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Kurzfassung
Ionische Flüssigkeiten (ionic liquids = ILs) sind eine neuartige Klasse von Substanzen mit
erheblichem technischem Potential. Per Definition haben ILs eine niedrige
Schmelztemperatur von Tm < 100 °C; die sogenannten „room temperature ionic liquids“
(RTILs) sind bei Raumtemperatur flüssig. Zu ihren charakteristischen Eigenschaften gehören
u. a. ihre Fähigkeit, als selektive Lösungsmittel für katalytische und elektrokatalytische
Reaktionen zu wirken sowie ihr sehr geringer Dampfdruck und ihr Lösepotential für ionische
und polare Substanzen. Aus der Kombinationsmöglichkeit von bekannten Anionen und
Kationen resultiert eine Vielzahl neuer interessanter ionischer Flüssigkeiten.
Die Direkt-Synthese ist der bislang präferierte Reaktionspfad für die Herstellung von ILs.
Dabei wird zuerst ein Kation durch Quaternisierung von Molekülen aus den Gruppen der
Amine, Phosphane oder der Gruppe mit heterozyklischen N-Ringen, darunter auch
Imidazolium und Pyridinium, gebildet. Dieses Kation bildet dann Salze mit unterschiedlichen
Anionen. Für die Herstellung von einigen maßgeschneiderten ILs reicht der Direkt-SynthesePfad nicht aus, denn nicht alle potentiellen Anion-Kation-Kombinationen (d. h. ILs) können
mit hohem Umsatz oder niedrigen Kosten durch die Direkt-Synthese hergestellt werden.
Neben der Direkt-Synthese existiert eine weitere komplementäre Variante zur Herstellung
von ILs. Sie beruht auf dem Prinzip des Ionenaustausches. ILs können durch MetatheseReaktion gebildet werden. Durch die Kopplung dieses Verfahrensprinzips mit weiteren
thermischen Verfahrensschritten wie Eindampfung und Kristallisation existiert eine
ergänzende Alternative für die Herstellung von maßgeschneiderten ILs.
In der vorliegenden Arbeit wurden die folgenden ILs:
•
1-Ethyl-3-methylimidazoliumacetat (EMIMAc),
•
1-Ethyl-3-methylimidazoliumformiat (EMIMFo) und
•
1-Ethyl-3-methylimidazoliumhydroxid (EMIMOH)
nach dem Metathese-Prinzip in hoher Reinheit hergestellt. Dazu wurden vier Varianten des
Metathese-Prinzips untersucht:
a)
Reziproke Umsetzung
b)
Donnan-Dialyse
c)
Elektrodialyse
d)
Ionenaustausch an Ionenaustauscherharzen
Die Verfahrensprinzipien werden bezüglich des Stoffüberganges mittels aktueller Theorien
zur Metathese-Reaktion, zum Stofftransport und zur Thermodynamik der Phasenbildung
quantifiziert.

Bei der Variante (a) - reziproke Umsetzung - wurden die Effekte von Lösungsmittelanteil und
Temperatur auf den Umsatz beim reziproken Salzpaar Natrium-Acetat/EMIM-Chlorid
bestimmt und quantifiziert. In allen Fällen wurde eine EMIM-Acetat-reiche Mischung
erhalten. Bei einer Konzentration von 3,0 Mol H2O / Salz-Äquivalent ergibt sich beim
Umsatz ausgehend von einer äquimolaren Mischung der Salze ein Wert von 64 mol-% Acetat
in der flüssigen Phase. Im wasserfreien System wurde ebenfalls eine reziproke Umsetzung
beobachtet, allerdings erst bei Temperaturen oberhalb 150 °C.
Bei der Variante (b) - Donnan-Dialyse - werden die wässrigen Lösungen der Edukte im
Membran-Kontaktor im Gegenstrom geführt. Mit diesem Verfahrensprinzip wurden EMIMAcetat und EMIM-Formiat sowie EMIM-Hydroxid als wässrige Lösungen hergestellt. Der
Ionenaustausch wurde in Abhängigkeit der Belastung des Kontaktors untersucht und die
Stoffübergangskoeffizienten der korrespondierenden Ionen bestimmt. Es konnten Reinheiten
von R > 99 % erzielt werden.
Bei der dritten Variante (c) – Elektrodialyse - wurde als Produkt EMIM-Hydroxid durch
Salzspaltung mittels bipolarer Membranen hergestellt. Die EMIM-Hydroxid-Lösungen
wurden am Lehrstuhl für Chemische Reaktionstechnik in Neutralisationsreaktionen mit
verschiedenen Säuren umgesetzt. Im Endprodukt wurden Reinheiten von R > 98 % erzielt.
Die spezifische Leistung der getesteten Elektrodialyse beträgt msp ~ 30 kg/d∙m2.
Bei der letzten Variante (d) - Ionenaustausch an Ionenaustauscherharzen - wurde EMIMAc
bei kontinuierlichem Flussstrom in einem Ionenaustauscher mit 3,8 dm3 Inhalt hergestellt. Ein
hoher Umsatz von Y > 99 % wurde erzielt. Der Umsatzgrad wurde in seiner Abhängigkeit
von der linearen Geschwindigkeit des Eduktstroms untersucht.
Eine vergleichende Analyse der verwendeten Metathese-Verfahren zeigt die deutliche
Effizienz des Ionenaustauschs an Ionenaustauscherharzen für die Herstellung von ILs
bezüglich der Herstellungskosten. Die apparativen Anschaffungskosten für die
Membranverfahren sind deutlich höher als die bei Verwendung von Ionenaustauscher-Harzen.
Bezüglich der Chemikalien- und Betriebskosten sind alle Verfahren etwa gleichwertig. Die
Membranverfahren zeichnen sich durch eine hohe Flexibilität in Bezug auf die zu
produzierende IL-Menge und des zeitlich begrenzten Einsatzes aus.
Mit allen in dieser Arbeit untersuchten Verfahren ist es möglich, maßgeschneiderte ILs durch
Anion-Substitution herzustellen. Durch die untersuchten Verfahrenskonzepte kann in
Analogie zum Anionenaustausch auch der Kationenaustausch durchgeführt werden. Dieses
Projekt hat dazu beigetragen, weitere bislang noch nicht genutzte ILs kostengünstig
herzustellen und somit einer industriellen Anwendung zugänglich zu machen.
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Introduction

1 Introduction
Ionic liquids (ILs) are a very important class of innovative compounds consisting entirely of
ions and which are normally liquid at or near room temperature. They are currently becoming
an important segment in the chemical research an industry due to their interesting properties,
such as, among others, their ability to be applied as practically non-volatile solvents.
A wide variety of anion-cation combinations of ILs can be theoretically produced, with a
specific application in each case, as solvents in (bio)-catalysis or as electrolytes among other
current and potential uses [Sigma-Aldrich 2005, Wasserscheid 2003, Wasserscheid 2000].
A reaction process of direct synthesis is essentially the way through which the first series of
ILs have been and are still produced nowadays. This basically involves first the quaternization
of molecules that can easily complex to various metal ions (as organometallic agents), like
amine, phosphine or heterocyclic nitrogen rings, with the corresponding cation as the
intermediary product, which ultimately reacts with an alkylation agent forming the IL. A
number of important ILs has thus been generated from established firms like BASF
(Ludwigshafen) and Merck KGaA (Darmstadt), among others. Among the quaternary cations
studied, the dialkylated imidazolium cation EMIM+ for example has shown to be an excellent
compromise between ease of synthesis and desirable properties [Wilkes 2002, Fannin 1984].
For the production of further specifically tailored and highly valuable ILs, however, direct
synthesis alone may not always be enough, since not all the anion - cation combinations
needed for each particular application can actually be obtained at a high yield and/or at a low
cost through this method. There exists, though, a complementary path for generating ILs, and
it is based on the ion exchange principle; highly valuable ILs can potentially be produced by
this reaction path known as metathesis, a classic type of reaction that basically implies the
exchange of ions (either anions or cations) from two educts being put into contact. This
concept, as applied in the presented work, implies the use of a readily available, low-cost
educts, with a low-value ‘precursor’ IL itself being one of these educts. This process, when
coupled with a final separation or concentration enrichment of the resulting IL by means of
distillation and fractional (melt) crystallization, represents an interesting and potentially
feasible alternative for obtaining concentrated or high-purity tailored compounds of this kind.
Metathesis here can be accomplished by several approaches; each one of them is studied in
detail in this work.
A first approach in the metathesis reaction is the generation of a reciprocal salt pair system
through the mixture of two educts, which are essentially two ionic compounds; this leads to
1
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the formation of a ternary system (if there is no solvent present in the reaction system) or of a
quaternary system (if there is a solvent present), from where the desired product can be
obtained in high purity degree by crystallization of the product itself or else it can be
concentrated by crystallization of the by-product, according to the saturation curves of the
ternary or quaternary system in the phase diagram. Accordingly, an efficient separation can be
achieved in situ and almost simultaneously together with the mixing operation and the
metathesis process, all coupled in a whole module. Normally the reciprocal salt pair system
also includes water as an additional component, which is then added as a solvent in such an
extent as to provide for a homogeneous suspension for ease of reaction in the whole system.
Additionally to the degree of concentration in the solution, temperature is also an important
parameter to which the degree of conversion in the reciprocal pair is related to as a function.
Studies on the thermo-chemical properties of some ILs, including our interest cation group
imidazolium, have shown decomposition at temperatures even as low as 200 °C [Kosmulski
2007, Ngo 2000]. Since this represents a risk in the metathesis reaction system, water content
can then be applied as a manipulated variable and be suitably adjusted, while maintaining
temperature in the reactor at a fairly low value.
A second approach, and a novel one in the ionic liquids scenario, is the Donnan dialysis of the
educts through a membrane system. Based on the theory of diffusion and electro-neutrality –
and, on a second level, on the intrinsic properties of the membrane-, it is possible to get a high
product output by establishing a concentration gradient between the educts across an ion
exchange membrane. The advantage of this method lies in the gradient being the only real
driving force for the reaction as well as the feasibility of performing it at mild temperature
conditions. Therefore, it has been so far applied particularly for solution purification, like in
separation of non metals like F-, and for ion recovery purposes, like in metals recovery from a
solution [Berdous 2002, Hichour 1999].
A third approach for IL production, which is a variation of the second one, is by means of
electrodialysis. Here, the driving force for ion exchange is based on the electrical potential.
This method has already been recently and successfully applied for production of hydroxidebased ‘precursor’ ILs [Himmler 2007].
Finally, a fourth approach is the ion exchange through a column. This is an efficient method
which has already been well reported in past works [Wasserscheid 2003, Lall 2000]. For this
method, a series of high-efficiency polymer-based ion exchange resins is available in the
market as well, which normally guarantees a high conversion after each regeneration cycle of
the column.
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Through these different approaches, all of them based on the principle of metathesis, it is
technically possible to obtain tailored ILs in the form of salts or as hydroxides, by anion
substitution. Moreover, provided there is a feasible production of ILs by means of anion
substitution, the potential application of the ion exchange principle to tailor even more IL
salts by means of cation substitution will then also be a strong issue.

3
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2 Goal
The purpose of this work is to establish the appropriate thermodynamic and fluid dynamic
conditions in a multicomponent reciprocal salt pair system which, through a metathesis
reaction, will lead to an efficient conversion to interesting and highly valuable ILs based on
readily available and interesting quaternary amine cations: EMIMAc, EMIMFo and
EMIMOH. Additionally, crystallization characteristics of the system will be studied, and
further separation procedures –distillation and centrifugation- will be applied to achieve a
high final concentration of these compounds. Then, the operation variables involved in each
system will be applied to the modeling of the process, based on the already established theory,
and a comparative study of different alternative production processes will be achieved, taking
into account the efficiency in product formation and the downstream separation steps in each
case.
Finally, an appropriate production and concentration procedure based on fractional
crystallization will be proposed to obtain concentrated highly valuable ILs, by performing the
metathesis process and coupling it together with state-of-the-art processes like membrane
dialysis and column ion exchange.

4
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3 Fundamentals
This chapter covers the fundamentals from which our study goal is developed and performed.
Beginning with an overview of ILs, their characteristics and applications, we proceed to
briefly describe the current processes associated with their preparation, to finally concentrate
on the alternative potential preparation methods. A summary of the state of the art on
crystallization in multicomponent reciprocal pair systems will be given here as well.

3.1 Ionic liquids
3.1.1 Overview and properties
An IL can generally be defined as a salt, composed entirely of anions and cations, with a
melting temperature that has technically been established as below the boiling point of water
(Tm < 100 °C) [MacFarlane 2007, Wasserscheid 2003, Wilkes 2002], and which have an
extremely low vapor pressure, as has been shown by previous work in the field [Ludwig
2007, Armstrong 2007, Earle 2006, Paulechka 2005]. An IL is then essentially a molten salt,
like for instance is the case with NaCl, but with the difference that an IL has a much lower
melting temperature than the classical inorganic salts.
Several ILs are already liquid at or near room temperature, and therefore they are also named
room temperature ionic liquids (RTILs).
ILs are thus an essentially large group of compounds which from their structure can be
scientifically catalogued as salts. They have come into the chemistry field as so called
‘neoteric’ non-aqueous solvents, and they are currently becoming an important segment in the
chemical research an industry due to their interesting properties, such as, among others, their
ability to operate as environmentally friendlier solvents when compared to organic solvents.
Other comparative advantages are, among others: lower risk in terms of flammability and
corrosiveness, their usually large distribution factor (which makes them ideal extraction
agents), and their intrinsic potential to be designed according to requirements -as ‘designer
solvents’. A very detailed explanation on these and further physical chemical properties of
ILs, like conductivity and viscosity, as well as chemical reaction behavior, can be found in the
specialized literature published during the last years [Salanne 2007, Wasserscheid 2003,
Wasserscheid 2000, Earle 2000, Suárez 1998, Carmichael 1999, Holbrey 1999a, Holbrey
1999, Freemantle 1998, Gordon 1998]. Additionally, experimental work has established that
5
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ILs are stable over a relatively wide temperature range. In this respect, a very good amount of
data on thermal stability of ILs has been reported on the basis of experimental differential
thermal analysis (DTA) and thermogravimetric analysis (TGA) in the available literature
[Crosthwaite 2005, Kosmulski 2004, Anderson 2003, Ngo 2000].
In spite of their apparent great environmental advantages, however, it also has to be pointed
out that their current excellent risk profile depends on their specific application and on further
future evaluations of their actual degree of toxicity, particularly regarding their
biodegradation products [Ranke 2007].
Together with the group of ILs, it is also important to mention a group of solvent liquids,
which have recently been researched and which have often been compared with ILs, because
of their equally very low volatility and flammability, besides being potentially biodegradable
[Abbott 2004]. They are the so called deep eutectic solvents (DES); each solvent liquid from
this group is basically composed of a mixture which forms a eutectic with a melting point
much lower than either of its individual components. The already well known 1 to 2 mole to
mole mixture ratio of choline chloride (2-hydroxyethyl-trimethylammonium chloride) and
urea is a prime example of a mixture belonging to the DES group. Nevertheless, their main
difference compared to ionic liquids, again, is that DESs are ionic mixtures and not
compounds [Abbott 2004].

3.1.2 Applications
ILs have gained much application recently as solvents applicable to many ionic, polar and
nonpolar structure groups. A wide variety of anion-cation combinations of ILs can be
theoretically produced, with a specific application in each case. A main application of ILs, as
was mentioned before, is as efficient solvents in diverse catalysis and bio-catalysis processes
or as electrolytes among other current and potential uses [Endres 2008, Sigma-Aldrich 2005,
Wasserscheid 2003, Wasserscheid, 2000]. It has additionally been shown and stated that ILs
have no apparent negative influence on the stability of enzymes [Rantwijk 2007, Ohlin 2007,
Yang 2005, Wasserscheid 2003].
Further on, ILs can also have a potential application as entrainers [Zhang 2007, Arce 2007];
finally, previous work performed with imidazolium- and pyridinium-based ILs in our Chair of
Separation Science and Technology (Prof. Dr. Wolfgang Arlt and Prof. Dr. Axel König), have
even shown eutectic behavior in some of these ILs when they were mixed with organic
isomers [König, private communications].
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3.1.3 Preparation of ILs
Stable ILs can be obtained through quaternization of an amine, an amide, a heterocyclic
nitrogen N-ring or a phosphine with an alkylating agent that has a substituent R. This process
renders the imidazolium (Im+), pyridinium (Py+), ammonium (NR4+) and phosphonium (PR4+)
salts, which essentially turn out to be the first group of ILs produced, as can be seen from
Figure 1. Here, a schematic block diagram of this first step is depicted, as well as of the
additional available steps and reaction processes for the preparation of further ILs. The first
step, as mentioned before, is the quaternization, which is then followed by direct synthesis of
the IL through proper reaction of the cation with the alkylation reagent; this is signaled as
route 1 in the diagram. Several ILs are currently prepared by the direct synthesis method.
From the extremely high number of theoretically feasible ILs, it can be inferred that not all
ILs can be prepared just by direct synthesis. Reaction with a Lewis acid (route 2) and, even
more interestingly, metathesis (route 3) come then as the other additional routes for preparing
specifically tailored ILs. In the case of metathesis, this is based on an ion exchange reaction in
a so called reciprocal pair system. The reciprocal pair system reaction will be described in
Section 3.3 in detail.
Direct synthesis, as explained in Section 1, is a preferred reaction method. In organometallic
chemistry, direct synthesis, in its different variations, has been and still is a key process for
the generation of metal complexes [Garnovskii 2003, Garnovskii 1999]. This process consists
of an initial quaternization of special functional groups (moieties) like amine, phosphine or
heterocyclic nitrogen rings, like imidazolium and pyridin; these groups can easily complex to
various metal ions –acting as organometallic agents-, with the corresponding cation as the
intermediary product, and which ultimately reacts with an alkylation agent forming the IL. A
number of important ILs has been generated through this mechanism by established
companies, in Germany for instance, and product databases have been made available as well
(among others: BASF, Ludwigshafen; Solvent Innovation, Köln; IoLiTec, Denzlingen); the
product literature is currently also available as online publication [BASF 2007].
Figure 2 shows the quaternized functional groups amine, phosphine, imidazolium and
pyridinium. These ions represent the source for the first step in the process for generation of
ILs.
For the production of further specifically tailored and highly valuable ILs, however, direct
synthesis alone may not always be enough, since not all the anion - cation combinations
needed for each particular application can actually be obtained at a high yield and/or at a low
cost through this method. Additionally, the degree of purity of an IL is also an important issue
here; halides, which are often present in the current preparation of ILs, have a particular
7
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inhibiting effect on the degree of conversion to product in IL-assisted catalytic reactions
[Sigma-Aldrich 2005, Wasserscheid 2003, Seddon 2000].
ILs
NR 3
PR 3
Im
Py

+ R’X
quaternization

[NR 3 R ’] +
[PR 3 R ’] +
[ Im R ’] +
[Py R’ ] +

direct synthesis
route 1

[NR 3 R ’] + X [PR 3 R ’] + X [ ImR ’] + X [Py R’ ] + X -

metathesis
route 3

+ MA
(metal
salt)
route 3a
-MX
[NR3R’]+[A]-

route 2
+ HA
(Brönsted acid)

+ ion exchange
column (resin)

route 3b

route 3c

+ Lewis
acid MXn

-HX
[PR3R’]+[A]-

[ImR’]+[A]-

[PyR’]+[A]-

ILs
ILs

[NR 3 R ’] + [M X n + 1 ] [PR 3 R ’] + [M X n + 1 ] [ ImR ’] + [ MX n + 1 ] [Py R’ ] + [ MX n + 1 ] -

Figure 1. Scheme of the available routes for production of ILs. Route 1 depicts the direct synthesis.
Metathesis routes 3a and 3c are the main paths described in this work. MX in route 3a signals the
generation of a salt precipitate in a 2-phase system. Route 3b gives in turn HX as subproduct in vapor
phase.

(a)

(b)

(c)

(d)

Figure 2. Structural formula of quaternized ions from: (a) amine, (b) phosphine, (c) imidazolium and
(d) pyridinium.
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A complementary path to generating ILs, and which to date has only been little researched or
in fact even technically applied at a larger scale, is given by route 3a. This route, which is the
one studied and around which this work is centered, is based on the ion exchange principle;
according to this, the production of highly valuable ILs can be also achieved by means of
metathesis from low-cost educts –with a readily available, low-value ‘precursor’ or
intermediate IL itself being one of these educts-, coupled with a final separation or
concentration enrichment of the new resulting IL by means of distillation and selective
fractional crystallization. This reaction path represents an interesting and potentially feasible
alternative for obtaining concentrated or high-purity tailored compounds of this kind.
Metathesis as a whole can be accomplished by several approaches; each one of them will be
detailed in this work.
Among the quaternary cations studied and produced so far, the dialkylated imidazolium
cation has shown to be an excellent compromise between ease of synthesis and desirable
properties [Wilkes 2002, Fannin 1984]. Imidazolium-based ILs (EMIM ILs) have a wide
liquidus range and an electrochemical window of > 3,0 V, which makes this cation a much
preferred one for the buildup of further ILs [Wilkes 1992]. Here, the butyl imidazolium is one
of the most frequently applied cations for the generation of ILs, although definitely not the
only one.

3.1.4 Properties and applications of imidazolium ILs
Among the current existing and future potential ILs, the ones derived from the imidazolium
cation are among the currently most studied ones: different functional groups (anions) can be
attached to this ion, thus rendering a range of high-value ILs which can be tailored for
specific applications. The dialkylated imidazolium cation has particularly shown to be an
excellent compromise between ease of synthesis and desirable properties [Wilkes 2002,
Fannin 1984].
Figure 3 below shows the structure of the imidazolium cation. This ion, in its dialkylated
form, is a very good candidate for building a wide range of ionic liquids because of its
moderate molecular size.

Figure 3. Structure of the imidazolium ion

9

Fundamentals
The ILs with this cation are generally slightly acidic and they have reported a supercooling
temperature range of at least 50 K in most of the corresponding compounds studied [Ngo
2000]. Besides its proven stability in water –compared to the already ‘older’ and not so water
stable chloroaluminate cation- this ion has a moderate polarity [Weingärtner 2007], which in
turn means that the corresponding IL has good solvating properties and can indeed be used as
a solvent for specific applications. Additionally, besides being the general conductivity of ILs
already high, the EMIM+ cation has a particularly very good specific conductivity [Fannin
1984]. The imidazolium cation has very good properties, even compared with the also well
studied pyridinium cation. Therefore, imidazolium-based ILs are in fact the most widely
studied ILs so far.
The imidazolium and the pyridinium cations have been studied since long ago [Fannin 1984,
Carpio 1979]. Actually, dialkylimidazolium salts with iodide and chloride substituted anions
had been prepared in Germany already since the 1880s [Wallach 1883]. Exhaustive and
comprehensive work developed from the 1960s until the 1980s have helped in compiling a
broad database as well as in getting a much better theoretical knowledge of the physical and
chemical properties of the ions –particularly the cations- that have gradually been deemed
eligible for the generation of new potentially useful ILs [Wilkes 2002, Fannin 1984, Wilkes
1982, Carpio 1979].

3.1.4.1 1-ethyl 3-methyl imidazolium acetate (EMIMAc)
EMIMAc is an IL that possesses a high stability against hydrolysis -compared, for instance,
with chloroaluminate ILs. The first report on synthesis of this IL dates back to 1982 [Wilkes
1982], and its current preparation method by synthesis with lead salt has also been well
studied, including the degree of purity achieved in the product [Hamill 2000]. It is slightly
basic due to the acetate anion, which also gives a coordinating ability to the IL.
The chemical structure of the ionic liquid EMIMAc can be seen in Figure 4. EMIMAc is an
interesting IL, already liquid at low temperatures (Tm < -20 °C) and with important recently
found applications, among others, as solvent in biocatalysis and protein resolution [Zhao
2006, Yang 2005], as a solvent for cellulose [Cui 2007] and as entrainer in distillation for
separation of azeotropic mixtures [Zhang 2007]. EMIMAc has also a moderate density due
particularly to the Ac- cation.

Figure 4. Structure of 1-ethyl 3-methyl
imidazolium acetate (EMIMAc).
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3.1.4.2 1-ethyl 3-methyl imidazolium formate (EMIMFo)
The structure of EMIMFo is represented in Figure 5:

Figure 5. Structure of 1-ethyl 3-methyl
imidazolium formate (EMIMFo).

A few formate ILs have already been prepared and studied, and have found application as
solvents of inorganic salts among others [Bicak 2005]. An acid-base metathesis reaction
process for preparation of formate ILs based on imidazole -as well as on other cations- has
also recently been registered as patent [Ma 2007].

3.1.4.3 1 ethyl 3-methyl imidazolium hydroxide (EMIMOH)
EMIMOH is a relatively unstable IL when in concentrated or pure state, but becomes stable
when diluted in an aqueous solution [Himmler 207a]. EMIMEtOSO3 is a readily available and
easy to prepare non toxic IL that has also been studied as a potential intermediate product –a
‘precursor’ solution compound- for the preparation of a broad number of further ILs.
Recently, a highly feasible production process of this IL by electrodialysis has been published
[Himmler 2007], based on 1-ethyl 3-methyl imidazolium ethyl sulfate (EMIMEtOSO3),
itself another IL with well known properties [Himmler 2007, Zhang 2006].
The structure of EMIMOH is represented in Figure 6:

Figure 6. Structure of 1-ethyl 3-methyl
imidazolium hydroxide (EMIMOH).

Table 1 summarizes some properties of the ILs studied in this work. The molecular weight
MW, the melting temperature Tm, the supercooling temperature of crystallization or glass
transition Tu and the approximate thermal decomposition temperature Tdecomp are given in
each case where available, either from experimental runs performed at the laboratories in our
11
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Chair of Separation Science and Technology or from past published work. The value Tdecomp
refers to the temperature at which an enthalpy change occurs in a compound when measured
by DSC, indicating that a change in the chemical structure is likely to have taken place. This
value is of importance when considering the permissible limits in the exchange reaction range
where the corresponding component will still be stable.

Table 1. ILs studied in this work, based on the imidazolium cation.

