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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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This volume is dedicated, with deepest
respect, to the memory of Professor
Robert Osteryoung, the grandfather of
ionic liquids, who died of amyotrophic
lateral sclerosis at the age of 77, in
August 2004. His insight and
inspiration will be greatly missed by the
entire ionic liquids community.
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Preface

The chapters in these two books (lonic Liquids IIIA: Fundamentals,
Progress, Challenges, and Opportunities: Properties and Structure and
Ionic Liquids IIIB: Fundamentals, Progress, Challenges, and
Opportunities: Transformations and Processes) are based on papers that
were presented at the symposium Ionic Liquids: Fundamentals,
Progress, Challenges, and Opportunities at the 226" American Chemical
Society (ACS) National Meeting held September 7-11, 2003 in New
York. This was the third and last of a trilogy of meetings, the second of
which was Jonic Liquids as Green Solvents: Progress and Prospects at
the 224™ ACS National Meeting held August 18-22, 2002 in Boston,
Massachusetts, which followed, by eighteen months, the first successful
ionic liquids symposium lonic Liquids: Industrial Applications for Green
Chemistry at the San Diego, California ACS meeting in April 2001.

The success of the New York meeting can be judged by the simple
fact that we need to publish two books to include the key papers
presented, in a year in which we anticipate 1000 papers concerning ionic
liquids will be published. The talks showed the depth of research
currently being undertaken; the broad and diverse base for activities; and
the excitement and potential opportunities that exist, and are continuing
to emerge, in the field. The new industrial applications raise an especial
level of interest and excitement.

The New York meeting comprised ten half-day sessions that broadly
reflected the areas of development and interest in ionic liquids. We are
indebted to the session organizers who each planned and d eveloped a
half-day session, invited the speakers, and presided over the session. The
featured topics and the presiding organizers for each session were Ionic
Liquid T utorials (J. F. Brennecke, J. D. Holbrey, R. D. Rogers, K. R.
Seddon, and T. Welton), Fuels and Applications (J. H. Davis, Jr.)
Physical and Thermodynamic Properties (L. P. N. Rebelo), Catalysis and
Synthesis (P. Wasserscheid), Spectroscopy (S. Pandey), Separations (W.
Tumas), Novel Applications (R. A. Mantz and P. C. Trulove), Catalytic
Polymers and Gels (H. Ohno), Electrochemistry (D. R. McFarlane),
Inorganic and Materials (M. Deetlefs and J. Holbrey), and General
Contributions (R. D. Rogers and K. R. Seddon). Page restrictions

xiii
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prevented the publication of all the presentations (despite having the
luxury of two volumes); however, we tried to select a representative
subset of the papers.

Among the wonderful chemical contributions, there was one
chastening note; a minute’s silence was held at 8:46 on the morning of
September 11" to remember those thousands of innocent people who had
died exactly two years earlier very close to the Javits Conference Center
in which we were holding the meeting. It was hard to escape the
emotional impact of those events on that day.

The symposium was successful because of the invaluable support it
received from industry, academia, government, and our professional
society. Industrial support was received from Cytec Industries, Fluka,
Merck KGaA/EMD Chemicals, SACHEM, Solvent Innovation, and
Strem Chemicals. Academic contributions were received from The
University of Alabama Center for Green Manufacturing and The
Queen’s University Ionic Liquid Laboratory (QUILL). The U.S.
Environmental Protection Agency’s Green Chemistry Program also
supported the meeting. Of course, we are (as always) indebted to the
ACS and its many programs for their help, encouragement, and support.
We especially thank the ACS Division of Industrial and Engineering
Chemistry, Inc., the I&EC Separations Science & Technology and Green
Chemistry & Engineering Subdivisions, and the Green Chemistry
Institute.

Another measure of success was the impressive strength of the
student c ontributions, in the tutorial, oral, and poster sessions; on this
basis, our future is in safe hands. And, as is definitively true in a
burgeoning field, the future is always more exciting than the past!!

Robin D. Rogers Kenneth R. Seddon

Center for Green Manufacturing QUILL Research Centre

Box 870336 The Queen's University of Belfast
The University of Alabama Stranmillis Road

Tuscaloosa, AL 35487 Belfast, Northern Ireland BT9 SAG
Telephone: +1 205-348-4323 United Kingdom

Fax: +1 205-348-0823 Telephone: +44 28 90975420

Email: RDRogers@bama.ua.edu Fax: +44 28 90665297
URL: http://bama.ua.edu/~rdrogers/ Email: k.seddon@qub.ac.uk
URL: http://quill.qub.ac.uk/
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Chapter 1

The Road to Partition

Mechanisms of Metal Ion Transfer into Ionic Liquids
and Their Implications for the Application of Ionic
Liquids as Extraction Solvents

Mark L. Dietz, Julie A. Dzielawa, Mark P. Jensen, James V. Beitz,
and Marian Borkowski

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

The rational design of ionic liquid-based metal ion separation
systems requires either that the ion transfer properties of these
systems be predictable from the known behavior of
conventional organic solvents or that the mechanism(s) of ion
transfer be understood at a fundamental level. With this in
mind, we have examined the transfer of selected metal ions
from acidic aqueous media into a series of NN"-
dialkylimidazolium-based room-temperature ionic liquids
(RTILs) in the presence of crown ethers, neutral
organophosphorus extractants, or -diketones. The results
obtained indicate that although certain aspects of metal ion
extraction into RTILs paralle] the behavior of conventional
solvents, ionic liquids frequently play a more active role in the
partitioning process, with ion exchange involving the cationic
or anionic constituents of the ionic liquid comprising an
important mode of ion transfer. The implications of this
observation for the application of ILs as extraction solvents
are described.

2 © 2005 American Chemical Society
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Introduction

Growing attention has recently been directed at the application of ionic liquids
(ILs) in chemical separations (/-17), most commonly as replacements for the
organic diluents employed in traditional liquid-liquid (L-L) or membrane-based
separations of organic solutes or metal ions. In many cases, the use of ionic
liquids has been regarded as a key element in the design of more
environmentally benign methods for effecting these separations. These solvents
exhibit several properties that make them attractive as a potential basis for
"greener" separation processes, among them negligible vapor pressure, a wide
liquid range, and good thermal stability (18, 19). In addition, they display an
extraordinary degree of tunability. That is, considerable structural variation is
possible in both the cationic and anionic moieties comprising an ionic liquid,
and even minor changes in either the cation or anion structure can produce
significant changes in the physicochemical properties of the ionic liquid (20).
This tunability, while obviously offering vast opportunities for the design of IL-
based separation systems, also poses a formidable challenge to the separation
scientist. That is, in the absence of predictive capabilities to guide the choice of
solvent appropriate to a given separation problem, the selection of the "right"
ionic liquid becomes a trial and error process, a clearly undesirable situation
when so many candidates are available for consideration.

Recent research in this laboratory has concerned the application of ionic
liquids in the liquid-liquid extraction of metal ions. With the need for
information to guide the rational design of IL-based separations in mind, we
have sought to develop a fundamental understanding of the process(es) involved
in the transfer of a metal ion from an aqueous phase into an ionic liquid in the
presence of various types of extractants. In addition, we have sought to draw
parallels with and to elucidate differences between the behavior of ionic liquids
and that of conventional diluents as extraction solvents. In this way, the
relationship between various structural features of ionic liquids and their
performance and utility as extraction solvents can be defined, and the
advantages, if any, of ionic liquids over conventional diluents in this application
can be delineated. To date, we have examined three systems: the extraction of
strontium ion from acidic nitrate media by dicyclohexano-18-crown-6
(DCHI18C6) (14, 21); the extraction of uranyl ion, also from acidic nitrate
media, by octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide
(CMPO, shown below) / tri-n-butylphosphate (TBP) mixtures (22); and finally,
the extraction of europium ion (a representative trivalent lanthanide) from
perchlorate media by 2-thenoyltrifluoroacetone (HTTA) (23). In each of these
cases, various water-immiscible N,N'-dialkyl-imidazolium-based RTILs were
employed as a substitute for a conventional organic diluent. In this report, an
overview of the results obtained for the three systems is provided, along with a
brief discussion of their implications for the use of RTILs as extraction solvents.

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
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Mechanisms of Metal Ion Partitioning

The Strontium-DCH18C6 System

For a number of reasons, a study of the extraction of strontium ion by
DCHI18C6 provides a good starting point for efforts to elucidate the fundamental
aspects of metal ion transfer into room-temperature ionic liquids. First, of the
IL-based extraction systems considered to date (3-5, 11-12, 24), cation
extraction by crown ethers has probably received the most attention. In
addition, the Sr-DCH18C6 system is chemically simple; strontium ion exists in
only a single oxidation state and although DCH18C6 exists in five
stereoisomeric forms, the individual isomers are readily isolated (25) or
synthesized (26-28). Finally, the mechanism of strontium extraction into
conventional molecular diluents by DCH18C6 is well understood, thus
providing a basis for comparison of the results obtained in an ionic liquid.

'
JO
o

Prior work with crown ethers has shown that among classical molecular
solvents, chlorinated hydrocarbons typically yield the most efficient metal ion
extraction (29-31). These solvents are not acceptable for large-scale application,
however, a result of their toxicity and potential for negative environmental
impact. Paraffinic hydrocarbons, in contrast, have long been considered the
solvent of choice for process-scale applications (32), but solutions of crown
ethers in them yield very poor metal ion extraction (29). For this reason, efforts
to devise improved crown ether-based extraction systems have focused on the
use of oxygenated, aliphatic solvents such as 1-octanol (33, 34). This solvent,
unlike many other conventional diluents, possesses a number of desirable
physicochemical properties, most notably, the ability to dissolve significant
quantities of water. This high solvent water content facilitates transfer of
incompletely dehydrated anions and cationic metal-crown ether (M-CE™)
complexes, thus improving the efficiency of extraction (35).

The extraction of strontium ion by DCH18C6 into 1-octanol from acidic,
nitrate-containing aqueous phases has been shown to proceed via extraction of a
strontium nitrate crown ether complex, as shown here:

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.
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Sr** +2 NO3™ + DCH18C64ry — St(NO;)(DCH18C6)org

As would be expected from this equation, increasing nitrate (i.e., nitric acid)
concentration is accompanied by an increase in strontium partitioning into 1-
octanol. In contrast, for N, N'-dialkylimidazolium bis[(trifluoromethyl)
sulfonyl]imides, such as the 1-ethyl-3-methyl compound (C,mim"'T£;N’), rising
acidity is accompanied by a decrease in strontium partitioning. Also, despite
considerable differences in the hydration energies of nitrate, chloride, and
sulfate anion (35), essentially the same acid dependency is observed when either
hydrochloric or sulfuric acid solutions are employed as the aqueous phase, as
shown in Figure 1 for C,mim+Tf;N". In contrast, in 1-octanol, the difference in
Ds;, values observed for acidic nitrate and chloride aqueous phases is nearly a
factor of 100 (35). Finally, unlike 1-octanol and other oxygenated aliphatic
solvents, for the ILs, rising [H;0],r is not necessarily accompanied by increasing
strontium partitioning. These results indicate that the process involved in the
partitioning of strontium ion between nitric acid and these ionic liquids is
fundamentally different than for 1-octanol, and that this process does not involve
extraction of a strontium nitrato-crown ether complex.

Subsequent extended X-ray absorption fine structure (EXAFS)
measurements support this view (21). Specifically, comparison of the EXAFS
results obtained for solid Sr(NO;),(18C6), whose crystal structure has
previously shown it to comprise a strontium cation coordinated by six ether
oxygen atoms and by four oxygen atoms from axially coordinated nitrate ions
(36), to those obtained for the strontium-DCH18C6 complex extracted into 1-
octanol show that the strontium coordination environment in the two systems is
identical. This same coordination environment is observed when the solid
complex is simply dissolved directly in water-saturated Csmim+Tf,N". Thus,
nitrate forms only inner-sphere complexes with Sr-CE*" cations in either a two-
phase H,0/1-OAlc system or a single-phase water-saturated RTIL. If, however,
the strontium complex is prepared by contacting an aqueous solution of
Sr(NOs), with a solution of DCH18C6 in Csmin*Tf;N’, the peak associated with
the distal oxygen atoms nearly disappears. Also, the number of coordinated
oxygen atoms drops by two, consistent with a structure in which a pair of water
molecules now occupies the sites that had been occupied by nitrate ion.

In principle, it is possible that nitrate could still be present, but as an
outer-sphere ligand this time. To determine if this is the case, measurements of
the amount of nitrate transferred into the RTIL upon strontium extraction were
made via ’N-NMR and ion chromatography. In both cases, only a few percent
of the nitrate required to maintain charge balance is extracted. Thus, extraction
of a strontium nitrate complex cannot be occurring to any appreciable extent.
Instead, strontium partitioning into these RTILs, in contrast to conventional
organic solvents, must occur via ion exchange, in particular a mechanism
involving exchange of the cationic Sr-CE** complex for the cationic constituent

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
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Figure 1. Dependency of Ds, on nitric (filled circles), hydrochloric (open
circles), or sulfuric (filled squares) acid concentration for DCH18C6
(0.10 M) in C;mim" TE;N". (T =23 °C).
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of the IL. This scheme is consistent with a couple of other observations. First,
for this mode of extraction, it would be expected that as the alkyl chain on the IL
cation becomes longer, strontium partitioning would decrease, since the transfer
of an increasingly hydrophobic species into the aqueous phase is required. In
fact, just such a decrease is observed (Figure 2). Also, it would be expected that
the extraction of macro quantities of strontium would lead to increasing
solubilization of the IL (in particular, the C,min’ cation) in the aqueous phase.
This too is observed (14).

These results raise a question whose answer has obvious and significant
implications for the use of ILs as extraction solvents: Is ion-exchange a
peculiarity of the Sr-DCH18C6 system, or is it a broad, defining characteristic of
metal ion transfer into ionic liquids? In an effort to answer this, an analogous
study of the extraction of uranyl ion by CMPO was carried out.

The Uranyl-CMPO system

? p HeC

)/cus
Hi;Co— P\/\N

chr.s

HsC
CMPO

In this study (22), two different ionic liquids, C4min+PF6' and Cgmin'THN',
were employed and the extraction of uranyl ion into each compared to that
observed using the classic TRUEX process diluent, dodecane modified by
addition of tri-n-butylphosphate. (To keep the conditions in all systems as
similar as possible, TBP was also added to the two RTILs.) The interaction of
TBP with the uranium, it should be noted, is negligible, despite the not
insignificant (1M) concentration of it present, as the phosphine oxide group of
CMPO is a far stronger Lewis base than is the phosphate oxygen of TBP. Prior
work on the TRUEX process has established, in fact, that the extraction of
uranium from acidic nitrate media by CMPO proceeds as follows:

UO,* + 2NO; +2CMPO¢y, > UO,(NO;);(CMPO); o
As can be seen, the extracted complex is neutral and incorporates no TBP.

For the IL/aqueous systems, UO,*" partitioning is consistently greater than
for the conventional dodecane/aqueous system, suggesting the possibility of the
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Figure 2. Effect of alkyl chain length (C,) on the extractant dependency of Ds;
for DCH18C6 in 1-alkyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyl] imides. ((HNO;] =0.10 M; T =23 °C).
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formation of a different complex in the ionic liquid. Several other experimental
results support this conclusion. The UV-visible absorption spectrum of the
complex in C4min"PFy, for example, exhibits changes in the relative intensity of
peaks in the UO,** fingerprint region and a red shift in the longer wavelength
peaks vs. the spectrum in dodecane. Also, EXAFS studies of the complex in
dodecane indicate that it is a hexagonal bipyramid comprising two bidentate
nitrate anions and two monodentate CMPO molecules coordinated (through the
P=0 group) equatorially. For the IL systems, however, the number of
equatorially coordinated oxygen atoms falls from 6 to 4. That the results are
essentially the same for the two ILs indicates that neither anion is present in the
inner sphere of UO,>" in these systems. Because of the relatively high water
content of the two ILs, it is difficult to determine unambiguously the denticity of
either the nitrate anion or the CMPO molecule. Each may be either
monodentate or bidentate, meaning that anywhere from 0 to 3 molecules of
water may also be coordinated.

What is not ambiguous is the stoichemistry of the extracted complex, as
determined by measurements of uranyl partitioning between the ILs and the
aqueous phase as a function of extractant and acid concentrations. That is, log-
log plots of Dy vs. [CMPO] at constant acidity and Dy vs. [HNOs] at constant
CMPO concentration yield straight lines of slope 1, indicating that the
predominant extracted species is UO,(NO3;)(CMPO)*. (The complex extracted
into dodecane is, as noted above, the neutral 1:2:2 species.) Accompanying this
extraction is the appearance of the IL cation in the aqueous phase in a one-for-
one ratio. Thus, as was the case in the extraction of strontium by DCH18C6,
urany! extraction by CMPO into the ILs involves the exchange of a cationic
metal-ligand complex for the cationic constituent of the ionic liquid. This result
suggests that the ion-exchange mechanism may indeed be a general feature of
metal ion-neutral extractant systems in ionic liquids.

The Europium(III)-HTTA System

As a final test of the prevalence of the ion-exchange mechanism, we have
recently undertaken a series of studies of the extraction of trivalent lanthanides
by p-diketones in various RTILs (23). In the first of these studies, the extraction
of Eu** from perchlorate media by HTTA has been examined. This system is an

— 00
Ls// c—cmz——c\cl:3

HTTA
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excellent test system for at least two reasons. First, the complexes formed are
amenable to study by fluorescence and EXAFS techniques. More importantly,
depending on the experimental conditions, a variety of europium-TTA
complexes can be formed. In a conventional, non-coordinating solvent, for
example, lanthanides are known (37, 38) to form neutral, hydrated (n=1-3) 1:3
complexes with HTTA, as shown here:

Ln(H;0),” + 3 Httay —> Ln(tta)s(H;0)p6, org + 3 H' + 6 Hy0.

If the solvent has some coordinating ability, some or all of the coordinated
waters may be replaced by solvent molecules (39). The same thing can happen
in the presence of a neutral synergist in a non-coordinating solvent (40-42) or
even a high concentration of HTTA, which can generate self-adducts (43):

Ln(H,0),”" + 4 Htta; —> Ln(tta)s(Htta)o, + 3 H" + n H;0.

In addition to neutral complexes, extraction of lanthanides by HTTA can yield
cationic complexes under the appropriate conditions (44). Extraction from
perchlorate media into 1,2 DCE with HTTA/CE mixtures, for example, proceeds
as shown here (45), with the lanthanide forming a cationic complex, which ion-
pairs with ClOy4".

Ln(H,0),** + ClOy + 2 Hita+ CEqy —>
Ln(tta)2(CE)(H20)a.m ClO4 o+ 2 H' + m H,0O

Anionic lanthanide/TTA complexes are also known. Lanthanide extraction from
any of a variety of aqueous media (NO;", CI', or ClOy) in the presence of a
quarternary amine (Q") or a protonated tertiary amine, for example, involves a
reaction in which an anionic 1:4 Ln:TTA complex is extracted (46, 47):

Ln(H,0),*" + 4 Hitay + Q"X oy —> Q'Ln(tta)y org + 4 H' + X +n H,0.

Given the resemblance of certain ionic liquids to conventional liquid anion
exchangers, noted in a prior report (48), it is not unreasonable to expect that the
IL system might favor extraction of an anionic Eu/TTA complex. Figure 3
depicts the acid dependency of europium extraction by HTTA in Cymim'TH, N’
and the extractant dependency of Dg, for the same IL at constant [HCIO,]. The
slopes of these plots indicate that 4 molecules of HTTA are participating in the
extraction process and that 4 protons are released to the aqueous phase for each
Eu®" extracted, a result consistent with extraction of an anionic 1:4 (Eu(TTA))
complex. This stoichiometry is supported by UV-visible spectroscopic studies
of the extraction of macro neodymium under the same conditions, which
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Figure 3. Extractant (A) and acid dependencies (B) of radiotracer Eu extraction.
(A) Extraction from 1.0 M NaCl0,/0.001 M HCIO, into Cymim ' TEN”
solutions containing HTTA. (B) Extraction from 1.0 M (H,Na)CIO,4
into 0.50 M HTTA in Cymim'TEN".
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demonstrate that the organic phase lanthanide ions are present as Ln(TTA),".
Specifically, comparison of the UV-visible spectrum of a 1:3 Nd-TTA complex
in o-xylene, the Nd-TTA complex extracted into Cymin"TE;N", and the 1:4 Nd-
TTA complex formed when Nd is extracted into a solution of Aliquat 336 in o-
xylene shows that the latter two spectra strongly resemble one another, both in
terms of peak position and relative intensities, thus suggesting 1:4 complex
extraction in the IL system. The observed absorbance is slightly lower in the IL
system, raising the possibility that some of the Nd is present as another, less
strongly absorbing complex. Fluorescence measurements, however, indicate the
presence of only a single species in the Eu-HTTA-IL system. Curiously, these
measurements show that this species (i.e., the extracted complex) contains no
coordinated water, despite the presence of significant concentrations of water in
the IL phase. The absence of coordinated water is, however, consistent with the
fully dehydrated 1:4 complexes observed in the solid state.

