for the 
removal of other constituents, as well as preconditioning needs to reach 
these values after recovery, can be properly established.  
 
As it should be expected, the characteristics of waste and collected 
information about similar experiences already published are useful to 
define the most suitable recovery option for the ionic liquid. Additionally, 
reliable analytical techniques and methods are required in order to 
quantify the extent of the recovery. Contrary to the case of regeneration of 
ionic liquids, where the ionic liquid is the principal constituent, the 
analytical challenges for a reliable characterisation of the recovered ionic 
liquid are considerably more complex, due to the heterogeneity of the 
waste and the inaccuracy generated by the presence of disturbing 
compounds.  
 
For example, ionic liquids can be analyzed by chromatography [90,91], but 
a potential contamination of cellulose degradation by-products would 
suppress the surface quality of the HPLC/IC columns. On the other hand, 
size-exclusion chromatography (SEC) can be usually applied for the 
detection cellulose degradation by-products [92,93], but the ionic liquid 
would suppress the quality of the SEC columns.  Furthermore, when other 
ions are present, like those from phosphate buffer in the wastewaters from 
biotransformations, simultaneously determination of the concentration of 
ionic liquid anion and cation is required to determine the extent of an 
eventual ion exchange (ionic liquid cation with strange anion, or ionic liquid 
anion with strange cation). A recent study in this direction was already 
published [94]. 
 
Once the recovery operation is selected and tested in order to establish 
the extent of the recovery, the definition of the operation mode should be 
achieved. Wastes are produced commonly in an unsteady form, thus a 
continuous recovery process can be difficult to carry out. For these cases, 
batch or semi-continuous recovery processes can be the solution.   
 



                          

 137

After the recovery step, two streams are generated: the recovered ionic 
liquid and the waste stream with a reduced content of ionic liquid. In the 
case of the remaining waste, it is important to assess its environmental 
impact with help of reliable data about hazard potentials, like those 
published in the UFT / Merck Ionic Liquids Biological Effects Database 
[29], in order to decide its final destination. In this case, the waste stream 
could require special treatment to remove the remaining ionic liquid (by 
adsorption or advanced oxidation processes) or could be disposed directly 
in an industrial wastewater treatment plant.   
 
For the recovered ionic liquid a further conditioning treatment (similar to 
those required to regenerate used ionic liquids) could be required, but the 
purification process and targets are dependent on the potential new 
application for the ionic liquid. Commonly it should be the same application 
that generates the wastewater, but not necessarily.  
 
A last remark should be pointed out. The needs of recovery operations for 
ionic liquids should go down, if ionic liquids are rationally designed and the 
applications processes prevent the generation of wastes. Furthermore, the 
complexity of the recovery operation is related with deficiencies in the 
design procedures of processes and products. 
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4 CONCLUSIONS & OUTLOOK 
 
 
 
 
4.1 CONCLUSIONS 
 
Based on the novel methodology to understand the chemical functionality 
of active membrane layers that derived from the T-SAR approach, it can 
be now qualitatively predicted both related properties and separation 
performance for several different solute classes, not only ionic liquids. 
 
At first sight, this qualitative analysis provides a tangible picture of a 
nanofiltration membrane which shakes off the black-box concept so far 
used for such membranes. Admittedly, this new picture is only a small 
contribution possessing its own limitations. But it can be assumed to 
provide a new avenue to systematically design task-specific nanofiltration 
membranes. 
 
Additionally and mainly due to its simplicity, the proposed picture could 
also serve as a meeting point for engineers, chemists, scientists and 
technicians working in the field of membrane technology. It can also 
encourage further developments by interdisciplinary work, especially in the 
fields of membrane synthesis and membrane characterization.  
 
The few studies already published about the use of nanofiltration for 
separation of ionic liquids from aqueous solutions only paid attention to 
hydrophilic ionic liquids. But as demonstrated in this study also the 
separation of hydrophobic ionic liquids from aqueous solutions is both 
necessary and possible. Furthermore, these compounds can be separated 
efficiently in terms of associated costs, and even a phase separation for a 
direct recovery can be performed successfully.  
 
Considering that most of the hydrophobic ionic liquids known up to date 
are either toxic or not easily biodegradable, their recovery from 
wastewater will allow the establishment of those potential applications of 
ionic liquids which are till now threatened, once the associated risks of 
environmental damages and economical losses are successfully 
overcame.  
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However, despite the use of nanofiltration for such purposes exhibits an 
encouraging future, when dealing with the quest of applications for ionic 
liquids (or even for other novel and trendy chemicals) the “keep it simple 
and straightforward” principle must be always considered. This means that 
all endeavours should be focused on the development of processes with 
zero waste production, while recovery operations like the one developed in 
this study should remain always as a last option.   
 
4.2 SUGGESTIONS FOR FURTHER RESEARCH 
 
As it is shown in Figure 4.1, the lifetime of ionic liquids in solution can be 
extended by means of regeneration and recovery processes, in order to 
reuse them as long as possible and to avoid the use of new ionic liquids to 
compensate the losses during application. Only when these processes are 
not feasible or cost-efficient, a removal process has to be considered to 
prevent the entrance of ionic liquids into the environment. 
 
 

 

Figure 4.1: Approaches used to extend the lifetime of ionic liquids. 

 
Due to the enormous diversity of ionic liquids, every possible application of 
ionic liquids represents a specific problem with its own challenges. Similar 
to the systematic approach presented in this work for the recovery of ionic 
liquids, a strategic approach for the properly selection of regeneration 
operations was recently published [1].  
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Although this work was focused on the use of nanofiltration for the 
recovery of ionic liquids from wastewater (Step II in Figure 4.1), 
nanofiltration might also have high potential as operation for the 
regeneration of ionic liquids (Step I in Figure 4.1). Indeed, some 
experiences have been already published in the field of organo-metallic 
catalysis for the regeneration of both, ionic liquid and catalyst, by organic 
solvent nanofiltration [2-4].   
 