Ionic liquid

Name

Units 
EMIMCl
EMIMAc
EMIMFo
EMIMOH
a
b
c
d
(n.a

1 ethyl, 3 methyl
imidazolium chloride
1 ethyl, 3 methyl
imidazolium acetate
1 ethyl, 3 methyl
imidazolium formate
1 ethyl, 3 methyl
imidazolium hydroxide

MW

Tm

Tu

Tdecomp

kg/kmol

°C

°C

°C

146

82-87 a, 89 b, 87 c

26 c

285 b

170

-20 c, d

-45 d

n.a.

156

n.a.

n.a.

n.a.

128

n.a.

n.a.

n.a.

Wilkes 1982
Ngo 2000
This work
Wilkes 1992
= not available)

3.2 Crystallization
Crystallization is one of the oldest unit operations in chemical engineering. Currently, the vast
majority of processes in the chemical industry use, at some stage, crystallization as a method
of production, purification or recovery of solid material, or of liquid material from the solid
[Mullin 1993]. Apart from being one of the best and cheapest methods available for the
production of pure solids from impure solutions, crystallization has the additional advantage
of giving an end product that has many desirable properties, like uniform crystals –that is,
when the solid is the desired product.
The industrial applications of crystallization are not only confined to the production of pure
solid substances; it also includes the fractional separation of components in mixtures, and as
such is currently an established thermal separation engineering process on its own.
Fractional crystallization in multicomponent systems based on metathesis reactions, as well as
their corresponding phase diagrams, has been researched in detail, and methods for
12
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optimization in production, particularly for inorganic salts with industrial applications, have
been published [Kochkarov 2007a, Kochkarov 2007b, Cisternas 2003, Berry 1996]. In the
case of ILs, initial work has been performed involving fractional crystallization [Fiene 2006],
and, as an established technique researched in extent by Prof. Dr. Axel König at the Chair of
Separation Science and Technology, crystallization has also been recently applied to produce
and separate an IL as crystals from a mother liquor solution [König 2007, König 2006].

3.2.1 Thermodynamic phase equilibrium and phase diagrams
A phase diagram represents graphically, in two or three dimensions, the equilibria between
the various phases of a one-component or a multicomponent (binary, ternary, quaternary…)
system. In other words, it describes at which physical conditions a component or a mixture
finds itself in the solid, liquid or gas state.
At thermodynamic equilibrium, the number of components C, phases P, and degrees of
freedom F of a system are related by the Gibbs phase rule [Gibbs 1876]:

P F C 2

(3.1)

The importance of Equation (3.1), given a definite number of components in a mixture, lies in
its ability to calculate the degrees of freedom that can be manipulated in order to completely
determine the system.
Phase diagrams of one component as well as of two-component (binary) and 3-component
(ternary) systems have long been researched and they constitute a wide available database in
thermodynamics and for crystallization purposes.
For multicomponent systems with 3 or more components present, the corresponding phase
diagrams can be represented as 3-dimensional graphs, and they follow the same pattern as in
binary systems. Normally, the composition (mole or mass fraction) of one component is
represented along the X-axis. On the Y-axis, a system parameter like temperature, pressure or
solution concentration is represented. Therefore, the great importance of the phase diagram
lies in its ability to describe and get the physical parameters under which it must be operated
in order to achieve an efficient and high-quality crystallization.
A 5-component system has 4 degrees of freedom according to the Gibbs phase rule. In such a
system, under constant temperature (T) and constant pressure (P), a 2-dimensional projection
known as a Jänecke diagram can be employed to represent the phase diagram. Figure 7 (a)
shows a 3-dimensional representation of a typical four-component system with solvent
13
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(water) concentration shown on the vertical axis. Below it, Figure 7 (b) is the representation
of the 3-D diagram as a 2-D Jänecke projection.

(a)

Figure 7. (a) 3-dimensional
representation of a 4-component
system. System: KCl / Na2SO4 /
K2SO4 / NaCl / H2O. P and T are
constant. (b) The same system in a
2-dimensional Jänecke projection
[Linke 1958, Nicolaisen 1993].

(b)
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Phase change detection: differential thermal analysis
A phase reaction is always accompanied by an enthalpy change, and this heat effect can
readily be observed if a cooling curve is plotted for the system. Differential thermal analysis
(DTA) is based on this principle. DTA and its similar counterpart, the differential scanning
calorimetry (DSC), are both based on the same principle of heat transfer. Both have been
widely researched; a detailed treatment of the process and the curves generated by DTA and
DSC has also been the matter of several publications up to date [Brown 1988, Mraw 1982,
Piekielny 1978].
DTA is a method used for observing phase changes and measuring the associated changes in
enthalpy. It essentially consists of the following: a small test sample, often only a few
milligrams, in close proximity to a sample of reference material, both of them inside a
container and both of them heated at a constant temperature rate, with the whole system
operated by a thermostate unit. This means that temperature T in the system becomes a
function of time. The reference material, for instance a sand mixture, must not exhibit any
phase change over the temperature range under consideration. Figure 8 shows a basic scheme
of a classical DTA measurement unit, with the sample and the reference.

TI
1

TI
2

Transducer

Tamb

Heating
reference

sample

Temperature = f(t)

Figure 8. A typical DTA measuring system scheme. It consists of the sample and a reference. Heat at
a constant rate is provided and the temperature difference T generated when a phase change in the
sample takes place is then detected and graphically shown online.
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When the test sample undergoes a phase change, there will be a heat release or absorption. If
the change is caused by melting, it will absorb heat and its temperature will lag behind that of
the reference material during that process. The temperature of sample and reference as well as
the difference in temperature T between both is detected by a pair of matched thermocouples
and recorded as a function of time. As a consequence, the area between the differential curve
–generated by the sample- and the base line –generated by the reference- is a function of the
enthalpy associated with the phase change, and it can be quantified as well.
Figure 9 shows a classical DTA curve of a single compound, with a typical single melting
peak (lower heating curve in the figure) and a typical single crystallization peak (upper cooldown curve). It must be emphasized that a single peak can indicate the presence of either a
pure compound or of a eutectic, dystectic (adduct) or peritectic mixture. A difference of
temperature between the compound and the reference (with the latter being, for instance,
SiO2) is given in the graph as a transition peak. As is already a general convention in DTA
and DSC curves, the downward peaks (valleys) indicate an endothermic reaction, while the
upward peaks indicate an exothermic reaction. Figure 9 is an example of the DTA path
followed by EMIMCl; the wide melting peak indicates that the compound may not be totally
pure. In general, a pure sample gives a sharp peak while an impure sample would show a
broader peak, a more indefinite start and a blunt maximum.
An important convention remark on the DTA curve, which apply also to the DSC curves, is
the following: the melting point of the substance is not given by the end of the peak itself, but
instead by an intersection between an approximately horizontal line and a tangent line to the
peak itself [Piekielny 1978], as can be seen by the ‘melt onset’ point marked by the red arrow
in Figure 9.
Additionally, another important issue in this graph is that a clear supercooling effect is also
shown: the thermodynamic effect of supercooling is shown by most substances, including ILs,
and it is seen clearly in Figure 9; here the supercooling temperature region is marked between
the vertical dashed lines. As it is known, the supercooling effect is related to the kinetics of
ordering in the crystal lattice structure in the liquid phase before it finally adopts the solid
state; as such, it can take a large temperature difference –in relation to the melting pointbefore the compound finally crystallizes.
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Crystallization
(exothermic)
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T - Tref / °C
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5
cooling down
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-5
melt onset

Melting
(endothermic)

-10

T / °C
Figure 9. A typical DTA diagram showing the endothermic phase transition solid–liquid (melting)
and the exothermic phase transition liquid–solid (crystallization) of a single compound. The
supercooling region is shown between the vertical dashed lines. Ionic liquid: EMIMCl (≥ 93%).

On the other hand, some typical DSC curves are shown by Figures 10 and 11. Figure 10
shows the power of DSC in differentiating even two isomers, in this case m-cresol from pcresol, by their different profiles. Important here is the fact that the phenomenon of glass state
transition and recrystallization (before final melting) can occur in some compounds, as is
clearly illustrated in the graph for the case of m-cresol, where a glass transition and a
recrystallization peak can be seen in heating stage of m-cresol. Figure 11 shows again a single
peak system, in this case of an adduct system. From the DSC graphs, which are generated
online, melting and crystallization temperatures can be automatically calculated. Moreover,
the area of the peaks, shown as gray-shadowed sufaces in Figure 11, is proportional to the
change in enthalpy H and as thus this property can also be accurately measured. The vertical
dashed lines mark here also the boundaries of the supercooling region.
Ultimately, since the development of the differential scanning calorimeter, coupled with a
personal computer for the measurement of solid–liquid equilibria [Matsuoka 1989], DSC has
resulted in an extremely important tool for the experimental determination of phase diagrams.
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Figure 10. A typical DSC diagram showing the melting (heating path) and crystallization (coolingdown path) of two isomer compounds. Compounds: m-cresol and p-cresol.
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Figure 11. A DSC diagram showing the melting and crystallization of an adduct (complex), with
calculated enthalpy change H and temperature (T). Compound: resorcinol-urea adduct system.
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Glass transition in imidazolium-based ILs
Studies on solid phase transition performed on imidazolium-based ILs have shown that,
although crystallization can in principle be successfully achieved (as shown in Figure 9), this
also depends to a certain extent on the cooling rate among other factors; in fact, most of these
molten ILs are very good glass-formers, that is, they actually present a weak tendency to
crystallize [Branco 2002]. Therefore, more than often they can be cooled from the equilibrium
liquid state down to low temperatures without crystallizing, entering the metastable
supercooled liquid state and suffering a glass transition leading to an out-of-equilibrium
glassy state. This is the reason why they mostly show a clear signature of a glass transition in
their corresponding DTA or DSC curves, depending also on the heating-cooling rate.

3.3 Metathesis: reciprocal salt pair and exchange reaction
The metathesis reaction, also known as double decomposition reaction, is a bimolecular (or
bi-ionic) process involving the exchange of bonds between the two reacting chemical species.
In an ionic mixture containing initially the ionic compounds A+B- and C+D-, the metathesis
reaction can be represented in principle by Equation (3.2):

A B   C  D 




A D   B C 

(3.2)

Here what is known as a reciprocal salt pair system among the four components is
generated. Currently, several inorganic salts are produced by means of the reciprocal pair
exchange principle; their generation is strongly based on their corresponding phase
equilibrium diagrams, for which there is an excellent work already performed in this field
[Emons 1990]. A brief handling of the previous work is performed in the next lines.
An example of a reciprocal salt pair system with metathesis reaction is illustrated in the phase
diagram shown in Figure 12 as a classical Jänecke projection. The interpretation of this
diagram is as follows: when the mixture AB and CD react, a diagonal line AB-CD is drawn
across the phase diagram to determine the available crystallization region after reaction. AD
and BC are the resulting desired product and byproduct, respectively, or viceversa. Each of
the 4 areas in the projection shows the regions where each compound can be separated from
the remaining solution in solid (crystalline) form; for a complete overview of the relationship
between the 3-dimensional and the 2-dimensional forms always refer to Figures 6 (a) and 6
(b). As can be seen in the projection in Figure 12, only in the segment MN (that is, where the
diagonal line crosses the region of salt AD) can AD be effectively generated. If AB and CD
are initially mixed at a mole ratio given by, let us say, point MP, then the mixtures reaches a
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new equilibrium given by the generation of AD and the liquid solution S -the two green points
in Figure 12. A separation of AD from the solution can then follow by crystallization. This
process can be performed, as mentioned before, either by solvent removal through vacuum
pressure or by cooling at low temperature. On the other hand, the liquid solution obtained
from the phase equilibrium, and shown by point S in the diagram, represents a newly obtained
mixture with a higher concentration of anion B- (with respect to anion D-) and of cation C+
(with respect to cation A+).
This means that a higher enrichment in the content of ions B- and C+ is also achieved, on the
side of the liquid solution.

AD

CD
N
MP

S

M

AB

BC

Figure 12. Phase diagram (as a Jänecke projection) of a typical reciprocal salt pair system A+B- +
C+D-  A+D- + B-C+. Segment MN along the brown dashed line AB-CD indicates the mixing
composition line where reaction takes place.

A more detailed look at the system shows another important consideration with further
implication in this work: since there is an ion exchange reaction involved in this system, the
electroneutrality principle of the reaction provides for an electrochemical equilibrium, that is,
for one fixed degree of freedom. Therefore, in the 2-phase solid-liquid region, and according
to the Gibbs phase rule, the quaternary system without solvent can actually be considered as a
ternary system, with the concentrations of any 3 components in the reciprocal salt pair
system as manipulated variables or remaining degrees of freedom. Similarly, the system with
solvent can actually be considered as a quaternary system.
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Menwhile, a broad database is available on the solubility of several systems in water as a
solvent, for a constant pressure P and temperature T [Linke 1958], with information also
available online [http://srdata.nist.gov/solubility].

3.4 Processes for production of ILs
3.4.1 Reciprocal pair mixture reaction
Although as to date still a rarely used path for preparation of new ILs, reciprocal pair mixture
reaction offers potential benefits, as explained in the next lines. Like already described in
Section 3.3, here the initial binary mixture, in this case an intermediary low-cost IL and an
organic or inorganic salt, preferentially a metal salt, can react directly in a vessel or reactor
unit. A reciprocal exchange reaction can then theoretically proceed, according to Equation
(3.3). A theoretical example of such a reaction with an IL is the one described by the equation
below, where anions can be exchanged around an imidazolium cation ImR+:

[Im R] X   M  A


 [Im R] A  M  X 

(3.3)

Preparation of ILs through reciprocal pair mixture reaction has so far only been performed on
no more than two ILs [Wasserscheid 2003]. The advantage of this process, when coupled with
fractional (melt) crystallization, lies in its ability to obtain an enriched product by optimizing
the mixture ratio of the initial reagent pair, according to the Jänecke diagram, as well as the
reaction-crystallization temperature.

3.4.2 Membrane dialysis
Membrane processes
Membrane processes are an established and important part of the current industrial chemistry.
They are applied not only in downstream processing for concentration and purification of
compounds and solutions, but also as central reaction units [Audinos 1997].
Table 2 lists the most applied types of membrane process applications; the kind of applicable
membrane process is essentially based on the particle size of the suspended solid or the ion in
the solution.
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Table 2. An overview of the main membrane processes

Membrane
process

Application

Reverse osmosis

Separation of ions / water desalinization

Ultrafiltration

Separation of particles
Separation of molecules and ions from a
solution
Separation of specific materials (algae,
zooplankton)

Nanofiltration
Microfiltration
Donnan dialysis

Ion exchange through a membrane

Electrodialysis

Ion exchange through a membrane

Size range
Monocharged
ions
0,1 bis 0,01mm
Large ions
Gross particles
and cells
Mono- and
polycharged ions
Mono- and
polycharged ions

An important parameter of a membrane is its selectivity in letting specific molecules or ions
permeate while not being permeable to others; this is an important indicator of the separation
quality of a membrane. Selectivity of a membrane to an ion i is also related to the retention
capacity of the membrane R to that ion. Retention capacity is a measurement of the efficiency
of a membrane for separating a particular molecule or ion, and is calculated by:

 c 
Ri  1  iP 
 ciR 

(3.4)

where ciP and ciR are the concentrations of ion i in the permeate and retentate phases,
respectively.

Ion-exchange membranes
Membrane-based systems are an efficient and cost-effective mechanism for selective
separation and purification in downstream processes; they have proven so in the separation of
organic compounds, among other application examples [König 2002]. Among them, ion
exchange membranes (IEM), which are based on a polymeric symmetric matrix charged with
‘fixed’ ions (either anions or cations), have become of common use for separation and
exchange of particular anions / cations in a liquid-liquid extraction process. Ion-exchange
membranes have since long been used in the chemical industry as dynamic separators –that is,
where the separation does not depend on the equilibrium but on the driving force instead- to
separate the product from the reaction mixture after it leaves the reactor or the bioreactor (in
the case of biological products); therefore, IEMs have often operated as part of a downstream
process [Audinos 1997]; in some cases they have also been used in the upstream line to treat
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raw materials. In any case, these separations are usually achieved at constant (ambient)
temperature.
The main advantage of IEMs is their continuous mode of separation, which they can perform
at different flow ratios without dispersing the phases –therefore no density difference is
necessary [Jeong 2005, Ruiz 2003, Palatý 2001, Hichour 1999]. In contrast, ion exchange
resins, which would represent another alternative, are rather more discontinous in their
operation requirements. Some studies regarding application of IEMs have been done, too, in
which ion exchange columns have also been considered for comparison [Berdous 2002].
IEMs have been efficiently employed in electrodialysis and Donnan-diffusion dialysis (DD)
at lab and industrial scale [Berdous 2002b, Hichour 1999, Miyoshi 1997].
Figure 13 illustrates an IEM as a cross-sectional view. In this example case, it consists of a
positively charged anion selective polymeric membranes with a small pore structure; as such,
here only anions can permeate through the membrane.
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Figure 13. Schematic representation of an
IEM. The figure represents an anion selective
diffusion dialysis membrane.
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Among the current wide range of IEMs available in the market nowadays, the bipolar
membranes (BPMs) represent a particular kind of membranes, which are specifically made for
electrodialysis; they are also fabricated from ion exchange polymers, but, unlike the ones used
in Donnan dialysis (which are either positively or negatively charged), these ones have two
layers: a cation selective layer and an anion selective one, fixed together.
Figure 14 illustrates schematically a BPM module in a typical basic electrodialysis module
system.
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Figure 14. Schematic representations of a
BPM in an electrodialysis membrane system.

3.4.2.1 Donnan dialysis
The principle of Donnan dialysis (DD) has been already dealt upon in detail since long ago
[Hwang 1975], and is briefly described here.
DD is ruled by a diffusion mechanism through a membrane contactor or an IEM, and is based
on the Donnan equilibrium, in which the concentration -or more accurately, activitygradient between the 2 phases results in the driving force that ultimately separates the ions by
moving them through the IEM. An anion selective membrane would be positively charged
with cations and therefore only anions (that is, the counterions) would be able to permeate,
and the cations (in this case the co-ions) would on the contrary be rejected by the membrane;
exactly the opposite is the case with a cation selective membrane.
For a system consisting of a membrane selective in ion A- and 2 solutions L1 and L2 initially
with ions A- and B- respectively, and with ZA, ZB being their ionic charges, respectively, a DD
through the membrane will follow, in the form of an exchange reaction, until an equilibrium
with the following condition, known as Donnan relationship, is reached [Ktari 1993, Donnan
1934]:

 [ A  ] L1

 [ A ]L
2







1/ Z A

 [ B  ] L1
 
 [ B ]L
2







1/ ZB

(3.5)

where:
[A-]L1 = concentration of ion A- in solution L1
[A-]L2 = concentration of ion A- in solution L2
[B-]L1 = concentration of ion B- in solution L1
[B-]L2 = concentration of ion B- in solution L2
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interface

Figure 15 illustrates the concentration gradient at both sides of the membrane, at the interface
and inside the membrane.
[A-]L2
[B-]L2

L2
interface

L1
-

[A ]L1
[B-]L1

Figure 15. Schematic representation of the concentration profiles in a Donnan dialysis membrane.

Solutions L1 and L2 flow in countercurrent mode; the concentration of ion B- in L2 (right side)
is larger than that in L1 (left side), and therefore B- diffuses through the membrane from right
to left. A driving force is then generated by which ion A - is correspondingly ‘pumped up’
from L1 (left side) and is concentrated in L2 (right side). Here it is assumed that the ions in the
system move only in the membrane thickness direction and that the mass transfer coefficients
in the boundary layers (interfaces) on both surfaces of the membrane are much larger than in
the membrane itself; that is, the boundary layers are assumed to be negligibly thin and there is
no interfacial resistance to diffusion.
The selectivity coefficient KE for the system at the interface region is represented by Equation
(3.6) [Ktari 1993, Schwedt 1979]:

KE 

x B L1 , I  x A L1 ,M
x A L1 , I  x B  L1 ,M



x B  L2 , I  x A L2 ,M
x A L2 , I  x B  L2 ,M

(3.6)

Where x represents molar fraction, Li,M refers to the solution i (i = 1,2) inside the membrane ,
and Li,I refers to the solution i at the interface, the thin faces at the side of Li.
Dialysis by means of the Donnan equilibrium is very advantageous because, unlike
electrodialysis, it does not need electric energy, and common applications are in concentration
of valuable ions -for recovery of metals- and elimination of undesirable ions from dilute
solutions [Schaetzel 2004, Garmes 2002, Berdous 2002b, Hichour 1999, Ktari 1993].
Currently, there are several selective anion / cation exchange membranes commercially
available [Hichour 1999]; their selectivity is often given in rough terms, since it essentially
depends on the nature of the process and the operating conditions [Schaetzel 2004].
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Since high purity is usually achieved in a highly selective process, like the one performed by
means of ion exchange resins [Wasserscheid 2000], theoretically the same basic concept
could successfully be applied to a Donnan dialysis membrane system, when the goal is to
obtain a mostly purified product after the reaction. For this purpose, the transfer mechanism in
dialysis is described here in detail. The ion exchange column process itself will be described
in detail in Section 3.4.3.

3.4.2.2 Mass transfer mechanism and modeling
Mass transfer in dialysis / electrodialysis is based on the electrochemical potential
difference between 2 solutions which are separated by a semipermeable membrane. The
driving force between both sides of the membrane is given by the sum of the chemical and the
electrical potentials in the system:

i

 i0   T ln ai  Vi  ( P  P 0 )  Z i    

(3.7)

Here,i is the electrochemical potential of component i in the solution, i0 the chemical
potential under standard conditions,  the general gas constant, T the temperature of the
system and ai the activity. Vi represents the partial molar volume of i in the system, P-P0 is the
pressure difference between both sides of the membrane. Regarding the electrical potential
term, Zi is the ionic charge of i,  the Faraday constant and  is the electrical potential.
Considering only dialysis –that is, if electrodialysis is excluded-, then no electrical force is
applied. Moreover, unlike other membrane processes like filtration and osmosis, in dialysis
the pressure difference can be neglected, so that Equation (3.7) can be simplified as follows:

i  i  i0   T ln ai

(3.8)

And for the component i in solutions L1 and L2 at each side of the membrane:

a 
iL1  iL 2  i   T ln  iL 2 
 aiL1 

(3.9)

a i   i ci , and for a relatively diluted solution: i ≈ 1

(3.10)

Therefore it can be stated that the driving force i is proportional to the concentration
gradient of i between the solutions at both sides of the membrane. In the case of Donnan
diffusion dialysis, several works on mathematical models have described this principle in
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extent. They are essentially based on the solution-diffusion model –which is in turn based on
the 1st Fick Law- and on the Nernst-Planck equation whereas the ion exchange
electroneutrality principle is added [Nwal Amang 2004, Schaetzel 2004, Ruiz 2003, Miyoshi
1997, Ktari 1993]. The transfer mechanism has also been described for channelled doublepass membrane modules such as the one with cross-section depicted in Figure 16 [Yeh 2005].
Studies of flux parameters in dialysis within ion exchange membranes have been done in
detail, too [Foley 1976].
Strictly speaking, the transfer mechanism process in Donnan dialysis involves two steps:
diffusion and ion exchange reaction, where the slower one of both becomes the limiting step.
That means the driving force for the process is not just a chemical one, but an electrochemical
one [Ktari 1993], which is in accordance with the theory of the IEMs. However, since
previous work has shown that the exchange reaction in the membrane is fast [Boyd 1947], it
is then the diffusion mechanism which is considered as the limiting step for the whole
reaction; mass transfer through the membrane is then due to molecular diffusion alone, and
therefore the Donnan dialysis is normally referred to as governed essentially by a chemical
potential gradient.
dz

B
z

Figure 16. Flow scheme in a dialysis
membrane module, with a flow
channel at each side of the membrane.
In countercurrent flow. Jk = Flux of k.,
z = length of the membrane, F = flow
of solution L1 or L2.

L1,

membrane

T

Jk

FL1

FL2

L2,

z=0

ci,L2
ci,L2

i

j
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ci,L1

z=z

(b)
z=0
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ci,L1

z
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Figure 17. (a) Schematic diagram of Donnan dialysis (DD) with selective transfer of ions i and j
through the membrane. (b) The corresponding concentration profile of ion i as a function of length z
for a continuous countercurrent system (in stationary state).
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The mass transfer mechanism in countercurrent mode is illustrated by the graphs above:
Figure 16 depicts the transport mechanism in the membrane system, and Figures 17 (a) and
(b) illustrate the principle of Donnan dialysis in continuous countercurrent mode, with the
concentration profile of i at each side of the membrane, for a spatial position of z between z=0
and z=L.
The transport of a diluted component or ion i by convection from a solution L1 to a solution
L2 through a membrane module with a mass transfer area A in a continuous stationary-state
system can be expressed by the following mass transfer differential equation:

dn i
* dA
 Ki 
 (ci , L1 ( zk )  ci , L2 ( zk ) )
dz
dz

(3.11)

with:

dA = B · dz

and:
B
ni
Ki*
ci,L1(zk) , ci,L2(zk)

= width of transfer surface (channel)
= moles of transferred component / ion i
= mass transport coefficient of component / ion i
= concentration of component / ion i in solution L1 and L2 at position zk

3.4.2.3 Electrodialysis
Electrodialysis (ED) has been applied since more than 60 years ago as a process for
concentration and purification of ions and molecules from aqueous solutions in the chemical
industry. Detailed treatments on this process can be found in already classical works on the
field of membranes [Mehlin 2004].
From a general view, ED is an electrochemical process by means of which ions in an aqueous
solution are separated or concentrated under the effect of an electrical field. Anion and cation
selective membranes are employed for the separation of the ions. Moreover, with the
introduction of bipolar membranes, the potential of the electrodialysis process for the
generation of a wide range of new compounds has expanded even more [Himmler 2007,
Oberheidt 2004].
The basic electrodialysis reaction in an aqueous system is given by:
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MX  H 2 O


 M  OH   H  X 

(3.12)

where
M = a metal or a substituent cation.
X = anion

During electrodialysis, the mass flow of ion i is directly proportional to the current intensity I
applied and inversely proportional to its electrical charge Zi. The Faraday constant is
represented by  = 96500 A·s/mole, and it acts as the proportionality factor in the equation:

dni
I

dt Z i  

(3.13)

The transported moles ni can then be calculated for a constant intensity I, a standard current
efficiency  and a number of cells nm:

ni 

I   nm
 t
zi  

(3.14)

Based on the principle of electroneutrality, the amount of each compound generated in the
electrodialysis cells can be then calculated, after a time period t.