To gain additional insight into the structure of the extracted complex in the
ionic liquid, EXAFS studies were performed, in this case, employing as a
standard solid 1,4-dimethylpyridinium tetratris(thenoyltrifluoroacetonate)
europate (III), whose crystal structure is known (49) to contain 8-coordinate
Eu(TTA)s. The results for the extracted metal complex are consistent with
Eu(TTA),, both in terms of coordination number and bond distances. Taken
together with the results of the partitioning, UV-visible, and fluorescence
measurements, the EXAFS data clearly demonstrate that in the IL system,
europium partitioning involves extraction of the anionic 1:4 complex. Since
additional extraction studies have ruled out the possibility of extraction of either
Na" and H;O", this partitioning must involve anion-exchange, whereby
Eu(TTA), is exchanged for the anionic constituent of the IL, here Tf;N".

Influence of IL Cation Hydrophobicity on the Mechanism of Ion Transfer

In each of three quite different chemical systems (Sr**/DCH18C6,
UO,*/CMPO-TBP, and Eu’*/HTTA), the ionic liquid, in contrast to
conventional diluents, plays an active role in the extraction process, with
exchange of either the cationic or anionic constituent of the IL representing the
preferred mode of metal ion transfer. Although this is interesting from the
perspective of fundamental chemistry, from a practical point of view, it is a
troubling observation, as its implications for the “greenness” of ILs are not
positive. Recent work in this laboratory, however, offers reason for hope (50).

As noted above in the discussion of the extraction of strontium by
DCH18Cé6 in various N,N’-dialkylimidazolium bis[(trifluoromethyl)sulfonyl]
imides, a mechanism involving exchange of the cationic metal-CE complex for
the cationic constituent of the ionic liquid requires that as the hydrophobicity of
the IL cation is increased, cation exchange should become increasingly difficult,
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and that this increased difficulty should be reflected in a decrease in Dg, values
under a given set of conditions. This is, in fact, observed (Figure 2). This raises
a question: Can the IL cation be rendered so hydrophobic that ion exchange is
no longer a viable pathway for strontium partitioning, thus favoring extraction of
a strontium nitrato-crown complex, as is observed in conventional solvent
systems? To explore this possibility, we have recently employed a combination
of extraction, chromatographic, and EXAFS measurements to gain some insight
into the influence of IL cation hydrophobicity on the partitioning process.

Table 1 summarizes the results of radiometric and ion chromatographic
measurements of the partitioning of strontium and nitrate ions between water
and a series of C,mim"Tf,N" ionic liquids in the presence of DCH18C6. For the
n-pentyl compound, the amount of NOs™ extracted is far less than the amount of
Sr** extracted, and is thus, not sufficient to produce a neutral strontium nitrato-
crown ether complex. As the alkyl chain is lengthened, however, nitrate co-
extraction becomes increasingly - significant, suggesting a shift from ion
exchange to extraction of the neutral complex. For n = 10, in fact, the amount of
nitrate extracted is exactly that required if partitioning occurred solely by
extraction of the neutral complex.

Additional evidence of a shift in the mode of partitioning is presented in
Figure 4, which compares the dependency of Ds, on nitric acid concentration for
solutions of DCH18C6 in 1-octanol, Csmim'Tf;N", and its C;o analog. For
Csmim'TH,N, increasing acidity is accompanied by a decrease in strontium
extraction, which as has been noted previously for C;min"Tf,N’, is inconsistent
with strontium nitrato-crown ether complex partitioning. In contrast, for the Cyo
IL, increasing aqueous acidity (hence, nitrate concentration) yields an increase
in Dg,. This implies that, just as is the case for 1-octanol, the mechanism of
strontium ion partitioning into C,omim'Tf;N", must involve extraction of the
neutral strontium nitrato-crown ether complex. Thus, just as relatively minor
alterations in the structure of the cation or anion comprising an IL can lead to
significant changes in the physicochemical properties of the IL, so too can such
alterations have a significant (and in this case, beneficial) impact on the
mechanism of ion transfer into these solvents.

Conclusions

In contrast to many conventional solvents, ionic liquids frequently play an
active role in the process of metal ion partitioning, with exchange of a metal
complex for either the cationic or anionic constituent of the ionic liquid
representing an important mode of ion transfer. Although this has obvious
negative implications for the "greenness" of these solvents, this problem can, in
certain instances, be reduced in significance simply by raising the molecular
weight of the cationic portion of the IL. An analogous approach could
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Table 1. Strontium® and nitrate” ion partitioning between water® and solutions of
DCH18C6" in C,mim'Tf;N"

Organic phase Y%Es, %Eno3- Partitioning mode
observed  expected’ indicated
Csmim' TN 9.5 9+7 16" 96.5 cation exchange
Cemim'TH,N 826 16.1+08 826 cation exchange
Csmim ' TEHN 390 209+1.0 39.0 mixed
Comim THN 202 20.0+1.0 202 extraction of neutral
complex

* Determined radiometrically.

® Determined by ion chromatography, unless otherwise noted.

¢ Containing 0.0310 M Sr(NO;),.

4 0.202 M in the indicated ionic liquid.

¢ Assuming extraction of the neutral strontium nitrato-crown ether complex. For
partitioning via cation exchange, no nitrate co-extraction (%Eno3.=0) is
expected.

f As reported in reference 21.

& Determined by N-15 NMR.
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1-octanol

10" 10
[HNO,], M

Figure 4. Nitric acid dependency of Ds, for DCH18C6 in 1-octanol (0.25 M),
Csmim" Tf,N" (0.1 M), and Cipmim*THN" (0.1 M). (T =23 °C).
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undoubtedly be used to suppress anion exchange in these solvents as well, and
work is underway in our laboratory to demonstrate this. Although increasing the
hydrophobicity of the IL cation (from Csmim* to C,omim") does markedly
reduce the efficiency of metal ion extraction, the C,;mim" IL nonetheless yields
greater extraction than the preferred conventional solvent, 1-OAlc, over a wide
range of nitric acid concentrations, a likely result of the unique solvation
environment provided by the ionic liquid. Taken together, these results offer
renewed hope that improved, environmentally benign metal ion separation
systems employing ionic liquids can be devised.
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Chapter 2

Potentialities of Room Temperature Ionic Liquids
for the Nuclear Fuel Cycle: Electrodeposition and
Extraction
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The potentialities of hydrophobic ionic liquids BumimPFs and
BumimT;N for their use in the nuclear fuel cycle were
investigated, in particular for the electrodeposition and the
liquid liquid extraction. The importance of water and
impurities on the electrochemical behaviour of the RTILs was
pointed out. We also demonstrated that the use of RTILs in
replacement of the organic diluent for actinides partitioning is
promising and we present a few examples of task-specific
ionic liquids synthesis.
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The introduction of room temperature ionic liquids (RTILs) in the nuclear
fuel cycle can be envisioned through different approaches. In this respect, the
RTILs’ stability under alpha and gamma irradiation (/) and the enhanced safety
they provide towards criticality (2) are additional interesting “green” properties
of this new class of solvents. In a rather classical way, RTILs can just be
considered as alternative solvents (3), in replacement of the highly toxic and
flammable kerosene mixtures that are in use nowadays (4). In such a
perspective, not all the potentials of RTILs are considered. Actually,
hydrophobic RTIL's can be envisioned in biphasic systems (i.e. liquid liquid
extraction) in replacement of the organic phase and can give access to unusual
oxidation states (3). Direct metal electrodeposition from RTIL solutions appears
to be also an interesting route towards the separation/purification of nuclear
wastes (6, 7), since several recent electrochemical investigations have shown
that some RTILs present a good ionic conductivity and a wide electrochemical
window as compared to water or classical organic solvents (8). Thus, in the
absence of water, direct metal electrodeposition can be foreseen. Finally,
another very promising objective is the use of functionalized RTILs, which
would behave both as the organic phase and as the extracting agent, simply
suppressing the problems encountered with extractant/solvent miscibility and the
recovery of both the extracting species and the solvent. This last concept has
already been the subject of some studies (9, /0). Whatever the way RTILs are
used in the nuclear fuel cycle, the question of the behaviour of water in those
liquids is a key point for a deeper understanding of solvation effects, solute-
solvent and solvent-solvent interactions.

Therefore, we present our first insights into the potential of RTILs in the
nuclear fuel cycle, following the major routes summarized above. First, an
electrochemical study has been performed to exhibit the influence of impurities
and water in two hydrophobic ionic liquids (1-methyl-3-butylimidazolium
hexafluorophosphate-BumimPF; and 1-methyl-3-butylimidazolium
bis(triflyl)imide-BumimTf;N in order to obtain information on their general
organization, especially in terms of dissociation, solvation and ion migration.
Second, extraction of uranium from an acidic aqueous phase toward a mixture of
BumimPFs + 30% TBP has been performed. Finally, our first attempts to
synthesize new functionalized RTILs are presented in the last section. The
extracting abilities of these new liquids for americium are currently under
investigation.

Materials and Methods

The synthesis of BumimPFg has been previously reported (5). The synthesis
of BumimT£,N is derived from this procedure and is classically as described:
200g of LiTE;N is dissolved in 300 mL of water, 110 g of BumimCl is dissolved
in 150 mL of water and the two parts are mixed under stirring at 70°C for 16
hours. Two phases are obtained and the upper one (aqueous phase) is decanted.
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The bottom phase (BumimTf,;N) is washed several times with deionized water
(10x350 mL). Typical yields of 80% are obtained.

Purification of the RTILs has been achieved (unless specified) as already
described (5). The purification step allows lowering the water amount as
compared to a water-saturated liquid stored under ambient air for several days.
Nevertheless, although possible (71), no further drying of the RTIL was made,
since we focused this study on liquid liquid extraction application. The so-called
“purified water saturated” RTIL is obtained by stirring equivalent volume of
deionized water and purified RTIL for 24 hours. The upper aqueous phase is
then decanted. The water amount is determined by the Karl Fischer technique
using standard procedures. The apparatus is composed of a Metrohm 703TI
Stand titrator and a Metrohm 756KF coulometer.

Electrochemical measurements were carried out using an EGG/ PAR
potentiostat-galvanostat (model 263A). The cell was a glass mini cell from EGG
containing 4 mL of sol vent equipped with EGG adapted electrodes. The working
electrode was a Pt disc of 2 mm diameter and the counter electrode was a Pt
wire. The ohmic resistance has been measured at a potential value where no
redox processes occur following the classical procedure proposed by the M263A
potentiostat, and positive feedback iR compensation was employed to minimise
solution resistance. Each R value is an average of 12 experiments. In order to
avoid any contribution of the semipermeable membrane of the reference
electrode, a pseudo reference (Pt wire) directly immersed in the bulk solution
was used. All measurements were carried out at 25°C. No particular controlled
atmosphere was invol ved.

The solutions for the uranyl extraction experiments were prepared with
reagent grade chemicals and deionised water. A standard 3 M HNO; aqueous
solution of **U (certified specific activity of 2*U equal to 40 kBq/g, CERCA,
France) was used as the parent solution and for all further dilutions and
preparations. A solution of TBP in BumimPFs (30 % volume/volume) has been
used as the organic phase. Extraction was performed by mixing 1 mL of the
RTIL phase and 1 mL of the aqueous phase followed by vortexing (25 Hz, 5
min) and centrifugation (5000 rpm) to equilibrate the phases. The phases were
separated and transferred into shell vials from which weighted uranyl aliquots of
both phases were removed for radiometric analysis, following deposition onto
stainless steel discs and evaporation to make alpha targets. The 2°U activity has
been measured by use of an ionization chamber (Numelec NU14B) coupled to a
preamplifier, an amplifier and a multichannel analyser, taking into account back-
scattering and self-absorption. At equilibrium, the distribution of uranium
between the two phases (IL/water) is expressed in terms of a distribution
coefficient Dy. It is defined as the ratio between the concentration of the
extracted uranium and its concentration in the aqueous solution. Because equal
volumes of both phases were chosen for analysis, the distribution ratio for the
metal was determined as the activity ratio (IL/water).
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Electrochemical Study: Results and Discussion

Table I displays the water amount of the RTILs batches used in this work,
together with the ohmic resistance. The values obtained for the water content are
in agreement with the general trend indicating that BumimTf,N is more
hydrophobic than BumimPF due to the effect of the counter anion (SO,CF;),N
which is not particularly able to involve hydrogen bonds with water. As can be
seen, the purification procedure decreases the \&ter amount roughly by a factor
3. However, these values also stress the high amount of water present in this
ionic liquid family, even after purification. This is not negligible in terms of the
physicochemical properties, and more precisely on the solvation effects.
Moreover, this also indicates that the amount of water has to be well established
before running experiments in order to obtain reliable and comparable values.
Seddon et al. have shown recently (72) that water modifies dramatically the
RTILs’ properties and that depending on the water amount, a salt-rich region and
a water-rich region have to be distinguished. Our samples are undoubtedly in the
salt-rich region.

Table I. Ohmic drop potentiostatically measured at 25°C
Water Amount
R /Ohm

lonic Liquid Jopm
BumimPF; non purified 20 000 700
purified 5900 950
purified, water saturated 21 600 500
BumimT£;N non purified 13 000 400
purified 1 800 470
purified, water saturated 14 000 300

R + 8% ; water amount + 5 %

From our results, three major findings can be derived: (i) in all cases, the
resistance values are high as compared to classical high temperature molten salts
that are usually in the range of a few mQ. (ii) The resistance values are in the
range corresponding to classical molecular solvents (such as water and organic
solvents) containing supporting electrolytes under usual electrochemical
conditions. (iii) When the ionic liquid is purified and dried, the ohmic resistance
increases dramatically, and the value is no more compatible with the general
molten salts sense, which are considered to be composed solely of dissociated
ions.

This leads to reconsider the structure of ionic liquids in their liquid form and
their solvation action. For the purified batches, the high ohmic resistance values
are characteristic of a poorly dissociated liquid and of a high global structure
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organisation. Moreover, it is now well-known that the Bumim" cation is capable
of hydrogen bonding (73) through the atom in position 2 (Figure 1) that will
reinforce this organisation as compared to cations with a substituted position.
Thus, it is suggested that an important ion pair formation occurs in the liquid
between the cationic skeleton and the counter ion. This hampers the current
circulation through ion migration. The decrease in the ohmic resistance for the
water-saturated batches indicates that electromigration is strongly favoured by
the presence of impurities and water molecules. Water molecules certainly play a
role in the process by insertion in the ionic liquid lattice. This causes distortion
of the organisation and favours ion dissociation. This is also emphasised by the
fact that when interactions in the solvent are less pronounced (BumimTf;N), the
ohmic drop is less. These trends clearly indicate that hydrophobic ionic liquids
composed of dialkylimidazolium cations exhibit a high local organisation when
dried and purified which finally lowers their electrochemical properties. This has
to be taken into account when preparative (instead of analytical)
electrochemistry is involved because high current intensity will therefore result
in high cell voltage and important chmic drop.

A
R

Figure 1. Bumim" cation.

Uranium Extraction with TBP/BumimPF¢ Mixtures

Our aim is to investigate the potential of hydrophobic BumimPFg in
biphasic systems for uranyl (UO,?") extraction from acidic water. In order to
make comparisons, we used conditions as similar as possible as those in use in
the PUREX process (Plutonium, URanium EXtraction).

It is well-known (14) that hard metal cations are preferentially solvated by
water molecules, so that they remain in the aqueous phase and require in
consequence the addition of an extractant to enhance their affinity for the non-
polar extracting phase. In the PUREX process, TBP (tri-n-butyl phosphate) is
used as the uranyl extracting agent and is incorporated at 30 % (in volume) in n-
dodecane (15). Indeed, TBP does not dissolve entirely and undiluted TBP does
not generally behave very well in contactors. Therefore, TBP is almost always
used in conjunction with a diluent, usually consisting of hydrocarbons, which are
essentially inert in a metal extraction context. Under these conditions the diluent
serves two main purposes: i) it reduces the extracting power of undiluted TBP,
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which would often be a too powerful extractant that will cause difficulties to
strip the metal back into the aqueous phase. ii) It improves the physical
properties of the organic mixture, shifting the density and the viscosity towards
those of the diluent itself. As a rule, 20% to 30 % (in volume) of TBP in a
hydrocarbon diluent provide a solvent of suitable strength. We extended the
possibilities of IL-based separations to actinides by incorporating TBP as the
extractant in the same conditions: TBP was dissolved in BumimPF and the
extraction of U(VI) from nitric aqueous solutions examined. Although it is
indicated in the literature that biphasic systems containing PFs anions may
become monophasic at high HNO, concentrations (7/8), this has not been
observed under our experimental conditions.

Figure 2 displays the amount of extracted uranyl in the BumimPF phase as
a function of the uranyl concentration in the aqueous phase.
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Figure 2. Extraction isotherm of U0, in water/HNO; 3 M
by TBP (30 % V/V) in BumimPFs.

As the uranyl concentration in solution is very low (trace level), the distribution
coefficient reaches a constant value Dyjmi. From the slope of the curve
displayed in Figure 2, Dy mi can be estimated at 11 + 3. The overall efficiency
of 30 % TBP in BumimPF; is lower than that of 30% TBP in dodecane but this
had to be expected because it is known that sometimes the diluent can play a role
in the extraction process. In general, varying the diluent does not result in a great
deal of control over distribution ratios or separation factors but there are
exceptions to this rule. For example, it occurs when the TBP stoechiometry in
the extractable species varies or for ionic salts like uranyl nitrate. Several authors
have collected distribution data for TBP extraction of various metal salts (70).
These data clearly demonstrate that diluents can be conveniently classified into
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two broad classes —~ polar and non polar. For an ionic salt, as is the case for
uranyl nitrate, the distribution ratio is about the same with all non polar diluents
although it slightly increases following the diluent order: aromatic < aliphatic <
halogenoalkane. By contrast, for polar diluents, a decrease in the extracting
capacity of a factor of 2 to 20 as compared to the case with non polar diluent is
observed (16) and the order is alcohol < chloroform < dichloroethane. It was
shown that RTILs and especially BumimPFs have polar properties similar to
those of polar aprotic solvents or short chain alcohols (77). Therefore, a low
value of the Dyjmy has to be expected and is experimentally confirmed. The
values of D, i as a function of the HNO; concentration in the aqueous phase
are displayed in Figure 3.

14

Distribution ratio D, ;.
[ -]
——t
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b
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Figure 3. Distribution ratios for UO,** with 30 % TBP-BumimPFy as a function
of HNO; concentration in the aqueous phase.[U(VI)] iniia = 10  mol L.

All the distribution ratios shown in Figure 3 are at least one order of
magnitude lower in BumimPF; as compared to similar extracting conditions in
dodecane (18). However, the usual effect of an increase of the acid concentration
onto the Dyymy values could be observed and showed the characteristic
behaviour of a neutral extractant. Indeed, increasing the acid concentration leads
to an increase in the Dy, values (due to increased amounts of the extractible
UO,(NO»), species in the aqueous phase), followed by a decrease in the Dy jimit
values (due to the formation of the TBP-HNO; adduct). This behaviour has
already been observed in a similar study devoted to the extraction of Sr** with
RTILs (19).

An important consideration lies in the fact that these values of distribution
ratios were obtained with TBP 30 % v/v in BumimPF, in an aim of comparison
with actual processes. However, for further development and a renew in such
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processes, the concentration of TBP in BumimPF; could be increased. In these
conditions higher values of the uranium distribution coefficient could be
expected.

Functionalized Ionic Compounds: New agents for Liquid-
Liquid Extraction

Owing to their immiscibility to numerous solvents such as water, diethyl
ether, alkanes and supercritical CO,, room-temperature ionic liquids (RTILs) are
suitable solvents for liquid/liquid separation processes (/9-21). The usefulness of
RTILs for the extraction of simple organic compounds such as naphthalene has
already been reported (20, 22, 23). However, the partitioning of metallic species
is largely limited by the low complexation properties of the hydrophobic ionic
liquids: in general, hydrophobic RTILs are non-coordinating, and the highly
hydrated metal ions remain in the aqueous phase (70). Several attempts have
been made to enhance the affinity of metal ions towards the IL phase. For
example, the addition of organic coordinating compounds increases significantly
the distribution ratios of metal ions between the ionic liquid and the aqueous
phase (19, 24, 25).

Partitioning of metal ions can also be achieved by grafting complexing
moieties on the organic cation of the IL. ILs bearing urea, thiourea and thioether
(10) or ethyleneglycol groups (26, 27) enhance the partitioning of various metal
ions to the IL phase from water. This approach may also minimize leaching of
the extracting ionic compound to the aqueous phase. Furthermore, various
functions can be grafted on the RTIL giving rise to task-specific ionic liquids
(TSILs) which allow a selective separation of targeted metal ions.

Actinides also exhibit significant partitioning towards IL phases from
aqueous solutions with the addition of an extractant. Functional RTILs can
therefore be considered as new media for f-element chemistry (28). We focused
on the synthesis of functionalized ionic liquids for the partitioning of actinides
and lanthanides.

Here, we describe the synthesis of ionic compounds bearing different types
of metal complexing groups, in particular malonamides, B-diketones and 2-
hydroxy-benzylamine entities. These coordinating groups have widely been
investigated for the complexation of various metallic species. They should
increase the affinity of metals to the IL phase and give rise to suitable media for
the liquid-liquid extraction of metals.