In the case of the applications of ionic liquids already described 
(dissolution and regeneration of cellulose, and biotransformations in 
biphasic systems), further studies should be carried out in order to 
materialize the recovery of such ionic liquids in bigger scales, and thus 
contributing to the establishment of these ionic liquids applications as new 
chemical processes. Furthermore, the use of nanofiltration as recovery 
operation of ionic liquids used in aluminium deposition is now being 
considered [5], and the knowledge gained in this work could be used for 
further research in this direction.  
 
According to this, suggestions for further applied research in the use of 
nanofiltration together with ionic liquids appear to be application-
dependent. However, other aspects are suggested for systematically 
study, as follows. 
 
In order to gain more understanding about the formation of an ionic liquid 
phase from an aqueous solution, oriented research to the principles of 
drop formation, growth and separation is highly recommended. For 
example, the phase equilibrium diagrams for ionic liquids in water should 
be produced and/or completed. Also the effect of pressure should be 
considered, as it was found that pressure determines the local formation of 
second phase. Some work in this direction is already done at the 
University of Bremen with hydrophobic liquids containing the (CF3SO2)2N 
anion, but in non polar solvents and n-alkyl alcohols [6-8]. Furthermore, 
ternary systems (ionic liquid + water + electrolyte) should be considered, 
as their possible salting-out effects might dominate the process [9,10].  
 
Moreover, the formation of drops at the membrane surface and the 
following growth can be followed by optical methods, like microscopy and 
light scattering [11-13]. Once the structure of the formed emulsion is well 
understood, it should be easy to select the proper way for the coalescence 
and further separation of second phase.    
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Another interesting field for further research is the behaviour of ionic 
liquids exhibiting aggregation during the concentration process by 
nanofiltration. It is well known that some ionic liquids behave like 
amphiphilic compounds [14] and that the anion (the cation to a less 
extent), but also the presence of electrolytes decide, if an ionic liquid 
aggregates or not [15]. Nucleation (formation of a new phase within a 
metastable ambient phase) and micellization (formation of micelles in 
surfactant solutions) have the common feature to proceed through 
spontaneous aggregation of molecules or ions [16]. As a consequence, 
the changes in the organization of the ionic liquid in aqueous solution 
(from ion pairs to micelles and more complex aggregates) should lead to 
variations in the behaviour of permeate flux and retention, as it was 
already reported for an anionic surfactant [17]. 
 
Finally, in order to improve the membrane model developed, further 
research can be done to study systematically the structure-activity-
relationships of ionic liquids and nanofiltration membranes, but also to 
extent the model developed in this work to fulfil its limitations. 
 
The development of an ionic liquid test-kit, based on the concept created 
and successfully tested by Jastorff and co-workers [18], is suggested. 
Then it would be possible to predict the interactions between ionic liquids 
and the membrane and confirming then after obtaining the required 
experimental data. An appropriate selection of key ionic liquids will 
conduce to more knowledge about the interactions that take place 
between the membrane structure and the ionic liquids. Moreover, the 
diversity of ionic liquids would make possible to investigate separately the 
acting mechanisms in a nanofiltration membrane: steric hindrance, 
solution-diffusion, and charge exclusion (for those ionic liquids containing 
divalent anions like sulphate or functionalized side chains with groups able 
to acquire electrical charge in aqueous solutions, for example, carboxyl 
group). Some suggestions for such a test-kit were considered during the 
realization of this study [19]. 
 
By using the methodology developed in this work and combining results of 
XPS measurements at different thickness of the top layer, it can be 
possible to gain more information about the constitution of the different 
membrane sheets and thus, about the morphology of the nanopores. 
Furthermore, the information derived from this analysis can be used to 
simulate the formation of the top layer, improving the actual approach that 
represents both monomers like soft spheres [20,21]. However, there is a 
challenge related to the calculation capacity of the software used for such 
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purposes. In this study, the work with chemical structures containing more 
than 600 atoms proved to be complex and geometric optimizations cannot 
proceed successfully in all cases.   
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APPENDIXES 
 
 
 
 
APPENDIX A. DEAD-END MODULE 
 
The HP4750 Stirred Cell (Corporation Sterlitech) is a high-pressure 
chemical resistant stirred cell in which is possible to perform several 
membrane separations with a maximal operational pressure of 69 bar 
(1000 psig). The cell is made of stainless steel 316L and internal 
components are chemical resistant (nitrile rubber o-rings and gaskets and 
teflon-coated magnet). Figure A.1 shows the schematic diagram taken for 
the instruction manual of the HP4750 Stirred Cell. 
 

 
 

Figure A.1: Schematic diagram of the dead-end module used in this work. 
 

The cell consists in three major components: the cell body with removable 
top and bottom parts, the stir bar assembly and standard couplings. In 
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addition, a magnetic stirrer (230 VAC, 50 Hz) and a source of gas 
pressure (nitrogen, purity 5.0, Linde AG) to pressurize the cell are 
required. The top part of the cell can be removed to fill the vessel with up 
to 300 mL of feed solution with a hold-up volume around 1 mL.. The 
bottom part is removable to change out the membrane. The top and 
bottom parts are secured to the cell body with mechanical couplings. All 
the cell components are shown in Figure A.2. 
 

 
 

Figure A.2: Components of the dead-end module used in this work. 
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