3.4.3 Column ion exchange
Column ion exchange (CIE) operates essentially in a similar way as in a chromatography
column. In this case, the ion exchange with the inlet solution is performed by an anion- or
cation-loaded polymer resin which is firmly packed in the column.
In an analogous, albeit different, form as in a chromatography column, the effluent
concentration history in an ion exchange column is given by its breakthrough curve. Instead
of a peak, which marks the breakthrough of a chromatography column, we get a mass transfer
zone (MTZ), which moves along the column front, and which leaves a column equilibrium
section (CES) after its transition step, as illustrated by the curve concentration vs column
length of Figure 18. Frequently, the loading curve is almost symmetrical and S-shaped in the
MTZ and, similarly as with a peak in a chromatography column, it moves through the bed
until it reaches the column outlet [Ullmann 2007]. At this point, the column becomes
saturated and the feed must stop for a regeneration step in the production cycle.
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Figure 18. A typical IE column
bed profile, with the column
equilibrium section (CES) and
the mass transfer zone (MTZ)
moving along the column length.
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The loading time needed for the complete saturation of the column, that is, until the sudden
ion concentration change in the breakthrough curve begins to take place, can be calculated
from Equation (3.15):

mIE  ACIE  V  (ci  ci )  t

(3.15)

where
mIE
ACIE

mass of the ion exchanger (IE)
adsorption capacity of the IE

V

volume flow of the solution
inlet concentration of ion k at inlet
outlet concentration of ion k at outlet

ci
ci

The breakthrough curves mark the different time periods needed for a complete cycle of the
column. Since an ion exchange column operates in batch cycles, regeneration, rinsing (washup) and loading / reloading times need to be known precisely in advance in order to know the
complete cycle time of the column.
A practical way of online ion concentration measurement is given by measuring conductivity
as an indirect variable, since the measurement of the latter one can be performed without need
of a large dead volume, even when working with laboratory small-scale flow lines.
Given that ion concentration in a solution is proportional to the conductivity of the solution,
the breakthrough curve is based here on the principle that there is a particular conductivity for
each type of ion, under a constant concentration load.
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Figure 19 illustrates a typical breakthrough curve, with conductivity  as an indicator of ion
concentration in a solution with exchanging ion B flowing along a column with a polymer
resin packing R-A, where A is the ion originally attached to the polymer with radical R. The
breakthrough curve marked as 1, and which runs along t1, indicates the beginning of the
column loading with ion B, while the breakthrough curve marked as 2, and which runs along
t2, indicates the end of the column loading, that is, the reaching of the maximum loading
capacity. The reaction in the column can be expressed by the following equation:

R A 

M B 
 R  B



MA

(3.16)
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Figure 19. Typical breakthrough curves measured online in an ion exchange column (*)

In the ion exchange column the theoretical number of stages or plates is also a very important
parameter. This variable is proportional to the conversion fraction in the ion exchange
process. Since the column height (H) is a constant, the volume flow (F) can be operated as a
variable with the help of the van Deemter Equation (3.17), through manipulation of the linear
velocity uL = f(F).
HETP  A 

B
 C  uL
uL

(van Deemter Equation)

(3.17)

where: A, B and C are constant intrinsic values of the column.
By means of the van Deemter Equation, the Height Equivalent to a Theoretical Plate =
HETP in a column can be calculated for different linear velocities uL. From Equation (3.17),
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it can be followed that a minimum HETP exists for an optimal uL. This is shown in Figure 20:

Figure 20. The typical van Deemter curve
with a minimum in HETP (Y-axis).

So far, a few attempts have been made to produce ILs by means of ion exchange with
exchange resins; in those few cases, the advantages of such a production system of IL were
positively discussed [Himmler 2007, Lall 2000].

3.5 Task definition
Ionic liquids (ILs) have proved to be excellent media for a broad field of applications in
chemistry. Furthermore, it has been calculated that the number of ILs which can be
theoretically produced, according to the potential combinations, can be in the order of 1018
[Wasserscheid 2003]. Several potentially useful ILs have been studied in the last years [Zheng
2007]. Additionally, quantitative structure-property relationships have even been established,
through which theoretical models of anions and cations are being developed, based on
molecular constitution, geometry and quantum mechanics [López-Martín 2007]. Until now,
however, there are only a few technologically established methods for production of these
ILs, and the range comprised by these processes is still limited to a few ones.
The aim of this work is to broaden the scope of technically feasible ILs by researching into
the still little developed area of metathesis in a mixing reactor, i.e. the reaction with a metal
salt, and coupling it with melt crystallization. The combination of these two processes in an
optimized module is one main task of our work, with the goal of getting an enriched or highly
concentrated IL from low cost educt sources.
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A specific goal here is also to establish a systematic comparative analysis of the metathesis
reaction in its various forms, such as described in Section 3.4, studying in each case the
degree of conversion as well as the productivity. The most suitable paths will be then
considered and studied for application in the production of further ILs. This study attempts to
deeper investigate into the fluid dynamic and thermodynamic parameters of the reaction
system in order to achieve a first step into establishing an alternative way of production of
specific ILs, as well as into gradually optimizing the system.
Particularly, our work takes into account the current advances in the preparation of
imidazolium-based ILs, from which there is already good information and databases available
regarding their general properties and regarding also their individual anion and cation
physical chemical properties. Imidazolium ILs can be used for several applications, but, like
mentioned before, an efficient method to generate a wide range of potential ILs of this class
still needs to be approached. Here, an alternative way of production based on the coupled
module metathesis – melt crystallization can represent an excellent alternative to the currently
widespread direct synthesis method. Moreover, the added bonus of an already highly enriched
product after the metathesis-crystallization reaction by means of a highly productive and lowcost module system would represent a big advance and a proof that the whole technology
concept can be comparable and a real alternative to the other established production paths.
Our work aimed first at looking for ILs which could be relatively easy to handle, and be
preferably in the liquid state already at or around ambient temperature. Taking all this into
account, and based also on pioneering work on the topic [Fannin 1984, Wilkes 1992], our
work concentrated on developing the following anion-cation combinations: EMIM+ (a
meanwhile well studied cation), together with low molecular weight anions like Ac- and Fo-,
in order to generate highly valuable ILs that can show nice potential characteristics in
solvation and melting point, as well as good thermal stability. EMIMAc is an IL which has
already been known for some years [Wilkes 1992], and there has been some work on the
group of imidazolium formates as well [Grossman 2007, Ma 2007].
For the strategy in the choice of anions, our objective was to obtain ILs which should be easy
to handle in high-technology and theoretically cost-effective processes like membrane
dialysis. That is, anion-cation combinations with a relatively small molecular size were our
main goal product. This led us to center our work in anions with strong coordinating abilities
and basic characteristics, opposite to the, no less important, weakly coordinating anions,
another group characterized by its neutrality and with current potential applications as
stabilizer of highly reactive cations in the form of new ILs. This latter group is however out of
our research scope.
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Additionally, an important topic of this work is the preparation of hydroxide based- ILs, like
EMIMOH, an IL that is a highly interesting challenge, since it can act as an intermediate
product for many reactions to economically generate further valuable ILs [Himmler 2007,
Wasserscheid 2003].
A final goal in our work is to make a technical and scientific comparative analysis of the
different metathesis methods, and look particularly at the potential advantages of Donnan
dialysis and column ion exchange, as well as to set corresponding operational limits in the
application of each of these processes for the generation of different groups of ILs.
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4 Experimental work
Our experimental work aimed at studying the different parameters involved in a reciprocal
reaction system for the production of ILs. The investigation of three different process systems
for generating ILs by means of a main metathesis reaction, and the effect of thermodynamic
and fluid dynamic operation variables on the reaction were the main issues addressed.
Table 3 is a summary matrix of the experimental work that was accomplished with our
different production methods.

Table 3. Processes investigated for the generation of ILs.

Method

Product IL

Research variables

Direct reciprocal pair reaction
with fractional crystallization

EMIMAc

Solvent content, temperature

Membrane Donnan dialysis

EMIMAc, EMIMFo and
EMIMOH

Fluid dynamic parameters:
volume flow, flow ratio, loading

Membrane electrodialysis

EMIMOH

Voltage, membrane area

Column ion exchange

EMIMOH

Linear velocity

4.1 Materials
Reciprocal pair mixture reaction, Donnan dialysis and column ion exchange
For these processes altogether, the following chemical reagents, listed in Table 4, were
employed. The respective concentration values of these educts, either in reciprocal pair
mixture reaction, Donnan dialysis or column ion exchange, will be individually detailed along
the following lines of this Chapter.
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Table 4. Reagents (educts) employed for the generation of ILs in this work.

Reagent (educt)
1-ethyl 3-methyl imidazolium
chloride
1-ethyl 3-methyl imidazolium
ethylsulfate
Sodium acetate anhydrous
Sodium acetate hydrated
Sodium formate
Sodium hydroxide

Abbreviation

Source

Purity

EMIMCl

Fluka / Sigma-Aldrich

≥ 93 %, H2O ≤ 0,5 %

EMIMEtOSO3
NaAc
NaAc · 3H2O
NaFo
NaOH

Solvent Innovation
GmbH
Riedel de Haen
Riedel de Haen
Riedel de Haen
Riedel de Haen

> 98 %
> 99 %
> 99,5 %
> 99 %
> 99 %

4.2 Setup and operation: reciprocal pair mixture reaction
Generation of EMIMAc
In this part of our study, 1-ethyl 3-methyl imidazolium acetate (EMIMAc) is generated by
hydrate melt crystallization metathesis, in what is also known as a reciprocal pair mixture
reaction.
EMIMCl, a low-cost versatile IL, can theoretically react with hydrated sodium acetate
according to the following metathesis reaction:

EMIMCl  NaAc  3H 2O 
 EMIM  Ac   Na  Cl   3H 2O

(4.1)

Here, EMIMCl acts as an intermediary IL for the generation of the more valuable EMIMAc.
To investigate this reaction, the following runs were performed:
-

Reaction without solvent: as reagents, EMIMCl (≥ 93 %, Fluka) and NaAc anhydrous
(≥ 99 %, Merck) were employed. The initial mole ratio EMIMCl to NaAc was 1:1.
The system was put into a 100-ml reactor vessel and subjected to a temperature change
from 20 °C to 150 °C, at an average gradient of 1 K/min, and finally kept at 150 °C for
a few minutes. Samples were then immediately and carefully taken from each phase
formed in the system and prepared for ion analysis.

-

Reaction with water as solvent: as reagents, EMIMCl (≥ 93 %, Fluka) and NaAc·3H2O
(≥ 99,5 %, Merck) were employed. The salt pair was mixed in a 100-ml reactor vessel.
The water content in the acetate trihydrate provided for the solvent medium, so that a
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homogeneous suspension under constant agitation ensued. Two reaction series were
run, each one at an initial mole ratio EMIMCl : NaAc : H2O = 1 : 1 : 3 and 3 : 1 : 3.
One series was operated at 40 °C and the second one at 80 °C. To complete this
experimental matrix set, a run at 150 °C was also performed as a referential indicator
to see the development of the reaction at a high temperature, and another final run was
performed at -4 °C with an initial mole ratio EMIMCl : NaAc : H2O = 1 : 1 : 6. After
a time t = 24 h, homogeneously mixed samples (representative of all phases) were
collected from the reactors and weighed. Centrifugation was then applied to separate
the solid and liquid phases of each sample; a centrifuge specifically designed in our
Chair of Separation Science and Technology for these purposes, with a centrifugation
radius r = 6 cm and with a temperature control mechanism, was operated at a g force
aC = 8,2 g (acceleration value) and a rotation speed  = 2200 RPM, during 20 minutes
for the final separation of the crystals from the remaining solution. Previously, each
sample was kept in the centrifuge under controlled temperature and at a low rotation
speed  = 100 RPM during 12 h before final centrifugation took place, so that the
same temperature existing during the reciprocal exchange and crystallization would
also be held during final separation. In the case of the reaction at 150 °C, the sample
was centrifuged immediately after reaction. The solid and liquid phases were weighed
afterwards and analyzed for existing ions.
In all experiments, the systems were kept, in as much as possible, as homogeneous
suspensions through constant agitation (agitation was somewhat limited in the system with no
solvent, due to the high viscosity of the mixture). An ion chromatograph model ICS-3000
(Dionex Corp., Sunnyvale, USA) with ion exchange columns IonPac AS11-HC (for anions)
and IonPac CS16 (for cations) was employed for the analysis of ion concentration. Samples
were first diluted to an optimal measurable concentration in order to stay in the permissible
concentration range for analysis; this range was previously established through calibration
and sensitivity analysis of our analytical device [Weckesser 2007, Weckesser 2006]. The final
concentrations of ions in the solid and liquid phases were converted to and expressed as mole
fractions -either on a cation basis or an anion basis.
Additionally, differential scanning calorimetry (DSC) was performed to experimentally
determine or validate melting points with the literature data; a DSC device 200 F3 Maia
(Netzsch, Selb) was employed for this purpose. Analyses were performed on solid samples of
EMIMCl for comparison with literature, and on the reciprocal system EMIMCl – NaAc, with
and without solvent (water).
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4.3 Setup and operation: membrane Donnan dialysis
4.3.1 Metathesis test (generation of potassium sulphate)
For a first assessment of the attainable conversion degree and feasibility of the coupled
metathesis-crystallization system, a known inorganic salt was chosen as a reference:
potassium sulphate (K2SO4). A Donnan membrane dialysis module was chosen for this initial
testing purpose, since an optimized separation can be achieved from the very beginning with
this compound, and so a highly concentrated product can be left in the end. The flow diagram
of this process, coupled with final crystallization, is pictured again in page 39.
The laboratory scale mini plant, labeled Membrane Module 1, was designed in our Chair of
Separation Science and Technology and is pictured in Figure 21. The plant was operated in
countercurrent flow with two solutions: Na2SO4 0,5 M and KCl 0,5 M, which were driven by
two peristaltic pumps model PLP 330 (Behr Labor Technik, Düsseldorf) with speed control
mechanism, through the membrane reactor. A polymeric anion exchange membrane (Deukum
GmbH, Frickenhausen) was employed for the metathesis reaction. From preliminary works
aiming at optimization in the efficiency of production in the process [König and Wong,
private communications], hydrodynamic conditions were previously determined to guarantee
a theoretically high conversion. Two separate membrane surfaces were fixed in series in this
compact module; each membrane surface was pressed and supported by two PTFE plates
pressed at each side of the membrane. These plates, at the contact side with the membrane,
have each a carved channel for the flow of the solutions in countercurrent; the channel
dimensions are: 5·10-3 m wide and 2·10-3 m deep, with a total length L = 1 m, designed to
allow for an effective mass transfer in countercurrent flow. For each channel, the total mass
transfer area A = 5·10-3 m2 and the total volume V = 1·10-5 m3 (at each side of the
membrane).

Figure 21. Metathesis test module plant
(Membrane Module 1), with the 2
peristaltic pumps at the left and the
membrane set with the PTFE plates at the
right side.
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Care was taken not to press the membrane too much to avoid its ripping; therefore a fine
adjustment pressing was performed to the bolts that held the system module together, with a
moment of force of 5 N-m applied to each bolt. The volumetric flow of each solution L1 and
L2 was 50 ml/min. The system was operated with product and by-product recycling for a
continuous enrichment of the product. The corresponding flow sheet is shown in Figure 22.

ClSO42Solution 1 (L1test)

Solution 2 (L2
test)

Cl-

3.

SO42-

1.

2.
Product before
crystallization
separation

Solution

Crystallization by
cooling
T = - 5°C

5.
Centrifugation
Crystallization by
cooling

Solution
5.
Crystallization by
vacuum distillation
4.

1.
2.
3.
4.
5.

Centrifugation

T = - 2°C

Highly
concentrated
product

Centrifugation

T = 45°C

Na2SO4 solution: 0,5 M
Reactor (membrane module)
KCl solution: 0,5 M
Crystallization by vacuum distillation
Crystallization by cooling: at -2 °C and -5 °C

Figure 22. Flow diagram of the Donan dialysis K2SO4 test system.

For analysis, 1-ml samples from both solutions were taken at several time intervals for a total
operation time t = 379 h. These were then diluted and analyzed for ion concentration.
After culmination of the metathesis reaction, when no more significant change of ion
concentration in L1 and L2 was detected, the resulting solution L1 was concentrated and
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crystallized by vacuum distillation at 45 °C. This was performed by a Rotavapor R110 (Büchi
Labortechnik GmbH, Essen) with a vacuum controller type NSE 800 (KNF Neuberger
GmbH, Freiburg i.Br.). A second crystallization was then performed by cooling the system in
two final steps, at two temperatures: -2 °C and -5 °C. After each crystallization step,
centrifugation was applied to separate the solid phase (crystals) from the liquid phase in the
system. This was performed again in our laboratory centrifuge, at a g force aC = 8,2 g and a
rotation speed  = 2200 RPM during 10 minutes. A final drying was performed by
convection at ambient temperature, and the dry crystals obtained were weighed in the end.

4.3.2 Membrane selectivity tests
The same Membrane Module 1 applied for the metathesis tests of Section 4.2 was applied for
the following tests to calculate the selectivity of our membrane system.
For a first test on anion and cation selectivity as well as to have an appropriate profile of the
reaction kinetics in the membrane system, two solutions, L1 = NaCl 0,5 M and L2 = NaAc 0,5
M, were pumped in countercurrent mode. Our laboratory scale plant, Membrane Module 1,
was adapted for this operation; the corresponding flowsheet is illustrated by Figure 23. The
system was tested by operating both salt solutions in constant recycling. A selective
polymeric anion exchange Deukum membrane (Deukum GmbH, Frickenhausen) was
employed. Both flow lines operated in batch recirculation mode, and each line worked with a
volumetric flow dV1/dt = dV2/dt = 50 ml/min, that was adjusted by the two peristaltic pumps
of the system.
To look at the progress of the kinetic reaction curve in time, another run was performed at the
same conditions as above, this time with the addition of new NaAc 0,5 M solution each hour,
so as to allow a continuous high driving force through the maintenance of a high
concentration gradient.
Finally, in order to experimentally determine the mass transport coefficients of the system,
which would be later applied for the modeling, as well as to establish accurate selectivity
results in a system where an IL solution is to be generated, the reciprocal pair EMIMCl /
NaAc was run. EMIMCl 0,5 M and NaAc 0,5 M operated as educts flowing in countercurrent
in the same disposal as before (F1 = F2 = 50 ml/min).
In all cases, samples were continuously taken from the inlet and outlet of both solutions L1
and L2, and analyzed for ions concentration.
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Pump 1

L1

NaCl 0,5 M

NaAc 0,5 M

Membranes
Pump 2

Cl-

ClAc-

L2

Figure 23. Flowsheet of Membrane Module 1 employed for selectivity tests.

4.3.3 Operation startup
For the startup of the membrane Donnan dialysis process (DD), the same EMIMCl and NaAc
reagents used above, as well as NaFo (≥ 99 %, Merck), were employed as educts. For the
generation of EMIMOH, the same miniplant layout was used, this time with EMIMEtOSO3
and NaOH as the educts.
The layout scheme and the membrane module plant employed for this process, labelled
Membrane Module 2, are shown in Figures 24 and 25, respectively. This special laboratory
scale module, like the former Membrane Module 1, was also designed at the Chair of
Separation Science and Technology (TVT); it is made up of 2 membrane surfaces, each one
consisting of 2 square stainless steel supporting plates and 2 symmetric channelled PTFE
plates with a total side length of 0,14 m x 0,14 m and a plate cross sectional area of 0,02 m2.
In all cases, Anion Exchange Membrane Deukum was used in the operation of Membrane
Module 2. In a similar construction structure as in Membrane Module 1, each membrane
surface was held between the PTFE plates, each with a channeled mass transfer area equal to
5,0 x 10-3 m2, for a total area A = 10-2 m2.
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The channelled path for mass transfer in the module, as can be seen in the scheme of Figure
26 and the corresponding picture of Figure 27, had a total length Ltotal = 10 m, a channel depth
dc = 0,0005 m and 0,001 m respectively, and a cross-section area Ac-s = 5,0 x 10-7 m2 (for the
first membrane surface) and 10-6 m2 (for the second membrane surface). The system was set
up for a continuous countercurrent operation in stationary state. Two piston pumps REGLOCPF Digital (Ismatec SA, Glattbrugg-Zürich) delivered an automatically controlled
volumetric flow of EMIMCl 0,5 M as solution L1 for the generation of IL salts EMIMAc and
EMIMFo. For the educts representing solution L2, NaAc 0,5 M and NaFo 0,5 M were
employed, respectively. The EMIMCl initial concentration was chosen to allow for a low
viscosity and thus ease of operation. Two runs were performed at the following volume flow
rates: L1 = 0,05 and 0,1 ml/min, and L2 = 0,25 and 0,5 ml/min, respectively. The system was
operated for a time span t = 213 h for the EMIMCl - NaAc system and for a time span t = 189
h for the EMIMCl - NaFo system. Previously, as a standard procedure to assure that the
stationary state for the continuous operation was reached, the line with the smaller flowrate
between L1 and L2 in the system was chosen to calculate a ‘stabilization’ time span during
which the system was allowed to run before a first sample was taken. Since in this case L1
was the line with the smaller flow rate, a ‘stabilization’ time span t = 6 times the residence
time  of solution L1 was considered. As a rule of thumb, a time period 5 to 6 times the value
of L1 or L2 , whichever the larger, is taken to consider a stabilized system. Therefore,
measurements in the system started only after this period was reached.
The factor residence time Li in the system was calculated by means of Equation (4.2):

L 
i

V
A L

FLi
FLi

(4.2)

Where
V
A
L
dVLi/dt

=A·L
= mass transfer area
= length of mass transfer in the membrane (also described as channel length)
= volume flow rate of solution Li (i = 1,2)

Given the volume flow rates L1 = 0,1 ml/min and L2 = 0,5 ml/min and a total reaction volume
of 7,5 cm3, the beginning of the proper stationary state, labelled as t0, is calculated by:

Beginning of SS:

t 0  6   L  6   L1  6 

7,5ml
 450 min  7,5h
0,1ml / min
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For the generation of EMIMOH, the system was operated in a similar way as above. In this
case, the educts, flowing in countercurrent mode in Membrane Module 2, were: solution L1 =
EMIMEtOSO3 0,5 M and solution L2 = NaOH 0,5 M.
After the stationary state was reached (that is, after a time span of 7,5 h), samples were
collected at the outlet in time intervals and these were analyzed for ion concentration. The
product obtained at the outlet of L1, and which was previously collected in a recipient for this
purpose, was finally concentrated and freed from water by vacuum distillation at 45 °C in a
Rotavapor R110 (Büchi AG, Flawil).

EMIMCl 0,5 M

cEMIM-L1-in
cCl-L1-in

NaA 0,5 M

FL1
cNa-L2-out
cCl-L2-out

cNa-L2-in
cA-L2-in

FL2

1
FIC
1

L1

membrane

2
3

Cl-

ClL2
A-

AFIC
2

CI

cEMIM-L1-out
cA-L1-out

1
2
3

Pump 1
Pump 2
Membrane module in countercurrent mode

Figure 24. Flowsheet of Membrane Module 2. A- = anion (= Ac-, Fo-, OH-).
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Figure 25. Membrane Module 2 in
continuous countercurrent mode. The
2 pairs of white PTFE channelled
plates are held together with the
membranes in series, between each
PTFE plate pair; the pumps are on
the right side.

L1IN

Channels

L1OUT

(left side)

a)

L2IN

L2OUT

Membrane

Figure 27. Photograph of a PTFE plate
in Membrane Module 2.

b)

Figure 26. PTFE plates with channels for flow and as diffusion area on both sides of the
membrane. (a) Cross section with the two channelled PTFE plates and the membrane in
between. (b) The channelled PTFE supporting plates viewed separately.

Figure 27. Photograph of a PTFE plate
in Membrane Module 2.
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Setup of operational parameters
An important investigation regarding the operation of Membrane Module 2 and the general
mass transport phenomena in Donnan dialysis was performed previous to the proper operation
of the membrane system for the production of the ILs; this was performed with the aim of
having an insight of the effects that fluid dynamics had on the final product concentration. For
this experimental approach, the ‘reference’ system EMIMCl / NaAc was chosen.
In our first set of runs, the effect of the volume flow ratio L1 to L2 in the membrane system
was investigated. Our mini plant Membrane Module 2, this time with a length L = 5 m, was
operated in countercurrent mode, with solutions L1 = EMIMCl 0,5 M and L2 = NaAc 0,5 M.
The module was run in stationary state at several volume flows. Channel depth was dC = 1
mm. Table 5 shows the corresponding experimental matrix.
Table 5. Experimental matrix to account for the effect of volume flow ratio L1/L2.
L1

L2

Flow ratio L1/L2

ml/min

ml/min

--

1st run

0,1

0,5

0,2

2nd run

0,7

3,6

0,2

3rd run

1,4

3,6

0,4

4th run

1,3

1,3

1,0

Finally, to account for the particular effect of linear velocity u on the system, another set of
runs was performed, again with the system EMIMCl / NaAc. The volume flow ratio L1/L2
was kept at 0,2. This time a smaller channel depth dC = 0,5 mm was employed, to account for
an optimum laminar flow. Table 6 illustrates the corresponding experimental matrix.
Table 6. Experimental matrix to account for the effect of linear velocity uL. L1/L2 = 0,2.
1st run

2nd run

uL1

uL2

uL1

uL2

3

x 10 m/s

3

x 10 m/s

3

x 10 m/s

x 10 m/s

1

4

2

8

3

4.4 Setup and operation: electrodialysis
An electrodialysis system was setup for the production of the hydroxide-based precursor
EMIMOH [Himmler 2007].
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The miniplant of this system, labeled Membrane Module 3, consists of a 4-cell
electrodialysis unit Type ED 64004 (PCA GmbH, Heusweiler). The dimensions of each
membrane unit were: 0,11 m x 0,11 m, with an active membrane surface of 64·10-6 m2. The
following special Fumasep membranes (FuMA-Tech GmbH, St Ingbert) were employed:
anion exchange membrane (AEM), cation exchange membrane (CEM) and bipolar membrane
(BM). The electrodes are built of Pt/Ir-electroplated titanium. Figure 28 pictures Membrane
Module 3 and Figure 29 illustrates its corresponding flow sheet. A 1-stack system setup,
made up of 2 bipolar membranes (BM) + 1 anion exchange membrane (AEM) + 1 cation
exchange membrane (CEM), as well as a 2-stack system setup, made up of 3 BMs + 2 AEMs
+ 2 CEMs, were run. EMIMEtOSO3 solution between 7,5 wt. % and 10 wt. % was supplied in
each case as educt to the system, at a volume flow = 60 ml/min.
Here, the system was operated in batch mode in order to measure the change of concentration
in time, through which the operation variable current intensity could then be related to the
mass transfer in the system. The current intensity I was set to a constant value during
operation, with I = 2,1 A.