Ionic Compounds Bearing Malonamide Entities

Malonamides are efficient metal complexing compounds which can be used
for the separation of actinides (29, 30). The synthesis of ionic compounds
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containing malonamide groups started from the malonic acid esters 1a,b (31)
(Figure 4). The general three step synthesis of the bis-imidazolium
hexafluorophosphates or  bis-(triflucoromethanesulfonyl)imides from the
dicarboxylic acid esters 1a,b is represented in Figure 5.

CigHar
1a 1b

Figure 4. Structures of the malonic esters 1a,b
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Figure 5. Synthesis of the functionalized ionic liquids 4a-e.
Aminolysis of the diesters 1a,b with N-(3-Aminopropyl)imidazole gave the
corresponding malonamides 2a,b with terminal imidazole groups. The bis-

amides 2a,b were alkylated either with iodomethane or 1-bromohexane
affording the corresponding water soluble bis-imidazolium halogenides 3a-d.
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Finally, anion exchange with either potassium hexafluorophosphate or N-
lithio-bis-trifluoromethanesulfonimide gave the bis-imidazolium salts 4a-e in
global yields of 85-90%. Table II gives a survey of the various functional ionic
liquids prepared by this general synthetic route.

Table II. Composition and structure of the ionic liquids 4a-¢
2@

, solubility Melting
Product Y R AnionX H,0 CH,Cl, point /°C
4a ‘CH:' —CH; PFG- + + <r.dt.
4b -CH,- -CH; NTf; - - <rt
4c 'CHr -CeHis PF, 6 - + <r.t
4d -CH(C;sH;;)- -CH, PF¢ - - 106
4e -CH(C|3H37)- -CeHis PF¢ - + 56

The properties (solubility, cristallinity) of the bis-imidazolium malonamides
4a-e are highly dependent both of the structure of the organic cation and the
nature of the counterion. The methylated hexafluorophosphate 4a is well soluble
in water and in numerous polar organic solvents such as alcohols and
acetonitrile. In consequence, the anion exchange is difficult to perform, and even
after repeated precipitation of potassium iodide in acetonitrile, 4a contained
considerable amounts of the halogenide. We therefore investigated different
ways to increase the hydrophobicity of the ionic compounds in order to
synthesize water-immiscible compounds.

The hydrophobicity of the ionic compounds can be increased by a judicious
choice of the anion. By replacing the hexafluorophosphate with the less polar
bis-trifluoromethanesulfonimide cation, the methylated bis-imidazolium
malonamide 4b becomes water immiscible. However, the compound is also
immiscible to numerous organic solvents such as CH,Cl,.

Hydrophobicity of ionic compounds can also be achieved by grafting
hydrophobic alkyl chains on the organic cation. We prepared imidazolium-bis-
malonamides bearing alkyl chains on two distinct positions: i) on the terminal
imidazole unit and ii) on the central carbon (C;) on the malonamide unit.

The product 4¢ with two terminal hexyl groups is immiscible in water but
soluble in dichloromethane. In consequence, the anion exchange affording 4c
can easily be performed in a biphasic water-CH,Cl, system and leads to a
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halogen-free product. The hydrophobicity of 4¢ is clearly related to the influence
of the terminal hexyl chains, and the processing of this product is considerably
simplified.

Alkyl substitution on the central carbon of the malonate unit by C;s chains
also influences the miscibility properties of the ionic compounds. The
hydrophobicity is increased and results the formation of the water-insoluble
products 4d and 4e. Solubility in CH,Cl, was achieved in the case of the
hexylated compound 4e, whereas the methylated product 4d is immiscible in
chlorinated sol vents.

Alkylation on the central carbon (C,) on the malonamide unit increases the
hydrophobicity of the ionic compounds 4d-4e, but do not enhance their
solubility in organic solvents. Similar results were obtained for ionic compounds
substituted with central octyl chains. It has to be pointed out that alkylation on
the central carbon (C;) on the rhalonamide unit also influences the phase .
behaviour of the ionic compounds: 4d and de are crystalline products with
melting points of 106°C and 56°C, respectively.

In conclusion, the miscibility and phase transition behaviour of the ionic
compounds 4a-4e is strongly influenced both by the anion and substitution of the
functionalized bis-imidazolium cation. The use of non-coordinating anions
(NTfy) and substitution of the organic cation with long alkyl chains increase the
hydrophobicity. The position of the alkyl chain on the organic cation has
considerable importance on the properties of the compounds. Substitution with
terminal alkyl groups shows great influence on the solubility of the compounds:
the hexylated compounds are generally well soluble in CH,Cl,. The substitution
on the central carbon C, of the malonamide unit rather influences the phase
behaviour, in particular the cristallinity of the compounds.

1-(N-alkylpyridin-3-yl)butane-1,3-dione hexafluorophosphates

The preparation of ionic compounds based on the 1-(N-alkylpyridin-3-
yl)butane-1,3-dione-entity was accomplished in a multi-step synthesis starting
from nicotinic acid methyl ester (Figure 6). Claisen condensation with acetone in
basic medium afforded the 1-(N-alkyl-3-pyridyl)butane-1,3-dione, which was
alkylated using iodomethane or bromohexane resulting in the formation of the
halogenides 6a/b. Anion exchange finally gave the corresponding
hexafluorophosphates 7a/b.

Both products present similar physical properties in terms of cristallinity and
solubility. 7a and b are crystalline compounds with melting points of 139-140°C
and 72-73°C, respectively. Both products show considerable solubility in
aqueous media and can be purified by recrystallisation from water. The 1-(N-
alkylpyridin-3-yl)butane-1,3-dione hexafluorophosphates are light sensitive and
should be stored and handled in a dark room.
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Figure 6. Synthesis of the pyridinium-f-diketone salts 7a/b.

Ionic Liquids Bearing 2-Hydroxy Benzylamine Entities

2-Hydroxy benzylamines represent another class of efficient metal
complexing compounds (30). These groups have been grafted on IL structures
by a three step synthesis starting from salicylaldehyde and 3-
aminopropylimidazole (Figure 7). The formed imine was first alkylated using
bromobutane, and the resulting ionic imine was finally reduced with sodium
borohydride. The water soluble bromide 9 was finally transformed into the
hexafluorophosphate with KPFs. The water immiscible imidazolium
hexafluorophosphate 10 was isolated as a highly viscous orange oil.

In conclusion, we synthesized three new types of ionic compounds with
various complexing groups: malonamides, B-diketones and 2-hydroxy-
benzylamines. The products are generally highly viscous oils or crystalline solids
with melting points up to ~100°C. All compounds show excellent solubility in
hydrophobic ionic liquids such as BumimPFs. The use of these materials in
liquid-liquid extraction is in progress.
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Figure 7. Synthesis of the imidazolium-hydroxybenzylamine salt 10.
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The favorable properties of Ionic Liquids (ILs) containing
organic cations, such as low melting points, lack of vapor
pressure, wide liquidus ranges, and tunable physical
properties, make this class of liquids particularly interesting
to study as potential replacements for traditional volatile
organic solvents (VOCs). While nuclear separations are
mostly done using non-volatile organic phases such as octanol
or dodecane, the potential to use ILs as alternatives is
appealing because of the unique solvent environments and
solvation properties that are presented for coordination and
extraction mechanism studies. Here, we show results that
illustrate the application of ILs to fundamental problems
surrounding nuclear separations and waste remediation.
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Introduction

The nuclear legacy. The development of nuclear energy in the United States
over the past 60 years has left nuclear facilities with stockpiles of high- and
low-level nuclear waste approaching tens of millions of gallons. At many
legacy sites, primarily those involved in defense-related activities (i.e.,
processing of irradiated fuel for recovery or uranium and plutonium), the aging
and corrosion of immense tanks that store these wastes, as well as the severe
environmental threat that wastes pose, has led to an increasing emphasis on
nuclear waste remediation via volume reduction (by removing the most
hazardous nuclides) and/or long-term disposal (i.e., storage). Remediation of
these wastes involves a fundamental understanding of the origin of the waste
(i.e., the type of processing that generated the waste) as well as the type of
radioactive components present in the liquids (supernatant) and solids (sludge,
salt cakes) that comprise the waste. Nearly all tank wastes are basic in nature
due to post-reprocessing neutralization of the acid used in most extraction
schemes (i.e., nitric acid in the PUREX process) to reduce steel tank corrosion.
Additionally, most high-level nuclear wastes contain intensely radioactive
fission products such as '*’Cs and *°Sr, as well as long-lived actinides including
25U and *’Pu. Reducing the volume of high-level waste to yield low-level
waste involves removing these dangerously radioactive components and
requires a basic understanding of the chemistry associated with fission product
and actinide elements (/).

/\/\/\/\"\/‘L j/

oYy

Figure 1. CMPO

The chemical complexity of actinides, evident in the variety of oxidation
states possible, makes separations inherently difficult.  Traditionally,
separations schemes for actinide elements typically involved the use of
dodecane, odorless kerosene, or select chlorinated solvents as an extracting
phase, resulting in the thorough study and characterization of these solvent
systems. In the PUREX process, n-tributyl phosphate (TBP) is used as an
extractant for the removal of uranium and plutonium from irradiated fuel
dissolved in nitric acid. The development of more specialized extractants, such
as  octyl(phenyl)-N, N-diisobutylcarbomylmethylphosphine oxide (CMPO,
Figure 1), has further advanced the area of selective extraction. CMPO is used
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in combination with TBP in the TRUEX process for the partitioning of tri-,
tetra-, and hexavalent actinides from nitric acid media into organic solvents.
Despite many advances, the need for further progress in the area of actinide
separations chemistry is needed due to the magnitude of the nuclear waste
problem (2).

Tonic Liquids (ILs). ILs are, simply put, organic salts that melt at, or near,
room temperature. They have been widely investigated recently as solvents for
synthetic and catalytic chemical and biochemical processes, as liquid
electrolytes for electrochemistry, and as solvent phases for separations
processes (3) and a large variety of examples are known. The versatile nature
and unique solvent properties which include wide liquidus temperature range,
high thermal stability, electrical conductivity and tunable physical properties
based on suitable alterations of either the cationic or anionic component(s) of
ILs provide the basis for their interest. ILs are composed of an organic cation,
typically imidazolium-, pyridinium-, ammonium-, or phosphonium-based, and
organic or inorganic anions; the most widely studied cations for forming ILs
are 1-alkyl-3-methylimidazoliums (Figure 2).

Figure 2. Structure of the I1-butyl-3-methylimidazolium ([C,mim]") cation,
representative of many ionic liquids. From the crystal structure of
[Cimim]CI (4).

Recently, ILs have been investigated in liquid-liquid separations
applications (5). While ILs are currently specialized chemicals, and are
relatively expensive to purchase or synthesize, especially compared to
conventional commodity solvents, they do offer several advantages in
separations systems. First, ILs have in general, no measurable vapor pressure
and are not flammable. These are significant characteristics with regard to
reduction of chemical and environmental hazards associated with exposure and
the increasing regulation or restriction of volatile organic compounds (VOCs),
particularly in industry. Second, in liquid form, ILs are composed completely
of cations and anions, fully ionized and dissociated, and loosely arranged in the
liquid state in a cation-anion-cation array in the liquid phase with no
long-range ordering. These features make them unique systems for studying
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the coordination chemistry and extraction mechanisms of metal ions,
particularly actinides (6).

In light of their extraordinary chemical and physical properties, we are
studying ILs as alternative solvent media for actinide and fission product
separations. While many traditional solvents are efficient and
well-characterized media for such studies, ILs offer the potential to alleviate the
hazards associated with many VOCs as well as provide unique coordination
environments not observed in many molecular solvents. In addition, radiolytic
studies with some imidazolium-based ILs have shown that they possess
comparable or superior stability when compared to traditional organic
solvents(7). At The University of Alabama, we are focusing on core actinide
and fission product research in an effort to assess the degree to which novel
chemistry in nuclear separations can be assisted by, or done uniquely with, ILs.
The main thrust of our research, the highlights of which are presented here,
includes utilizing ILs as extraction solvents combined with traditional
extractants, with a focus on elucidating the joint roles of solvent extraction and
ion exchange mechanisms, applications of Task-Specific Ionic Liquids (TSILSs)
in which extractant functionality is incorporated into either the cationic or
anionic components of the IL forming salt, and novel IL/aqueous biphasic
systems.

Traditional Extractants in Ionic Liquids

Methods. Using ILs as direct replacements for organic solvents in
organic/aqueous liquid-liquid biphasic systems is currently limited to
hydrophobic ILs that form biphasic systems when contacted with aqueous
solutions. These ILs usually contain perfluorinated anions such as in
[Cymim][PFg] or [C,mim][(CF3SO,),N] ILs, where [C,mim]" is the common
1-alkyl-3-methylimidazolium cation (but can also include pyridinium,
ammonium, and phosphonium salts). Fundamental studies of hydrophobic ILs
typically involve [PF] ILs as a standard, but its implementation in practical
separations schemes is hindered by its susceptibility to hydrolysis and the
formation of HF (8). As a result, the focus for hydrophobic ILs has recently
largely shifted to the bis(trifluoromethanesulfonyl)imide anion, [(CF3SO,),NJ
(Figure 3) that offers much more stability to hydrolysis and acidic conditions
but is much more expensive. A later section will center on the use of more
environmentally friendly cations that form the basis of hydrophilic ILs in novel
IL-based aqueous biphasic systems.

We have investigated the use of hydrophobic ILs in IL/aqueous biphasic
separations systems for the uptake of both actinides and fission products from
acidic media using traditional extractants, with a principle focus on radiotracer
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studies to determine distribution behavior under infinite dilution conditions, as
a function of extractant, acid, or salt concentrations in the systems.
Liquid-liquid samples containing equal volumes of the extractant-containing IL
and salt or acid solution (varying between 10> M and 10' M) are contacted and
spiked with a desired activity of a given radiotracer. Partitioning of actinides
(mTh, B3y, B%py, and 2'“Am) and fission products (mCs, 83r, ®Tc, and 125 1)
have been investigated. Partitioning of radiotracers between the two phases is
analyzed either by gamma counting or scintillation counting (for alpha and beta
emitters) and distribution ratios for a given radiotracer due to partitioning by
the extractant can be calculated.

Figure 3. Both hexafluorophosphate (left) and
bis(trifluoromethanesulfonyl)imide anions (right) are highly perfluorinated and
yield hydrophobic ILs. [PFg]  is octahedral and charge diffuse whereas the
charge carrying (S-N-S) core of [(CF3;50,),N]" is protected by trifluoromethyl
and S=0 groups.

Analysis of distribution data from both nitric acid dependency and ligand
dependency experiments allows for the elucidation of the nature of the
extraction mechanism. Solvent extraction mechanisms involve the formation
of adducts where metal cations bind with the extractant, along with certain
anions to maintain charge neutrality, and are collectively transferred to the
diluent phase as a neutral species. Ion exchange, on the other hand, is
dependent upon the mutual exchange of cationic or anionic components
between the phases to facilitate the transfer of a desired charged complex and
maintain electroneutrality of each phase. Details surrounding the extraction
mechanisms in the following sections will be discussed where appropriate and
where supportive data is available (9).

CMPO. Octyl(phenyl)-N, N-diisobutylcarbomylmethylphosphine  oxide
(CMPO) is an effective extractant for tri-, tetra-, and hexavalent actinides from
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nitric acid media and has seen large-scale implementation in the TRUEX
process with TBP as a phase modifier. The extraction of all actinides increases
with increasing nitric acid concentration, with distribution ratios increasing in
the order Pu(IV)>U(VI)>Am(III). Typical flowsheet studies use 0.2M CMPO
along with 1.2M TBP in a dodecane solvent. Selective stripping is feasible at
low acid concentration and with suitable choice of additional stripping agents.

We have studied the effect of actinide partitioning by substituting dodecane
with hydrophobic ILs such as [Cymim][PF¢]. Due to the limited solubility of
CMPO in our ILs, studies were performed at concentrations of 0.1M CMPO
and 1M TBP in the IL as well as in dodecane while varying nitric acid
concentration. The maximum nitric acid concentration was limited to about
IM HNO; due to acid-induced hydrolysis of the anion. Figure 4 shows the
distribution ratios of Am(III), Th(IV), U(VI), and Pu(VI) in the IL-based
systems as compared to dodecane. While comparisons to previous studies are
limited by CMPO solubility, it is clear that the distribution ratios at 0.1M
CMPO extractant exceed those observed in dodecane by nearly an order of
magnitude over the studied range. In all cases, addition of TBP as a phase
modifier enhanced the extraction and gave higher distribution ratios. The
distribution ratios for each species increase over the range of 10%-10°M HNO;
(range limited due to hydrolysis of PF) with distribution ratios for 2*UQ,** -
being greater than 10° at the highest acid concentration (with 0.1M CMPO and
IM TBP). Stripping conditions have yet to be determined in the ILs and it
appears that the high distribution ratios may hinder efficient removal of the
actinides from the IL phase.
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Figure 4. Distribution ratios for Am**(A), UO,**(e), Th**(w), and Pu**(e)
ions in [Cymim] [PF]/aqueous systems with CMPO as an extractant. Solid
lines represent 0.1M CMPO/IM TBP/IL, dashed lines represent 0.1M
CMPOV/IL, and dotted lines represent 0.IM CMPO/IM TBP/dodecane.

Preliminary studies using the more acid stable [C,mim]{(CF3SO,),N] ILs
show the same trend as observed in [PF¢] ILs with the distribution ratios for
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tri-, tetra-, and hexavalent actinides higher than the dodecane/aqueous systems
over an even wider nitric acid concentration range. In [Csmim][(CF3SO,),N],
distribution ratios follow the trend Am(III) > Pu(IV) > U(VI) in the 107-10' M
HNO; range, with the values being as high as 10° for Am(III) between 1 and
10M HNO; (with 0.IM CMPO). For IL systems using both [PFe¢] and
[(CF3S0,),N] anions, the nature of the extraction mechanism was analyzed
and indicates an ion exchange mechanism rather than a solvent extraction
mechanism as observed in many molecular solvents (10).

The coordination environment of [UO,]** extraction complexes from nitric
acid into hydrophobic ILs has been investigated using Extended X-Ray
Absorption Fine Structure (EXAFS) spectroscopy. In addition to yielding
higher distribution ratios than in traditional dodecane, ILs provide a unique
coordination environment not observed in molecular solvents. In dodecane
systems, a [UO,]**:[NOs]:CMPO stoichiometry of 1:2:2 has been observed,
while in [Cymim][PF¢] and [Csmim][(CF;S0,),N] systems, EXAFS suggests a
1:1:1 stoichiometry (/7). This indicates that An coordination and extraction
into IL solvents may be more efficient in terms of extractant required than into
conventional solvents.

Crown ethers. The ability of crown ethers to selectively bind alkali (/2) and
alkaline earth metals (/3) is well established. Their selectivity arises from a
variety of factors including ring size and rigidity and donor atom types. For
example, exchanging oxygen for sulfur may allow one to take advantage of the
soft nature of the sulfur atoms in improving selectivity say, for example, of hard
metal ions over soft metal ions (/4). Cs* and Sr** partitioning from nitrate
media using a series of crown ether molecules dissolved in [C,mim][PF¢] (n =
4, 6, 8) ILs has been studied. The distribution ratios for these metal ions to the
IL phase was observed to depend on both the hydrophobicity of the crown ether
complexant and on the composition of the aqueous phase. The best distribution
ratios were obtained for the most hydrophobic crown ether,
4,4’-(5)-di-(tert-butylcyclohexano)-18-crown-6 (Dtb18C6) (Figure 5). The
composition of the aqueous phase seemed to have a dramatic effect on the
distributions ratios for Cs* and Sr**, Addition of HCI, Najscitrate, NaNO;, and
HNO; (at low concentrations due to hydrolysis of [PFs]’) to the aqueous phase
led to a decrease in distribution ratios and also a decrease in the water content
of the ILs. The addition of AI(NQs);, however, led to an increased water
content of the ILs and, surprisingly, increased distribution ratios probably due
to a salting-out effect, with the trend (Ds, > D) following traditional solvent
extractant behavior. Distribution ratios for Sr** were observed to be as high at
645 at 2M AI(NO;); when using [Csmim][PF¢] and stripping is possible via the
addition of water after loading from AI(NQ;); (/5).
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Extraction mechanisms for the partitioning of Sr** with
dicyclohexano-18-crown-6 (DCH18C6) into 1-alkyl-3-methylimidazolium ILs
have been thoroughly investigated by Dietz, et.al. The extraction mechanism
has been shown to change from cation exchange to strontium nitrato-crown
ether complex partitioning (solvent extraction) as the hydrophobicity of the IL
cation is increased, marked by an increase in alkyl chain length. For example,
with [Csmim][Tf;N] and [Cemim][Tf;N] ILs, a cation exchange mechanism is
favored whereas when the hydrophobicity of the IL is increased
([Csmim][Tf,N]), a mixed cation exchange/solvent extraction mechanism is
observed, and increasing further the hydrophobicity of the IL ([Ciomim][Tf;N])
results in extraction of metal ions as a neutral complex via a dominant solvent
extraction mechanism (/6).
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Figure 5. 4,4°-(5’)-di-(tert-butylcyclohexano)-18-crown-6 (Dtb18C6)

Task Specific Ionic Liquids (TSILs)

The tunable nature of ILs allows for the covalent attachment of extractant
functionalities to the cation component in the rational design of ILs aimed at
performing specific tasks. TSILs can be viewed as either (i) appending
complexing functionality onto the IL components, or (ii) addition of an ionic
moiety (IL component) to an extractant to increase affinity with an IL diluent.
Incorporation of an extractant functionality into the ILs itself provides
opportunities to develop new and novel chemistries with ILs while at the same
time bypassing the need to add the extractant itself. In doing so, the favorable
properties of the extractant can be maintained, leading to a “loaded” solvent
environment with high extractive ability (/7).

Ethylene-oxide functionalized ILs. We have recently attached polyether
functionalities to an IL that act as an ethylene oxide (EQ-n) bridge between two
imidazolium cations with the potential benefit of selective extraction behavior
observed in crown ethers.

Partitioning studies using radiolabeled Cs* and Hg' were performed from
nitric acid media into the TSIL, made as the [(CF;SO,),N]  salt, which remains
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relatively hydrophobic. No extractive ability is observed for the Cs' ion over a
wide nitric acid range with the EQ-2 TSIL, but the Hg" ion shows a strong acid
dependency, with distribution ratios decreasing with increasing nitric acid
concentration. Notably, the distribution of Hg(II) with this TSIL as the
extracting phase is higher than that using a ‘conventional’ IL, or when the IL
phase is doped with polyethylene glycol as an extractant, showing that the
imidazolium functions in the extractant do play an active role in complexation
and indicating that improved and selective TSILs can be designed. Studies are
currently underway to prepare TSILs with a longer ethylene oxide chains
(Figure 6) in order to provide a larger “pocket” for metal ion binding and to
investigate selective Sr** binding over Cs* in nuclear waste simulants (/8).

Urea, thiourea, and thioether functionalized ILs. The Davis group at the
University of South Alabama has synthesized a series of TSILs with urea,
thiourea, and thioether functionalities covalently appended to the imidazolium
cation. Partitioning studies were performed using radiolabeled Hg?* and Cd**
and these [PF¢]” TSILs as a function of nitric acid concentration. Distribution
ratios using the thioether-appended TSIL show comparable ability for
extracting both Cd** and Hg?" into the IL phase at both pH 1 and pH 7 using
both the pure TSIL and a 1:1 TSIL:[C4mim][PFs] doped system. The urea- and
thiourea-appended TSILs show a differing trend with Hg®* being more
efficiently extracted than Cd** over all acid concentrations using 1:1 doped
systems. In many cases, the difference in distribution ratios between Hg2+ and
Cd** was maintained over all nitric acid concentrations, thus necessitating
conditions other than pH dependence for stripping of these metal ions (/9).

CMPO-functionalized TSIL. The Davis group at the University of South
Alabama has also synthesized a phosphonamide IL where the imidazolium
cation has been functionalized with a phosphine oxide functional group similar
to that seen in CMPO (Figure 7). Preliminary results from the extraction of
tri-, tetra-, and hexavalent actinides using the [PF¢]” TSIL doped in a 1:5 ratio
with another IL show high distribution ratios over a wide pH range, no pH
dependence, and little selectivity for one actinide over another. Further studies
are in progress to understand the coordination environment as well as the
extraction mechanism (/7).
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Figure 6. Examples of ethylene-glycol functionalized bis-imidazolium IL
cations containing two (top) or three (bottom) ether groups, from the crystal
structures of the tetraphenylborate salts.
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Figure 7. A phosphonamide-appended imidazolium hexafluorophosphate IL.
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Aqueous Biphasic Systems (ABS)

Polymer/salts ABS. Polyethylene-glycol (PEG) has been well studied for its
role in the formation of aqueous biphasic systems via the addition of
kosmotropic salts. Here, the ability of any given kosmotropic salt to “salt-out”
PEG is based upon the ion’s Gibb’s Free Energy of Hydration (AGy,,). A large
negative AGy, results in less salt being required to form biphasic systems with
PEG, yielding better phase divergence with increasing salt concentration. In
addition to these ABS, PEG functionalities of various chain length have been
appended to resins for applications to Aqueous Biphasic Extraction
Chromatography (ABEC™). Both ABS (20) and ABEC™(2/) have been
applied to the removal of **Tc and '*I from salt solutions and tank waste
simulants. In PEG-based ABS, addition of [TcO,]” to a biphasic PEG/salt
system results in the partitioning of [TcO,] to the PEG rich phase without the
need for an extractant. Partitioning increases with the kosmotropic nature of
the salt and the salt concentration. Partitioning of [TcO,]" on columns filled
with ABEC™ resin follows the same theory: [TcO,]” will quantitatively stick to
the resin as a [TcO,]-containing kosmotropic salt solution is run down the
column. Stripping of the [TcO,4] from the column is easily achieved by passing
water down the column.

Ionic Liquid-based ABS. As described previously, the use of ILs as direct
replacements for organic solvents in organic/aqueous liquid-liquid separations
schemes is largely restricted to hydrophobic ILs containing anions that are
usually both perfluorinated and expensive. As a result, implementation of these
types of ILs on a large scale will be limited due to cost or environmental
impact. The potential environmental impact of the [PF¢] anion in ILs was
recently established; hydrolysis and degradation at high acidity of this anion
leads to the formation of toxic, environmentally non-benign compound, HF.
The potential to use hydrophilic ILs in separations schemes is particularly
appealing due to the availability of ‘greener’ anions, cheaper costs, and broader
range. Recently, we have shown that aqueous solutions of hydrophilic ILs can
be induced to form biphasic systems in contact with concentrated solutions of
water-structuring (i.e., kosmotropic) salts, such as in the example of [Csmim]Cl
and K3PO, shown in Figure 8 (22).

The addition of aqueous K;PO, to aqueous [C,mim]Cl results in the
formation of an aqueous biphasic system that has an upper phase rich in IL and
a lower phase rich in K3PQ,. It is believed that the water-structuring nature of
the phosphate anion increases the hydrogen-bonding network in the lower
aqueous phase, thus forcing the bulky organic cation to the IL-rich phase.
Tracer studies using '‘C-labeled [Cqmim]Br, 3?P-labeled H;PO,, and
*Cl-labeled NaCl confirm phase divergence with increasing K;PO,. Figure 9
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Figure 8. Binodal phase diagram of [Cmim] Cl/K ;PO Jaqueous mixtures
showing formation of biphase regions with composition.

Figure 9. Examples of inorganic salts and an observation of their propensity to
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shows the ability of a range of common inorganic salts to induce biphase
formation with [C,mim]Cl, related directly to the kosmotropic, or
water-structuring nature of the respective salts.

This phenomenon is not limited to imidazolium-based ILs, and has also
been observed previously with quaternary tetraalkylammonium salts (23).
Further investigation has shown that this is indeed, a general phenomenon that
occurs for other classes of ILs including pyridinium-, phosphonium-, and
ammonium-based systems. Hence, the expansion of IL-based separations
systems to include hydrophilic ILs is a distinct possibility. In fact, these
aqueous biphasic systems possess a sufficient chemical potential between the
phases to allow organics, such as short-chain alcohols, and inorganics such as
[TcO4] to partition to the IL-rich phase without the need for an extractant.
Partitioning is observed to increase with both phase divergence as well as the
number of carbons in the alcohol alkyl chain. Figure 10 shows partitioning of
[®TcO,] to IL-rich upper phase of IL/salt aqueous biphase of
[Csmim]CVK;PO;, as a function of tie-line length.
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Figure 10. Preliminary data on the partitioning of [TcO,]" from aqueous salt

solution to IL-rich upper phase of IL/salt aqueous biphase of
[Cqmim] Cl/K3PO, as a function of tie-line length (taken from Figure 8)
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Biphasic systems from hydrophobic ILs can potentially be applied to the
remediation of nuclear tank wastes due to the highly-salted nature of the
supernatant. The liquid supernatant waste in a storage tank is highly alkaline
and extremely radioactive due to the presence of *’Cs as well as [®TcO].
Studies are underway to explore the potential of forming biphasic systems with
hydrophilic ILs when contacted with nuclear waste simulants, the speciation or
metathesis that may be occurring, and the use of extractants for the removal of
metal ion contaminants.
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Conclusions

The application of ILs to nuclear separations is and will continue to be a
growing and diversifying area of research. While ILs are becoming highly
studied in areas such as biochemistry, catalysis, and organic synthesis, their
potential as solvents for extractions and coordination studies of actinides and
fission products is largely untapped. ILs offer many distinct advantages over
both traditional nuclear separations solvents such as dodecane and kerosene, as
well as the volatile organic compounds of industry, including little or no vapor
pressure, non-flammability, and tunable physical properties. ILs have
successfully been shown to act as solvent phases for the extraction of metal
ions, backbones for TSILs based on well-known extractant functionalities, and
the basis for novel aqueous biphasic systems. In addition, ILs provide unique
coordination environments as compared to molecular solvents, and sometimes
alternate extraction mechanisms. Currently, ILs are expensive commodity
chemicals that will continue to become more affordable, and as they become
more thoroughly studied as a class of solvents, their impact on the area of
nuclear remediation and separations will continue to expand.
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Chapter 4

Task-Specific Ionic Liquids for Separations
of Petrochemical Relevance: Reactive Capture of CO,
Using Amine-Incorporating Ions

James H. Davis, Jr.

Department of Chemistry, University of South Alabama, Mobile, AL 36688
and The Center for Green Manufacturing, University of Alabama,
Tuscaloosa, AL 35487

Introduction

Natural gas, largely composed of CH,, is rarely removed from the earth in a
state pure enough to trunk directly into pipeline systems for delivery to
consumers (/). Depending upon the particular production field, the gas usually
contains adulterants which run the gamut from water and heavier hydrocarbons
to so-called acid gases. Perhaps more so than the removal of some species, the
scrubbing of acid gases — CO,, H,S and others — from natural gas streams is a
process of vital importance. The former is non-combustable and its persistance
in a gas stream lowers the fuel value of the entraining gas. In contrast, H,S
burns but is highly toxic and its combustion produces noxious and corrosive
sulfur oxides. With supplies of relatively pure “sweet gas” dwindling in the face
of increasing world demand, production fields regarded heretofore as being of
marginal value are being increasingly looked to as the production sources of the
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future. These “sour gas” fields will demand unprecedented scales of treatment
for the removal of acid gases.

The removal of acid gases from natural gas — “scrubbing” or “sweetening” - is
a process which has been practiced since the 1930°s (2). A number of
technologies have been used to accomplish this purification, some of them based
upon the differing physical propertics of the gases, but most relying upon
chemical agents to effect acid gas capture. In turn, chemical agents are used in

cither of two ways, as physical solvents or reagents for reactive capture. In
cither case, the established materials used in these processes themselves
introduce complications into the gas removal process. As both gas demand and
pressures for increased sour gas utilization increase, so too will the demand for
improved scrubbing agents.

H N
HzN\/\OH HO/\’N\/\OH HO ~"“OH

Figure 1. Alkanolamines in common use for CO; scrubbing. Left to right:
monoethanolamine (MEA); diethanolamine (DEA); methyldiethanolamine
(MDEA).

The most widely used technology for the removal of acid gases is based upon
scrubbing by aqueous alkanolamines. Commonly used alkanolamines may be
primary, seconday or tertiary amines. The structures of several frequently used
materials are depicted in Figure 1. The means by which alkanolamine effect the
capture of CO, is twofold [Scheme 1). In the case of scrubbing reagents with
primary or secondary amines, the CO, can react with two equivalents of amine,
forming ammonium carbamates. Inthecueofanyofdwammegtwps.
reaction of the amine with the water solvent produces
concentrations of amumonium hydroxides, which react with CO;, to form
bicarbonate ion. In the case of H;S, the principal operating mechanism appears
to be the formation of hydrosulfide anion.

Regardless of the gas being removed, the purging of the natural gas stream
through the scrubbing solution creates problems. In the first place, the exiting
gas stream may be rendered acid gas free, but it has been thoroughly charged
with water vapor which has to be removed in a subsequent, encrgy intensive
condensation step. At the same, the alkanolamine — which is a neutral
compound — may be taken up in some quantity into the gas stream. While not
posing problems in the sense that it is both combustable and not especially toxic,
its loss represents some economic drag on the scrubbing process. Finally, the
extrusion of CO; from the loaded or spent scrubbing fluid may require the
heating of the solution, which of course involves heating the solvating water
along with the reagent, another undesireable energy cost.
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In terms of their potential utility in gas processing, ionic liquids can in a very
real way be thought of as liquid solids. To the degree that solids have been
considered or are utilized as sorbents for gas processing in any arena, their chief
advantage over liquids stems from their lack of vapor pressure. However, the
limited surface area for solids — even materials like porous carbons — makes
their capacity generally lower than ideal for many gas processing applications.
When the solubility of a particular gas in a certain liquid is higher than its
adsorption limit on a specific solid, the liquid would be preferred except for the
potential for cross-contamination created by the liquids’ own vapor pressure.
Notably, one of the defining characteristics of ionic liquids is their lack of
measureable vapor pressure up to their decomposition point. Given the

foregoing considerations, it seemed opportune to us to investigate ionic liquids
for the capture of various acid gases.
0,
Y& e
2R-NH; + 0=C<0 === p-N R—=NH,3
H
® <

R-NR; +

Scheme 1. Mechanisms of reactive acid gas capture operative in aqueous
amine solutions.

Task-Specific Ionic Liquids for Reactive Capture

In a paper presented in 2000 at an AIChE symposium on advances in solvent
selection, we coined the term “task-specific” ionic liquids to describe a new,
non-traditional type of IL under development by us in which the cation, anion,
or both of the IL incorporated functional groups capable of imparting specific
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properties or reactivities to the resulting IL (3). Among the ILs under
development were materials incorporating appended amine groups. These
materials became the initial testbed for our continuing studies of the reactive
capture of acid gases with ionic liquids.

Our first TSIL with appended amine groups built upon the work of Herrmann,
who had reported the synthesis of an amine-appended imidazolium cation which
he used as a precursor to imidazolidene carbene ligands (4). In that instance, the
salt was not isolated as the amine free base, and the counterion was bromide,
making the salt both high melting and non-basic, impediments to their utilization
as ILs for acid gas capture. After developing a protocol for both the generation
of the free amine and an anion exchange, we isolated several structurally related
amine-appended imidazolidene ILs in modest yields. Using these compounds,
we were able to demonstrate their utility as CO, capture reagents (5). For
example, using IL 1 [Figure 2], we were able to capture near the theoretical
maximum of CO, for this salt (0.5 mol / mol). Given the water-frec nature of
both the IL and the model gas stream, we expected the capture mechanism to be
formation of an ammonium carbamate derivative of the IL. The °C NMR of the
product salt after treatment with CO, firmly established this to be the case, the
expected doubling of all imidazolium ring peaks being observed as well as a
signal for the carbamate carbon (5).

~ @N’\/\Nﬂz

o ©
2 phP;,P\/\,NHz HaN-""S0;

Figure 2. Amine appended TSILs with one (IL 1) and two (IL 2) appended
amine groups per ion pair.

As mentioned, the incorporation of one amine group per ion pair coupled with
the need for two amine groups to effect CO, capture by carbamate formation
dictates that the maximum capture capacity for salts of type 1 is 0.5 mol CO;, /
mol IL. Consequently we began to examine approaches to boost the CO,
capture capacity by boosting the number of amine groups per ion pair. While
there are several potential approaches for doing so, we began our effort by
focusing on the anion as the carrier for the second amine group. There are
several immediate possibilities in this regard, including the conjugate bases of
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amino acids, a concept suggested by Quinn and Pez in patents concerning the
use of certain salt hydrates for CO, capture (6). However, since carboxylate-
based anions tend to be less than ideal in IL formulations, we decided to probe
the use of the non-proteogenic amino acid taurine in combination with amine-
appended cations. At the same time, we decided to probe the use of a new
amine appended cation, this species incorporating a phosphonium head group
[Figure 2]. Our rationale for doing so stemmed from both a desire to identify
less costly head groups as well as to avoid the potential for imidazolium C>-H
deprotonation by the appended amine group. It should be noted that the isolated
salt contained 3-6 molecules of water per ion pair which were tenaciously
bound, making it formally a molten salt- or ionic liquid hydrate.

—&=—monocamine TSIL
—=i-=diamine TSIL

Figure 3. Measured CO; uptake capacity of TSILs containing one versus two
amine groups per ion pair.
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When exposed to a stream of dry CO,, bis-amine IL 2 proved to be capable of
absorbing twice as much CO; per mole of IL as did IL 1. [Figure 3] In addition,
where the viscosity of lvuiblymcrelwdmﬂ:theuphbofcoz, that of 2
appeared to decrease, a phenomenon we have yet to understand. The “C-NMR
of the product exhibited two poorly resolved peaks for carbamate carbons
(presumably one for taurine-bound carbamate and one for cation bound
carbamate), but also exhibited a small third peak in the same vicinity, ascribed
to bicarbonate. Observation of the latter was not surprising given the water
content of the sequestering salt. Like CO, loaded 1, decarboxylation is readily
accomplished by heating the samples in vacuo overnight. Uptake experiments
were repeated on the same sample of 2 for five runs with no observed
diminution of CO; uptake capacity.

Task-Specific Ionic Liquids for Increased CO; Physical
Solubility

As mentioned, current technology for gas sweetening uses aqueous solutions
of alkanolamines. Given that the sequestration mechanism turns on cither the
direct reaction of the amine group with CO, or with water to generate hydroxide,
the question arises as to what function is served by the alcobol group of these
molecules. In short, the alcohol group increases the solubility of the amine in
the water and aids in its retention by the scrubbing solution as the natural gas is
purged through the system. Unfortunately, the presence of the alcohol in the
same molecule as the amine (especially on a B carbon) also renders these
molecules susceptible to (under certain pH conditions) the formation of five-
membered cyclic carbamates, species from which extrusion of CO, is not readily
accomplished. Over time, this leads to a loss of capture capacity on the part of
the scrubbing solution. With amine-appended TSILs, such problems are
avoided since the molecules do not incorporate the complicating hydroxyl
group. Still, as CO,; is absorbed by the TSILs, each system becomes not just a
mixture of ions but rather one of zwitterions. In this case, one can imagine the
creation of an extensive network of ionmic cross-links which could effect
dnﬁmwtyofexcuscozﬂnonghthesymm. Such a process appears to be
operative, being evidenced in TSILs applied to membranes for CO, separation
becoming rapidly impermeable to CO2 transport (7). And, since the
development of membrane based gas separation systems is being widely
investigated, we have also begun to develop ionic liquids which we hope will
prove to be better physical solvents for CO,, in order to provide a
complimentary technology.

It is well known that a number of highly polar aprotic organic solvents have a
high capacity for dissolving certain gases such as CO;. While most of these
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solvents —~ compounds such as dimethylformamide (DMF), dimethylsulfoxide
(DMSO) and N-methylpymrolidinone (NMP) — have relatively low vapor
pressures, those vapor pressures still pose a problem for gas processing. At the
same time, elegent work by Brennecke has shown that CO,, compared to several
other gases, has a relatively high solubility in “conventional” ionic liquids, and
at least one patent has been issued based upon their use in membrane systems
(8). Consequently, it is our hope that task-specific ionic liquids in which one of
the ions incorporates functionality similar to that in DMF, DMSO, NMP or other
solvents might exhibit even higher capacities for the solvation of CO,. To this
end, we have been working to prepare such compounds.

0
N ©
éN’\/\ ¥ ' BF,
NH, @O
l CH,Cl>
3
{L/r‘« ® « | BF

Figure 4. Synthesis of an NMP-like TSIL from commercially available starting
materials.

One of our first successful forays in this area centers on the synthesis of a
pyridinium IL with an appended NMP-like group, 3 [Figure 4]. We believe our
synthetic methodology for the assembly of this compound to be unique as an
approach to IL synthesis. It is well established that pyrrylium salts will react
directly with primary amines, cleanly substituting an R-N fragment for the ring
oxygen with the concommitant loss of water. By combining the commercially
available compounds 2,4,6-trimethylpyrrylium tetrafluoroborate with N-(3-
aminopropyl)-pyrrolydin-2-one, we were able to isolate IL 3 as a viscous liquid
in 58% yield. We note that IL 3 is not the first pyrrolidinone-based IL to have
been proposed. A 2002 paper by Demberelnyamba reported the synthesis of a
new IL by N-alkylation of N-vinyl pyrrolidinone with an alkyl iodide (9).
However, we have been unable to repeat this work and note that the N-
alkylation of amides is virtually unprecedented. Further, a 1984 paper by Smith
specifically descrbes the O-alkylation of N-vinyl pyrrolidinone with oxonium
salts (thesc more powerful alkylating reagents being required to accomplish
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alkylation on any part of the molecule), and the subsequent decomposition of
those species to amino acids upon contact with water (70).