Figure 28. Electrodialysis mini plant unit
Membrane Module 3.

The total resistance of the system was given by the arrangement of the membranes and the
compartments filled with electrolyte solutions in Membrane Module 3; this resistance set a
limit to the voltage in the system, so that it never went over 18 V. Correspondingly, a program
in LabView 7.0 was designed to register and sample this whole operational data. Figure 30
shows the flow sheet of the online data register program for the process. Correspondingly, the
screen showing our typical online data register graphs can be seen in Figure 31.
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Figure 29. P&ID of the electrodialysis miniplant Membrane Module 3.

Measured data
-

Voltage (U)
Temperature
(T1,T2)

Multimeter:

Computer:

Data processing and
conditioning

-

Figure 30. Flow sheet of the EDBM process online data register program.

Figure 31. Graphical module for the online
measurement of parameters current (I), voltage
(U) and temperature of the solutions (T1, T2)
during operation of the electrodialysis unit.
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For further details on the experimental setup of the electrodialysis system, see work
performed and published [Himmler 2007a, Himmler 2007b].

4.5 Setup and operation: column ion exchange
Two ion exchange columns were built: one in a small lab scale and labeled experimental
column, and the other one in larger scale, and labeled production column. For both columns,
ion exchanger resin Lewatit M 500 (Lanxess, Leverkusen) was chosen as the column packing
for our process. This is a strong basic, gel-like anion exchanger based on a styrene divinyl
benzene copolymerisate. The resin bed, originally charged with Cl- ions as ionic form, was
first firmly packed in both columns. In the second step, before EMIMOH could be produced,
both columns were completely reloaded with OH- ions by means of an exchange process with
NaOH solution 0,5 M at a volume flow of 16 ml/min and 224 ml/min, respectively, until the
exchange capacity of the columns was reached in each case (saturation with OH-).
Figure 32 shows the flowsheet of the module system, with the 2 ion exchange columns, and
Figure 33 (a) shows the mini-plant production unit installed in the laboratory.
Referring again to Figure 32, after a previous complete loading of the exchanger with OH-,
educt EMIMEtOSO3 was then continuously pumped to the columns with the help of a pump
(1) model Reglo-CPF (Ismatec GmbH, Wertheim-Mondfeld). A previous test was performed
with the 0,09-l column to determine the best linear velocity for the loading process.
All runs were performed at ambient temperature T = Tamb.


Experimental column
It consists of a 0,09-l ion exchange column with a height H = 36 cm and a crosssection area of 2,4 cm2. EMIMEtOSO3 0,5 M was continuously pumped into this
column in up-flow mode at three different volume flows: 4, 8 and 16 ml/min, in order
to establish an optimum linear velocity uL for production efficiency of EMIMOH,
according to the van Deemter equation. The results were then put to application for the
up-scaled production column described below.



Production column
It consists of a 3,80-l ion exchange column with a height H = 98 cm and a circular
cross-section area of 38,5 cm2. EMIMEtOSO3 0,5 M was continuously pumped to this
column in up-flow mode at a volume flow = 224 ml/min.
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In a similar way as in the electrodialysis system, a software program in LabVIEW was
developed for online parameter register, sampling and history record. Conductivity of the
system for both columns were measured via a mini electrode (4) designed in our laboratories,
which was connected to a conductometer Model LF191 (WTW, Weilheim), which in turn is
linked to a Transmitter 2000 Multimeter (Keithley GmbH, Germering). This device ultimately
transports the digital signal as voltage value to the computer (5). Temperature (T) was
measured with the help of a platinum resistance temperature detector (RTD) Pt100 linked to
the multimeter device as well.
Figure 33 (a) shows a picture of the small column (at the right) and of the production column
(at the left). Figure 33 (b) shows the graphical panels in LabVIEW for the online sampling of
voltage -which is then converted to conductivity by means of a linear function- and
temperature of the system.

I

5
4

6

TI

1
2
3
4
5
6

Product:
EMIMOH 0,5 M

Pump
0,09-l ion exchange column
3,80-l ion exchange column
Electrode
Conductivity register / transmitter
Screen online signal

3
H = 98 cm

2

H = 36 cm

1

Educt:
EMIMEtOSO3 0,5 M

FIC

Figure 32. Flow diagram of the ion exchange column system, with the 0,09-l column
(right) and the 3,8-l production column (left).
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The column operation cycle had the following number of steps:
1.
2.
3.
4.

Loading with EMIMEtOSO3 to produce EMIMOH (production stage)
Washup (rinsing) with H2O
Regeneration with NaOH (loading with OH-)
Washup (rinsing) with H2O

The times pertaining each step were of importance for the further calculation of productivity
in the column ion exchange process.
f(U) 

(a)

(b)

Figure 33. (a) Ion exchange miniplot column: 0,09-l column (right, red arrow) and 3,8-l column
(left, yellow arrow). (b) Online measurement and register of data: voltage (U) and temperature (T)
in the outlet product.

4.6 Analytical methods
The following analytical procedures were employed for the measurement of the operation
variables:

4.6.1 Differential thermal analysis (DTA)
Previous to the reaction processes performed in this work, and which are extensively
detailed in Section 5, differential thermal analysis (DTA) was performed on EMIMCl.
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For this purpose a specially designed module at the Chair of Separation Science and
Technology was setup together with a thermostate unit; two thermocouples were
connected to a computer unit for online signal measurement. The goal of this analysis
was to provide a first insight into the behavior of EMIMCl in its pure form during
melting and crystallization, as well as to quantify its supercooling behavior before
crystallization. To achieve this, a slow warming and cooling rate dT/dt = 3 K/min was
set on the system.

4.6.2 Heat-flux differential scanning calorimetry (DSC)
Heat-flux differential scanning calorimetry (DSC) was performed on some of the initial
educt compounds, as single ones or in mixture form, in order to:
-

-

-

Verify melting point values of these compounds (Tm), comparing them with
available data in the literature, while simultaneously verifying their degree of
purity (including the eventual presence of water). Experimental values were thus
obtained for EMIMCl and NaAc (anhydrous and hydrated) and compared with
the available data.
Obtain useful additional information regarding the kinetic and thermodynamic
behavior of EMIMCl in supercooling, crystallization, and eventual glass
transition and recrystallization.
Keep this information at main level when performing reciprocal pair mixture
reactions at different temperatures.
Look for possible secondary reactions and / or substance decomposition in the
particular case of the binary mixture (reciprocal pair) EMIMCl – NaAc, with and
without water.

A DSC 200 Maia (Netzsch, Selb) was previously calibrated and subsequently employed
for determining melting and crystallization points, as well as other eventual phase
transition stages. Given the high hygroscopicity of the educt EMIMCl, and to avoid in
general any error that might be caused by intrusion of water or another external
compound in the system, DSC analyses were performed in all cases under constant flow
of argon (Ar). Additionally, the analyses of all samples took place at a warming and
cooling rate T/t = 10 K/min.

4.6.3 Ion chromatography
For the analysis of the ions concentration in the samples, ion chromatography (IC) was
the main analytical tool employed. As mentioned before in this work, an accurate ion
chromatography technique has been established in our laboratories at the Chair of
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Separation Science and Technology for the qualitative and quantitative analysis of
representative anions and cations in ILs [Weckesser 2007, Weckesser 2006]. In order to
achieve a proper analysis, samples first had to be diluted to an optimal measurable
concentration range, in the order of some milligrams per liter. An ion chromatography
device (IC) model ICS-3000 (Dionex Corp., CA, USA) was employed, and ion exchange
columns IonPac AS11-HC (for anions) and IonPac CS16 (for cations) were used for the
analyses. Sensitivity was measured and calibration was performed prior to sample
treatment.

IC analysis of standard references
The calibration chromatograms of the standard reference concentrations of the anions
and cations analyzed showed clearly specific elution times for each ion. In each case, the
number of points for the development of the equation (includink the blank references)
was n ≥ 5.
Table 7 shows the correlations between peak area and ion concentration for the ions
treated in our study. Ai is the integral under the curve of ion i, in S/cm·min, and the
concentration of ion i is represented by ci (in mg/l). The strength of the correlations can
be confirmed by the high values of the square of the correlation coefficient (or multiple
regression coefficient) r2. Likewise, the robustness of the calibration was verified by a
good repeatability in the equation for the particular column chosen and for the particular
program applied for each ion (isocratic or with gradient).
With the exception of Ac-, calibration of all ions (anions and cations) for
chromatography followed typical first-order linear equations. Only in the case of
calibration of ion acetate did it follow a non-linear order function; in fact, the equation
for Ac- stands between a linear and a quadratic function. This last behavior can be
explained by the incomplete dissociation of the weak Ac- in H2O [Brinkmann 2002]. At
the concentration order of mg/l, autoprotolysis of water can be neglected. At the basic
conditions given by the eluent in our chromatography system, conductivity becomes here
a function of the square root of the ion concentration, as is given by the Kohlrausch’s
Law for a diluted electrolyte [Kohlrausch 1916].
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Table 7. Correlation equations for calculating concentrations of ions studied in this work. In all cases
the number of points n taken for each correlation was n ≥ 5.
Ion

Ionic mixture

Equation

r2

Ac-

Ac-/Cl-/Na+/EMIM+

cAc = 3,590 AAc1,4422

Cl-

Ac-/Cl-/Na+/EMIM+

cCl = 1,157 ACl

1

Cl-

EtOSO3-/Cl-/Na+/EMIM+

cCl = 1,204 ACl

1

Cl-

Fo-/Cl-/Na+/EMIM+

cCl = 0,794 ACl

1

Fo-

Fo-/Cl-/Na+/EMIM+

cFo = 1,493 AFo

0,9941

EtOSO3-

EtOSO3-/Cl-/Na+/EMIM+

cEtOSO3 = 4,876 AEtOSO3

0,9995

EMIM+

Ac-/Cl-/Na+/EMIM+

cEMIM = 7,764 AEMIM + 3,274

0,9991

Na+

Ac-/Cl-/Na+/EMIM+

cNa = 1,484 ANa

0,9956

0,9991

4.6.4 Conductivity
For the purpose of following the operation development of the column ion exchange
system during each run, online measurements of conductivity in the fluid were performed
in the ion exchange column set, for the 0,09-l column as well as for the 3,80-l production
column. This was achieved by means of a built-in minielectrode in a by-pass from the
outlet flow line, which was subsequently connected to a conductometer model WTW
LF521 (Weilheim); from here, a final conductivity signal was sent to the computer. For
any specific ion at any particular concentration, the minielectrode measured a specific
voltage signal, which was automatically converted into a conductivity value.
Given that conductivity online measurement is an important issue here, a small by-pass
piping (tubing) line with a small inner diameter din = 1,5-mm was connected to the
electrode, as was already illustrated by the flow sheet in Figure 34. This allowed for a
representative online registering of conductivity in the outlet solution with a negligible
lag or ‘residence’ time. That is, no dead-volume CSTR reactor effect took place.
Table 8 shows the average values of conductivity measured during the flow of the
following solutions: NaOH 0,5 M, EMIMEtOSO3 0,5 M, NaCl 0,5 M, NaAc 0,5 M and
H2O. In order to get the values of conductivity as a function of concentration only, and
take out the factor temperature from the registered signal, all measurements were
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performed at T = Tamb, as detailed before. For the measurement of these values at this
stage, none of these solutions ran through the column, but they were pumped directly
through the mini electrode cell that was to be employed in the operation of the 0,09-l
column and the 3,80-l column. A maximum deviation of ± 8 % from the average value
was calculated. This deviation was small enough in each case as to allow for an exact
identification of the different stages gone through by the columns during their operation
cycles. Additionally, in the case of EMIMEtOSO3 and NaAc (which have more or less a
similar value), both solutions never got together in the system during any column
operation stage; therefore, no doubt was ever raised regarding the presence of one ionic
solution or another in the system.
Conductivity was an instrumental variable for tracking all the operation stages as a
function of time in the IE column cycle, as will be seen in Section 5.4.1.

Table 8. Reference conductivity signals of ionic solutions employed in the column ion exchange
process. Temperature T = 24 °C.
Conductivity signal / (mS/cm)

NaOH

EMIMEtOSO3

NaCl

NaAc

H2O

4,9

2,8

4,0

2,5

0,0

4.7 Experimental work overview
Tables 9 to 13 show the series of runs performed, from which the systematic organization of
our experimental work can be followed.

Table 9. Pre-experimental work (tests): membrane properties and measurement calibration
(Membrane Module 1)

Experiment

Process

Educt

Product

Plant unit

T-1-sel

Selectivity

NaCl

NaAc

Membrane
Module 1

T-2-rat

Mixture ratio

EMIMCl

EMIMAc

Membrane
Module 2
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T-3-flo

Flow

EMIMCl

EMIMAc

Membrane
Module 2

Table 10. Reciprocal pair mixture reaction

Experiment

Process

Educt

Product

Concentration

RPMR-1

Ratio 0,50:0,50
T = 150 °C

EMIMCl /
NaAc

EMIMAc

no solvent

RPMR-2

Ratio 0,50:0,50
T = -4 °C

EMIMCl /
NaAc / H2O

EMIMAc

3,0 mole H2O/eq

RPMR-3

Ratio 0,50:0,50
T = 40 °C

EMIMCl /
NaAc·3H2O

EMIMAc

1,50 mole
H2O/eq

RPMR-4

Ratio 0,50:0,50
T = 80 °C

EMIMCl /
NaAc·3H2O

EMIMAc

1,50 mole
H2O/eq

RPMR-5

Ratio 0,75:0,25
T = 40 °C

EMIMCl /
NaAc·3H2O

EMIMAc

0,75 mole
H2O/eq

RPMR-6

Ratio 0,75:0,25
T = 80 °C

EMIMCl /
NaAc·3H2O

EMIMAc

0,75 mole
H2O/eq

Table 11. Membrane Donnan Dialysis (Membrane Module 2)

Experiment

Process

Educt

Product

Concentration

MDD-1

0,05-0,25 ml/min
L=5m, T=0,5mm

EMIMCl

EMIMAc

0,5 M

MDD-2

0,10-0,50 ml/min
L=5m, T=0,5mm

EMIMCl

EMIMAc

0,5 M

MDD-3

0,10-0,50 ml/min
L=10m

EMIMCl

EMIMAc

0,5 M
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MDD-4

0,10-0,50 ml/min
L=10m

EMIMCl

EMIMFo

0,5 M

MDD-5

0,10-0,50 ml/min
L=10m

EMIMEtOSO3

EMIMOH

0,5 M

MDD-6

0,10-0,50 ml/min
L=10m
(reproduction)

EMIMEtOSO3

EMIMOH

0,5 M

Educt

Product

Concentration

EMIMEtOSO3

EMIMOH

0,5 M

Table 12. Membrane electrodialysis

Experiment

MED-1

Process
-

Single stack
Double stack
I=2A

Table 13. Column ion exchange

Experiment

Process

Educt

Product

Concentration

CIE-1

0,09-l column
u = 2,2 m/h

EMIMCl

EMIMOH

0,5 M

CIE-2

0,09-l column
u = 4,5 m/h

EMIMCl

EMIMOH

0,5 M

CIE-3

0,09-l column
u = 2,2 m/h

EMIMEtOSO3

EMIMOH

0,5 M

CIE-4

0,09-l column
u = 4,5 m/h

EMIMEtOSO3

EMIMOH

0,5 M

CIE-5

0,09-l column
u = 9,0 m/h

EMIMEtOSO3

EMIMOH

0,5 M

CIE-6

3,80-l column
u = 9,0 m/h

EMIMEtOSO3

EMIMOH

0,5 M
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5 Results and discussion
5.1 Reciprocal pair mixture reaction
5.1.1 Thermal analysis behaviour of EMIMCl and NaAc
From the corresponding DSC results obtained for these 2 compounds, a good fitting with
previous works was clearly the case. This is illustrated by Table 14.

Table 14. Melting and crystallization points of educts employed in this work.
Compound

Tm (exp.) / °C

Tm (lit.) / °C

Tc (exp.) / °C

Tc (lit.) / °C

EMIMCl

87

82-87(1),
84(2), 89(3)

26(*)

33(3)

NaAc

329

300-335(4)

318

--

(*)

References (lit.)

(1)

(2)

Wilkes 1982,
Fannin
(3)
1984,
Ngo 2000

(4)

Judd 1974

Refer to Figure 9, Section 3.2.1.

Figures 34 and 35 show the corresponding DSC plot graphs of both compounds. In the case of
EMIMCl (Figure 34), there is an important observation to be made, and it has to to with its
kinetics during supercooling: a glass transition was often observed instead of a proper
crystallization, as can be seen during the second heating stage, at T = -55 °C, in Figure 34.
This likely implies a very slow ordering mechanism of the crystal structure of this IL. When
crystallization did take place, a supercooling temperature difference T = Tm – Tc ≈ 60 K
was established for this primary IL. In the case of the NaAc (Figure 35), a small supercooling
temperature difference T = 11 K was also the case.
Additionally, the thermal curve development in the case of the hydrated version of the sodium
acetate, NaAc·3H2O, and which is plotted in Figure 36, also shows a consistent fitting with
that from previous work [Judd 1974]; it can be seen that after 150 °C NaAc became
anhydrous and it finally melted exactly like it did in the previous Figure 35. The coolingdown curves also shown in green in Figures 34-35 confirmed that no NaAc decomposition
reaction took place even at a T as high as 350 °C.
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dH/dt / (mW/mg)
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Tg = -55 °C
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T = -9 °C

Tm = 87 °C

-1,0

-1,5
T / °C
First heating

Cooling down

Second heating

Figure 34. DSC graph showing the experimental measurement of T m in EMIMCl. A common glass
transition together with recrystallization can be seen for this IL when it was heated again.
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Figure 35. DSC measurement of Tm in NaAc, showing a clear peak at 329 °C. The crystallization
peak at Tc = 318 °C is shown as well.
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6
• T/t = 10 K/min
• Pierced crucible

4
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Tm = 329 °C
T = 60 °C

T = 131 °C

H2O evaporates (2 stages)

-8
T / °C
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Cooling down

Figure 36. DSC measurement of thermal changes in NaAc·3H2O. After losing all its H2O molecules
by 131 °C, the remaining anhydrous NaAc finally melts at around 329 °C.

5.1.2 Reciprocal pair system representation diagram
Hygroscopicity and interaction EMIMCl - H2O
A DSC test was performed on EMIMCl in order to see the variation of its thermal curve with
varying content of water. Water content was an important issue, given the high
hygroscopicity of this IL, and given that only a small amount of H2O absorbed by EMIMCl is
necessary to alter an essentially original one-component system curve into a real binary
system curve EMIMCl – H2O. Therefore, the possible implications of this effect in the further
study of our reciprocal pair reaction systems were beared in mind.
Figure 37 shows very clearly the high hygroscopic interaction of EMIMCl with H2O the
effect of water on the development of the EMIMCl curve after each heating cycle, with water
content becoming smaller after each cycle: from an amorphous, almost horizontal line without
peaks in the first cycle (heat cycle 1), where only glass transition took place, to a recognizable
endothermic peak signalling EMIMCl melting in the last cycle (Heat cycle 5). In all cases, a
very small peak appeared next to the main melting peak, as can be seen in the melting region
surrounded by the ellipse in the graph; this indicated the presence of a small degree of
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impurity in the EMIMCl. As was also expected, a sharp EMIMCl recrystallization peak at
around -10 °C appeared in the last cycle.
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Figure 37. DSC behavior of EMIMCl with traces of H2O after each heating cycle, for a total of 5
cycles. The corresponding phase change peaks are marked by dash-lined ellipses.

Construction of the system EMIMCl – NaAc / EMIMAc – NaCl
For the final construction of the corresponding Jänecke projection diagram of this reciprocal
system, the effect of concentration in the system (solvent content) was analyzed. For this
purpose, DSC was performed on the equimolar mixtures EMIMCl – NaAc and EMIMCl –
NaAc·3H2O; that is, with a mole ratio EMIMCl to NaAc = 0,5 : 0,5. Additionally, to account
for the effect of component mixture ratio, DSC was performed on the following EMIMCl to
NaAc ratios (without solvent): 0,4 to 0,6 and 0,6 to 0,4. The results of both studies are
summarized by the graphs shown in Figures 38 and 39.
Regarding concentration (solvent content) in the system, a look at the system without solvent
(water) in Figure 38, as shown by the green dashed curve, clearly shows a first endothermic
peak generated at around 100 – 150 °C; this leads us to infer that a reciprocal exchange
60

Results and discussion
reaction of the mixture EMIMCl - NaAc most likely takes place at around this temperature
region, while a second peak at T ≈ 245 °C most likely indicates a chemical thermal
decomposition reaction of the unreacted EMIMCl [Ngo 2000]. These preliminary
hypotheses are much reinforced by the fact that a cooling down of this system afterwards,
followed by a second heating cycle, systematically reproduced the DSC path followed by
NaAc, and which had already been shown before (see Figures 35 and 36). Therefore, after
reaction and EMIMCl decomposition, only the presence of apparently unreacted remaining
NaAc was detected.
It is important to emphasize here that a cooling down plus a second heating cycle was
performed as part of our standard procedure in the DSC analyses in this work.
In the case of the mixture EMIMCl – NaAc·3H2O, the region of thermal decomposition of
EMIMCl was successfully and systematically verified, again with an onset at approx. 245 °C,
as can be seen from the brown curve. In addition to this, an even more interesting event
occurred with the solvated system: a large peak can be noticed here at around 200 °C; this
peak leads us to infer that the reciprocal exchange reaction of this system actually took
place at around this temperature, and that the presence of a solvent (in our case water) played
a key role in the reaction efficiency. A reaction enthalpy Hr = -203 J/g resulted from this
reaction; this value is notably higher than the one obtained from the reaction without solvent
at 100 - 150 °C, which amounted to only -133 J/g, clearly indicating a more incomplete
reaction in the system without solvent. Since the DSC measurements in Figure 38 were
performed with a sealed (unpierced) crucible, a pressure effect caused by the presence of
water vey likely accounted for this displacement in the temperature of reaction to a higher
value.
In any case, even after reaction with presence of solvent at 200 °C, a small fraction of
unreacted EMIMCl still remained; this is shown in the brown curve in Figure 38 by the small
EMIMCl decomposition peak at the right side of the main reaction peak.
Regarding the effect of mixture ratio in the system, the gradual change of the DSC curve of
the binary system EMIMCl – NaAc for different mixture ratios is clearly summarized in
Figure 39. The larger exchange reaction peak area can be seen, as expected, at the
stoichiometric molar base mixture 0,5 to 0,5 EMIMCl to NaAc. This is indicated by the
larger reaction enthalpy Hr = -133 J/g in Table 15. A comparison of this parameters in the
table confirmed that the system EMIMCl - NaAc shows a higher efficiency of conversion
when the molar fraction of EMIMCl in this system is ≥ 0,5, and a very low efficiency when
the molar fraction of EMIMCl falls below this value. This result is of key importance in the
generation of the respective Jänecke diagram of the system and for the operational setup in
this reciprocal system, as will be studied and systematically confirmed in the following lines.
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Figure 38. DSC graph of the reciprocal system EMIMCl - NaAc / EMIMAc - NaCl showing the
effect of solvent on the reaction temperature. Mixture ratio EMIMCl : NaAc = 0,5 : 0,5.
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Figure 39. DSC graphs of mixtures EMIMCl – NaAc at different mole ratios (without solvent). The
reciprocal pair mixture reaction takes place before the final thermal decomposition of the EMIMCl.
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Table 15. Enthalpies of reaction in the system EMIMCl – NaAc, at different mixture ratios.
H / (J/g)

Ratio

(*)

EMIMCl to NaAc

Reciprocal exchange

0,4 to 0,6

-46

-154

0,5 to 0,5

-133

-208

0,6 to 0,4

-116

-152

Thermal decomposition

(*)

Of EMIMCl (its chemical structure dissociates into other molecular structures).

For the construction of the solid – liquid phase regions of the quaternary system and its
representation through a Jänecke diagram, the experimental values obtained for each onecomponent system and of their corresponding binary mixtures were taken where available; for
the rest, where no further experimental data was available, a modeling of each binary system
pair combination was done. For this calculation, ideal eutectic systems based on the Schröder
- v.Laar - Le Chatelier equation [Laar v. 1908a, Laar v. 1908b] were assumed. In this
equation, composition can be expressed as a function of the temperature in the system.
The equation, in its simplified form, can be written as follows:

ln xiL

H *fi

R

 1
1
 f  
T
T 
 *i

(5.1)

where xiL represents the mole fraction of component i in the liquid phase, H*if the enthalpy of
fusion of i, R the general gas constant, T*if the temperature of fusion of i and T the operation
temperature. Table 16 shows the constant values for each component i, to be applied in the
equation.
Table 16. Values applied for the construction of the Jänecke diagram of the reciprocal pair system
EMIMCl / NaAc / EMIMAc / NaAc.

MW

Tf

Hf

--

°C

J/mole

EMIMCl

146,5

81

11100

NaAc

82,0

324

16318

NaCl

58,5

801

30390

EMIMAc

170,0

-30

10000 (*)

Compound
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The following xiL vs T binary systems were thus constructed: EMIMCl – NaAc, EMIMAc –
NaAc, NaAc – NaCl and NaCl – EMIMCl. The obtained results for each of the four binary
systems involved in the reciprocal pair m EMIMCl – NaAc / EMIMAc – NaCl were finally
put into the following Jänecke diagram, shown below in Figure 40.
In summary, what Figure 40 shows is the temperature vs composition points in a twodimensional projection; the green curves in the figure represent the four modelled binary
systems, by means of which the Jänecke diagram is finally projected in the square at the
middle. The thick black lines in the diagram represent the existence regions of 2 components
in equilibrium in the solid phase, when no solvent is present. A small region of existence of
the desired product, EMIMAc, is clearly visible in the lower right side of the projection.
Points P1 and P2 represent the existence regions of 3 components in equilibrium in the solid
phase. This means that there is a limited operational initial mixture range EMIMCl to NaAc
from which EMIM+ and Ac- ions can be obtained in one reciprocal direct reaction step
followed by partial crystallization, so that a saturated liquid solution, concentrated in the
product IL EMIMAc, can be obtained along segment P1P2. The coordinates of both points
were determined and they are shown in Table 17.