To date, we have not begun to measure the solubility of CO; in IL 3.
However, we have found the solubility of a number of polar molecules (e.g.,
sugars) to be higher in it than in conventional IL, pointing to the similarity of
this molecule to that which it is intended to resemble, NMP. The complete
results of our work to prepare new solvent-analog ILs as well as their gas
solubility capacities will be reported in due course.

N o
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Chapter 5

Ionic Liquids as Alternatives to Organic Solvents
in Liquid-Liquid Extraction of Aromatics

G. Wytze Meindersma, Anita (J. G.) Podt,
Mireia Gutiérrez Meseguer, and André B. de Haan

University of Twente, Separation Technology Group, Faculty of Science
and Technology, P.O. Box 217, 7500 AE Enschede, The Netherlands

The ionic liquids 1-ethyl-3-methylimidazolium ethylsulfate
and 1,3-dimethylimidazolium methylsulfate are suitable for
extraction of toluene from toluene/heptane mixtures. The
selectivity for the toluene/heptane separation using [emim]
ethylsulfate increases with decreasing toluene content in the
feed, from 13.4 (95% toluene) to 55.3 (5% toluene) at 40°C
and from 8 to 35 at 75°C. With [mmim]methylsulfate the
selectivity increases from 6 to 67.8 at 40°C and from 11.4 to
55 at 75°C. These selectivities are a factor of 2-3 higher
compared to those obtained with sulfolane as the extractant.
Because ionic liquids have a negligible vapour pressure,
evaporating the extracted hydrocarbons could achieve the
recovery of the ionic liquid. A conceptual process scheme for
the extraction has been set up. Preliminary calculations show
that both the investment costs and the energy costs will be
considerably lower with ionic liquids compared to using
sulfolane as the solvent.
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Naphtha cracker process

Naphtha crackers convert naphtha into ethylene, propylene and other
hydrocarbons by thermal cracking. Some cracker feeds contain a considerable
amount of aromatic compounds, in the range of 10-25 wt%, that are not
converted into olefins in the cracker furnaces, but remain as such in the process
stream. The separation of aromatic hydrocarbons (benzene, toluene, ethyl
benzene and xylenes) from C, - C,, aliphatic hydrocarbon mixtures is
challenging since these hydrocarbons have boiling points in a close range and
several combinations form azeotropes. The conventional processes for the
separation of these aromatic and aliphatic hydrocarbon mixtures are liquid
extraction, suitable for the range of 20-65 wt% aromatic content, extractive
distillation for the range of 65-90 wt% aromatics and azeotropic distillation for
high aromatic content, >90 wt% [1].

In ethylene cracker plants, industrial separation of aromatic compounds
and Cs" aliphatic hydrocarbons from the cracker products is carried out by
extractive or azeotropic distillation of the Cs* hydrocarbon stream. Typical
solvents used are polar components such as sulfolane, N-methyl pyrrolidone
(NMP), N-formyl morpholine (NFM) or ethylene glycols. This implicates
additional distillation steps to separate the extraction solvent from both the
extract and raffinate phases and to purify the solvent, with, consequently,
additional investments and energy consumption.

Objectives

Although separation of aromatic and aliphatic hydrocarbons after the
furnace section is industrial practice, selective removal of aromatic compounds
from the cracker feed has not yet been considered. However, removing the
major part of the aromatic compounds present in the feed to the crackers would
offer several important advantages. They occupy a large part of the capacity of
the furnaces, put an extra load on the separation section of the Cs'-aliphatic
compounds and the presence of aromatic compounds in the feed to the cracker
has a negative influence on the thermal efficiency. Furthermore, the presence of
aromatic compounds in the feed is undesirable, because they tend to foul the
radiation sections (coking of the coils) and the Transfer Line Exchangers. The
improved margin will be around $20/ton of feed or $ 48 million per year for a
naphtha cracker with a feed capacity of 300 ton/hr. Preliminary calculations
showed that extraction with conventional solvents is not an option because
additional separation steps are required to purify the raffinate, extract and
solvent streams, which would induce high investment and energy costs.
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Extraction of aromatics with ionic liquids is expected to require less process
steps and less energy consumption than extraction with conventional solvents
because ionic liquids have a negligible vapour pressure.

For an economically feasible operation, the amount of aliphatic compounds
in the aromatic product stream should be as low as possible. An option is to
obtain the pure aromatic hydrocarbons from the aromatic product stream. On
the other hand, total removal of the aromatic compounds from the feed is not
necessary, as aromatics are formed during the cracking process. Therefore, the
purity of both the aromatic and aliphatic product streams is set to 98 wt%.

The extraction of toluene from mixtures of toluene and heptane is used as a
model for the aromatic/aliphatic separation.

Extraction with ionic liquids

The variability of the anion and R-groups in imidazolium or pyridinium
cations may be used to adjust the properties of the ionic liquids. Ionic liquids
possess a number of properties, which may be of importance in their
application as extractive media in liquid/liquid extraction processes. The
requirements of a suitable extraction solvent for the separation of aromatic and
aliphatic hydrocarbons are:

*  High solubility of aromatic hydrocarbons in the IL

*  No or low solubility of aliphatic hydrocarbons in the IL

*  High separation factor and a high distribution coefficient

*  Simple recovery of the IL from both the extract and the raffinate phase

Selection of suitable ionic liquids

Aromatic hydrocarbons are soluble in some ionic liquids, such as
[bmim]BF,, [mmim]PFs, [bmim]PFs, [hmim]PFs;, [emim]l;, [bmim]l;,
[omim]Cl, [bmim]CVAICl;, [mmim]THEN (= [mmim]bis(trifyl)imide or
[mmim][(CF;SO,),N]), [emim]Tf;N, [bmim]Tf;N, [1,2-dimethyl-3-ethyl
imidazolium]TH,N, [emim][C,Hs0S0;], [4-methyl-N-butylpyridinium]BF,,
while aliphatic hydrocarbons (alkanes and cyclo-alkanes) are not [2 - 11]. This
suggests that ionic liquids can be used as extractants for aromatic hydrocarbons
from mixtures of aromatic and aliphatic hydrocarbons.

Brennecke and Maginn [12] reported in 2001 that until that date hardly
any chemical engineer was involved in the design and development of ionic
liquids for practical applications. There are only a few publications concerning
extractive separations of aromatic/aliphatic hydrocarbon mixtures using ionic
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liquids [7, 8, 13 - 16]. Selvan et al. [7] describe the separation of toluene and
heptane using [emim]l; and [bmim]l; at temperatures of 45°C and 35°C,
respectively (Figure 1).
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Figure 1. Selectivity of toluene/heptane, IL data from [7].

These ionic liquids are in principle suitable for the extraction of aromatic
hydrocarbons from a mixed aromatic/aliphatic feed stream, since they show
both a high selectivity and a high distribution coefficient at low toluene
concentrations, although [bmim]l; showed a comparable selectivity as sulfolane
at toluene concentrations above 17%. As the data at low concentrations of
toluene are quite scattered ([emim]lI3) or consist of only one point ([bmim]l), it
was necessary to carry out experiments in the low toluene concentration range
to determine whether these ionic liquids are indeed suitable for the separation
of aromatic and aliphatic hydrocarbons. However, we soon stopped
experimenting with these ionic liquids, since they were very corrosive. Our
stainless steel stirrers were corroded after only a few extraction experiments.
Selvan et al. did not report any corrosion, but they used a Teflon paddle stirrer.
Therefore, it is not surprising that we could not find any other references
regarding these ionic liquids. Brennecke and Maginn [12] reported that halide
containing ILs are certainly corrosive and Swatloski et al. [17] observed that
HF formation is possible when using [bmim]PFs. Therefore, we wanted to use
halide-free ionic liquids for further testing in our project.

Krummen et al. [9] reported about the measurement of activity coefficients
at infinite dilution (y;°) for several solutes in the ionic liquids [mmim]TEN,
[emim]TH;N, [bmim]Tf;N and [emim]ethylsulfate. From these data, selectivities
(Si™=vi"/y;) and distribution coefficients (k;” = 1/y;°) can be calculated (Figure
2a and b). From these figures, it is apparent that of these ionic liquids,
[emim]ethylsulfate shows the highest selectivity for toluene/n-heptane. The

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



61

fOSO*HD [wiwa] w “OSOFHO [wiwut] ¢ :2uanjo1 9;¢ viop umo
NECOSE D) [urmq]w NA(COS*40) [wima]x
‘N(COS D) [mrmm]+ “OSOH?D [wrwa]y : [6] woif vinq
‘spinbyy o1uol paaaas Suisn (1y3it ‘q) auanjoy Jo spua1dLff20
uoynqLysip puv (1] ‘v) auvyday/auanjo} Jo sa11101192)28 ‘7 2431

1 0c

3, ‘ampsadwa) 3, ‘anpendway
7} 09 0s oY 0t 0z ok 0 08 [ 73 08 0s oy ot 74 oL
ot + + ot + ] 00 ——t + + + +———t —+
(Y]
1zo —
— leo .t//«”‘]]
vo ¥ ~— o~
150 § —
] ‘-o / /
0
— 180 —
80

1ot

0z

0s

1os
o

G00U9'Z060-6002-0/TZ0T 0T :10p | S00Z ‘ST Yo Al :9%eQ U0l jgnd
Bio'se'sgnd;/:dny | 2T0g 2 Pouweldes uo AINN ILYLS VINVATASNNId Ag papeojumoq

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch005

Downloaded by PENNSYLVANIA STATE UNIV on September 7, 2012 | http://pubs.acs.org

62

ionic liquid [bmim]'[Tf;N] shows a lower selectivity and a higher capacity
(distribution coefficient) than the ILs with cations [emim]" and [mmim]*. The
same trend is seen for other aromatic/aliphatic hydrocarbons tested:
benzene/cyclohexane and benzene/hexane.

From the data of Krummen et al. [9], it is clear that a shorter R-group is
favourable for a high toluene/heptane selectivity, but results in a decrease in
capacity. This observation of a higher selectivity with shorter R-groups is in
accordance with the findings of Hanke et al. [18]. The existence of n-electrons
in orbitals above and below an aromatic ring results in a much stronger
electrostatic field around an aromatic molecule compared to a saturated
aliphatic molecule. Longer alkyl chains on the imidazolium group make the
compound less aromatic in character, resulting in less interaction with the
aromatic ring.

+ - + -
NN ? N N '
H,C” & SCH, O-—ﬁ-—O—CzH5 H,C” N7 ~CcH, O—ﬁ—O—CH,
(o] (o]

Figure 3. 1-ethyl-3-methylimidazolium ethylsulfate ([emim]ethylsulfate) and
1,3-dimethylimidazolium methylsulfate ([mmim]methyisulfate).

Based on the above-mentioned considerations, we decided to use the ionic
liquids [emim]ethylsulfate and [mmim]methylsulfate (Figure 3) as extractants
for the separation of toluene and heptane. If the same trend is occurring as with
the [Tf;N]-containing ILs, we expect a higher selectivity and a lower capacity
using [mmim]methylsulfate than with [emim]ethylsulfate, because both the R-
group of the cation and the alkyl chain in the anion are shorter.

Other possibilities would have been to use [mmim]ethylsulfate or [emim]
methylsulfate, but these ILs or the starting materials for a simple synthesis were
not readily available.

Experimental Section

Chemicals

The following chemicals were purchased from Merck: toluene p.a. (min.
99.5 %), n-heptane p.a. (min. 99 %), n-hexane p.a. (min. 99 %), 1-butanol p.a.
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(= 99.5 %). 1-Methylimidazole for synthesis (> 99 %) was purchased from
Merck-Schuchardt. Diethyl sulfate (> 99 %) was purchased from Fluka and
acetone-ds, 99.5 atom% D, was purchased from Aldrich. The ionic liquid 1,3-
dimethylimidazolium methylsulfate (98 %) was purchased from Solvent
Innovation, Aachen.

Preparation of [emim]ethylsulfate

The preparation of the ionic liquid [emim]ethylsulfate was based on the
procedure described by Holbrey et al. [19]. Diethyl sulfate (116 mL) was added
drop-wise to a mixture of 1-methylimidazole (70 mL) in toluene (400 mL),
cooled in an ice-bath under argon. After addition of the diethyl sulfate, the
reaction mixture was stirred at room temperature for five hours. Formation of
two phases occurred: the toluene solution and a denser ionic liquid phase. The
upper, organic phase was decanted and the lower, ionic liquid phase, was three
times washed with toluene (total amount of toluene: 200 mL), dried at 75°C
under reduced pressure (0 bar) in a rotary evaporator to remove any residual
organic solvents and finally in a vacuum exsiccator.

A sample of the ionic liquid was dissolved in acetone-ds and analysed by
'"H NMR (Varian 300 MHz).

Experimental procedure

Before each experiment, the ionic liquids were dried at 75°C under reduced
pressure in a rotary evaporator. Liquid-liquid extraction experiments were
carried out in jacketed vessels with a volume of approximately 70 mL. The top
of a vessel was closed using a PVC cover, through which a stirrer shaft passed.
Two stainless steel propellers were used with an electronic stirrer (Heidolph
RZR 2051 control). The vessels were jacketed to circulate water from a water
bath (Julabo F32-MW) in order to maintain the temperature inside the vessels
at either 40 or 75°C.

For each experiment, 20 mL of the ionic liquid and 10 mL of a toluene/n-
heptane mixture were placed into the vessel. The temperature and the ratio of
toluene in n-heptane were varied. We established that equilibrium was reached
within 5 minutes. However, in order to be sure that the two phases were in
equilibrium, the extraction experiment was continued for 15 minutes. After
stirring, the two phases were allowed to settle for about one hour.
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Analysis

Samples (approximately 0.5 mL) were taken from both phases. 1-Butanol
(0.5 mL) was added to each sample to avoid phase splitting, n-hexane (0.2 mL)
to the raffinate phase samples as an internal standard for the GC analysis and
n-hexane (0.1 mL) to the extract phase samples.

The concentrations of toluene and n-heptane in the samples were analysed
by a Varian CP-3800 gas chromatograph with an Alltech Econo-Cap EC-Wax
column (30 m x 0.32 mm x 0.25 um). However, most of the raffinate phase
samples were analysed with a Varian CP-3800 gas chromatograph with a
Varian 8200 AutoSampler. All extract phase samples were analysed with a
Varian CP-3800 gas chromatograph without an autosampler. Because the ionic
liquid has no vapour pressure, it could not be analysed by GC. Therefore, the
concentrations of the ionic liquid in both phases were calculated by using a
mass balance.

Results and discussion

Liquid-liquid equilibrium data were collected for mixtures of toluene and
heptane at 40 and 75°C using [emim]ethylsulfate and [mmim]methylsulfate.

The distribution coefficient or capacity, D;, is directly calculated from the
ratio of the mole fractions in the extract and raffinate phases. The distribution
coefficients of toluene and heptane are defined by the ratio of the
concentrations of the solute in the extract (IL) phase and in the raffinate
(organic) phase, according to formula 1:

Dy = ClLtoI/ C*, and Dhept = thept/ Corghept )]

The selectivity, Sioimepts Of toluene/heptane is defined as the ratio of the
distribution coefficients of toluene and heptane:

S!ol/hept = Dtol/Dhept = (ClLtol/ Corgtol)/ ( Cthept/ Corghept) (2)
From Figures 4 and 5, it can be seen that the distribution coefficients of

toluene, using [emim]ethylsulfate as an extractant, remain slightly above 0.2
over the entire concentration range for both 40 and 75°C. The distribution
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4. Distribution coefficient of toluene, T = 40°C.
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coefficient of toluene with [mmim]methylsulfate is about 0.08 over the entire
concentration range, also for both temperatures. It is lower than with [emim]
to the shorter alkyl chain in the imidazolium cation, as

ethylsulfate, due
expected from the

data of Krummen et al. [9].
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Figure 6. Selectivity of toluene/heptane, T = 40°C.
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Figure 7. Selectivity of toluene/heptane, T = 75°C.

With [emim]ethylsulfate the toluene/heptane selectivity at 40°C increases
from 13.4 to 55.3 with decreasing toluene content in heptane, from 95 to
5 v/iv% in the feed (Figure 6). The toluene/heptane selectivity at 75°C increases
from 8 (95% toluene in the feed) to 35 (10% toluene in the feed) (Figure 7).
The selectivity at 75°C is lower than at 40°C, mainly due to higher
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concentrations of heptane in the extract (IL) phase, resulting in higher
distribution coefficients for heptane (0.0043 at 40°C and 0.0057 at 75°C with
5% toluene), while the distribution coefficient of toluene remains about
constant: 0.21 at 40°C and 0.22 at 75°C. The higher distribution coefficients of
heptane at a higher temperature are in accordance with the findings of
Krummen et al. [9]. From his data, distribution coefficients for heptane with
[emim]ethylsulfate can be calculated: 0.0051 at 40°C and 0.0069 at 60°C.

With [mmim]methylsulfate, which has both a shorter alkyl chain on the
imidazolium ring and a shorter alkyl group in the anion, the selectivity is
considerably higher than using [emim]ethylsulfate, which is according to our
expectations. The selectivities obtained with this IL range from 6 (95% toluene
in the feed) to 67.8 (5% toluene in the feed) at 40°C and from 11.4 to 55 at
75°C (Figures 6 and 7). The data with [mmim]methylsulfate are quite
scattered, because the analysis of heptane in the extract phase proved to be very
difficult as the concentrations were extremely low: between 0.03 and
0.14 mole% at both temperatures.

For high toluene concentrations, the selectivity with [mmim]methylsulfate
at 75°C increases at decreasing toluene content in the feed, but it levels off at
concentrations of 60% and lower. This is caused by the distribution coefficient
of heptane, which increases only slightly from 0.0014 to 0.0018 from 5% to
60% toluene in the feed and increases from 0.0018 to 0.0075 for 60% to 95%
toluene in the feed. The distribution coefficients of toluene remained at about
the same level of 0.08 over the entire concentration range.

Both the distribution coefficients of toluene and the toluene/heptane
selectivities with [emim]ethylsulfate in our extraction experiments are higher
than the values calculated by Krummen et al. [9] from activity coefficients at
infinite dilution. The distribution coefficients of toluene at 40 °C are: 0.214 and
0.187, respectively (Figure 2b). We measured a toluene/heptane selectivity at
40°C of 55.3 at 5 v/v% toluene in the feed, compared to 36.4 from the data of
Krummen et al. (Figure 2a). The differences in these values are probably due to
the different methods, because Krummen et al. use VLE measurements to
obtain activity coefficients at infinite dilution and calculate the capacity and
selectivity from the activity coefficients. We have used LLE experiments and
calculated the distribution coefficients and selectivities directly from the
concentrations of the components in the extract and raffinate phases with
formulas (1) and (2).

The distribution coefficients of toluene in sulfolane decrease from 0.50
(65% toluene in the feed) to 0.28 (5% toluene in the feed) at 40°C and from
0.56 (65% toluene) to 0.33 (10% toluene) at 75°C (Figures 4 and 5). These
distribution coefficients are much higher than those obtained with the two ILs
tested. However, the toluene/heptane selectivities of the ILs are a factor of 2-3
higher than those with sulfolane. The toluene/heptane selectivity with sulfolane
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increases from 4.6 (65% toluene in the feed) to 31 (5% toluene in the feed) at
40°C and from 3.7 (65% toluene) to 19 (10% toluene) at 75°C, as can be seen
in Figures 6 and 7. A higher selectivity means less extraction stages, but a
lower distribution coefficient requires a higher solvent to feed ratio.

Because ionic liquids have very low vapour pressures, it was possible to
recover them after the experiments by drying the extract phase at 75°C under
reduced pressure (0 bar) in a rotary evaporator. From NMR-analysis of the
product, it was concluded that toluene and n-heptane were completely removed
from the ionic liquid. Analysis by NMR of both the original ionic liquid and the
regenerated ionic liquid showed no differences between the two samples. This
means that no degradation of the ionic liquid after repeated recycling could be
detected. This confirms the assumption that the regeneration and recycling of
the ionic liquids are indeed simple.

The average concentration of the ionic liquid [emim]ethylsulfate in the
raffinate phase, which also contains some toluene, is low: 0.9 mole% at 40°C
and 2.5 mole% at 75°C. The average concentration of [mmim]methylsulfate in
the raffinate is 0.12 mole% at 40°C and 1 mole% at 75°C. Removal of the ionic
liquid from the raffinate phase is possible by using water, since these ionic
liquids are water-soluble.

a
Aliphatics Aromatics
Water r—
< OR
'_‘DSEPARAT
Aromatics
lonic liquid + water
+ water
EXTRACTOR ) lonic liquid |
aromatics EVAPORATOR
water
Feed
lonic liquid

Figure 8. Conceptual process scheme for extraction of aromatic hydrocarbons
from aliphatic hydrocarbons with ionic liquids.

A preliminary process design has been set up (Figure 8) and a flow-
sheeting model was developed for this extraction to simulate the process. The
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raffinate phase from the extractor, containing aliphatic hydrocarbons and a very
small amount of ionic liquid, is washed with water in order to remove the ionic
liquid, which is recycled to the extractor. The extract phase from the extractor,
containing the ionic liquid, the extracted aromatic hydrocarbons and the water
from the water wash, is heated by low-pressure steam in an evaporator, where
the volatile aromatic hydrocarbons and the water are being evaporated. The
ionic liquid is recycled to the extractor. The top stream of the evaporator will
then undergo a phase separation, where the water is separated from the organic
compounds and can be recycled to the water wash.

From Figure 8, it is apparent that there are only a few process steps for the
extraction of aromatics when ionic liquids are used, because regeneration of the
ionic liquid is easily done by evaporation. Preliminary calculations indicate that
the investment costs for extraction with ionic liquids are about 50% lower
compared to an extraction with sulfolane, because fewer process steps for the
purification of the product streams and for the regeneration of sulfolane are
required. Also the energy costs will be lower, because low-pressure steam can
be used for the evaporation, while the sulfolane process requires high-pressure
steam due to the high temperature, 190°C, in the solvent stripper.

Optimisation of this process must still be carried out. For instance, the
optimum between the solvent to feed ratio vs. the number of stages has to be
found: a higher S/F ratio means fewer stages, but higher costs of the solvent.
Also, the washing of the raffinate with water needs to be optimised further.

Conclusions

The ionic liquids 1-ethyl-3-methylimidazolium ethylsulfate and 1,3-
dimethylimidazolium methylsulfate are suitable for extraction of toluene from
toluene/heptane mixtures. The selectivity for the toluene/heptane separation
using [emim]ethylsulfate increases with decreasing toluene content in the feed:
from 13.4 (95% toluene) to 55.3 (5% toluene) at 40°C and from 8 to 35 at
75°C. With [mmim]methylsulfate the selectivity increases from 6 to 67.8 at
40°C and from 11.4 to 55 at 75°C. These selectivities are a factor of 2-3 higher
compared to those obtained with sulfolane as the extractant. However, the
distribution coefficients of toluene in the ionic liquids are lower than in
sulfolane.

Since ionic liquids have a negligible vapour pressure, evaporating the
extracted hydrocarbons from the ionic liquid phase could achieve an easy
recovery of the ionic liquid. NMR analysis showed no degradation of the ionic
liquids after repeated regeneration and recycling of the ionic liquids.
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A conceptual process scheme for the extraction has been set up.
Preliminary calculations show that both the investment costs and the energy
costs will be considerably lower compared to extraction using sulfolane as the
solvent.
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Chapter 6

Use of Ionic Liquids in Oil Shale Processing

Mihkel Koel

Tallinn University of Technology, Ehitajate, 5, Tallinn 19086, Estonia

Containing sufficient amount of organic matter, oil shale
utilization to produce petroleum-like oils and gaseous products
could be feasible under certain conditions. Liquid products
could be as an alternative synthetic fuel source or as an even
more valuable petro-chemical feedstock for the chemical
industry. There is a place for utilization of ionic liquids either
as solvents for extraction or reaction media with very good
properties for catalyst solubilization in the processing of oils
and gaseous products. This paper considers the potential for
the extraction of shale oil with ionic liquids and anticipated
problems of recycling the ionic-fluid extractant.

The world’s vast reserves of oil shale are many times greater than the
proven remaining known reserves of crude oil and natural gas combined. As
such, shale oils will play an important role in future energy supply. Conversion
of solid fuels to chemicals feedstocks and cleaner-burning liquid or gaseous fuels
is becoming a desirable goal to pursue. Considerable attention has been given to
processes for the gasification and/or liquefaction of solid fuels to produce
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petroleum-like oils and gaseous products as well as further upgrading of
produced oils for fuels and chemicals feedstock. Given the size of the shale
deposits, there exists an urgent need for the development of efficient processes—
processes which are capable of providing useful products in an economical way

in order to make oil shale |utilization feasible (/).

The engineering science of oil shale processing fits well with studies of
other alternatives to petroleum raw material sources such as lignocellulosic
biomass. This biomass also has a very complex structure, and new chemical
technologies, in particular novel solvent systems, are needed for its processing.
Estonian oil shale has a content rich in heteroatoms (oxygen, nitrogen,
sometimes sulphur and heavy metals). This makes the task of shale process
development even more challenging than that of many coals.

Estonia has a uniquely strong, historical oil shale industry: 95 % of its
electricity is generated in oil shale fired power stations and 15 % of liquid fuels
are shale oil. There are two types of oil shale in the Baltic Basin: 1) the lower
Ordovician Dictyonema shale found in the Estonian deposit. The inorganic part
of this shale is primarily clay (76 %) with a small proportion of carbonate (3 %).
The organic content is below 20 %, and it is not in current industrial use; 2) The
Middle Ordovician Kukersite oil shale found in the Estonian deposit. The
inorganic part of this shale is mineralogically complex, composed primarily of
carbonates (41 %). The organic content is approximately 36 %. This is the
historic shale resource of the Estonian oil shale industry. Most of oil shales
(among them Estonian) have a quite inert, kerogen matrix and give very little
extractable mass with different solvents under normal laboratory conditions. The
search for new -especially environmentally benign- processes and technologies is
a very important present concern.

Liquefaction of oil shale

The organic part of oil shale — kerogen - is a cross-linked macromolecular
system. The term “liquefaction” means the structural degradation of
carbonaceous material typically, but not necessarily, accompanied by addition of
hydrogen to the molecular structure of the material. Hydrocarbon semi-solids
and liquids often are further converted, structurally degraded, altered and/or
hydrogenated. The essence of an oil shale liquefaction process is the structural
degradation of, and/or the addition of hydrogen to, a kerogen material, with
heteroatom removal being an important consideration.

Classical methods for the liquefaction of solid fuel include pyrolysis, solvent
extraction, direct hydrogenation and indirect hydrogenation. The kerogen
molecule is thermally broken down at 500-600 °C. The most widely spread
method for oil shale processing is pyrolysis or retorting (2). There are other
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processes than pyrolysis at high temperature to convert kerogen into soluble
products.

e Solvent extraction and modified solvent extraction which utilizes a
hydrogen donor solvent system with catalyst at temperatures 300-400
°C and pressures 70-200 atm.

e Indirect liquefaction involves reacting solid fuel with steam and oxygen
at high temperature to produce synthesis gas consisting primarily of
hydrogen, carbon monoxide and methane, and then catalytically
reacting the hydrogen and carbon monoxide to synthesize hydrocarbon
liquids by the Fischer-Tropsch process.

e Direct liquefaction process involves the hydrogenation of shale
particles at high pressure of hydrogen and using a solid catalyst.

e Modern processes under intensive study are supercritical water
gasification (SCWG) process and the hydrothermal upgrading (HTU)
process. The first can be classified as an indirect liquefaction process,
and the second is the direct liquefaction process.

It is worthwhile to focus on these latter, less-classical approaches to
liquefaction in terms of their details. In the SCWG process, the product is fuel
gas containing more than 50 % hydrogen on a mole basis. Crude oil is the target
product in HTU, and hydrogen in SCWG (3). In SCWG, the reaction generally
takes place at temperatures above 600°C and at the pressures at or higher than
that typical at or just above the critical point of water. At temperatures higher
than 600 °C, water becomes a strong oxidant, and oxygen in water can be
transferred to the carbon atoms of the carbonaceous material. As a result of the
high density, carbon is preferentially oxidized into CO, but small amounts of CO
are also formed. The hydrogen atoms of water and of the kerogen are set free
and form H,. The gaseous product consists of more than 50 % hydrogen on a
mole basis, CO, in second quantity at about 33 %, and the rest including CH,
and CO.

The HTU process is a liquefaction process carried out under sub-critical
water conditions, the product contains crude, organic compounds, gases, and
water (4). The HTU process is a promising liquefaction process- it can be used
for the conversion of a broad range of carbonaceous feedstocks. Because the
process is especially designed for wet materials, the drying of feedstocks is not
necessary. Treated in water in a temperature range of 300-350°C and a pressure
range of 120180 bar, kerogen is depolymerized to a hydrophobic liquid product
so-called “crude”. Gases are also produced, consisting of CO,, H,, methane and
CO. Other product includes water and organic compounds. There are studies on
liquefaction of the organic matter of Kukersite oil shale (5). At 350 °C the oil
yield was up to 85 % of the total organic matter. The extracts were characterised
by a high content of aliphatic compounds, especially by olefins with a double
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bond in the middle of the chain. The obtained crude oil is heavy, having a high
density and molecular weight and containing a great deal of asphaltenes (6).

After completion of the reaction, a substantial portion of the produced
fluids, including gases and easily removable liquids, may be recovered from any
solid materials in the reaction mixture by the use of conventional solid/gas and
solid/liquid separation techniques. The recovered hydrocarbon liquids may then
be further treated by filtration, centrifugation, distillation, solvent extraction etc.
Unlike petroleum, crude oil from these processes has a very complex structure,
and, thus, new chemical technologies, especially novel solvent systems, are
needed for its processing.

Ionic liquids for liquefaction of oil shale

There are only few papers available about using ionic liquids for treating
coals or oil shales. All these are using chloroaluminate(III) based ionic liquids.
The first example is almost 30 years old. It is shown that Green River oil shale
can be degraded using a sodium chloride saturated tetrachloroaluminate melt (7).
This solvent is acting as Lewis base. At a temperature 320 °C, 58 % conversion
of the organic carbon present was achieved.

Newman, et al (8) used mixture of pyridinium chloride and AICl; , which is
liquid at near room temperature (30-40 °C), as a catalysts for Friedel-Craft
alkylation of coal with 2-propanol. Comparing the solubility’s of the alkylated
and non-treated coals in various solvents showed that the alkylated coal was in
all cases considerably more soluble. Friedel-Craft acylation alters the coal’s
primary structure and oxyalkylation alters its secondary structure making it
potentially more susceptible to further modification, but with minimum damage
to the sub-units of the coal macromolecule. In other studies different coals were
acylated by acetyl chloride in presence of ionic liquid — pyridinium chloride-
aluminum chloride, and coal solubility was increased up to 17 % (9).

Chloroaluminate (III) ionic liquids have investigated as media for the
dissolution of kerogen for oil exploration by Seddon and coworkers (/0) at the
University of Sussex between 1990 and 1995, and this was concluded in (/7).
Kerogen can be dissolved by heating of the sample in acidic ionic liquid for one-
minute periods in a microwave oven. By different spectroscopic means it was
found that products (liquid and solid) were substantially altered compare to
initial oil shales.

Another trial was done by Sutton (/2) studying the solubilisation of
Insoluble Organic Matter (IOM) from sediments and bacteria. Less than 1 % of
sedimentary IOM and 5 % of Kimmeridge Clay IOM was soluble in DCM
following ionic liquid treatment, whilst alkyl chains were lost from the insoluble
portion which also increased in aromaticity. The ionic liquid was found to non-
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quantitatively promote ether cleavage, protonation and rearrangement reactions.
This ionic liquid dissolution procedure has not provided the substantial progress
in elucidating the molecular character of IOM promised by earlier reports.

The difference that treatment with ionic liquids can offer is well
demonstrated on the example of cracking of polyethylene to gaseous alkanes and
low-volatile cyclic alkanes in chloroaluminate (III) ionic liquids (/3). Yields of
liquids as high as 95 % with HDPE have been obtained. The cracking of
polyethylene, using chloroaluminate (III) ionic liquids, gives a significantly
different distribution of hydrocarbon products. The major products of the
reaction are C3—-C5 gaseous alkanes (such as isobutane) and branched cyclic
alkanes, all of which are useful feedstocks, and this selectivity towards low
molecular weight feedstocks— the best possible products from this cracking
reaction — gives an additional advantage.

Koel et al (/14) conducted oil shale treatment with 1-butyl-3-
methylimidazolium based ionic liquids: 1-butyl-3-methylimidazolium cation and
PFs~ anion ([bmim]-[PFs]) and with different mol % of AIClL
([bmim][CI*AICL]). These ionic liquids are easy to prepare and this makes them
as a good choice for treatment of oil shales. The hexaflourophosphate ionic
liquid appears to be a poor solvent for either oil shale at room temperature or at
elevated temperatures, but below 200 °C where the thermal degradation of oil
shale kerogen starts. The yield of soluble products was only 0.07 % for the
Dictyonema shale and 0.02 % for the Kukersite shale, which is on the same level
as solvent extraction. This means that the hexaflourophosphate ionic liquid itself
does not have catalytic activity to solubilise kerogen. For the acidic
chloroaluminate ionic liquid, the extraction yield generally increased with
extraction temperature, suggesting that this ionic liquid does not function as a
thermal agent only but has catalytic activity and is solubilising kerogen. For
Kukersite increasing extraction temperature increases yield of soluble product in
case of acidic IL substantially (up to 4 % from total mass of shale taken at 175
°C). For basic ionic liquid there was only small increase in the recovery of
kerogen at temperature 175 °C.

Different behaviour was seen in case of Dictyonema, where the increase in
yield of soluble products was estimated on case of basic IL (up to 1.7 % from
total mass of shale taken); acidic IL gives slight increase but yield remains lower
than 0.5 %. A rationale for this might be in the different mineral matrix of this
oil shale, and it points to uniqueness of different oil shales.

An ionic liquid which itself is a Lewis acid or a solvent for a Lewis acid
could be applied for acid-catalysed, oil-shale conversion for producing liquid
and gaseous products at lower temperatures than that of pyrolysis. If these acid
catalyst systems can be readily regenerated their use will be not limited. Ionic
liquids could be used to overcome the difficulties in catalytic hydrogenation
serving as a means to bring hydrogen gas in contact with the kerogen, especially
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if a solid catalyst is used. All the experiments described above share a step
involving quenching of the reaction by addition of water. This way the ionic
liquid is destroyed and there are no data about potential continuous processes.
The future direction of these studies should be towards regeneration/recycling of
process ionic liquids which could make the kind of treatment economically and
environmentally interesting for industry.

The bench scale experiments are already a new source of data to refine the
models for the macroscopic structure of kerogen (15). It is important to employ
complementary, solution based analytical methods in order to learn more about
kerogen. Successful dissolution of kerogen preserving structurally important
fragments may therefore have a substantial impact upon fundamental
geochemistry and the petrochemical industry.

Ionic liquids for upgrading of shale oil

Whatever process is used for liquefaction of kerogen, the crude oil from that
is very complex and needed further processing/separation to get fuels and
feedstock for chemicals, where high-value chemicals are the best way to increase
the overall value of shale oil. [onic liquids need to be investigated with a view to
upgrading technologies and look for one-step conversion processes that are
economic in small-scale applications also. The applications of ionic liquids in a
range of reactions continues to expand and the list of studies performed covers a
broad range of areas: oligomerization and polymerization, hydrogenation,
dimerization and telomerization of dienes, carbonylation, oxidation and radical
reactions, Heck, Suzuki, Stille, Sonogashira, Negishi, and Ullmann coupling
reactions, allylation reactions, and others. Their successful use as solvents has
been demonstrated for a wide range of organic reactions including acid catalyzed
reactions and transition metal catalyzed transformations (/6,/7). The main
potential interest in using ionic liquids results in the possibility to modify the
properties of salts in large extent. From a chemical point of view, this leads to
enhancement of reaction rates and improvement of chemo- and regioselectivities
relative to other organic solvents (/8).

Although the exploration of 1,3-dialkylimidazolium-based ionic liquids in
catalysis is in its exploratory stage, these salts have already stepping in to
industrial catalytic processes. Indeed, IFP (Rueil-Malmaison, France) has
launched a commercial process for the dimerization of butenes to isooctenes
(Difasol process) (19), and this new process provides significant benefits over
the existing homogeneous Dimersol X process.

Catalytically active salts which were effective for breaking apart
hydrocarbon molecules in case of kerogen liquefaction can be used for crude oil
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upgrading also. Expected operating temperatures will be much lower than used
in current conversion methods. University of Regina work has shown that heavy
oil conversion can occur at a surprisingly low temperature, whereas current
technology uses temperatures in the 400-550 °C range (20).

Existing experience with room temperature ionic liquids based on
alkylmethylimidazolium hexafluorophosphate suggests that such systems may be
easily adapted to conventional liquid-liquid extraction practice. The good
correlation between the distribution of the solutes in the ionic liquid system and
their distribution in an n-octanol-water system is a useful base for design of
extraction systems (2/). The search for task-specific ionic liquids for use in
extraction systems is going on to find the appropriate combination of physical
properties and performance geared towards industrial application. Results on
extraction of metals (22) can be developed for crude oil applications as well as
there are examples of removal of sulfur from diesel fuel. The results indicate that
future technical sulfur content specifications should be achievable with
multistage extraction using ionic liquids (23). Already, some patents are claimed
in this removal of sulphur compounds (24). It is actual and very fast developing
area where next steps would be on extracting oxygen and nitrogen containing
compounds from crude oils.

Another advantage of ionic liquids could be find in their large effect in
microwave assisted chemical transformations as it was already used in case of oil
shale dissolutions (/7). Small amount of ionic liquids can insure an efficient
absorption of microwave energy and a good distribution of heat. Reactions can
proceed in a much faster way than in conventional organic solvents (235).

Recovery of ionic liquids

Separating the conversion product from the ionic liquid without losing the
catalytic activity of the catalyst solubilized in ionic liquid or catalytic activity of
ionic liquid, also the recovery of ionic liquid in extraction process itself
improves the economics of the process.

In principle all methods of separation like distillation, gas extraction,
crystallization and liquid-liquid extraction should be viewed in light of the
special properties of ionic liquids. In this area activity has just begun and only
sparse results are available. Interestingly, the low vapor pressures of ionic liquid
systems offer some advantages and suggest novel methods of solvent recovery or
solute separation.

If the products to be removed from an ionic liquid have relatively high
vapor pressures then simple distillation or a wiped film evaporator should be
highly effective in removing these components. Since the ionic liquid is
essentially non-volatile, this would be an easy separation and should require
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relatively few equivalent stages or effective area. Thanks to the low vapor
pressure of the ionic liquids, distillation can be envisioned without azeotrope
formation (26). Thus, for volatile compounds that do not decompose at
temperatures near their boiling points (ionic liquids are stable at least to 150 °C,
mostly 250 °C), a flash or an easy distillation column would be the separation
method of choice. However, it is often limited because of the general thermal
instability of organometallic catalysts. One obviously additional benefit of
distillation is that it does not require the addition of any new compounds.

Another alternative for the removal of volatile components from an IL is gas
stripping or extraction. Simply bubbling air or some other inert gas through the
IL mixture should strip out the volatile components. The disadvantage of this
technique is that removing volatile products from the gas by condensation may
require significant refrigeration costs. On the other hand, like distillation, there
will not be any ionic liquid contamination of the product in the gas phase.

A departure from gas stripping is using a fluid in its’ supercritical state.
Supercritical carbon dioxide (scCO,) can bring breakthrough in technology of
extraction with ionic liquids. The advantages of using CO, as an extraction
medium include low cost, nontoxic nature, recoverability, and ease of separation
from reaction products. Brennecke et al (27) demonstrated that CO, and
[bmim]-[PF;] could be used together as extraction system. Supercritical CO,
dissolves in the liquid to facilitate extraction, but the ionic liquid does not
dissolve in carbon dioxide, so pure product can be recovered. A variety of polar
and nonpolar aliphatic and aromatic substrates was recovered effectively from
the IL by batch wise extraction with scCO, (28).

Existing results suggest a promising future for biphasic IL/scCO, systems. A
primary advantage of such systems is the solubility or stability of organometallic
or enzymatic catalysts in ILs and their negligible solubility in scCO,. On the
other hand, many organic reactants and products are reasonably soluble in
scCO,. The development of continuous-flow catalytic systems in which both the
IL/catalyst and the CO, can be recycled would be an important advance en route
to large-scale commercial applications. There have been reported examples
indicating that the continuous flow supercritical fluid—ionic liquid biphasic
system provides a method for continuous flow homogeneous catalysis, with built
in separation of the products from both the catalyst and the reaction solvent, and
that this is possible even for relatively low volatility products (29,30).

One option for separation of organic solutes whose melting points are
significantly lower is crystallization of the ionic liquid solvent or for solutes with
high melting point the precipitation from the ionic liquid. The liquid remaining
would still contain some IL because of possible eutectic. This way crystallization
remains always problematic for effective separation or recovery ionic liquids.

If the target product to be removed from the ionic liquid is not volatile or if
it is thermally labile then the natural choice might be liquid-liquid extraction.
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Moreover, if there are multiple organic compounds in the IL mixture that have
differing polarities or functionalities, then liquid-liquid extraction may afford the
opportunity for some selectivity in the extraction. But there are several
restrictions relating to solvent-choice for extraction from an ionic liquid:
e The ionic liquid and the solvent must be immiscible.
e The solubility of the solvent in the IL-rich phase and the solubility
of IL in the solvent-rich phase. The solubility of the solvent in the
IL-rich phase may have positive or negative consequences. On the
other hand, any solubility of the ionic liquid in the solvent-rich
phase is almost always a disadvantage.
e The partition coefficient of the product between the IL-rich phase
and the solvent-rich phase must favor partition into the solvent.
Thus, liquid-liquid extraction offers some opportunities for selective
extraction of the organic solute from ionic liquid but introduces additional issues
associated with contamination of the extract phase with the ionic liquid and sub-
sequent downstream separation and waste treatment challenges. In addition, use
of conventional volatile organic liquid solvents for the separation step is contrary
to the overall objective to reduce the use of VOC solvents and their subsequent
environmental pollution problems. Requiring the liquid extractant to be
environmentally benign, as well, would severely limit the choices of potential
extraction solvents.