Table 17. Coordinates of points P1 and P2 in the Jänecke phase diagram.
Mol fraction
EMIM

+

T
-

Cl

°C

P1

0,99

0,06

≤ -30

P2

0,99

0,15

≤ -30

A comparison of Figure 40 with another typical representation, the solvent content vs
composition diagram, as was shown in the example Figures 7 (a) and (b), gives us the
following important observation: the liquidus surfaces drawn in Figure 50 are equivalent to
the lowest level, without water. It can be then concluded that a real generation of a solution
rich in EMIM+ and Ac- ions, together with a separation or concentration of this ionic product,
is theoretically feasible by means of a reciprocal pair mixture reaction. Moreover, it can be
inferred that the presence of a solvent, like water, immediately opens different alternatives of
crystallization, since it can then theoretically proceed at much lower temperatures than when
no solvent were present; a corresponding displacement of the equilibrium lines in the Jänecke
diagram due to the presence of water is is the result in such a case. This is an important
previous conclusion driven from the so far generated diagrams, and as such it will be further
analyzed in the following sections of this work.
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Figure 40. Jänecke diagram of the ternary reciprocal system EMIMCl / NaAc / EMIMAc / NaCl.
Construction based on experimental and modeling results.

According to our constructed diagram, it can be seen that an initial pair mixture with a molar
ratio of approx. 1 to 1 would very likely be a most appropriate one (optimum) for a direct
production of a solution rich in EMIM+ and Ac-. The final anion and cation percentage
distribution in the solid and liquid phases after reaction is theoretically given in this case by
the gray-colored points at the ends of the red dashed-lined segment. In any case, however, the
temperature operation region had first to be clearly established, so that an operation below the
thermal decomposition temperature Tdecomp of both reagents (educts) could be assured;
therefore, the effect of temperature and, as explained before, the effect of solvent content in
the reaction efficiency were the next study objectives in our work.
In this discussion, it has to be again emphasized that this system considers an approximately
ideal eutectic behaviour between the binary systems involved, as expressed by the simplified
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form of the Schröder - v.Laar - Le Chatelier equation, and it does not account for a possible
dystectic behaviour with formation of an adduct or a complex compound. The accuracy of
this representation will be further confirmed as we go exhaustively through the experimental
results obtained from the production of the ionic solution EMIM+ + Ac-, which is detailed
in the following Sections 5.1.3 and 5.1.4.

5.1.3 Production of EMIMAc: reciprocal pair system with solvent
The following equation represents the theoretical reciprocal pair reaction achieved in this
section, with water acting as solvent:

EMIMCl  NaAc  3H 2O 
 EMIM  Ac   Na  Cl   3H 2O

(5.2)

Which, considering water as an additional component, can also be rewritten as:

EMIMCl  NaAc  3H 2 O 
 EMIM  Ac   Na  Cl   3H 2 O

(5.3)

Reaction at 40 °C and 80 °C (mixture ratios 1 : 1 : 3 and 3 : 1 : 3)
Regarding this quaternary system, water was added as the solvent, as described before, in the
form of the hydrate part of NaAc·3H2O, and in such an extent as to provide for a
homogeneous suspension. Due to the eventual risk of EMIMCl and / or NaAc thermal
decomposition at high temperatures, water content was thus controlled, while temperature T
in the reactor was maintained between 40 °C and 80 °C. Since that, due to economical
reasons, a temperature T = 150 °C would be too high for our goal study, this last temperature
was considered rather as a reference case in this study, and the corresponding results are
detailed at the end of this Section, for the solvated system, and in Section 5.1.3, for the system
without solvent. A final enrichment of the liquid phase was achieved through simultaneous
dissolution of the EMIMCl / NaAc·3H2O system and fractional crystallization of the byproduct in the reactor, followed by solid-liquid phase separation by centrifugation.
A noticeable reaction in the solvated system took place even at a temperature as low as 40 °C.
As the schematic projection (Jänecke) diagram shows, a selective crystallization of most of
the NaCl can then be performed, to obtain a concentrated solution rich in EMIM+ and Ac- in
the liquid mixture in the end.
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The weight fractions of both phases of the hydrate system after centrifugation were compared
with our system with solvent under the 2 mixture mole ratios 1 : 1 : 3 and 3 : 1 : 3. The
solvent content in each case, as expressed in moles H2O per equivalent in solution, were
1,50 and 0,75, respectively.
Table 18 shows the weight fractions obtained in each phase after centrifugation.

Table 18. Weight fractions in the liquid and solid phases from the reciprocal pair mixture reaction at
40 °C and 80 °C. System: EMIMCl / NaAc / H2O.
Weight fraction
EMIMCl : NaAc : H2O = 1:1:3

EMIMCl : NaAc : H2O = 3:1:3

T = 40 °C

T = 80 °C

T = 40 °C

T = 80 °C

Liquid phase

0,65

0,71

0,83

0,84

Solid phase

0,35

0,29

0,17

0,16

As can be seen from the results, a higher fraction of EMIMCl in the initial mixture resulted in
a higher fraction of the liquid phase in the system, at any temperature T. It can additionally be
seen that, for a higher fraction, the influence of temperature on the weight fraction in each
phase was negligible compared to the influence at a lower EMIMCl fraction, in which the
liquid phase mole fraction was more or less directly proportional to T.
In order to get an appropriate interpretation of the system, the experimentally obtained
concentrations were converted to mole fractions. In this way, the ions present in the solid
phases give us an indication of the component crystallized, compared to the ions present in
the liquid phase. The analysis results shown in Table 17 above as well as in the following
tables are therefore expressed in mole fraction, and are based either on total cation
concentration or total anion concentration.
Tables 19 and 20 show the results in composition for the 2 phases formed in each system.
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Table 19. Mole fraction of anions and cations after reaction of reciprocal pair system: EMIMCl /
NaAc / H2O. Mole ratio EMIMCl : NaAc : H2O = 1 : 1 : 3.
Anion
Temperature

-

Cation
+

EMIM

0,64

0,07

0,93

0,32

0,68

0,09

0,91

40 °C

0,69

0,31

0,93

0,07

80 °C

0,70

0,30

0,91

0,09

Ac

Cl

40 °C

0,36

80 °C

-

Na

+

Liquid phase

Solid phase

Table 20. Mole fraction of anions and cations after reaction of reciprocal pair system: EMIMCl /
NaAc / H2O. Mole ratio EMIMCl : NaAc : H2O = 3 : 1 : 3.
Anion
Temperature

Cation

Ac-

Cl-

Na+

EMIM+

40 °C

0,16

0,84

0,01

0,99

80 °C

0,11

0,89

0,01

0,99

40 °C

0,51

0,49

0,89

0,11

80 °C

0,64

0,36

0,92

0,08

Liquid phase

Solid phase

Weight fraction
EMIMCl : NaAc.3H2O=0,50:0,50

EMIMCl : NaAc.3H2O=0,75:0,25

T=40°C

T=80°C

T=40°C

T=80°C

0,65

0,71

0,83

0,84

Reaction with high solvent content at -4 °C (mixture ratio 1 : 1 : 6)
Liquidphase

olidphase
0,35
0,17
0,16
With the purpose of having an Sinsight
on the
effect 0,2of9 a higher
solvent
content in the
reciprocal pair mixture reaction at low temperatures, again a similar quaternary system as in
the previous case was studied, but this time with an initial mixing mole ratio EMIMCl to
NaAc to H2O of 1 : 1 : 6. Water acted again as a solvent in the following reaction:

EMIMCl  NaAc  6H 2 O 
 EMIM  Ac   Na  Cl   6H 2 O

(5.4)

The finely homogenous suspension ensued was set then at a temperature T = -4 °C for the
reciprocal pair mixture reaction to take place. Afterwards, in a similar way as in our previous
cases, the solid and the liquid phases of the 2-phase system were separated from each other by
centrifugation and their ion contents were analyzed.
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Table 21 shows the results obtained from this run.

Table 21. Mole fraction of anions and cations after reaction of reciprocal pair system: EMIMCl /
NaAc / H2O. Mole ratio EMIMCl : NaAc : H2O = 1 : 1 : 6. T = -4 °C.
Anion
Temperature

Cation

Ac-

Cl-

Na+

EMIM+

Liquid phase

-4 °C

0,62

0,38

0,35

0,65

Solid phase

-4 °C

n.a.

n.a.

n.a.

n.a.

Figure 41 summarizes these results by giving an illustrative graphic representation of the
effect of mixture ratio as well as of temperature on the final product.
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Figure 41. Jänecke diagram of the quaternary reciprocal system EMIMCl / NaAc / EMIMAc / NaCl /
H2O and of the ternary system EMIMCl / NaAc / EMIMAc.
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The position of the points on the diagram represents the composition of the phases when
solvent is present in the system. The dashed arrow lines represent the phase equilibrium paths
followed by direct metathesis reaction at the EMIMCl : NaAc : H2O ratios of 1 : 1 : 3, 3 : 1 :
3, and 1 : 1 : 6. The experimentally determined composition points of the solid and liquid
phases at 40 °C fall more or less in the same region as the composition points of their similar
counterparts at 80 °C, as can be seen by the small areas bounded by the ellipses.
The positions of the points in the diagram at 40 °C and 80 °C, as can be seen, do not indicate
a complete reaction with crystallization of highly rich NaCl, which would have been the
expected result in an ideal complete reaction, with formation of NaCl and a solution rich in
EMIM+ and Ac- at any point along the P1P2 line. Instead, a still high content of Ac- ions can
be detected in the solid phases (left bounded regions). This excess NaAc still present in the
solid means, in turn, a still unreacted amount of EMIMCl, which is also shown by the position
of the liquid phase bounded regions at the right side of the diagram (where a still high content
of Cl- ions is the case). This result can very likely be attributed to inclusion effects between
the crystals and the newly formed mother liquor, which can hinder further reaction of the
inclusion complex [Mullen 1993]. Another explanation is the eventual existence of a double
salt in the NaAc / NaCl binary system; this basically means the possible existence of a
dystectic system instead of the eutectic one that has been assumed by us. In that case, the
metathesis reaction would not progress further and would stop with the formation of a double
salt at an intermediate point between NaAc and NaCl. But then again, still no complete
experimental data exists for this binary system.
It can also be noticed that both a higher Cl- content in the solid phase and a higher Ac- content
in the liquid phase are obtained when temperature drops from 80°C to 40 °C. This suggests
better results towards the desired theoretical products at the lower temperature. Interestingly,
as will further be seen from Table 22 and Figure 45, a more complete reaction is apparently
the case at the higher temperature of 150 °C when the reference case had no solvent.
From the Jänecke diagram and from the results in Tables 19, 20 and 21, it can also be seen
that the reciprocal pair reacts at the three mixture ratios studied, and the solid can be partially
crystallized by appropriate adjustment of the solvent amount. In general, it could be seen that
a reaction with production of EMIMAc in the hydrated system took place at a temperature as
low as 40 °C and even lower ones, as seen by results obtained from the solution at -4 °C and
at an initial mole ratio of 1 : 1 : 6. At this temperature and mixture ratio, the liquid phase
solution obtained was still more enriched in EMIM+ and Ac- than the other solutions
obtained at higher temperatures. However, even more significant than temperature is here the
large effect that solvent content exerted on the displacement of the liquid phase composition
to the lower right side of the diagram, thus approaching the composition of our desired IL
product.
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This stronger effect of solvent content on the composition of the final liquid phase in our
system is illustrated by Figures 42 and 43. Looking at both graphs, a nice final molar
equilibrium composition in ions EMIM+ and Ac- at approx. 64% each can be seen at 3,0 mole
H2O / eq.

100
90
80
70
60
50

EMIM+ (liquid phase)

40
Na+ (liquid phase)

30
20
10
0
0,75 mole H2O/eq 1,50 mole H2O/eq 3,00 mole H2O/eq
(40°C, 3:1:3)
(40°C, 1:1:3)
(-4°C, 1:1:6)

Figure 42. Mole percentage of cations EMIM+ and Na+ in the liquid phase of the reciprocal
pair mixture as a function of different ratios EMIMCl : NaAc : H2O (different solvent contents).
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Figure 43. Mole percentage of anions Ac- and Cl- in the liquid phase of the reciprocal pair
mixture as a function of different ratios EMIMCl : NaAc : H2O (different solvent contents).

From our results, and based on our theoretical ideal reaction path on the phase diagram, a
solution rich in EMIM+ and Ac- will more likely be obtained in noticeable amount at the
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mixing mole ratio of 1 : 1 : 6. The 1 : 1 : 3 ratio results in a lower altogether concentration in
these ions, but it is in turn definitely better than at the 3 : 1 : 3 ratio. These experimental
results are also supported by the fact that the solvent content of 3,0 mole H2O per equivalent
in the first case (1 : 1 : 6) is twice the value of that in the second case (1 : 1 : 3) and 4 times
that in the third case (3 : 1 : 3), meaning an increasingly better dilution and a more
homogeneous mixing. Therefore, we can conclude that in this case the 1 : 1 : 6 ratio, or, in
other words, a solvent (water) content of 3,0 mole / eq is the more appropriate one in the
mixture to obtain the desired ionic solution product rich in EMIM+ and Ac-.

Reaction at 150 °C (mixture ratio: 1 : 1 : 3)
Unlike the reactions at 40 °C and 80 °C, the reciprocal pair mixture showed a very well
defined optical change in the conformation of phases at 150 °C. Figure 44 shows pictures at
different stages and temperatures of the reaction progress of the quaternary system.
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20 °C
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55 °C

82 °C
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110 °C

3

5

148 °C

6

Liquid phase
Solid phase

150 °C

Figure 44, from (1) to (6). Reaction progress of the reciprocal pair system EMIMCl / NaAc /
EMIMAc / NaCl / H2O. Solvent content: 1,5 mole H2O / eq.

A more or less homogeneous mixing was achieved from the beginning, due to the aid of water
content. A final change of the system phases can also clearly be seen at T = 150 °C. At this
temperature reaction, a white precipitate was noticed at the bottom of the system.
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Table 22 shows the analysis results of the final solid and liquid phases at 150 °C. The anion
and cation contents are represented as molar fractions of the total anion or cation mole
content, respectively. Figure 44 pictures the system at different stages of reaction.
A proper analysis of the reaction at this temperature will be done later by comparing it with
the following reaction, also at 150 °C, studied in Section 5.1.3.

Table 22. Mole fraction of anions and cations after reaction of system: EMIMCl / NaAc / H2O. Mole
ratio EMIMCl : NaAc : H2O = 1 : 1 : 3. T = 150 °C.
Anion
Temperature

Cation

Ac-

Cl-

Na+

EMIM+

Liquid phase

150 °C

0,44

0,56

0,07

0,93

Solid phase

150 °C

0,41

0,59

0,97

0,03

Since one objective in this experimental reaction was to quantify in as much as possible the
effect of high temperature as well as to compare the efficiency of reaction with that of the
system without solvent at the same temperature (in this case at 150 °C, see following Section
5.1.4), the reaction for production of EMIMAc was as such also performed at 150 °C.
However, it must be emphasized again, as has been shown before (see Figure 38), that solvent
content has a potential on displacing the temperature of reaction to a higher value ≈ 200 °C
while still staying on a safety region below the decomposition temperature of EMIMCl. This
is a very important conclusion that must and will be beared in mind when performing further
reactions of this kind in the future.

5.1.4 Production of EMIMAc: reciprocal pair system without solvent
Keeping on with our standard experimental matrix organisation, the effect of absence of
solvent on the reciprocal pair mixture reaction is now treated in this Section, and the
corresponding results will be studied and discussed together with the results from the previous
Section 5.1.2.
Here, the following reciprocal pair reaction takes place:

EMIMCl  NaAc 
 EMIM  Ac   Na Cl 
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Figure 45, from (1) to (6). Reaction progress of the reciprocal pair system EMIMCl / NaAc /
EMIMAc / NaCl (no solvent content).

Figure 45 above shows pictures of the reaction progress of this ternary system at different
values of T. At around 100 °C a clear optical change in the conformation of phases began to
take place.Similarly as in the case with solvent at 150 °C, a white precipitate formed at the
bottom at approx. 150 °C, with a small supernatant residue remaining on the top.
Table 23 shows the analysis results for the final solid and liquid phases.

Table 23. Mole fraction of anions and cations after reaction of system: EMIMCl / NaAc. Mixture ratio
EMIMCl : NaAc = 1 : 1.
Anion
Temperature

Cation

Ac-

Cl-

Na+

EMIM+

Liquid phase

150 °C

0,52

0,48

0,49

0,51

Solid phase

150 °C

0,33

0,67

0,61

0,39
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Finally, for a clear illustration of the effect of solvent content at this temperature, Figure 46
summarizes the paths followed by the reciprocal pair mixture reactions with and without
solvent at 150 °C.

NaCl

1,0

EMIMCl

0,8

0,6
1:1:3
1:1

0,4

0,2

P2
P1

NaAc

EMIMAc

0,0
0,0

0,2

0,4

0,6

0,8

1,0

Mole f raction
Liquid phase 150°C (1:1:3)

Liquid phase 150°C (1:1)

Solid phase 150°C (1:1)

Initial m ixing EMIMCl / NaAc

Solid phase 150°C (1:1:3)

Figure 46. Jänecke diagram showing the systems EMIMCl / NaAc / EMIMAc / NaCl / H2O and
EMIMCl / NaAc / EMIMAc at T = 150 °C. Mixture ratio EMIMCl : NaAc = 1 : 1.

Here, a nice development of the reaction path from the system without solvent can be
confirmed, with a clear direction towards EMIMAc formation. On the other hand, the final
result from the system with solvent likely indicates a more incomplete reaction; this result is
strongly consistent with our previous results, where an effective reciprocal reaction of the
solvated system is actually to be expected at the higher temperature of 200 °C.
However, in spite of having worked at only 150 °C, a presence of more than 50% mole
fraction Cl- (on an anion base) was the result in the solid phases at 150 °C, with and without
solvent. This indicates a definite trend towards a complete reaction in the system.
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5.2 Membrane Donnan dialysis
5.2.1 Metathesis test (generation of potassium sulphate)
The 3-D diagram and the corresponding Jänecke diagram of this salt system are shown here
again in Figures 47 and 48 [Nicolaisen 1993, Emons 1970, Linke 1958]. As can be seen from
both diagrams, an anion exchange reaction took place: solution L1, which originally consisted
of aqueous K+ and Cl-, became richer in SO42- ions in time, while being depleted of the Clanions, leading to the generation of 2K+ and SO42- in the outlet solution L1. On the other side
of the membrane, the concentration of ions Cl- was continually increased in solution L2 from
the original Na2SO4 solution, correspondingly forming a solution rich in ions Na+ und Cl-.
The red dots at the lower left and upper right edge of the Jänecke diagram represent the initial
conditions of solutions L1 and L2, at t = 0. The red straight arrows in the figure show the
change in concentration of L1 and L2 during the metathesis reaction; the green dots represent
the concentration of both solutions at the end of the reaction. The light blue dot in the Jänecke
diagram represents the final content of SO42- in solution L1 after fractional crystallization,
with the formation of a solid-liquid phase. In this case, the ‘valuable product’ K2SO4 is
recovered in the solid phase as crystals and therefore the solution L2 became richer in the
remaining unreacted KCl.
To illustrate the advantageous difference between the route and the one followed by a
classical reaction system, brown dashed arrows have been added in Figure 47 to depict the
path of a classical reciprocal mixture reaction. In order to get product K2SO4, crystallize and
separate it from the mother liquor, the mixture mole ratio KCl to Na2SO4 must necessarily fall
into the K2SO4 crystallization region, like for example on point M. Only then will K2SO4 be
generated as a final crystal product. The phase equilibrium after reaction will present then a
composition in each phase, which will be given by the two black points M1 and M2 generated
by the solid brown arrows.
A complementary illustration of the paths followed by the process detailed above is given by
the 3-D representation of Figure 47, where the Donnan dialysis path lies clearly above our
crystallization zone.
Figure 49 shows the change in concentration of Cl- in both solution flow lines L1 and L2. Two
clearly shaped curves describe the ion exchange reaction development in time in the dialysis
module, until Donnan equilibrium is finally reached at approx. 300 h. The final average Cl concentration in both lines is approx. 0,28 M, which is precisely almost half the value of the
initial Cl- concentration 0,55 M in L1. These results confirm the robustness of our membrane
and of our dialysis system in general.
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Donnan
dialysis

Reciprocal
pair mixture
+
crystallization

Figure 47. 3-D diagram of the KCl – Na2SO4 pair system. Donnan dialysis, shown by the red arrows,
takes place above the crystallization region (inside it a reciprocal pair mixture reaction takes place).

L2 = Na2SO4

NaCl

M1
M

M2

L1 = KCl

(mole fraction)

K2SO4

Figure 48. KCl – Na2SO4 system in the Jänecke projection. The reaction route followed by the two
solutions during Donnan dialysis is indicated by the red arrows.
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Figure 49. Variation of Cl- concentration in L1 and L2 during time in Membrane Module 1, until final
equilibrium was reached. Flow ratio L1 / L2 = 1 : 1.

Table 24 shows the high values in purity degree of the product crystals K2SO4 after
evaporation crystallization and cooling. Already after vacuum crystallization, a high value of
99,7 % of sulfate ion, in mole basis, was obtained in the solid product. At -5 °C a few Cl- ions
very likely get as inclusions in the crystallized product.

Table 24. Purity degree obtained for the test product K2SO4 by Donnan dialysis in Membrane Module
1, after crystallization (at T = 45 °C) and cooling.
After cooling
After cooling
After vacuum
crystallization
-2°C
-5°C
Weight percent

Mole percent

SO42- / %

99,9

99,9

99,8

Cl- / %

0,1

0,1

0,2

SO42- / %

99,7

99,7

99,5

0,3

0,3

0,5

-

Cl / %

The amount of final product compared with the initial amount of educt Na2SO4 in the process
gave us a ratio Na2SO4 to K2SO4 = 9,84 : 1 (on a mole basis). This indicates an efficient
reciprocal exchange process and as well as a good performance of our membrane module.
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The results fall also within the experimental and correlated (predicted) values already
obtained in numerous previous works on this reciprocal salt pair system [Nicolaisen 1993,
Emons 1970]. The corresponding mass balance also closed successfully, therefore
guaranteeing for a effective operation of the membrane in the subsequent production stage.

5.2.2 Membrane characteristics and operational parameters
Membrane transport properties and selectivity
In Section 3.4.2.2, the mass transfer equation for a continuous Donnan dialysis system was
developed. In the case of a batch system, however, the equation must be expressed as a
function of time, in a similar way as the kinetics equation of a system is expressed. The
following equation calculates concentration as a function of time:

dn i
*
 K i  A  (ci , L1 (t )  ci , L2 (t ) )
dt

(5.6)

By means of a Donnan dialysis batch system, Ki* can easily be calculated, since the
corresponding concentrations ci,L1 and ci,L2 are known for each time interval, and the mass or
mole flow of ion i is also known for each t.
Therefore, with the purpose of taking a closer look at the kinetic reaction curve of the system
and calculating the mass transport coefficients Ki* for each ion, a Donnan dialysis of the
system EMIMCl / NaAc, involving the exchange of anion Cl- against Ac-, was performed in
Membrane Module 1, in batch mode with product recirculation. Educt solution EMIMCl 0,1
M operated as line L1 and educt solution NaAc 0,1 M operated as line L2. According to the
essential principle of dialysis, it can be inferred that the reaction proceeds due to the
concentration gradient in Cl- ions between the two unmixed liquid phases -or, similarly in
this case, due to the concentration gradient in Ac- ions (see Section 3.4.2.1).
Figure 50 shows to which extent Donnan dialysis proceeded in our membrane system until
equilibrium; the system was constantly monitored and after equilibrium was reached, the
batch system was newly charged with NaAc solution in L2, as can be seen by the dashed green
lines, and the cycle was repeated several times. At the outlet of L1, Cl- concentration
decreased each time, so that the driving force for the Donnan dialysis, expressed as the
difference cClL1 – cCl-L2, also decreased proportionally during a large time interval of approx.
90 h.
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It can be clearly seen from the figure that after approx. each 20-25 hours, a new equilibrium
in Cl- ion concentration, represented by the dashed orange lines, was reached with our
membrane in the batch recirculated system. The mass balances of the Ac- and Cl- ions
perfectly matched the electroneutrality principle. The curve of Cl- concentration in L1 follows
a gradually asymptotic trend in time, due to the decreasing driving force, until it eventually
stabilizes at a low value of cCl-L1 ≠ 0.

0,12

[Cl-] / (mole/l)

0,10

0,08
0,06
0,04
0,02
0,00
0

20

40

60

80

100

Time / h
in L1

in L2

Figure 50. Cl- concentration as a function of time for Donnan dialysis. System EMIMCl / NaAc, batch
mode. Flow ratio L1 / L2 = 1 : 1.

The robustness of the membrane system was confirmed at different operation concentrations.
Figure 51 shows again the progress in anion exchange, this time expressed as Acconcentration in the outlet solution L1, for another batch system run. Starting with two
solutions L1 = EMIMCl 0,5 M and L2 = NaAc 0,5 M, an expected increase in Acconcentration, that is, a generation of an ionic solution EMIM+Ac-, can clearly be seen in
product flow line F1. Additionally, in exactly the same way as with the asymptotic Clconcentration decrease in L1 shown in Figure 50, a corresponding asymptotic increase in Acconcentration in L1 in time was the case., after the old L2 solution (the by-product line) was
changed for a new NaAc 0,5 M solution, the driving force suddenly increases again, as
expected, only to decrease again in time in the new cycle, which takes place at the right side
of the dashed orange line in the figure; this cycle can in fact be continually repeated. The
trend of the curve shows an accurate Donnan diffusion process in the membrane system, and
80

Results and discussion
both
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Figure 51. Ac- ion concentration in L1 as a function of time for Donnan dialysis. System EMIMCl /
NaAc, batch mode. Flow ratio L1 / L2 = 1 : 1.