Conclusion

Ionic liquids provide a unique medium for developing new chemistry and a
potential solution for processing oil shale, which is providing a variety of
challenges to turn them into practical fluids for industrial use. To achieve the full
potential of this new class of solvents in petrochemistry will require serious
participation of chemical engineeres in the design and development practical
applications with ionic liquids.
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In recent years, much attention has been given to deep desul-
furization of diesel oil and gasoline, since exhaust gases
containing SOx cause air pollution and acid rain. Moreover, a
lower sulfur content than today - still several 100 ppm S in
many countries - would allow the use of new engines and cata-
lytic systems. Therefore, the S-level in fuels will be drastically
decreased in Europe and other countries in 2005 down to at
least 50 ppm. The current process of catalytic hydrodesulfuri-
zation (HDS) is limited for such ultra-low sulfur fuels, respect-
tively the expenses are high to meet these future requirements.
Alternative processes are therefore desirable. This paper pre-
sents a potential alternative, the (reversible) extraction of orga-
nic S-compounds by ionic liquids (ILs), . g. by butylmethyl-
imidazolium(BMIM)-chloroaluminate, but also by halogen-free
ILs like BMIM-octylsulfate. In the presented experiments, ex-
traction of model oils (dibenzothiophene derivatives mixed
with dodecane) as well as of a real diescl oil were investigated.
The results show the excellent and selective extraction
properties of ILs, especially with regard to those S-compounds,
which are very hard to remove by HDS. In addition, organic N-
compounds like indole are also extracted with an even much
higher efficiency. The application of mild process conditions
(ambient pressure and temperature) and the fact that hydrogen
is not needed, are additional advantages of this new concept in
comparison to HDS. The estimation of the basic parameters of
a technical extraction process with ILs will be given.
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Introduction

Crude oils contain significant amounts of sulfur in form of various organic
compounds (Fig. 1). Depending on their origin, crude oils strongly vary in their
S-content. Crudes from South America may contain up to 5 wt.-% sulfur, and
those from North Africa as little as 0.2 %. The average content is typically 1 %.

R-S-H  Thioles R-S-R  Sulfides R-S-S-R Disulfides

“ ” Thiophene m B;;I‘;Othiophene
S s (
Dibenzothiophene O O 4.6-Dialkyldibenzo-
s (DBT) s thiophenes
R R

Fig. 1: Typical sulfur compounds in liquid fuel

During about the last three decades much attention has been given to the
desulfurization of fuels like diesel and gasoline, since exhaust gases containing
SOx cause air pollution and acid rain. The S-limit was therefore gradually
decreased, ¢. g. in Germany from 5000 ppm (1975) down to today s value of 350
ppm; fuels with even lower S-contents are already available due to tax benefits.
Due to these restrictions, SO,-cmissions from gasoline and diesel today only
contribute about 2 % to the total emissions (Germany). Nevertheless, the S-limit
will be set Europe-wide in 2005 to 50 ppm. In addition, in some countries
(Sweden, Germany) the majority of fuels will then be even “S-free” (by
definition < 10 ppm S). These additional restrictions mainly aim at the reduction
of CO-, NO,-, and particulate emissions:

e Vehicles with gasoline engines usually carry three-way catalytic converters.
For the further reduction of the above named emissions as well as of fuel
consumption, the automotive industry will introduce direct injection and lean
fuel engines, which need a very S-sensitive so-called storage DeNOx-catalyst.
To keep a high degree of efficiency of the catalysts, they have to be regenera-
ted periodically. In case of S-levels > 10 ppm, the regeneration cycles are too
frequently, which could nullify the better efficiency of such engines [1].

¢ For diesel motors the (cancerogenic) particulate emissions need to be reduced
further. This can only be achieved with novel catalysts and particle filters, but
these systems are only suitable for (practically) S-free diesel oil.
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By 2010, the S-limit will therefore probably have reached in many countries
both for gasoline and diesel oil a value of 10 ppm (or even less, e. g. with the
introduction of new technologies like fuel cells). This means that the degree of S-
conversion/separation that is needed to meet this limit is 99.9 % (assuming a S-
content in the raw feed of 1 % and a target S-content of 10 ppm) compared to
today s value of (“only”) about 97 % (to reach 350 ppm) in European refineries.

Current Technology for desulfurization of fuels

State of the art of desulfurization is hydrodesulfurization (HDS). Thereby,
the S-compounds are converted on catalysts based on CoMo or NiMo to HS and
the corresponding hydrocarbon according to (example thiole):

R-S-H+H, —_— R-H+H,S

Typical reaction conditions are 350 °C and 30 to 100 bar. High pressure
reactors and vessels etc. are needed, resulting in high investment costs. H,S,
which is separated from the desulfurized oil, is then subsequently converted by
catalytic oxidation with air into elementary sulfur. Hydrogen, which is fed into
the HDS-reactor together with preheated oil, is only consumed to a small extent
in the trickle bed reactor, and so the hydrogen is recycled (after separation) back
into the reactor (typically with recycle rates > 50 !) [2].

The S-compounds, which remain in the diesel oil, e. g. after desulfurization
to 350 ppm S (S-limit in Europe up to 2005), are above all derivatives of thio-
phene (Fig. 1). Mercaptanes and (di)sulfides are much more reactive and there-
fore practically nonexistent in partially desulfurized oils. Particularly refractory
are dibenzothiophene (DBT), methyldibenzothiophene (MDBT), and above all
4,6-dimethyldibenzothiophene (4,6-DMDBT). The reaction rate to convert these
S-components by HDS decreases in the named order by factors of about 2 and
10, respectively [3, 4]. (Remark: The desulfurization rate can therefore be
approximated by a reaction second order with respect to the total amount of S.
This expresses, that the rate of desulfurisation superproportionally decreases
with rising degree of desulfurization by the increasing portion of the remaining,
less reactive compounds like 4,6-DMDBT). So in return, the expenses also
drastically increase both with respect to investment (reactor size, pressure) and
production costs (energy, hydrogen consumption and recycle).

In order to improve the current HDS-technology, the focus of research
is the development of more active catalysts based on noble metals. In general,
they are not S-resistant for S-contents > 100 ppm [5], are therefore only
applicable for decp desulfurization, and of cource the above mentioned expenses
remain. Alternative processes are therefore desirable, if possible without the need
of hydrogen, high pressure and/or high temperature.
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Alternative processes for deep desulfurization

Possible alternative processes for deep desulfurization are adsorption and
absorption (extraction). (Biological and other more “exotic” methods discussed
in the literature are beyond the focus of this paper.)

A new adsorption technology for gasoline was developed by Phillips (S Zorb
SRT-Gasoline) [6]. The first commercial unit came on stream in 2001. The new
technology uses a specific sorbent (not specified in the open literature) that
attracts S-compounds and removes the sulfur. The S-loaded sorbent is continu-
ously withdrawn from the fluid bed reactor and transferred to a regenerator,
where the sulfur is removed as SO, by oxidation with air. A similar process for
diesel is currently under development, but obviously this is more problematic.

The 2™ option is extraction of S-compounds by an appropriate liquid extrac-
ting agent. In principle, an ideal agent should have the following properties:

o high partition coefficient for S-compounds, above all for dibenzothiophenes,

e regeneration should be easy, i. e. S-extraction should be reversible and so the
agent should have no or at least a very low vapour pressure,

o the agent should be absolutely indissoluble in oil, and in addition hydro-
carbons should not or only to a small extent be soluble in the agent, and

o the agent should feature a high thermal stability, be non-toxic and environ-
mentally benign.

Ideal candidates are ionic liquids (ILs) [7-11]. As shown below, ILs have
excellent (and reversible) extraction properties for S- (but also for N-
compounds), no vapour pressure, and are - if chosen carefully - insoluble in oil.
The basic concept of such an extraction process is given in Fig. 2.

Extraction column
Diesel oil regenerated
1—1;——8 w\ f o "+ Jonic liquid ===
e.g. 10 ppm . RS- H——s"
¢ -S-H ¢ org. S-compounds
TN 4 (e. g. dibenzothiophene)
:— n\ _;-:[: ,1:\“3' —’: 4
H M
N M
=X [ Regeneration
o R :
. .
¢« —R-SR—>?
Dieseloil | + H lonic liquid
——-.-'r- C o o ] (+ org.S) —

300 ppm S

Fig. 2: Concept of deep desulfurization of diesel by extraction with ILs
(possible methods of regeneration: re-extraction with low-boiling hydrocarbons,
destillation - if needed under reduced pressure - or with supercritical CO5)
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Subsequently, experimental results of the extraction of S-compounds from diesel
oil by ILs is described. In addition, the basic parameters of a technical extraction
process are estimated.

Deep desulfurization of fuels using ionic liquids

Ionic liquids (ILs) are low melting (< 100 °C) salts, which represent a new
class of solvents. Up to now, ILs have mainly been studied with respect to bi-
phasic homogeneous catalysis. The range of known and available ILs has been
expanded so that many different candidates are accessible today. Fig. 3 shows
some ILs, which have been up to now investigated in our group (Uni. Bayreuth)
in cooperation with the group of P. Wasserscheid (University Aachen) [7-11].

@f_:;: N@/T—_AICI; /(A)w) N

~N AlCI
IL-1 IL-2 IL-3

H

|
SN "'Nf/_\ /\I!H/\ M\ \(\’)s’\+/\(\/)/
6

AlCI,
+ 2 H,CSOy + 2 H,CSO;
IL-4 IL-§ IL-6
= A
SN TR ﬁ
IL-7

Fig. 3: Typical ILs used for the extraction of organic S- and N-compounds

Experimental

The investigated ILs can be divided into two groups, chloroaluminate-ILs
(no. 1 - 3 and 6 in Fig. 3) and halogen free ILs (no. 4, 5 and 7 in Fig. 3). The
latter are of particular interest, as the use of AlCl;-based ILs is probably unlikely
to be accepted by refiners. The model oils were made by mixing n-dodecane (or
an oil from FLUKA with 18 % aromatic hydrocarbons) with the following S-
compounds: dodecanethiol, DBT, and a mixture of DBT, MDBT and 4,6-
DMDBT.

All ILs form biphasic systems with the model oils at room temperature. For
the extraction experiments, the IL was added to the model oil in a mass ratio of
typically 1/1 up to 1/5. First of all, the oil-IL-mixture was stirred at room tem-
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perature in a schlenk tube or a comparable vessel. It was found that the extraction
process proceeds very quickly, i. e. the final sulfur distribution was reached in
less than 5 min (thermodyn. equilibrium). After stirring, two phases quickly sepa-
rate, and the oil could be analyzed with respect to the S-content etc. To confirm
that the extraction is reversible and can therefore be described by a partition
coefficient (Nernst’s law), the S-compound was re-extracted from the S-loaded
IL with fresh dodecane. (Remarks: Technically, re-extraction would certainly not
be done with dodecane, but with more efficient re-extraction agents like cyclo-
hexane [10] and others, which are currently under investigation [11). In addition,
the schlenk tubes used up to now for the micro-scale experiments can not be
considered to be a typical or least of all an optimal extraction vessel. Therefore
extraction with respect to industrial scale extraction will also be tested in a lab-
scale mixer-settler unit with 10 stages.)

All S-contents of the oil presented in this paper were determined by
clementary analysis (Antek Elemental Analyzer 9000, pyro-chemiluminescence
N-detector, pyro-fluorescence S-detector). Repeated measurements indicate an
average error of this method of about 1 ppm (both for S and N). The S-content of
the IL was determined based on a respective mass balance.

Leaching of the ILs into the oil (also never observed) could easily be con-
trolled and monitored for all experiments by the elementary N-analysis, as in
contrast to the model oils (dodecane and also aromatic hydrocarbons like benzene
and methylnaphthaline) all the investigated ILs (see Fig. 2) contain nitrogen.

The extraction of N-compounds (model system indole-dodecane) was also
investigated. N-compounds, which are present in (raw) diesel oil in a range
comparable to S-compounds, strongly inhibit the catalytic hydrodesulfurization
process. It could therefore be interesting to combine a HDS unit with an upstream
unit for separation of N-compounds (details will be given below).

To determine the parameters of an extraction column or a mixer-settler
system, the respective triangular diagrams were calculated based on experiments
with the system I-methyinaphthaline/dodecane/BMIM-octyisulfate and the
system FLUKA oil/DBT/BMIM-octylsulfate.

Eventually, the extraction of real predesulfurized diesel oil was investigated.

Results and discussion of extraction experiments with Ionic Liquids

A typical example of an extraction experiment is shown in Fig. 4. The
partition coefficient with BMIM-chloroaluminate is 3.4 (gs/gn)/(8s/8.u), indica-
ting that DBT can be easily extracted from the oil. The respective re-extraction
experiment approved this partition coefficient. A similar extraction with dode-
canethiol (with BMIM-chloroaluminate) gives a partition coefficient of 8.4
(8s/8n.)/(8s/8.1), indicating that the extraction properties of the IL is not limited to
aromatic S-compounds. (Remark: For a technical deep desulfurization, this
result is nonrelevant, because such reactive S-compounds like thiols are already
converted by HDS, i. e. pre-desulfurized diesel is practically free of thiols [4].)
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In order to check the feasibility of a technical deep desulfurization process
by extraction with IL, the desulfurized oil from the first extraction step was again
treated with fresh IL. This process was repeated up to four times to reach five
extraction steps (or theoretical plates in a cross current operation).

The almost linear relationship of log(S) vs. number of extraction steps
underlines that the extraction can be described in a wide range of S-concentration
by a constant partition coefficient (Nernst’s law), as shown in Fig. 5 for the IL
BMIM-octylsulfate, which was again confirmed by re-extraction experiments.

The extraction efficiency of the chloroaluminate-IL (Fig. 4) is higher than
the one of the halogen-free IL BMIM-octylsulfate, although in the latter case still
a partition coefficient of about 2 is reached (Fig. 5). As expected, the degree of
desulfurization is increased by increasing the IL to oil-ratio; thereby the partition
coefficient does not change. In case of a 1 to 1 ratio (by mass), only 5 extraction
steps are needed to reach a S-content of about 4 ppm (starting from 500 ppm S).

lon. Liquid n-dodecano i
N
BMIM tetrachioro- N/@ AlCT, leenzothlophene (DBT) (/ |
aluminate  — ( equivalent to 430 ppm S)

\/

5 Phase-
a2 1, separation n-dodecane
- +DBT (187 ppm S)
2 gDodecane | | EEE—
pergliL | ion. liquid
+DBT (630 ppm S)
Y
-No chem. ,attack* of the IL on S-compound
-Regeneration (Reextract.) of the S-loaded ¢ Kuornst = 3.4 Gs/Gu! 9s/Gon

IL possible {(process is reversible).

Fig. 4: Typical extraction experiment with model diesel oil

With respect to deep desulfurization of diesel oil, it is highly important, that
the S-compounds, which are specifically hard to convert (desulfurize) by HDS,
can be extracted by ILs. Therefore, an experiment with a model diesel oil contai-
ning a mixture of dodecane with DBT (9 ppm S), MDBT (133 ppm S) and 4,6-
DMDBT (301 ppm S) was conducted. The result clearly indicates that in contrast
to the differences in selectivity to convert DBT-derivatives by HDS, the
selectivity of the IL (here BMIM-octylsulfate) to extract MDBTSs and above all
4,6-DMDBT is practically identical to the base case of DBT-extraction (Tab. 2).

As already mentioned, the extraction of N-compounds can also play an
important role in a combination of extraction with IL (for deep desulfurization)
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with an up-stream HDS unit (for desulfurization down to e. g. 100 ppm S). An
extraction experiment with indole and BMIM-octylsulfate as extracting agent
resulted in a partition coefficient of 340 (gn/gn )/(gn/8.i1), Which is - compared to
the coefficient of DBT of about 2 (gs/g.)/(8s/8.1) - an amazingly high value.

1000 e e e
300 ppm S SgoligiL
£
g 100 29/ >
£ O ' o8 0 [;lemu of IL-addItlonJ
BMIM
§ octyisulfate
3 10 +— ,@N\/\/ \[
\/\/\/\/o—g—o‘ 1
0 Kyernst™ 2 O5/Qn | 95/Gon
1 T L) T L
0 1 2 3 4 5

Number of extraction stages (cross flow system)

Fig.5: Influence of IL-oil ratio on multistage extraction of model diesel oil

Table 2: Comparison of selectivities of extraction and of hydrotreating (*data

from [3], ** data from [4])
Selectivity of Selectivity of
S-compounds present in hydrotreating IL-extraction
pre-desulfurized diesel oil {1-methyk-3-n-butyl-
(CoMo-catalyst) imidazoliumoctylsulfate)
DBT O @ Reaction rate: Kyernet ™ 100 %
s 100 % (standardized) (standardized)
4-moeT [ ) ] () | s0% tos0%~ 90 %
CH,
4,6-DMDBT O O 1% to 20~ % 89%
H, CH,

Finally, the desulfurization by extraction of a real pre-desulfurized diesel oil
(from MIRO-refinery in Karlsruhe, Germany; S-content of about 375 ppm S) was
investigated with different ILs (Fig. 6). It must be emphasized that the ratio of the
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diesel to IL (5 g oil/g IL) was high, and therefore the final S-contents after e. g. 3
extraction steps (cross current mode) were not much lower than about 200 ppm.

In case of the real diesel oil, the partition coefficients are only about half of
the values with model diesel oils. The reason for this is up to now not clear and
will be the object of further investigations. Nevertheless, the experiments show,
that also real oil can be desulfurized by extraction with ILs.

,real® Diesel oll* with 376 ppm S; 6 g Ol per g IL

)
@ﬁg * MIRO-Raffinery Karisruhe, Germany
A a0
0
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£
‘E 20
bk el £ .
? 2 "-.%. Halogen free iLs
A a ..
2D V.7 g Modei ol
“gm BMIM-AIC,
00 2t
+2HCS0; o 1 2 3 4

Number of extraction stages

Fig. 6: Desulfurization of predesulfurized “real” diesel oil by extraction with IL

Engineering aspects of desulfurization by extraction with ILs

So as an interim result, the following can be stated: ILs do effectively extract
S- and N-compounds. The S-loaded IL can be regenerated by re-extraction or
probably by other means like distillation or by supercritical carbon dioxide. The
optimization of regeneration of the loaded IL was not yet studied in detail;
investigations of this important step with respect to a technical extraction process
are presently done.
For the estimation of the design of a technical extraction column (or a
mixer-settler system), three main problems/questions are still left:

e To what extent are hydrocarbons also soluble in ILs (“cross solubility”)?
o s the (desulfurized) diesel oil “contaminated” with IL?

e What is the number of theoretical plates of a technical extraction unit?
The respective experiments and answers will be given below.
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Cross-solubility of ionic liquids in hydrocarbons and vice versa

The triangular diagram of the system n-dodecane-methylnaphthaline-BMIM-
octylsulfate is shown in Fig. 7 [11]. A mixture of IL and pure methylnaphthaline
is monophasic. For a content of less than about 50 % of this aromatic hydro-
carbon (in the oil), a biphasic system is established (at least for an IL-content of
less than 90 % in the whole mixture). Within the biphasic area, an IL-rich phase
and an oil phase is established. The IL-rich-phase contains both the paraffinic and
the aromatic hydrocarbon to a relative small extent, whereby the extraction
selectivity for the latter is higher.

This cross solubility of hydrocarbons in the IL is an unwanted effect, and
should be decreased by further investigations in order to find more suitable ILs.
So during regeneration of the oil- and S-loaded IL, a S-rich oil phase would be
produced, and has to be further processed to minimize the losses of diesel oil, e.
g. by recycling this stream back to the hydrotreater (see below).

It is important to state, that the oil phase (with a slightly lower naphthaline-
content than the fresh oil), is free of any IL, which was proven by elementary N-
analysis during all experiments with dodekane, FLUKA oil and for comparison
also with benzene: The N-content (respectively the IL-content) in the oil phase is
at least less than 1 ppm, i. . below the detection limit of the elementary N-analy-
zer. This important fact is supported by numerous other experiments.

1-Methyinaphthaline

IL-phase with § % dodecane
and$ % naphthaline

Addition of

\\ W 1giLper2goll
""""" Tie tine

nCuHx 78 50 25 IL (BMIM-Octylsulfate)

Fig. 7: Cross solubility of hydrocarbons in BMIM-octylsulfate

Number of theoretical plates of an extraction process with ILs

Triangular diagrams of the system oil-S-compound-IL are given in Fig. 8.
The oil used (FLUKA, white spirit) had a content of 18 % aromatic hydro-
carbons, which is typical for diesel oil (rest paraffines and 5 ppm S), and a
boiling range from 180 to 220 °C (1 bar). For clearness, only a “cut-out” of the
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whole triangular diagram of the system DBT-BMIM-octylsulfate is shown in the
lower half of Fig. 8 (S-content up to 750 ppm; for a better understanding of the
cut-out see the upper part of Fig. 8). In this system, the cross solubility of oil in
the IL was only 5 % compared to the model system outlined in Fig. 7, and seems
to be independent of the oil to IL-ratio used in extraction. So in case of a high
ratio of oil to IL, the portion of the oil transferred into the IL would be small.