From this last experimental run, the corresponding cation concentrations are shown in Figure
52 as well. As can be seen, the cation concentrations in L1 and L2 remained almost invariably
constant, with only a very small diffusion through the membrane. By taking into account
these small changes in cation concentration, the permselectivity values for anions and cations
were calculated, and, together with the calculated mass transfer coefficient values, are all
shown in Table 25.

Table 25. Mass transport coefficients Ki* of the different researched ions. Values of
permselectivity S are given as well.

Ion
ClAcEMIM+
Na+

K*
l/s·m2
1,7E-04
2,4E-04
4,9E-06
5,5E-06

K* (average)
l/s·m2
2,1E-04
5,2E-06
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Figure 52. EMIM+ and Na+ concentrations as a function of time in Donnan dialysis, for the calculation
of permselectivity. System EMIMCl / NaAc, batch mode. Flow ratio L1/L2 = 1 : 1.

In general, a high selectivity of the membrane (Deukum) with respect to anions Cl- and Acwas confirmed, and a high reproducibility in the operational mode of both membrane module
systems was confirmed as well. The values are in acceptable accordance with typical values
from the literature [Melin 2004]; they are to be applied in the modeling of the system, which
is to be detailed in Section 5.2.3.

Resistance of the membrane structure against corrosive ILs
Polymeric membranes exposed to liquid mixtures are subject to swelling and, according to
their internal polymer – polymer intermolecular forces and the polymer – solution
interactions, to an eventual degradation [Billmeyer 1984]. Therefore, a proof of resistance was
performed to confirm the degree of resistance of standard available anion exchange
membranes against a corrosive IL. This was performed by means of an optical microscopic
analysis in time, a method that has already been efficiently used before in membranes [Izák
2007]. Small samples of the Neosepta AFN and Fumasep FAD membranes were put into
EMIMTf2N, a corrosive IL, and let it immerse for 300 h. No apparent destruction of the
membrane was observed, as can be seen from Figures 53 and 54.

82

Results and discussion

(a)

(b)

Figure 53. Fumasep FAD membrane (a) before and (b) after treatment with EMIMTf2N.

(a)

(b)

Figure 54. Neosepta AFN membrane (a) before and (b) after treatment with EMIMTf2N.

Setup of operational parameters
The systematic approach to determine the appropriate operational values that were to be
employed in Membrane Module 2 was through comparison of the final concentrations of
product in the outlet solution after the metathesis reaction in the membrane module while it
was subjected to different values of volumetric flow and flow ratio. The effect of the
variable viscosity () was minimized by means of a proper dilution of the in-flowing solutions
to a constant value. And to set a dimensional constraint in the mechanical layout of the
system, the length for mass transfer in the membrane module was kept constant at L = 5 m.
The system L1 = EMIMCl 0,5 M and L2 = EMIMAc 0,5 M was again operated in Membrane
Module 2 for these purposes. Table 26 shows the operational optimization matrix with the
different volume flow ratios L1/L2 and the different loading values B (where B is
represented here by the combined value L1 + L2), with their corresponding results in Acconcentration in the outlet line L1. It can be seen that a higher concentration of Ac- is obtained
at a lower flow ratio L1 : L2, that is, for 0,2.
In all runs, a complete laminar flow follows on both sides of the membrane, and depth dc is
the characteristic length dimension for calculating the Reynolds number Re.
From the results shown in the table, the volume flow ratio L1 to L2 = 0,2 with the lower
velocity u1 ≥ 2 x 10-3 m/s (or with the lower loading) looked to be the more satisfactory one
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for a high conversion. Therefore, the aforementioned ratio was set for the further operational
conditions in our production stage in Membrane Module 2.

Table 26. Final product concentration in L1 outlet (expressed as content in Ac-) for Donnan dialysis of
the system EMIMCl – NaAc at different flow ratios and loadings. L = 5 m (*).
Solution

(*)

Linear velocity

Flow ratio

Loading

Product: L1-out

L1

L2

u1

u2

L1/L2

B (= L1+L2)

cAc

ml/min

ml/min

x 103 m/s

x 103 m/s

--

ml/min

mole/l

0,1

0,5

2

8

0,2

0,6

0,49

0,7

3,6

12

60

0,2

4,3

0,22

1,4

3,6

23

60

0,4

5,0

0,15

1,3

1,3

22

22

1,0

2,6

0,13

Channel depth dC = 1,0 mm

Since both linear velocity and volume flow can be better expressed in terms of loading of the
membrane system (in the same way as the loading of a column), the next step was to
systematically investigate the isolated effect of loading by performing a Donnan dialysis in
the same Membrane Module 2 at a constant volumen flow ratio L1 to L2 = 0,2. The 2 solutions
L1 = EMIMCl 0,5 M and L2 = NaAc 0,5 M were operated continuously in countercurrent
mode at 0,05 ml/min and 0,10 ml/min, and at 0,25 and 0,50 ml/min, respectively. The results
are shown in Table 27.

Table 27. Final product concentration in outlet L1 (expressed in Ac- ion content) for different linear
velocities. F1 to F2 ratio = 0,2. Leq = 5 m (*).
Solution

(*)

Linear velocity

Flow ratio

Loading

Product: L1-out

L1

L2

u1

u2

L1/L2

B (= L1+L2)

cAc

ml/min

ml/min

x 103 m/s

x 103 m/s

--

ml/min

mole/l

0,05

0,25

2

8

0,2

0,3

0,50

0,10

0,50

3

17

0,2

0,6

0,49

Channel depth dc = 0,5 mm

From Table 27, a negative effect (albeit small) on the conversion to Ac- can already be seen,
caused by the higher loading of the system at B = 0,6 ml/min. In this particular case, the small
velocities compensate in some way for this negative effect.
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The membrane system can actually be compared to an exchange column that becomes
gradually loaded. The volume flow L1 + L2 is representative of the loading degree of the
column. Figure 55 illustrates the analogy between the Donnan dialysis membrane and the
exchange column.

.
V1
cAc-L1,

Figure 55. Schematic representation of the
Donnan dialysis system as an exchange
column with length z=zz. Ac- is transported
from the right to left side of the membrane
system.
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For a complete mass balance of a Donnan dialysis system, the following equations must be
considered:
1. A corresponding mass balance on the Ac- component, on a mole basis, gives us the
following equation:

n Ac
t

 V1  (c Ac  L1 ,  c Ac  L1 , )  V2  (c Ac  L2 ,  c Ac  L2 , )

(5.7)

2. Working with the mass transfer coefficient of Ac-, we get the typical mass transfer
equation:



dn Ac
*
 K Ac  A  c Ac , L1  c Ac , L2
dt



(5.8)

3. Considering Cl- as the counterpart anion exchanged against Ac-, a mass balance on Cl on a mole basis, gives us the following equation:
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nCl
t

 V1  (cCl  L1 ,  cCl  L1 , )

 V2  (cCl  L2 ,  cCl  L2 , )

(5.9)

4. And considering the mass transfer coefficient of Cl-, from Equation (5.11):



dnCl
*
 K Cl  A  cCl , L2  cCl , L1
dt



(5.10)

Looking at Equations (5.7) and (5.9), it is clear why the conversion in a Donnan dialysis
membrane system is a function of the loading of the system. For any given value ni/t,
volume flow must be kept low in the equations in order to maintain a large difference between
the final and initial concentration values. Therefore, if an increase in efficiency is needed in a
membrane module, it is then either the mass transfer area of the membrane (or
correspondingly its length) which must be increased, or it is the loading of the system which
must be decreased.
In order to graphically illustrate the influence of loading in the process with that of flow ratio,
the 2 Donnan dialysis runs performed at higher loading (from Table 26) were compared with
the one performed at lower loading (from Table 27). Table 28 shows the values of the
operation lines, which are then plotted in Figure 55.

Table 28. Ac- concentration in L1 and L2 for Donnan dialysis of the system EMIMCl – NaAc in
continuous countercurrent mode.
Volume flow rate = 0,2
Loading: B = 0,3

Volume flow rate = 0,4

loading: B = 4,3

loading: B = 5,0

cAc-L1

cAc-L2

cAc-L1

cAc-L2

cAc-L1

cAc-L2

→

0,00

0,47

0,00

0,53

0,00

0,55

z = zz →

0,54

0,54

0,22

0,55

0,15

0,57

z=0

Figure 56 shows very clearly that the operation lines proportionally get farther away from the
equilibrium line at a higher loading B and the efficiency in conversion decreases
correspondingly. This is particularly the case between the 2 operation lines at the flow ratio
L1/L2 = 0,2. Even when the flow ratio was kept constant and low, the red line at higher
loading B = 4,3 is clearly farther from the equilibrium line than the brown operation line at
loading B = 0,3; the Ac- concentration in the product line L1 abruptly goes down at the higher
loading, as can be seen on the graph.On the other hand, doubling the flow ratio only affects
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the operation line in a smaller degree, as can be seen when comparing the red and green lines.
It is important to point out also that the effect of channel depth is not as relevant as the effect
of the parameters loading and flow rate, as can be seen from the similar product conversion
obtained from the 2 runs performed at flow ratio 0,6 (at 1,0 mm and 0,5 mm channel depth,
respectively) from Tables 26 and 27.
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Figure 56. Effect of loading B and volume flow ratio efficiency of the Donnan dialysis system
EMIMCl – NaAc in continuous countercurrent mode.

Considering that volume flows as high as possible are needed for production purposes, the
right balance between loading and conversion in the membrane reactor is key to achieving an
optimum process. Additionally, the membrane area is another parameter that can be
manipulated. The standard modular design of a membrane system currently allows for a
variation of this area through the addition of membrane plates in series (or cartridges in the
case of a hollow fiber membrane type). For our module system operation to produce ILs, a
final length L = 10 m was chosen, which can be compared to a 10-m high exchange
(adsorption) column.
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5.2.3 Production of EMIMAc, EMIMFo and EMIMOH
Production of EMIMAc
An anion exchange Cl- against Ac- takes place in this system. Due to the experimentally
tested high anion selectivity of the membrane, cation exchange is essentially neglected. The
measured concentrations of each solution at the inlet lines were as follows: L1 = EMIMCl
0,45 M and L2 = NaAc 0,47 M.
As Table 29 shows, a high conversion of 99,7 % (mole basis) was obtained in the membrane
module.

Table 29. Product purity and efficiency of conversion (expressed as mole fraction of Ac-) of the
EMIMCl / NaAc Donnan dialysis system for the production of EMIMAc.
Mole fraction (anion based)
Outlet L1: product

EMIMAc purity

Outlet L2: by-product

% weight

Ac-

Cl-

Ac-

Cl-

EMIMAc

EMIMCl

0,997

0,003

0,78

0,22

99,8

0,2

Production of EMIMFo
An anion exchange Cl- against Fo- takes place in this system. Again, cation exchange is
neglected. The measured concentrations of each solution at the inlet lines were as follows: L1
= EMIMCl 0,54 M and L2 = NaFo 0,54 M.
Table 30 shows the results in the outlet lines at stationary state. A high conversion of 99,9 %
takes place in the membrane module. The still high Fo- mole fraction in the outlet line L2 is
explained by the high flow rate of L2 = 0,5 ml/min compared to L1 = 0,1 ml/min, that is, 5
times the flow rate in L1.
Table 30. Product purity and efficiency of conversion (expressed as mole fraction of Fo-) of the
EMIMCl / NaAc Donnan dialysis system for the production of EMIMFo.
Mole fraction (anion based)
Outlet L1: product

EMIMFo purity

Outlet L2: by-product

% weight

Fo-

Cl-

Fo-

Cl-

EMIMFo

EMIMCl

0,999

0,001

0,92

0,08

99,9

0,1
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Production of EMIMOH
An anion exchange of EtOSO3- against OH- takes place in this system; again, cation
exchange is neglected. The measured concentrations of each solution at the inlet lines were as
follows: L1 = EMIMEtOSO3 0,5 M and L2 = NaOH 0,5 M.
Table 31 shows the results in the outlet lines at stationary state. A conversion of 47 % into
product, for a total purity of 32,3 % (weight basis) was reached in the solution. These values
are fairly low in comparison with the yields obtained in our former two ILs, EMIMAc and
EMIMFo, and it overall indicates that the large anion EtOSO3- does very likely not match the
cut-off of our membrane. In other words, this anion has a low mobility passing our anion
exchange membrane.
Table 31. Product purity and efficiency of conversion (expressed as mole fraction of OH-ions) of the
EMIMEtOSO3 / NaOH membrane system for the production of EMIMOH.
Mole fraction (anion based)
Outlet L1: product
OH

-

0,47

EMIMOH purity

Outlet L2: by-product
-

-

-

EtOSO3

OH

0,53

0,94

% weight

EtOSO3

EMIMOH

EMIMEtOSO3

0,06

32,3

67,7

From the results obtained so far, it can be confirmed that our membrane operates highly
efficiently when faced with ions Ac-, Fo- and Cl-. However, against the bigger structure of
anion EtSO3- its efficiency decreases drastically, because the diffusion becomes much slower.
The calculated value of K* for EtOSO3- (as shown in Table 23) is 1,5·10-4 l/s-m2; this value is
smaller than the experimental K* = 2,1·10-4 l/s-m2 for Cl- und Ac-. For the Donnan dialysis of
the system EMIMEtOSO3 - NaOH, the mass transport coefficient of EtOSO3- becomes then a
limiting factor.
From this result, it can be inferred that longer residence times for ion exchange along the
membrane, or an even more optimized loading of the membrane module, could deliver a
higher conversion to EMIMEtOSO3. A longer residence time can be translated into a larger
area needed for a more efficient conversion.

Comparative analysis: production of different ILs through Donnan dialysis
The operating conditions in all cases for the production of ILs by Donnan dialysis were:
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System

:

Volume flow :
Temperature :

Membrane Module 2 / continuous countercurrent mode
L = 10 m (5 m at dc = 1 mm + 5 m at dc = 0,5 mm)
L1 = 0,1 ml/min (concentration: 0,5 M)
L2 = 0,5 ml/min (concentration: 0,5 M)
T = Tamb

A component mass balance was performed on each of the three systems, on a mole basis, in
which each anion was treated as a component in the balance. From the inlet and outlet flows
and their corresponding concentrations, a deviation percentage from an ideal complete closure
of the balance was calculated. These values are given in Table 32.
Table 32. Deviation percentage in the mole or mass balance of each particular component in the
production of EMIMAc, EMIMFo and EMIMOH by Donnan dialysis. Membrane Module 2.

Mole balance: deviation percentage / %
EMIMCl / NaAc

EMIMEtOSO3 / NaOH

EMIMCl / NaFo

Cl-

Ac-

Cl-

Fo-

EtOSO3-

OH-

± 5,4

± 1,7

--

± 5,6

± 8,7

± 1,6

The comparative Table 33 illustrates the efficiency of conversion in the Donnan dialysis. As
can be seen from this table, a high weightpurity degree is obtained for the following ILs:
EMIMAc and EMIMFo. Impurities are given essentially by the remaining unreacted original
educt from L1 in the membrane module system.
Table 33. Conversion degree and purity of EMIMAc, EMIMFo and EMIMOH produced by Donnan
dialysis. Membrane Module 2.

Product (IL)

Conversion

Purity / % weight

Flow ratio

[% mole]

Product

Non reacted

FL1 : FL2

1-ethyl 3-methyl imidazolium acetate:
EMIMAc

99,7

99,8

0,2

0,2

1-ethyl 3-methyl imidazolium formate:
EMIMFo

99,9

99,9

0,1

0,2

1-ethyl 3-methyl imidazolium hydroxide:
EMIMOH

47,0

32,3

67,7

0,2

The different performances of the membrane when exchanging either Cl- ions -in the case of
production of acetate and formate ILs- or EtOSO3- ions -in the case of production of
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hydroxide IL- becomes then apparent. Here again, a right manipulation of the loading or of
the membrane area can render a higher conversion to EMIMOH.

Figure 57. Highly concentrated EMIMAc and EMIMFo
produced by Donnan dialysis. Product after vacuum
distillation.

Comparative efficiency tests for different AEMs
In order to categorize the degree of efficiency of our standard membrane (Deukum) under the
operational flow and ratio setup variables applied for the production stage, a comparative test
that takes into account the factor membrane quality was performed with two additional
different membranes: fumasep FAD and Neosepta AFN. A ‘test’ system with L1-in = NaCl
0,5 M and L2-in = NaAc 0,5 M was run in continuous countercurrent mode in Membrane
Module 2, for a Donnan dialysis of anion Ac- against anion Cl-.

1. Donnan dialysis: fumasep FAD membrane
Table 34 summarizes the operation conditions and the result obtained with the
fumasep FAD membrane.

Table 34. Solutions characteristics and conversion degree to Ac- at the outlet of solution L1
for the Donnan dialysis test on membrane fumasep FAD.
L1-in

L2-in

FL1 / (ml/min)

FL2 / (ml/min)

L eq / m

Xconv / mole-%

NaCl 0,5 M

NaAc 0,5 M

0,2

0,2

5

81,1

2. Donnan dialysis: Neosepta AFN membrane
Table 35 summarizes the operation conditions and the result obtained with the
Neosepta AFN membrane. A conversion degree into Ac- of nearly 100 % was found
under the working experimental conditions.
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Table 35. Solutions characteristics and conversion degree to Ac- at the outlet of solution L1
for the Donnan dialysis test on membrane Neosepta AFN.
L1-in

L2-in

FL1 / (ml/min)

FL2 / (ml/min)

L eq / m

Xconv / mole-%

NaCl 0,5 M

NaAc 0,5 M

0,1

0,5

10

99,8

A detailed mass balance analysis of the fumasep FAD membrane system was performed in
order to calculate the particular mass transfer coefficient of this membrane for the Ac- and Clions and thus explain the lower conversion degree obtained.
The general mass transfer equation for ion Ac- is given by:

dn Ac 
 VL2  c Ac in  xconv
dt

(5.11)

Where VL2 = 0,2 ml/min, cAc-in = 0,5 M ans xconv = mole conversion degree = 81,1 %.
And considering the mass transfer coefficient equation:



dn Ac
*
 K Ac  A  c Ac , L1  c Ac , L2
dt



(5.12)

Where cAc,L1 – cAc,L2 is the driving force of the system. In the continuous countercurrent mode
and for an 81,1 % conversion: cAc,L1 – cAc,L2 = 0,095 mole/l.
By solving this equation system, a mass transfer coefficient value KAc* = 4,7·10-5 l/m2·s was
calculated for the fumasep FAD membrane. This coefficient is smaller than the one for the
same ion in the Deukum membrane (= 2,1·10-4 l/m2·s), and this was the main reason why
conversion was not so high in this case.
Taking the high-conversion Neosepta membrane and comparing its capacity to exchange Acand Cl- ions with the capacity of the Deukum membrane, a 99,8 % Ac- transfer of the
Neodepta AFN membrane is seen to be essentially the same as the 99,7 % Ac- transfer
obtained previously with the Deukum membrane. The results obtained validate the goodness
and efficiency of both the membrane and the system module employed for the production of
ILs.
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5.2.4 Process modeling
Donnan equilibrium in batch mode
All the ions for the reactions studied in this work are monovalent. As a consequence, from
Equation (3.5), for the ion exchange between two monovalent counter-ions i and i’, after
equilibrium takes place in a batch layout, such as performed within Membrane Module 1 with
recirculation, the following rearranged Donnan relationship equation follows:

ciL1
ci ' L



1

ciL2
(5.13)

ci ' L

2

which means that the mole fractions of the counterions in each phase stay the same. This
condition, together with the electroneutrality principle, was confirmed by our analyses and
mass balances made for the batch mode.
On the other hand, as it was seen in Section 3.4.2.2, the mass transfer equation for a
membrane-reactor system in continuous stationary state was given, for a given length z in the
reactor. Nevertheless, for the initial experimental determination of mass transport coefficients
to be applied on the final modeling of the reaction, a batch system –non-stationary state- was
employed. This makes it necessary to establish a first equation of mass transport in time.
The mass of ions of each component transported through the membrane in our batch system
with recirculation operating with Membrane Module 1, after a time t and after different time
periods t = tj+1 – tj were calculated with the aid of the concentration analyses at the inlet and
outlet lines. These values were then applied in the integration of the mass transfer equation.
The corresponding differential mass transfer equation, expressed on a mole base, is as
follows:



dni
*
 K i  A  ci L1 (t )  ci L2 (t )
dt



(5.14)

where:
ni
t
ci L1
ci L2

= moles of component i diffusing through the membrane (*)
= time
= concentration of component i in L1
= concentration of component i in L2
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Ki*
= ‚membrane constant’ = mass transport coefficient
A
= diffusion area
(*)
from L1 to L2 or viceversa

[l/s.m2]
[m2]

In the dialysis of diluted solutions of ions, pressure plays a negligible role in the transport
mechanism. The solution-diffusion model, which is based on the First Fick’s Law, is therefore
valid for our modeling of the transport phenomena in the system.
The value of the difference ci L1(t) – ci L2(t) represents the driving force that makes the Donnan
diffusion dialysis take place through the membrane. As can be seen from the equation, for an
ever decreasing driving force in time, which is exactly the case in a batch system with
recirculation, the value of the change of ni in time will also decrease proportionally.
Due to the fact that our measurements of concentrations in time in the batch system were
performed in relatively short time spans (normally of 1 hour or more), a fairly accurate
approximation to the analytical Equation (5.10) can be made by a numerical treatment, in
which dt ≈ t (provided there is a sufficiently small period of time). Then, the moles of
component (or ion) i, transported in each time span t = tj+1 – tj can be expressed as follows:

 ci L (t )  ci L1 (ti 1 ) ci L2 (ti )  ci L2 (ti 1 ) 
ni
*

 K i  A   1 i


t
2
2



(5.15)

where
ni
t
ci

= moles of i that diffuse in time period t
= time period = tj+1 – tj
= concentration of ion i

[mole]
[h, s]
[mole/l]

It was then possible to calculate the value of K* for each ion type i. Due to the fact that each
ion, as expected, has a different selectivity degree with the membrane, an individual mass
transport coefficient (‘membrane constant’) Ki* for each anion and cation in the system was
the result.
Comparing the mass transport coefficient values of the counter ions with respect to the
permeating ions, an average permselectivity of approx. 95 % was found for the anions at the
membrane system. This is a good result lying in the range of typical values for this kind of
membrane operating at ambient temperature.
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After this first step was accomplished, mass transport calculations were performed regarding
the continuous system in stationary state operated in Membrane Module 2.

Reaction progress in stationary state
The solution diffusion model can be certainly applied for a continuous system in the
stationary state -in countercurrent without recirculation. In this case, after a certain time has
passed from the beginning of the flow through the membrane –technically and as a rule of
thumb approx. 5 times the residence time in the membrane reactor- the system no longer
becomes time dependent, and has a constant outlet concentration during all the time
afterwards -considering no change in the operation variables is made. Therefore, the
important variable now turns out to be the length L of the channel, in a similar way as in a
plug-flow reactor; in fact, the membrane module acts as a membrane-reactor system, as was
clearly described before in this work. The solution-diffusion model equation applies for each
time interval t and for each small length interval L in the ‘reactor’, and therefore it can be
integrated for the whole length L of the system, making it possible then to calculate and
predict the final concentration of the product for any length, and thus to optimize the module
design to aim for a maximum conversion.
An analytical development of Equation (5.18) can then follow, in which the mole flow is
differentiated for each small length L = z ≈ dz in a continuous stationary-state system, such
as in the production process performed within Membrane Module 2. The following equation
can be then written for the mole diffusion flow change in distance at each position z in the
membrane-reactor between z=0 and z=L :

d 


dni
dz


dt 

d ( K i  A  (ci L1  ci L2 ))
*



(5.16)

dz

where A = B · L, being B the width of the reactor diffusion channel (refer also to Figure 16).
Since the layout of Membrane Module 2 was employed for the modeling calculations in the
stationary state, then we have  = 1 mm.
The value of A changes at each given position z. Moreover, besides Ki* being a constant, for a
countercurrent layout in the stationary state, the concentration difference ci L1 – ci L2 for any
length value z+dz, where dz ≈ 0, remains constant, guaranteeing a continuous conversion
along the whole length L. In other words, the driving force at any specific z-position of the
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mass transfer length remains constant through the whole reaction. As such, the equation can
be rewritten as:

dni
* dA
 Ki 
 (ci L1 ( zi )  ci L1 ( zi ) )
dz
dz

(3.11)

where

n i

= mole diffusion flow rate through surface A (see also scheme in Figure 8).

dA  B  dz

(5.17)

Finally, after rearrangement, final integration of the above equation gives us:
L

 dn

i

0

L

 ni   K i  B  (ci L1 ( zk )  ci L2 ( zk ) )  dz
*

(5.18)

0

which describes the total diffusion of ion i from L1 to L2 or viceversa by Donnan dialysis
through a membrane-reactor of length L. Moreover:

ni 

dni ni

dt
t

and

ni  ni  t

(5.19)

Assuming that only ion transfer takes place, the volume flows in the outlet remain basically
the same as the ones in the inlet. Therefore, for a time t, the amount of ions ni transferred,
in mole base, can be calculated. Finally, by means of substraction from the original initial
concentration of ion i in the inlet, the outlet concentration in any of the flow lines L1 or L2 can
be predicted.
On the other hand, to completely close the mass balance system in the stationary state, the
transport rate dni/dt of each component i must also be established by means of the classical
mass balance of component or ion i in our equivalent ‘column’ system, which is given by a
Equation (5.5):

ni
t

 V1  (ci  L1 ,  c Ac  L1 , )  V2  (ci  L2 ,  ci  L2 , )

(5.20)

A corresponding set of similar equations applies for ion i’, that is exchanged against ion i.
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Finally, since electroneutrality must apply in the exchange process: Zi·ni = Zi’·ni’.
Due to the similar conformation of the molecular structure of ion Fo- in relation to ion Ac-, the
mass transfer coefficient of ion Fo- was assumed to be the same as that of Ac-, therefore,
KFo* = KAc* = 2,4 x 10-4 l/s·m2.
Based on those equations, a modelled predicted conversion as well as a comparison of this
value with the experimental conversion can be achieved for the ILs produced within
Membrane module 2, based on the equations above and on the average transfer coefficient
found from the membrane. The corresponding experimental and modelled concentrations of
ions Ac- and Fo- at z = 0 m and z = 10 m are given in Table 36. A good fitting of the model
when compared to the experimental results can be clearly seen.

Table 36. Concentrations of ions Ac- and Fo- in solutions L1 and L2, in the experimental and modelled
Donnan dialysis for the generation of EMIMAc and EMIMFo.
ci at z = 0 m

Experimental

L1

L2

L1

L2

i = Ac- →

0,00

0,62

0,72

0,70

i = Fo- →

0,00

0,45

0,52

0,52

i = Ac →

0,00

0,58

0,70

0,70

i = Fo- →

0,00

0,42

0,52

0,52

-

Modelling

ci at z = 10 m

Figure 58 shows the development of the conversion curve expressed as concentration of Ac-,
for the production of EMIMAc. Similarly, Figure 59 shows the development of the
conversion curve expressed as concentration of Fo- for the production of EMIMFo.
In Figures 58 and 59, the green line indicates the increase of Ac- or Fo- concentration
respectively, in the product at the outlet of L1. It can be seen by the trend that at a membrane
channel length of approximately L = 10 m a maximum conversion has almost been reached
according to our simulation. Correspondingly, the laboratory membrane module system was
designed with a total length L = 10 m. The red line shows the corresponding decrease in Acor Fo- concentration in L2, while the green and red points show the experimental results of
Ac- or Fo- concentration in at the inlet and outlet points of L1 and L2, respectively.
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Figure 58. Modeled and experimental concentration of Ac- along the length z of the Donnan dialysis
membrane. Membrane Module 2. Volume flows: L1 = 0,1 ml/min; L2 = 0,5 ml/min.
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Figure 59. Modelled and experimental concentration of Fo- along the length z of the Donnan dialysis
membrane. Membrane Module 2. Volume flows L1 = 0,1 ml/min; L2 = 0,5 ml/min.
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A calculation of the deviation degree in the predicted product concentration calculated by
our modeling in relation to the experimental final concentration gives us the values: -7,2 %
for the EMIMAc and -6,4 % for the EMIMFo. This means a small systematic negative
deviation, with an average gap difference of -6,8 %, and it clearly indicates a nice robustness
of our modeling. By introducing an additional correction factor in the predictive function, the
gap can be further minimized.
In general, these results show that the values modelled in our system strongly fit the
experimental ones and as such our model can be applied for prediction and optimization
calculations.

5.3 Electrodialysis
5.3.1 Production of EMIMOH
An electrodialysis process with the aid of bipolar membranes (EDBM process) combined with
cation and anion exchange membranes was performed in Membrane Module 3, for the
generation of EMIMOH solution from the educt EMIMEtOSO3, with HEtOSO3 solution as a
by-product. As detailed before, EMIMOH operates as an intermediate product, and serves as
precursor for the manufacture of a wide range of other ILs through a further acid-base
reaction.
The concentration of the EMIMEtOSO3 solution in the inlet line was kept at 0,5 M. A detailed
discussion of the results concerning this reaction in the electrodialysis process has already
been published [Himmler 2007a, Himmler 2007b]; therefore, rather the issues concerning
production and productivity in this process line will be brought into attention, in order to
perform, as one of our goals in this study, a final comparison with the other production
methods studied here.
A relatively high purity could already be achieved by the electrodialysis in our laboratory
mini plant system, as can be seen from Table 37. A single stack configuration, given by a
setup of 2 BMs + 1 AEM + 1 CEM and with an effective area of 64 cm 2 already gives a
nearly 95 wt % purity in the EMIM+ ion, which represents EMIMOH in the solution. For a 2stack configuration (3 BMs + 2 AEMs + 2 CEMs), purity rises up to more than 98 wt %,
indicating the efficient ‘filtering’ effect of more stacks against the eventual impurities that are
carried by the electrode rinsing solution Na2SO4 flowing along the BMs located on both ends
of the module.
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Table 38 shows in turn the production obtained by the EDBM process, according to the
experimental results obtained in our laboratory-scale Membrane Module 3, as a singlestack and a double-stack configuration. Additionally, the production for a classical
electrodialysis plant was also calculated by extrapolation; the model plants considered for
such calculations were the pilot plant FT-ED-320-4 and the industrial production plant FTED-1750-3 from FuMA-Tech [FuMA-Tech 2007].
A productivity of 29 kg/day·m2 was thus calculated for these both scaled-up plants.

Table 37. Purity of EMIMOH produced by EDBM.

EMIMOH purity / % weight
EMIM+ (as EMIMOH)

EtOSO3-

Na+, SO42- and CO32-

Single stack

95,0

--

5,0

Double stack

> 98,2

<1

< 0,8

Table 38. Production rate of EMIMOH at several plant scale-ups. System: EDBM.
Production / (kg/day)
Area / m

2

Single stack

Double stack

Pilot plant

Industrial plant

0,09

0,18

110

1166,5

0,0032

0,0064

3,8

40,3

5.4 Column ion exchange
The steps performed leading to the production of EMIMOH by column ion exchange were as
follows:
-

The following parameters in the column were studied: linear velocity (uL) and
column volume (VIE), in order to determine the more appropriate operational
parameters to be set for an optimized in the production ILs by column ion exchange.
As in the case of Donnan dialysis, uL is representive of the loading degree of the
column.
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-

-

Different values of uL were applied and studied in the laboratory-scale 0,09-l column,
and an experimental best value of uL was determined based on the optimization of
yield and purity.
The established optimum uL was applied for an up-scaled 3,8-l mini-pilot plant
column.
EMIMOH was finally produced in our scaled-up column.

A simple matrix of the experimental treatment of uL is shown in Table 39.

VIA1 = 0,09 l

VIA2 = 3,8 l

uL (m/h)

uL (m/h)

Table 39. Experimental matrix for the
optimization of yield and purity degree, based
on the linear velocity uL along the ion
exchange column.

2,2
4,5

uL OPTIMAL

9,0

5.4.1 Production of EMIMOH
EMIMOH is produced by means of the following reaction in the ion exchange column:

EMIMEtOSO3  R  OH


 EMIMOH  R  EtOSO3

(5.21)

in which an anion exchange EtOSO3l- against OH- takes place. R- represents the functional
group in the resin matrix. The EMIMEtOSO3 solution ran continuously along the column,
reacting with the strongly basic anion exchange resin Lewatit M 500, which was previously
fully loaded with hydroxide (OH-) ions.
The development of the reactions in time in both lab-scale and mini-pilot plant columns can
be clearly seen in the conductivity signal plotted and shown in the next graphs. Figures 60 and
61 show, for the 0,09-l and the 3,80-l column, respectively, the conductivity plot in time at the
loading and rinsing stages of the column cycle: t1 = breakthrough curve at the beginning of
loading with EtOSO3- ions. t2 = breakthrough curve at saturation point of the column with
EtOSO3- ions.
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As such, it could be experimentally confirmed that the sudden change in conductivity to the
low signal value of nearly 3 mS/cm marked approximately the point where the column
became saturated with the loading solution; in our case, this would represent the point of
maximum formation of EMIMOH and the end of the column saturation breakthrough curve
with the subsequent flow and detection of unreacted EMIMEtSO3.
Both columns reached their whole exchange capacity, also termed adsorption capacity AC at
time t = t2, becoming thus saturated, and indicating the end of the reaction cycle. According to
the data of the manufacturer [Lanxess 2005], for the ion exchanger (IE) Lewatit M 500, the
adsorption capacity AC = 1,3 eq Cl- / lIE-wet.
The red dashed lines in Figures 60 and 61 indicate the beginning of H2O inflow for rinsing or
of EMIMEtOSO3 inflow for column loading and IL production.

t1
Breakthrough 1
+ H2O

t2
Breakthrough 2

+ EMIMEtOSO3 0,5M

+ H2O

5,0
4,5
4,0
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3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0
0

20

40

60

80

100

120

t / min

Figure 60. Conductivity  during generation of EMIMOH at the 0,09-l IE column. The green
dashed lines show the time period during which EMIMOH was generated. uL = 9 m/h.
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Figure 61. Conductivity  during generation of EMIMOH at the 3,80-l IE column. The green
dashed lines show the time period during which EMIMOH was generated.

Product analysis
The concentration of ions in product EMIMOH during and after column saturation were
analyzed, and the chromatographic results were plotted in Figure 62.
45
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 / (S/cm)

30
25
20
15
10
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4,5 m/h

9,0 m/h

EMIMEtOSO3 (Edukt)

Figure 62. IC chromatogram of product EMIMOH at different linear velocities uL (represented by the
brown, green and red curves). The signal from EMIMEtOSO3 (blue curve) is added as reference.
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In Figure 62 the peaks detected in the outlet line (product) are shown, together with the
chromatogram of the inlet line (educt), for r an inlet concentration of EMIMEtOSO3 = 0,5 M.
An important observation has to be made here again, and which also exerts an effect on the
real purity analysis of the final product: due to the fact that the OH- content means there is a
basic solution in the product, it is very likely that some CO2 from the air gets absorbed in the
solution. This brings as a consequence a small detection peak with a content in carbonate
CO32- or bicarbonate HCO3-, which elutes at t = 4,9 min, almost simultaneously as with anion
EtOSO3-. This is an overlapping condition that alters the real purity analysis of the product,
but it can be solved by the use of a diluted acid solution in order to sink the pH value,
consequently desorbing the externally generated CO2. The presence and the corresponding
inhibition of CO2 are clearly detailed in the following lines.
As acidifying medium, H2SO4 0,1 M was carefully added to the outlet samples, sinking the
pH to 1. The elution of the added ion SO42- takes place at t = 5,7 min and therefore has no
interfering effect on the analysis of EtOSO3-. For a more accurate inspection on the effect of
externally absorbed CO2, a detailed magnification (zoom) of the peaks obtained in the product
outlet line, and which were plotted in Figure 62, is shown in Figure 63. The dashed-line
curves show the peaks obtained with chromatography performed without previous
acidification of the solution (pH ≈ 6); here the presence of CO32- can clearly be seen in the
form of an overlapping peak just at the right side of the main EtOSO3- analysis peak.
The peak detection for the 3 different linear velocities took place in a small time range of 4,7
to 5,0 min. This small deviation is very likely due to the intermittent change of pH from pH ≈
6 to pH ≈ 1 and viceversa during the measurement performed by the column on the whole set
of samples, but does not interfere with the identification of the detection peaks.
Particularly noticeable is the case at the low linear velocity u L = 2,2 m/h (thin brown curve),
where a higher impurities content is the case; a so called rider peak in the form of a ‘lump’
just right of the main peak can clearly be seen. After pH was lowered to 1 by means of the
addition of diluted H2SO4, the right ‘lump’ which originally accompanied the EtOSO3detection peak disappeared, confirming the ‘cleaning’ effect of a lower pH in getting rid of
the CO32-. All the solid-line curves represent the solutions analyses at pH = 1. As a
consequence, a more accurate calculation of the real impurities content in the product can then
be made.
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Figure 63. IC chromatogram of product EMIMOH showing how a low pH hinders the interferering
effect of external CO32-, as can be noticed from the solid-line curves at pH=1 compared to the dashedline curves at pH=6. uL is given in m/h. Results obtained for the 0,09-l column.

Optimization of operational parameters: 0,09-l ion exchange column
The experimental results from the optimization matrix treatment shown in Table 39 are
summarized in the following tables and figures.
Table 40 shows the effect of linear velocity on the concentration of remaining EtOSO3- in the
final product. From an analysis of this Table, it can clearly be seen that a higher linear
velocity favoured a lower concentration of remaining EtOSO3- in the outlet EMIMOH
product solution; that is, a higher conversion was achieved at uL = 9 m/h.
Additionally, from Table 40 it can also be confirmed that the pH treatment of the sample
before the IC analysis in no way altered the effect of the linear velocity on minimizing the
remaining EtOSO3- content in the product: at pH = 1.
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Table 40. Concentration of remaining EtOSO3- in product EMIMOH at different linear velocities uL.
0,09-l ion exchange column.
uL = 2,2 m/h
Peak area

cEtOSO3

tPEAK

(mS/cm-min)

mole/l

min

No diluted H2SO4 added (pH ≈ 6)

0,28

0,026

4,7

Diluted H2SO4 added (pH ≈ 1)

0,25

0,023

4,8

Product: EMIMOH

uL = 4,5 m/h
Peak area

cEtOSO3

tPEAK

(mS/cm-min)

mole/l

min

No diluted H2SO4 added (pH ≈ 6)

0,06

0,006

4,9

Diluted H2SO4 added (pH ≈ 1)

0,02

0,002

5,0

Product: EMIMOH

uL = 9,0 m/h
Peak area

cEtOSO3

tPEAK

(mS/cm-min)

mole/l

min

No diluted H2SO4 added (pH ≈ 6)

0,05

0,005

4,6

Diluted H2SO4 added (pH ≈ 1)

0,01

0,000

4,7

Product: EMIMOH

The compilatory Table 41 shows, besides the values already detailed, the ‘external’ impurity
caused by Cl-. The presence of this ion originates back from the loading cycle of the ion
exchanger, Lewatit M 500, which at the beginning is charged in Cl- form. Clearly not all the
Cl- was exchanged in the first loading of the ion exchanger with OH-. This indicates also the
need for a thorough rinsing step of the column, to guarantee eventual impurities can be set
aside when the production step takes place. In any case, the analyses show a conversion and a
purity degree in the product of > 95 %.
Besides the purity degree parameter, another parameter, namely the efficiency of the column
itself, considered as a mass transfer unit, was estimated through the van-Deemter criterion.
This criterion has already been described in Section 4.1.3.
Therefore, the next step in the optimization of operational parameters in the column was to
calculate a minimum (optimum) value of HETP, based again on the linear velocity of the fluid
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along the column.

Table 41. Concentration of remaining ions, conversion degree and purity (*) of product EMIMOH at
different linear velocities. Results obtained from the 0,09-l ion exchange column.
uL

cEtOSO3

Conversion

cCl

Purity

m/h

mole/l

% mole

mole/l

%

2,2

0,023

95,3

0,000

95,3

4,5

0,002

99,6

0,011

97,4

9,0

0,000

> 99,6

0,015

97,0

(*)

For conversion, the remaining impurities in the column that eluted with the product are considered. For the
calculation of purity, concentration of ‘external’ Cl- was also taken into account.

From our former results in optimization, it was shown that the values of uL are inversely
proportional to the elution times. With this first conclusion in mind, the classical van-Deemter
equation can then be applied to calculate the theoretical number of transfer units NTU at each
linear velocity uL at which our laboratory-scale 0,09-l column was operated. The calculation
of NTU, in turn, led us to also determine the height equivalent to a theoretical plate = HETP
in the column in each case (see Section 4.1.3). Although the small EtOSO3- peaks obtained
from the IC are slightly asymmetric in their Gauss (bell) shape, the process limitation is given
not by the chromatography column but by the ion exchanger column. And the almost
symmetrical S-shaped curves of the mass transfer zone MTZ obtained from the IE column
showed that a fairly symmetric curve can be assumed.
For a symmetric Gauss curve, the number of theoretical units = NTU can be determined as
follows:

 tr  EtOSO3
NTU  
 wEtOSO
3







2

(5.22)

For an asymmetric Gauss curve:
2
 t

r  EtOSO3 
 

  w0,1i  
NTU  41,7 
b 
 1,25 

a





(5.23)
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where:
tR
w
w0,1i
a, b

= residence time in the IE column
= curve width at peak bottom
= curve width at 10% height of the peak
= peak width parameters

In our case, instead of the Gauss peaks, the S-shaped MTZ curves from the IE column are
taken for calculation. Choosing then Equation (5.18) as an adequate one for a symmetric
curve, the following variables have to be considered: tR-EtOSO3 is actually the time equivalent
to the adsorption capacity of the column for a certain uL; it was registered online from the
conductivity measurements and it was shown that it had a suitable fitting with the mass
transfer equation for the saturation of the column in all cases. Whereas wEtOSO3 is the time
‘width’ of the S-shaped breakthrough curve, analogous to the width in a Gauss curve. In
Table 42 the values obtained at the different operation conditions of the column are indicated.

Table 42. Parameter values for the calculation of NTU. Results obtained for the 0,09-l ion exchange
column.

As it is known:

uL

tr-EtOSO3

Curve width: w

(m/h)

(min)

(min)

2,2

70,2

9,0

4,5

34,7

7,0

9,0

17,4

5,8

H  NTU  HETP

(5.24)

Finally, for a column height value H = 36 cm (lab-scale 0,09-l column), NTU and HETP were
calculated and their values are displayed in Table 43. The average diameter of the particles
(pellets or beads) of Lewatit M 500 was dp = 0,62 mm [Lanxess 2005].
A lower value of HETP = 0,4 mm was obtained at the lower linear velocity (or lower volume
flow, for that matter), meaning a high NTU of near 1000. As can also be seen, the equivalent
theoretical number of Lewatit M 500 particles that fits into the height section of each plate
lies between 0,6 and 4,0 for the linear velocity range studied. As such, for HETP = 0,4 mm,
slightly more than half a packing particle fits into each theoretical plate transfer unit. And
regarding the internal diameter of the column, a theoretical total of 28 particles are placed
along the column diameter at each cross section of the column.
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Table 43. NTU and HETP at different linear velocities uL. Results obtained for the 0,09-l ion
exchange column.
Beads / plate height
uL
NTU
HETP
(m/h)

(-)

(mm)

(--)

2,2

973

0,4

0,6

4,5

393

0,9

1,5

9,0

144

2,5

4,0

In the final step to determine the appropriate setup, the effect of separation efficiency of the
IE column, represented by the chromatographic analysis, and the efficiency in the ion
exchange column, analyzed in the last table, are dealt with together. The more appropriate
operating condition is then chosen for application to the 3,8-l production column.
Accordingly, a section of the van-Deemter curve is graphically represented in Figure 63, for
the production of EMIMOH in the IE column.
By regarding the curve in Figure 64 as a van-Deemter function curve, it can be seen that, for a
linear velocity of 9 m/h, our system is actually operating at the right side of the minimum
HETP. On the other hand, there is a real improvement in mass transfer at lower values of
linear velocity in the column; for a lower linear velocity uL = 2,2 m/h the number of transfer
units NTU increases and becomes more than six times the NTU value obtained at uL = 9,0
m/h, as is shown in Table 43.
Therefore, and as can be seen from the curve in Figure 63, again a lower loading of the
column increases its mass transfer efficiency.
However, at a higher loading of the column, the purity degree of the product becomes
another important variable, as can be seen from the purity degree column in Table 38. The
fraction of remaining impurities as well as of remaining unreacted EtOSO3- in the
column is actually decreased by the higher loading. This can be explained by the higher
dragging force exerted at a higher loading.
An optimum compromise then must be made between exchange efficiency, which implies a
high number of NTUs to achieve an efficient mass transfer, and final purity degree of the
product.
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Figure 64. A section of the van-Deemter curve for product EMIMOH from column ion exchange,
showing the HETP for different linear velocities uL.

Taking high product purity as a main goal, a linear velocity uL = 9 m/h was
correspondingly set as a fixed value for the further operation and up-scaling of the lab-scale
0,09-l column to the mini pilot stage 3,80-l minipilot plant. This corresponds to a large
conversion at a HETP = 2,5 mm. This chosen linear velocity is also inside the range
specified for the ion exchange material Lewatit M500, where the maximum value uL,MAX =
60 m/h should not be exceeded [Lanxess 2005].

Production stage
In a first charge to the 3,8-l production column, 13 l EMIMOH 0,5 M were produced. The
product was loaded into containers inmediately after production and were kept at T = 4 °C in
a refrigeration room to keep the product stable over a long period of time.
The production process achieved a high conversion of higher than 99 % (on a mole basis).
Figure 65 shows the corresponding chromatogram of the educt (original EMIMEtOSO3) and
of the product EMIMOH.
The detailed values of product conversion and concentration are detailed in Table 44.
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Table 44. Conversion degree and concentration of traces (impurities)(*) of product EMIMOH. Results
for the 3,8-l ion exchange column. uL = 9 m/h.
Mole fraction

Conversion

(*)

% mole

OH- (from EMIMOH)

EtOSO3-

Cl-

99,3

0,94

0,01

0,05

-

For calculation of purity, concentration of Cl was also taken into account

55
EtOSO3-

45

 / (S/cm)

35

25
Cl-

15

5
-5 0

2

4

6

8
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Time / min
EMIMOH (product)

EMIMEtOSO3 (educt)

Figure 65. IC chromatogram of product EMIMOH (outflow) and educt EMIMEtOSO3 (inflow).
Production stage in the 3,8-l ion exchange column. uL = 9 m/h.

As can be seen from Figure 65 and Table 44, interestingly, some external impurity Cl- ions
are present in the product, although the initial educt was free of Cl-. A more detailed
inspection of the system lets us see that this Cl- actually comes from the first loading cycle of
the ion exchanger, which was originally loaded in Cl- form, with NaOH. Although the column
exchanger was 6 times loaded and reloaded with OH- and rinsed with Cl-free water, traces of
Cl- were invariably detected. Therefore, for a minimum contamination of EMIMOH, the
system must be thoroughly cleaned from remaining ions in the resin matrix by repeated
loading and reloading of the exchanger, combined with rinsing. This will accomplish a total
elution of the external ions still present in the column, before production stage is started.
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Reloading efficiency in the column
Like it was performed in the case of determining the membrane efficiency and intrinsic
characteristics in Donnan dialysis, it is also important to determine the anion reloading
efficiency of the ion exchanger (Lewatit M500), since the exchange Cl- against OH- is an
essential intermediary step in the production of EMIMOH by reaction with EMIMEtOSO 3.
For this purpose, the ion exchanger was first loaded into the OH- form and it was then
reloaded for exchange of OH- against Cl-. The following reaction was performed in the
column bed, with a 0,5 M inflowing NaCl solution concentration, and at a linear velocity uL =
4,5 m/h:

NaCl  R  OH


 NaOH  R  Cl

(5.25)

Figure 65 shows graphically the result of the exchange reaction, in the form of
chromatograms. A clean horizontal brown chromatograph line signals the presence of
virtually no Cl- remains in the outlet line (for the ‘product’ NaOH), indicating a high
conversion of OH- ions against Cl- ions. The exact remaining Cl- in the outlet line amounted
to 0,04 % (on mole basis), as can be graphically seen from the zoom performed on the outlet
flow line. This resulted in a reloading efficiency ≥ 99,9 % in the column.
Again, a very small content of CO32-, in the range of traces, was detected in the outlet
solution; this was inside the range expected of carbonate content, since the sample was not
acidified before the IC analysis. In any case, from our previous verification analysis regarding
the presence of this ion, small traces of CO32- are to be expected in the product.
Finally, regarding the loading of the column, as it was shown from Table 41, from 4,5 m/h
and up to at least 9,0 m/h, there will likely not be an additional significant change in the final
purity of this system.

112

Results and discussion

Cl-

350

0,10

300

0,05

 / (mS/cm)

/S/cm

400

250

0,00
3,5

3,7

3,9

4,1

4,3

4,5

-0,05

200

-0,10

150

Time / min

Zoom

100
50
0
0

2

4

6

8

10

12

-50

Time / min
Outlet flow

Inlet flow

Figure 66. IC chromatogram of inlet and outlet lines for the OH- exchange against Cl- in the IE
column. Results obtained for the 0,09-l ion exchange column. uL = 4,5 m/h.

5.5 Comparative study: membrane dialysis and column IE
The purpose of this Section is to perform a basic technical-economical comparative analysis
to establish the eventual feasibility of production of highly valuable ILs through metathesis
by means of Donnan dialysis (DD), column ion exchange (IE) and electrodialysis (ED). A
corresponding study at an industrial pilot scale was then undertaken. EMIMAc was chosen
as a study model product for DD and IE, since good information and figures about this IL are
meanwhile available, from our work performed so far.
In the case of ED, EMIMOH was the study model product. A thoroughly detailed analysis
regarding operation feasibility has already been performed on the electrodialysis (ED) process
[Himmler 2007]; corresponding production scale-up values were analyzed as well in Section
5.3 in this work. In this section, calculations regarding plant dimensioning as well as on the
basic economics were added for the ED process.
Additionally, the following was considered: EMIMAc production and yield is treated in this
analysis only considering the product in solution form after coming out from the reactor
volume, that is, either from the membrane module or from the ion exchange column. Final
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separation from water and fractional crystallization was not considered in this quantitative
analysis, because for a concentrated product, the same operating costs of vacuum distillation
would apply in each case.
Product yield (conversion) of EMIMAc can be expressed as follows:

Yield EMIMAc 

c Ac  L1 out

(5.26)

c Ac  L1 out  cCl  L1 out

In the end, a summarizing process ‘benchmarking’ matrix will be given and discussed.

Technical layout and calculations
For the calculations, the following membranes and ion exchanger were considered:
-

-

Alcali- and acid-stable anion exchange membrane:
o fumasep FAD (anion exchange), FKE (cation exchange) and FBM (bipolar)
from fuMA-Tech GmbH, St Ingbert.
o Neosepta AFN (anion exchange), CFN (cation exchange) and BP-1E (bipolar)
from Eurodia Industrie SA, Wissous.
Anion exchanger: Lewatit M500 from Lanxess, Leverkusen.

Both the fumasep and the Neosepta membranes have a nice cost-effective price / area ratio,
and this was one of the reasons for considering these both membrane brands.
The following conversions to product: 95 % and 99 % were fixed as setup percentage values
for the analysis of the production of EMIMAc, by means of dialysis or column ion exchange.

5.5.1 Membrane process
Figure 67 shows a general scheme of the projected membrane plant layout for the production
stage. Two pumps bring a continuous volume flow of solutions L1 = EMIMCl 0,5 M and L2 =
NaAc 0,5 M to the membrane system. The plant is designed to achieve a continuous operation
in countercurrent flow at stationary state (SS). Accordingly, the total number of membrane
plates necessary for a module (with a conformation of membranes in series) will also be
calculated.
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Stainless steel
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EMIMCl 0,5 M

Ac-
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[Cl-]L2

L2
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3

Pump 1
Pump 2
Series of membrane layers in countercurrent mode

Figure 67. Layout of a membrane module plant for the production of EMIMAc and similar ILs
through Donnan dialysis.

An important issue regarding the plant layout is to establish in the first place the appropriate
dimensions of a single membrane plate in the module. Based on real market standard designs,
a membrane submodule was designed with the dimensions shown in Figure 68 below. A solid
stainless steel plate separates the PTFE cast pair (two casts with a membrane sheet between
them) from the next cast pair in each case, to allow for an optimum compact configuration in
series of several membrane submodules. Only the effective length L and width b are
considered for analysis in the figure, since the real dimensions of the cast should be a bit
larger to accommodate and hold the membrane.
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Ltotal/nm = 1,0 m

Stainless steel division plate
(0,01-m thick)

B = 0,5 m

Figure 68. Dimensions of one
membrane module plate for the
Donnan dialysis plant layout.

plate thickness =
0,01 + 0,03 · 2 = 0,07 m

Membrane module system:
-

Anion exchange membrane (Deukum, fumasep FAD or Neosepta AFN).
PTFE module design for the flow of solutions L1 and L2, at 0,5 M each.

L1
L2
nm

=
=
=

EMIMCl
0,5 M
NaAc
0,5 M
No. membranes in the module

Effective dimemsions for 1 membrane in the module:
Length
Width
Channel depth

=
=
=

Lm = Ltotal/nm = 1,0 m
B
= 0,5 m
dc
= 0,001 m

=
=
=

0,5 m2
B x dc
L/nm x Ac-s

Then:
A
Ac-s
V

= 5,0 x 10-4 m2
= 5,0 x 10-4 m3

Physical parameters:



=
=

1000 kg/m3 (≈ H2O)
1,0 x 10-6
m2/s (≈  of water at 20 °C)
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Fluid dynamic analysis:
The laminar characteristics of the flow in our laboratory modules must be kept for the scaleup to the industrial stage. This implies that the Reynolds number Re = constant in the
dimensional analysis.
For line with solution L1:
ReL1

=

uL1 · B / 

where B is the representative length in the Reynolds equation.

uL1

=

ReL1  / B

= 1,7 x 10-3 m/s

dVL1/dt

=

uL1 x Ac-s

= 8,5 x 10-7 m3/s

For the setup operational flow ratio L1 : L2 = 0,2 we get then:
dVL2/dt

=

dVL1/dt x 5

= 42,5 x 10-7 m3/s

Therefore, the volume flow and, as a consequence, the production rate, too, become fixed
variables. This means that a volume flow rate of up to 0,26 l/min goes through the system,
with a laminar flow on both sides of the membrane. Table 45 summarizes the flow conditions
of the solution lines L1 and L2.

Table 45. Linear velocity u, volume flow F and Reynolds number Re in L1 and L2 for the production
of EMIMAc by membrane dialysis (at any conversion rate).
u (x 103 m/s)

F (x 104 l/s)

Re

L1

L2

L1

L2

L1

L2

1,7

8,5

8,5

42,5

850

4250

For a 99 % yield, this implies a production rate of 6,2 kg EMIMAc / day.
After setting up the desired projected values of the variables production rate and
concentration, the next step is to apply our modeling design to calculate the total membrane
length and the total number of membrane plates necessary to achieve the desired projected
yields of EMIMAc. This, in turn, will give us the total necessary membrane area.
Table 46 shows the concentrations in the inlet and outlet lines, for a product yield of 95 %
and 99 %, obtained through modeling, in a continuous system in countercurrent mode.
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Table 46. Concentrations in L1 and L2 from modeling, at different setup yields for the production of
EMIMAc by Donnan dialysis.
cEMIMAc,L1 / (mole/l)

Product

cNaAc,L2 / (mole/l)

No. membranes

Yield / %

inflow

outflow

inflow

outflow

(1,0m x 0,5m)

95

0

0,475

0,5

0,41

28

99

0

0,495

0,5

0,4

44

As can be seen, in the case of a 99 % yield (conversion), a set of 44 membranes would be
necessary, with a standard surface of 1,0 x 0,5 = 0,5 m2 each. This means a total effective
transfer area Atotal = 22 m2 necessary to achieve a production of 6,2 kg EMIMAc / day.
Due to the fact that the concentration cNaAc was set at 0,5 M in inflow line L2 for both
modelled cases, then it was to be expected that both Ac- concentration development curves in
L1 follow different, albeit very close, paths. This is illustrated by Figure 69, which shows the
modelled Ac- concentration path in L1 as a function of the membrane length, for a 95-percent
and 99-percent conversion degree, respectively. Correspondingly, a gradual decrease in Ac- is
also expected in L2, which is clearly illustrated by Figure 70.
0,6
0,5
99 %

cAc,L1-out / (mole/l)

95 %

0,4
0,3
0,2
0,1
0
0

10

20

30

40

50

Length / m
95 % conv.

99 % conv.

Figure 69. Ac- concentration in solution line L1 as a function of membrane length, obtained by
modeling of the production process of EMIMAc by Donnan dialysis.

Here it is interesting to notice that the final Ac- concentrations in L2 are almost the same in
the end, whatever the yield obtained in the product (at least in the range between 95% and
99%). This means that the operating costs regarding by-product line L2, and which are given
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essentially by its flow rate and its purification retreatment for recycling in the process, remain
more or less constant.
It has to be reminded, too, that position 0 for line L2 in Figure 70 actually corresponds to the
end of the membrane length for line L1. This situation, as is known, is due to the
countercurrent configuration of the system, which follows the principle of maximum
concentration gradient.

0,6

cAc,L2-out / (mole/l)

0,5
0,4
0,3
0,2
0,1
0
0

10

20

30

40

50

Length / m
for a 95 % conv. in L1

for a 99 % conv. in L1

Figure 70. Ac- concentration in solution line L2 as a function of membrane length, obtained by
modeling of the production process of EMIMAc through Donnan dialysis.

The next final step in the analysis of the membrane process is the calculation of the volume
and productivity of a corresponding industrial membrane module plant.
Considering the standard established membrane unit area of 1,0 x 0,5 = 0,5 m2, as well as
minimum separation between plates and optimization of space, then a compact industrial
membrane module with the following dimensions is the result for a 99 % EMIMAc
conversion: height H = 1,2 m, width B = 0,7 m and total length Lm,total = 0,07·nm = 3,08 m
(where nm = 44). This in means that an effective membrane volume of 0,02 m3 for a total
plant layout volume Vmodule = 2,6 m3 would be necessary to achieve a production of 6,2 kg
EMIMAc / day.
The area and volume of a membrane plant needed for a 95 % and a 99 % yield, as well as the
corresponding productivity in each case, are summarized in Table 47.
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Table 47. Projected plant volumes and production and productivity of EMIMAc through membrane
dialysis at different product conversion degrees.
Conversion

Membrane area

Vm,total

Plant volume

Production

%

m2

m3

m3

(kg/day)

(kg/day-m2)

(kg/day-m3)

95

14

0,014

1,6

5,9

0,42

424

99

22

0,022

2,6

6,2

0,28

281

Productivity

An extra exercise analysis of production and productivity considering an additional
conversion value of 90 % showed us that for a higher desired conversion, productivity
necessarily decreases because of an exponential increase in the membrane area, which in
turn causes a relatively small increase in production. These opposing trends of parameters
production and productivity are graphically illustrated by Figure 71.

6,3

0,6

Production / (kg/day)

99% conv.

6,1

95% conv.

0,4

6,0
95% conv.

5,9

0,5

99% conv.

5,8

0,3
0,2

5,7
0,1

90% conv.

5,6
5,5

Productivity / (kg/day·m2)

90% conv.

6,2

0,0
0
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Area / m2
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Figure 71. Variation in production and productivity of EMIMAc as a function of the available
membrane area (at 90%, 95% and 99% conversion).

120

Results and discussion
5.5.2 Ion exchange process
Operational parameters:
IE

IE
IE-BULK
Water retention capacity

= ion exchanger: Lewatit M500 (original form: Cl-)
= 38 %
= 1080 kg/m3
= 670 kg/m3
= 55 % (w/w, average, wet)

The (minimum) adsorption capacity AC of this ion exchanger, according to the provider, is:
ACIE-min
= 1,3 eq Cl- / lIE-wet
So, by taking this value as the real adsorption capacity in our operation, and by rearranging
dimensions, we have the following result in mole per gram units:

AC IE 

1,3
 0,003 mole Cl  / g IE
(1  0,55) 1080

(5.27)

where IE is referring now to the dry resin (without water).
Additionally, the following are linear velocity values also provided by the manufacturer:
uexch-max
urins
uregen
(*)

= 60 m/h
= 7 m/h
= 5 m/h

(loading: Cl-  Ac-)
(with H2O)
(with NaAc 1,0 M) (*)

A concentrated NaAc solution aids in achieving am optimum regeneration in the column.

By running the 0,09-l column at a volume flow dV/dt = 0,01 l/min, the following mass
balance equation was applied:

m IE  AC IE 

dV
 (cend  c0 )  t
dt

(5.28)

where:
mIE

= 0,036 kg
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dV/dt
c0
= cAc,
cend
= cAc,
t

= 0,01 l/min
= 0,0 mole/l
= 0,5 mole/l
= 20 min (until column saturation and breakthrough)

By applying these values into Equation (5.28):
ACIE-exp

= 0,003 mole Ac-/g IE

=

ACIE

Therefore, our experimental result confirmed the value originally given by the manufacturer.

Column dimensions:
For the plant layout, the minimum allowable recommended height HIEC for an optimum
packing and application of the ion exchanger (Lewatit M 500) was set. The diameter dIEC was
then calculated according to the height of the column set up for a rule-of-thumb relationship
HIEC : dIEC = 4 to 1.
HIEC = HIEC-min
dIEC

= 0,8 m
= 0,2 m

Then:
Ac-s
VIE
mIE = IE-bulk x VIE

= 0,031 m2
= 0,025 m3
= 16,75 kg

Figure 72 illustrates the basic layout of the ion exchange column system for production of
EMIMAc.
In the case of the ion exchange reaction (R-Ac + NaCl), our meanwhile established optimum
linear velocity uL = 9 m/h is taken as setup value for the loading stage in the operation cycle;
as a consequence, a volume flow of 1,8 l/min was fixed in the loading stage of the column.
Since our setup value of uL is in this case well below the maximum recommended velocity of
60 m/h, an optimum mass transfer zone can be counted with.
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Product: EMIMAc

CI

2
H

1

Educt: EMIMCl 0,5 M

cAc-out
cCl-out

2

FIC

cAc-in
cCl-in

Figure 72. Ion exchange column system: (1) pump, (2) column with Lewatit M500 (in regenerated
form R-Ac).

The values for each stage and for the whole cycle in the IE column system are detailed in
Table 48.
Table 48. Calculated flows and times in each operational stage of the IE column, for the production of
EMIMAc through column ion exchange.
Variable

Loading

Rinsing

Regeneration

Total cycle

uL / (m/h)

9

7

5

--

FL / (l/min)

1,8

1,4

1,0

--

t / min

51

7

45

121

For the real production rate, the total cycle time for the column must be taken into account.
Moreover, a 10 % time to the total cycle, due to lag times between each stage, is added for
final calculation, according to the equation:
tcycle

= 1,1 x (texch + trins + tregen + trins) = 121 min

In solution L:
cAc-in
= 0,0 mole/l
cAc-out
= 0,5 mole/l

(5.29)

(pure product generated until breakthrough: ≈ 100% EMIMAc)
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MWEMIMAc = 170
Therefore, for the final product generation at the outlet of the column (refer also to the results
from Table 48):
Production rate (kg EMIMAc / day)

=

1,8 l/min x 0,5 mole/l x (170/1000) kg EMIMAc/mole x 51 min (exchange time) / 121 min (cycle time)
x 24 h/day
This results in a production rate of 1,6 kg EMIMAc / day in our designed column.
Finally, for a quantitative comparison with the membrane dialysis system detailed in Section
5.5.1, the volume that would be necessary in our column system to achieve a similar
production of EMIMAc as in the membrane system is then recalculated.
Calculated production rate in the membrane system (99% conversion) =
6,2 kg EMIMAc / day

Then, for a column system:

6,2 kg EMIMAc / day
≈ 4 columns
1,6 kg EMIMAc / day / column

Therefore, a total of 4 IE columns in a parallel configuration would be necessary to achieve
the same production rate of EMIMAc as in the membrane dialysis plant designed and
detailed in Section 5.1.1, each column with an inner diameter dIEC = 0,2 m and a height HIEC
= 0,8 m. Considering a minimum separation between columns, this results in a plant volume
VIE-plant ≈ 0,15 m3 required for the IE column system. Here it is important to point out that a
corresponding intrinsic efficiency of the ion exchanger packing resin of either 95 or 99 % was
assumed in this study; therefore, the volume of the column system was able to remain
constant at any conversion degree. This means in turn that the height of the column HIEC was
fixed in this comparison study, leaving only the number of columns necessary as the
manipulated variable.
For a constant conversion rate, which is the case after each efficient regeneration of the
column, the production of EMIMAc is kept constant at the outflow line, since it is only
dependant on the mass and adsorption capacity of the ion exchanger in the column.
According to our results, the required volume of the ion exchange column plant, considering
essentially the column layout structure, would be 17 times smaller than the one necessary for
124

Results and discussion
a membrane module system, for a 99 % conversion in both cases. In other words, for a
similar layout plant volume, the column system would achieve a production rate 17 times
higher than that of the membrane dialysis system.

5.5.3 Electrodialysis process
For the ED process, since it can be considered as an intermediary step towards the generation
of EMIMAc and other high-valuable ILs through metathesis, production of EMIMOH at a
setup value of 4,7 kg EMIMOH / day was considered for the final comparison; this value is
stoichiometrically equivalent to the production of 6,2 kg EMIMAc / day assuming a reaction
eficiency ≥ 99%. In this case, a spatial structure of the ED unit similar as in the case of
Donnan dialysis was considered for plant volume calculation; otherwise, the standard
dimensions of pilot plant FT-ED-320-4 from Fuma-Tech were considered. A bipolar
membrane with standard dimensions 0,25 m x 0,25 m was chosen for the ED unit, and an
estimated 10-cm separation between each bipolar membrane cell (which includes the anion
and cation exchange membranes) was assumed as well. Finally, an estimated effective process
volume of 90% of the total plant volume was assumed.
The necessary effective area was calculated by scaling the process with the aid of the
information available from Table 38.
For 4,7 kg EMIMOH / day 

A = 0,16 m2 (effective area)

Therefore, after rounding up, this results in 6 EDBM membranes necessary, each with a
dimension of 0,25 m x 0,25 m, for a total area AEDBM = 0,38 m2 for the EDBM. To these
membranes, a corresponding set of 5 AEMs, with a total area AAEM = 0,31 m2, and 5 CEMs,
with a total area ACEM = 0,31 m2 as well, was added for the construction of a small and
compact pilot plant module, with a total volume of 0,03 m3.

5.5.4 Cost analysis – basic figures
A basic investment cost is considered in each case, with a standard 18% tax already included
in the rounded prices of the investment items. Operating costs are only a priori qualitatively
analyzed due to the small setup production rate considered for this comparative analysis. For
a 99 % conversion in both processes at the same production rate, we have the following
figures (the final results have been rounded up):
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1. Membrane (anion exchange; a and b describe 2 alternatives)
Investment: (a)
(b)

price per m2 = € 600 / m2 (fumasep FAD, Ex Works)
Then: € 13200
price per m2 = € 340 / m2 (Neosepta AFN, Ex Works)
Then: € 7480

2. Ion exchanger
price per kg: € 17 / l = € 17 / 0,67 Kg IE = € 25,4 / kg IE

Investment:

Consequently: for 67,4 kg  € 1720 (rounded-up)
3. Electrodialysis membranes (anion exchange, a and b describe 2 alternatives)
Investment:
price per m2
Then:
(b)
price per m2
Then:
Ion exchange membranes:
(a)
price per m2
Then:
(b)
price per m2
Then:
Bipolar:

(a)

= € 1200 / m2 (fumasep FAD, Ex Works)
€ 450
= € 680 / m2 (estimated Neosepta, Ex Works)
€ 260
= € 600 / m2 (fumasep FAD, Ex Works)
€ 380
= € 340 / m2 (Neosepta AFN, Ex Works)
€ 220

Operating costs items:
-

Pumping energy:
Electricity

: in all cases the pumps operate at a rate ≤ 2 l/min
: as large operating cost only necessary in the ED system

For the projected setup production rates, it can be seen that a small-size pilot plant is needed
in each case; therefore, the operating costs are very small compared to the initial investment
costs.
Table 49 summarizes the comparative analysis results of the main technical and economical
variables considered for production of an ionic liquid IL by Donnan dialysis (DD), column
ion exchange (IE) and electrodialysis (ED).
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Table 49. Basic comparative technical and economical variables in the production of ionic liquids
through DD, ED and IE. Production rate = 6,2 kg EMIMAc / day (4,7 kg EMIMOH / day by ED).

Plant volume / m

3

Effective 'reaction' volume / m

3

3

Productivity / (kg/day·m )
Basic investment / €

(*)

Donnan dialysis

Ion exchange

Electrodialysis

2,60

0,15

0,03

0,02

0,10

0,03

281

62

215

10340

1720

655

(*) The main component (membrane, ion exchanger) was taken for the calculation of basic investment. An average membrane price value
(between Fumasep and Neosepta) was considered in the calculation.

5.5.5 Comparative discussion
-

By looking at the investment figures in Table 49, the basic investment for the
electrodialysis plant –at the production scale analyzed- is in principle the
smallest of all three. However, it has to be beared in mind that the electrodialysis
process in our case involves the production of EMIMOH, which is actually an
intermediary for the final production of EMIMAc, that is, a process that comes
before Donnan dialysis or column ion exchange. Therefore, a proper benchmark
analysis of the electrodialysis system is not intended here, but rather to set it as
an additional comparison reference system against which the efficiency of
dialysis and column ion exchange can be mirrored. This leaves us with a
comparative analysis more concentrated in the dialysis and the column ion
exchange systems, and it is performed in the following lines.

-

With a value not even bordering the 2000 euros, the basic investment for a pilot
ion exchange column system turns out to be approx. 6 times smaller than the one
necessary for a corresponding Donnan dialysis system, for a same setup
production rate of 6,2 kg/day. Additionally, since the needed plant volume for
the column system is 17 times smaller than the one needed for the dialysis
system for the same production rate, and given the fact that it also needs a small
base area (in our column case < 1 m2), there is a comparative advantage of the
column ion exchange system against dialysis. These characteristics have more
than often made the column ion exchange system a very attractive and the
preferred choice to employ in several metathesis reaction processes. A similar
trend has resulted in this study, in the case of IL production. For systems on a
much larger production scale, the capital available for initial investment for
dialysis becomes even a stronger issue, further favoring the use of the IE system.
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-

A comparative advantage of the dialysis system in IL production is the fact that it
has a high productivity, besides operating in an essentially continuous mode, this
allows for a better control and smaller general lag times when compared with the
ion exchange column system, which in itself is not totally continuous given the
cyclic nature of the adsorption-regeneration process in the ion exchanger column
(loading, reloading and rinsing).

-

Regarding operation costs, a pumping system with small or mid-size positive
displacement pumps is perfectly applicable for any of the 3 production
alternatives (at least for production rates in the order of tens of kg per day). This
means that only small energy costs will be incurred into by the dialysis and the
column ion exchange processes. Even when choosing a centrifugal pump system,
a one-size pump with a similar power output (both operating on an equivalent
continuous mode) can be applied for any of the three systems. For instance, one
small equivalent centrifugal pump with a power output of 1 kW operating up to 5
l/min (dimensioned for our production rates) would amount to approx. € 1300 /
year in pumping energy costs in both the dialysis and the column ion exchange
processes, considering the use of electricity for energy source in pumping
operation, at a current energy cost index of approx. € 0,15 / kW-h.

-

The electricity costs arising from the electrochemical force provided by the
electrodialysis system must actually also be included as former costs incurred
when operating the dialysis and the column ion exchange systems. This is
because our educt in dialysis and in column (in our case NaAc) can itself be
regarded as a product from a previous electrolytical operation; therefore, these
electricity costs should be more or less the same in the 3 processes and as such
can be taken out from the final analysis. Therefore the absolute difference in
energy costs among the 3 processes may not represent a big issue in this analysis.

-

Having considered all these facts, the ion exchange column system can currently
be regarded as the more appropriate selection for production of highly valuable
concentrated ILs, on the grounds of its small investment capital and its proved
high conversion degree. The Donnan dialysis system, despite its continuous
mode of operation, together with its high conversion degrees as well, results
however in a much higher investment for a same production rate. This
comparative disadvantage of the dialysis system is explained by the existence of
a mechanism based essentially on diffusion; this in turn demands a very high
selectivity in the membrane, which finally shows in the membrane production
costs and transfer area needed. If only partial conversion degrees are needed,
then the Donnan dialysis system offers a very interesting alternative; here the
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right balance between conversion degree and surface area must be analyzed for
an optimum compromise between final product concentration and productivity.
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6 Conclusions and outlook
Metathesis as an alternative for the production of high-value ILs
In this work it has been shown that metathesis constitutes an advantageous system for the
production of selected highly concentrated high-value ionic liquids (ILs). An innovative
application studied in this work has been on two forms of metathesis reaction: the reciprocal
pair mixture reaction and the Donnan dialysis process for the effective production of ILs.
Particularly Donnan dialysis (DD) turned out to be a very interesting alternative to take into
account for the production of diverse ILs, at various degrees of conversion, through the
metathesis principle due to its effective and highly productive modular design, added to its
relatively low operating costs involved since it can be efficiently operated at ambient
temperatures.

Reciprocal pair mixture reaction
An important result from our work is that by means of a reciprocal pair mixture reaction
involving a low-value precursor IL, a partial crystallization of the generated by-product can
be effectively achieved. This means that a final solid – liquid separation can be performed by
an effective manipulation of temperature and solvent content and the valuable ionic liquid
product can thus be obtained in concentrated form after a final centrifugation step.
As such, it was additionally confirmed that the main product does not need to be separated
uniquely in the solid form, but also as liquid phase, concentrated in the two ions that form the
desired product. In our work the by-product, NaCl, formed after metathesis, was effectively
separated in the solid form from the remaining enriched mother liquor, which contains our
valuable product.
The metathesis reaction by hydrate melt crystallization from a reciprocal pair mixture proved
in our work to be an effective tool for IL generation as well as for product separation and
enrichment.

Membrane dialysis
Donnan dialysis, on a continuous countercurrent system, proved essentially to be an
extremely efficient process with a low cost in energy for the production of highly valuable
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ILs. A very good modeling of the system was also established, based on the mass transfer
laws –which were in turn originally based on the first Fick’s Law. Donnan dialysis applied for
the production of imidazolium-based ILs proved to have a very high selectivity in its
membrane diffusion mechanism, accomplishing similar results in efficiency and purity degree
as has already been the case in former known applications of ion exchange membranes.
Additionally, in this study a vacuum distillation stage followed by a final melt (selective)
crystallization stage were successfully coupled to the Donnan dialysis system to highly
concentrate our final ionic liquid product. In the vacuum distillation stage, the extremely low
vapor pressure of the ILs provided for a highly efficient elimination of the solvent, at a
temperature near Tamb and without loss of product during the process.
A low conversion degree to by-product, which was the case obtained according to our
optimized operational setup parameters, is also an additional cost and environmental
advantage, since the still relatively concentrated solution in the outlet by-product line can also
be treated by means of vacuum crystallization to separate the by-product from the original
educt; this unused educt can then be recycled in the production line, thus optimizing the use
of the educts and generating almost no by-product contamination in the process outflow lines.
Finally, since mechanical properties are no doubt a very important issue regarding the
efficiency of a Donnan dialysis application, it is therefore important to choose the most
appropriate membrane based on its selectivity and cut-off regarding the ion (anion or cation)
to be exchanged. In our work, the previous experimental testing of different membranes
theoretically selective in the anions of our interest successfully confirmed a systematic high
efficiency, which ultimately played a key role in the optimization of our process.

Column ion exchange
The column ion exchange process, being currently an already used alternative in the
production of a few ILs, proves also to be a highly efficient one in our production of
imidazolium-based ILs, and particularly in the case of hydroxide-based ILs like EMIMOH.
Here, as was in the case of membrane selection, care was taken on the choice of an
appropriate ion exchanger for the particular desired anion or cation treatment.
Finally, as was also the case in the membrane system, a scientific mathematical mass transfer
approach based on a unique fusion treatment of the theory of the extraction column, based on
the height of an equivalent transfer plate in a column for an exchange process, together with
the theory of the chromatography column, based on the van Deemter equation and the
chromatographic elution theory, provided us with an important conclusion regarding the
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optimum operational setup of the ion exchanger column. Therefore, a first step leading to a
future further optimization of the column operation for the production of ILs was the result of
our work in this aspect.

General outlook
From a general point of view, the reciprocal exchange reaction applied to the generation of a
versatile range of new ILs has proved to effectively take place in this study, either by
reciprocal pair mixture reaction, by Donnan dialysis, by electrodialysis or by column ion
exchange. There has been a great agreement of the results with the previously determined
corresponding ternary and quaternary phase diagrams in the case of the reciprocal pair
mixture reaction. Moreover, reaction proceeded in a highly efficient way in the case of
Donnan dialysis (DD) and column ion exchange (IE), as well as in electrodialysis (ED). In all
these cases, an effective melt crystallization performed on the reacted system can render a
final highly concentrated, high-value ionic liquid (IL) with a low content in impurities.
Finally, in the case of a reciprocal pair mixture reaction, a system of metathesis by solvent
melt crystallization can also be tailor-designed for obtaining an enriched mixture of a highvalue IL, by optimizing water content in the system, establishing the appropriate initial
mixing ratio and carrying on the reaction at fairly low temperatures. In each case it is
important to establish the feasible limits for production of the desired ionic liquid according to
the corresponding phase diagram of each pair system. This implies a further research that will
lead us to the choice of the appropriate kind of solvent, as well as to the choice of combined
optimum values of solvent content and temperature for any particular IL reciprocal pair
system. A progressive construction of a database containing phase diagrams of mixtures of
ILs with classic inorganic or organic compounds will correspondingly and gradually be
achieved on these grounds.
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10 Appendix
1. Calibration graphs for the IC analysis of anions (program Acetat / Chromeleon)
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Figure A-1. Chromatogram of standard solutions for calibration. Anions: Ac- and Cl-.
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Figure A-2. Chromatogram of standard solutions for calibration. Anions: Fo- and Cl-.
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Figure A-3. Chromatogram of standard solutions for calibration. Anions: Cl- and EtOSO3-.

2. Calibration graphs for the IC analysis of cations (program vEldik / Chromeleon)
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Figure A-4. Chromatogram of standard solutions for calibration. Cations: Na+ and EMIM+.
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