DBT

Dibenzothiophene

distorted
A-diagram

S

Not known (technically |
irelevan area of |- Cut-out
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(18 % aromatic HCs IL content in wt.-% (BMIM-Octyisulfate)
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rest paraffins)

Fig. 8: Triangular diagram (cut-out) of the system oil-DBT-BMIM-octylsulfate

To determine the number of theoretical plates of a column or the numbers of
mixers/settlers, a relative complicate construction using several tie lines (the first
is shown in Fig. 8) and a pole (outside the triangular diagram) is needed. The
result of such a calculation for the system described in Fig. 8 is a number of
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theoretical plates of 6 (for counter current operation of an extraction column and
a mixer-settler system) and about 4 for a system with cross current mode.

Much easier (and better to understand) is the determination of the number of
theoretical plates by assuming, that the cross solubility of hydrocarbons in the IL
can be neglected (at least for this calculation). So the biphasic system is reduced
to an IL-phase with dissolved org. S-compounds (but without hydrocarbons) and
an oil phase (with a certain residual S-content), i. e. only organic S is exchanged
between the IL- and the oil-phase. The resulting standard procedure to calculate
the theoretical plates based on this simplification is shown in Fig. 9.

g
o
H

OllIL = 1,33 gig

ppm S {as DBT) in oil
8 g

3
3

. l_‘r 1 I T g § 1 1
6 | 100 200 300 400
ppmSiniL

Fig. 9: Number of theoretical plates of an extraction column (counter current,
25 °C, IL: BMIM-octylsulfate, calculation based on data with model
diesel oil, simplified solution neglecting the cross solubility of hydro-
carbons in the IL)

Based on the equilibrium line (Nernst's law) and the operating line, which
depends on the mass balance of sulphur (DBT), the S-content in the feed, the
target S-content in the final product (here 10 ppm), and the IL to oil ratio (here
1,33 g/g), the number of theoretical plates can be determined by a step function
as shown in Fig. 9. The resulting number is 6, which is equivalent to the compli-
cate accurate method using the triangular diagram as roughly described before.
According to informations from an industrial partner, a number of less than 10 is
acceptable for typical extraction columns; for a value of less than about 3, a
mixer-settler would probably be used.

Integration of extraction unit for deep desulfurization in a refinery

Several options do exist to integrate a process of deep desulfurization by
extraction with ILs into a refinery (Fig. 10):
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The extraction process is installed downstream of the hydrotreater in order to
separate the DBT-derivatives from the pre-desulfurized product stream of
the hydrotreater. Depending on the IL to oil-ratio needed in the extraction
unit, a certain portion of the oil is dissolved in the IL. In Fig. 13, a ratio of 1
was assumed. The loaded IL is then fed to a regeneration unit, and subse-
quently recycled into the extraction. The oil with the S-compounds from IL-
regeneration can then be processed in other units of the refinery, €. g. in
thermal cracking, coking, as co-feed in partial oxidation of heavy oils or in a
power plant. Alternatively, this S-rich oil from IL-regeneration can also be
recycled and added to the feed of the HDS reactor. By this means, the refrac-
tory S-compounds like 4,6-DMDBT are converted in the end to H,S after
several cycles (HDS and extraction) and a long total residence time in the
HDS, respectively. By this means, the loss of diesel oil would be minimized.

Alternatively or in addition to a S-extraction, a small up-stream N-extraction
unit can be installed to separate mainly the N-compounds. This would relief
the HDS unit, because N-compounds strongly inhibit the HDS reactions:
According to [4], the activity of a classical CoMo-catalyst decreases by
about 30 %, if only 100 ppm N is present. The partition coefficient for the
extraction of N-compounds by ILs is so high, that the IL to oil ratio needed
for extraction would be very small. So in return, practically all N- and only a
very small amount of S-compounds and above all of hydrocarbons would be
dissolved. So the portion of the raw diesel oil dissolved in the IL would be so
small, that the N-rich oil from the regeneration of the loaded IL can easily be
used as a co-feed in several units of the refinery (see above).

Feed for thermal cracking etc. 01,5 % ofinput
or recycis to HDS unit? 1600 ppm §
Diesdl oil
- Diesel ol
{ ?;:ls N Extr, 5o ,,,. s HDS || Dieseton @
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eat) ||100mS
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Fig. 11: Desulfurization of pre-desulfurized real diesel oil by extraction with IL
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Summary and outlook

The experiments on extraction of S- and N-compounds from oil by ILs
indicate, that such a process could be an attractive alternative to common
catalytic hydrotreating, after all for deep desulfurization down to values of
50 ppm S or even lower. The results show the excellent and selective extraction
properties of ILs, especially with regard to S-compounds, which are very difficult
to remove by HDS (e. g. 4,6-DMDBT). The application of very mild process
conditions (ambient pressure and temperature) and the fact that no hydrogen is
needed, are additional advantages compared to traditional HDS.

Nevertheless, further investigations are still needed in order to develop such
a new extraction process based on ILs:

e For a better and optimized extraction process (€. g. compared to BMIM-octyl-
sulfate), ILs should be found with a lower cross solubility for hydrocarbons
and an even higher partition coefficient for S-compounds.

e The thermodynamic properties of selected extraction systems need to be
studied in more detail in order to determine properly all the data for a basic
design of a technical process (triangular diagrams etc).

o The regeneration of the loaded IL is a critical process step, and will therefore
be intensively studied in the future (scCO,, re-extraction with short-chain
hydrocarbons, distillation — if needed under vacuum, etc.).

Finally, it must be emphasized that extraction of polar organic compounds is
probably not only limited for deep desulfurization. Other applications are
currently investigated: Separation of Cl- and O-compounds, and the extraction of
flavours and odors, i. ¢. the separation of high-value fine chemicals.
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Opportunities for Membrane Separation
Processes Using Ionic Liquids
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An overview will be given on the application of membrane
separations involving ionic liquids. In particular, the use of
pervaporation and supported liquid membranes for the
recovery of solutes will be presented and discussed in detail,
revealing the opportunities that exist for the still recent area
of coupling membrane separation processes and ionic liquids.

Membrane separation techniques can excel conventional downstream
processes because separation of target solutes is achieved in many applications
without any phase transition, and selectivity is exceeding that of conventional
processes owing to particular solute-membrane interactions. In most cases,
membrane processes do not involve any additional extraction aid such as
organic solvents, can be operated at ambient temperature, and have in general a
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much lower energy consumption than comparable conventional separation
techniques. They therefore are considered a “clean”, environmentally benign
technology.

A large variety of membrane processes are nowadays known, their
differences being determined by the function the membrane fulfils, rather than
the membrane material that is employed. A traditional classification
distinguishes between membrane processes that employ porous membranes
(microfiltration, ultrafiltration) with the separation principle governed by a
size-exclusion effect, and those applying so-called “non-porous” or “dense”
membranes (pervaporation, vapour permeation, gas separation) where the
separation occurs on the basis of a solution-diffusion mechanism (1).
Membranes may also serve as a base for creating a large interfacial area for
mass transport, as is the case in membrane contactors, or host selective phases
immobilised within the membrane pores through which the solute transport
takes place (supported liquid membranes).

This classification of processes solely on the basis of the membrane
intrinsic porosity can be misleading with regard to the function of the
membrane, which should always be evaluated in view of the size and physico-
chemical properties of the solutes to be recovered. It is easily comprehensible
that the order of magnitude of “porous” or “dense” is different for gas
molecules than for macromolecules such as proteins. Not surprisingly, a
number of significant membrane processes fall in between the regime of
“porous” and “non-porous”, depending on how far and in what way the
membrane in fact interacts with the target solutes (nanofiltration).

As is the case with ionic liquids, membranes can to some degree be tailor-
made for individual applications with regard to membrane material (organic or
inorganic), structure and porosity (regular or asymmetric), and composition
(homogenous or composites, surface modification). Combining both ionic
liquids and membranes therefore literally suggests itself not only with regard to
benignity, but also in view of process versatility.

The literature on the use of membrane processes involving ionic liquids is
still scarce. The use of room-temperature ionic liquids (RTILs) for separation of
gases by using supported liquids membranes (SLM) was mentioned as early as
1988 for the separation of gases, using tetramethylammonium fluoride
tetrahydrate as  the  immobilised phase supported in a
poly(trimethylsilylpropyne) (PTMSP) membrane (2,3). More recently, SLMs
were studied with success using more recent generations of ionic liquids for
liquid-gas and gas-gas separations (4) as well as the recovery of organic
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compounds from solvents (5). Pervaporation was reported to successfully
recover solutes from ionic liquids using different types of membranes (6), and
for augmenting the conversion during biocatalysed esterifications by selectively
removing water (7).

In order to highlight the potential of membranes using ionic liquids, the
two until today in literature most cited membrane processes will be discussed in
detail in the following: pervaporation and supported liquid membranes. The
aim will be to not only call attention to the advantages of membrane processes
combined with ionic liquids, but to also emphasise pitfalls — which more often
than not bear the potential of significant progress, once they are understood and
overcome.

Pervaporation

Pervaporation is a membrane separation process that employs dense,
non-porous membranes for the selective separation of dilute solutes from a
liquid bulk solvent into a solute enriched vapour phase (8). The separation
concept of pervaporation is based on the molecular interaction between the feed
components and the dense membrane material, unlike some pressure-driven
membrane separation processes involving porous membranes, such as
microfiltration, whose general separation concept is primarily based on size-
exclusion.

The principle of pervaporation is illustrated in Figure 1.

liquid phase Tha >> e vapour phase
(ambient pressure) (vacuum)
@)
"@oo
O
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selective, non-porous highly porous support
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Figure 1. Principle of pervaporation.
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A non-porous membrane separates a liquid feed, commonly close to
atmospheric pressure, from a downstream compartment in which a vacuum is
applied. In order to warrant high fluxes while maintaining a high mechanical
stability of the membrane, composite membranes are often employed which
consist of an, as thin as possible, selective membrane layer cast on a highly
porous non-selective support (Figure 1).

When the feed contacts the membrane, the solutes (denoted as i in Figure
1) adsorb on and subsequently absorb in the membrane surface due to solute-
polymer interactions. Preferential solute-polymer interactions imply that the
solvating power of the polymer is higher for the solutes than for the bulk
solvent. The sorption of these solutes at the membrane surface creates a solute
concentration gradient across the membrane, resulting in a diffusive net flux of
solute across the membrane polymer. In pervaporation, any solute having
diffused toward the membrane downstream surface is ideally instantaneously
desorbed and subsequently removed from the downstream side of the
membrane. This can be achieved either by applying a vacuum (vacuum
pervaporation), or by passing an inert gas over the membrane downstream
surface (sweeping-gas pervaporation) such that the diffusive net flux across the
membrane is maximal. The vapour so desorbed is commonly recovered by
condensation at an adequate temperature.

The driving force in pervaporation is thus the gradient of the
concentration, or more precisely of the chemical potential, of a solute between
the bulk phases of each side of the membrane, while the transport is governed
by a solution-diffusion mechanism such that the solute flux is described in its
most general and convenient form by eq. 1 as

D._S. L.
J, = -————I"; Ll (C,"f —'Ci‘p) = el—‘m(ci.f -ci.l’) 1)
m m

with Ji: flux of i with the dimension being quantity of solute (in moles or
mass) per unit membrane area and unit time; D;,: solute diffusion coefficient
in the membrane; S;,: solute sorption (partitioning) coefficient in the
membrane; {,; membrane thickness; L;,: membrane permeability for solute i.
Hence, whilst the driving force is identical in pervaporation and evaporation, it
is the membrane permeability L that infers an additional selectivity of the
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pervaporation process in view of processes governed by the vapour-liquid
equilibrium alone. It should be noted that, for mere convenience,
concentrations are commonly used in order to calculate pervaporation fluxes.
Data on solute mass transport so obtained, however, are only valid for the
reference system in which they were determined and may not be readily
extrapolated. For this purpose one would revert to using the chemical potential.

The selectivity of the pervaporation process toward two solutes i and j is
expressed as their ratio of permeabilities, or their separation factor,
L cip/Cig
T T ey @
J J-P/ if

In practice, flux and selectivity can often be found counteracting: increasing the
flux of a membrane often results in a loss of selectivity, and vice versa. The
optimum configuration of a pervaporation is therefore found by optimising not
only membrane characteristics, but also the condensation strategy and, if
possible, the optimum feed temperature and feed fluid dynamics.

Recovery of Solutes by Pervaporation

In order to show the potential for recovering solutes by pervaporation,
laboratory-scale pervaporation experiments were carried out using a range of
binary solutions of a common ionic liquid, 1-butyl-3-methylimidazolium
hexafluorophosphate [C;MIM][PF], and model solutes all of which differing
strongly in their physical-chemical properties, namely: water, chlorobutane,
ethyl hexanoate, and naphthalene. Different dense hydrophilic and hydrophobic
polymeric membranes, namely polyoctylmethylsiloxane (POMS) polyether
block amide (PEBA) and polyvinylalcohol (PVA) were chosen for the solute
tecovery based on their selectivity for the individual model solute. All
experiments were carried out at 323.15 K and a permeate pressure of 10 Pa,
using a standard laboratory pervaporation set-up (9) with an effective
membrane area of 0.01 m’. The feed volume used was 110 cm® throughout all
experiments,

The degree of recovery and the partial solute fluxes are depicted in Figure
2. All solutes were recovered to a degree higher than 99.2 % (limit of the
analytical sensitivity) of their initial feed concentration (6). No ionic liquid was
detected in any of the permeates, with the detection limit being 74 pg-kg™ using
inductively coupled plasma (ICP) spectroscopy and phosphorus as the reference
atom for the hexafluorophosphate anion of [C4MIM][PFs], as could be expected
owing to the non-measurable vapour pressure of the ionic liquid. Partial fluxes
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using the membranes described were stable throughout the operation,
suggesting that the ionic liquid either did not penetrate the membrane polymer,
or that it penetrated the membrane but did not affect solute transport. This is
opposed to observations made using Nafion® membranes and 1-butyl, 3-
methylimidazolium triflucromethane sulfonate, where the ionic liquid swell the
membrane polymer and thus affected solute transport significantly (10).

Water exhibited the highest flux, using a hydrophilic PVA-composite
membrane. Because of their hydrophilicity, PVA-membranes are highly
permeable for water, while hindering the permeation of hydrophobic molecules.
This is particularly interesting for reversible condensation reactions or
biocatalytic esterifications carried out in ionic liquids, during which the
selective and continuous removal of the water formed shifts the equilibrium to
higher yields of the target product, as will be discussed in more detail below.
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Figure 2. left: Recovery of water by a PVA (4um)-composite membrane (O);
chlorobutane (@) and ethyl hexanoate (8) by POMS (25 um)-composite
membrane; naphthalene by a homogeneous PEBA (30 um)-membrane (A).
right: Partial fluxes of the solutes as a function of their respective feed
concentration; for graphical reasons, the x- and y-axes for ethyl hexanoate are
depicted on the top and on the right of the graph (indicated by arrows).
(Reproduced from reference 6. Copyright 2001 Royal Chemical Society.)

Also the low-volatile model solute, naphthalene, was recovered
quantitatively at 323 K, 168 K below its boiling point of 491 K using a
homogenous PEBA-membrane. A homogenous membrane was chosen for this
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separation because in composite membranes the pressure loss in the porous
support can be sufficient to cause undesired condensation of the low-volatile
solute on the membrane downstream face. Although the rate of recovery was
lower than that of the other solutes, owing to a smaller driving force, this
example illustrates the potential that pervaporation has even for the recovery of
high-boiling compounds.

It should be pointed out that the choice of the right membrane material and
operating conditions are crucial for the pervaporation to possess an advantage
over evaporation techniques, as otherwise no advantage may be observed (11).
Under the operating conditions reported here, POMS, for example, showed an
about 2.7 times higher selectivity for ethyl hexanoate than for chlorobutane,
which could be expected as POMS has been reported to be particularly suitable
for the recovery of esters (9).

Despite these promising results, however, a thorough evaluation and
comparison of process efficiency and performance should only be made on the
basis of thermodynamic variables such as activities or the chemical potential,
rather than on the more common and more readily accessible concentrations.
Here the need for thermodynamic data on solute activities in different ionic
liquids, as they are long available for conventional solute-solvent systems,
becomes imperative for the separation process design (12). If the separation
task involves a mere purification of the ionic liquid, or in the practically rare
case of binary solutions with the solvent being an ionic liquid, pervaporation
does not offer any advantage over evaporative methods. Owing to the non-
measurable vapour pressure of the ionic liquid, in this case the separation
process selectivity is not relevant and the pervaporation membrane constitutes
only an additional resistance to the overall mass transport.

Enhancing Reversible Reaction Conversion with Pervaporation

During reversible reactions in which water is one of the products, such as
condensations, esterifications, and eliminations, the reaction equilibrium may
be favourably shifted by removing water using and adequate separation
technique. Pervaporative water removal (hydrophilic pervaporation) is
particularly interesting inasmuch as the target solute, water, not only partitions
favourably into the hydrophilic membrane, but also diffuses fastest owing to its
small molecular size. Hence, while the pervaporative recovery of organic
compounds is in general primarily sorption-controlled, hydrophilic
pervaporation is mostly transport (diffusion) controlled (1).

Using a similar experimental set-up as mentioned before, an esterification
reaction according to Figure 3 was carried out in [C,MIM][BF,] with and
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without pervaporative removal of the water produced. [C,MIM][BF,] was
chosen for its relatively low viscosity, as well as its ability to easily dissolve the
crystalline borneol. Water was removed during esterification using a PVA-
based membrane (PERVAP® 2205, Sulzer, Germany) suitable for applications
in presence of organic acids.

[bmim] [BF]

+ CH;COOH ——— o + Hzo
p-TsOH
OH 333K

Figure 3. Esterification of (-)-borneol with acetic acid in [C,MIM][BF,] in
presence of para-toluenesulfonic acid at 333 K, yielding (-)-bornyl acetate
and water.

The resulting increase of the conversion of borneol was two-fold from 22
to 44 %, clearly confirming the suitability of pervaporation for shifting the
reaction equilibrium also in ionic liquids (13).

It should be pointed out that especially for the removal of compounds from
biotransformations carried out in ionic liquids, pervaporation is the only
separation technique that can be applied without either degrading the
biocatalyst or interfering with the bioconversion: it can be efficiently operated
at a moderate temperature, and does not require any extraction aid detrimental
to the performance of the biocatalyst that, in turn, can be reused without loss of
activity (7). The target product, such as esters formed by esterification, may
then be recovered using an appropriate hydrophobic membrane, with an
example being the pervaporation of ethyl hexanoate utilising a POMS-
composite membrane (Figure 2).

Supported Liquid Membranes (SLM)

If a liquid is immobilised in the pores of a membrane, a so-called
“supported liquid membrane” (SLM) is obtained (Figure 4). The
immobilisation occurs owing to capillary forces. Favourable van-der-Waals
interactions between the liquid and the membrane ideally prevent the liquid
from partitioning into the adjacent feed and receiving phase during operation.
The porous membrane serves, hence, in this case as a framework for the liquid
extractant, across which selective transport occurs.
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The principal difference to using the extractant in a liquid-liquid
separation or as an emulsion liquid membrane is the fact that in an SLM the
extractant remains confined within the membrane pores, such that the need for
any phase separation after extraction can be avoided. A potential advantage of
SLMs is furthermore that by choosing the appropriate immobilised solvent-
membrane combination, loss of extractant to either the feed or the receiving
phase should be minimum. The transport of a target solute across an SLM is
determined, similarly to as was described for pervaporation, by a partitioning of
the target solute into the immobilised liquid, across which it is subsequently
transported according to a concentration gradient (more precise: a gradient of
the chemical potential) of the target solute between the feed phase and the
receiving phase.

feed phase supporting receiving phase
mens—— e——
target solute target solute
supporting
membrane

Figure 4. Principle of a supported liquid membrane (SLM).

SLMs have been widely studied on the laboratory-scale for diverse
applications such as recovery of metal-ions, gases, contaminants from effluents,
as well as fermentation products. However, their industrial breakthrough has
been impaired by the lack of stability of the SLM owing to evaporation of the
immobilised liquid, or its dispersion or dissolution into the adjacent phases.
Because ionic liquids lack a measurable vapour pressure, and may be
immiscible with various solvents including water, they appear an attractive
alternative for stable SLM. In the following, two case studies employing SLMs
based on ionic liquids will therefore be presented: the recovery of amino acid
derivates from and to aqueous solutions, and the selective transport of isomeric
amines from and to an organic solvent.
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Transport of Amino Acid Derivates

Amino acid derivates belong to the nowadays so-called “nutraceuticals”,
components of beneficial value for products from both the pharmaceutical and
food industry, requiring therefore a selective downstream processing that also
complies with the delicacy and final utilisation of these compounds.

Prior to conducting transport studies using SLMs, the partitioning of three
amino acid esters, namely: proline benzyl ester (e-Pro), phenylalanine methyl
ester (e-Phe), and phenyglycine methyl ester (e-Phg), from aqueous solution to
[CsMIM][PF¢] was investigated. This particular ionic liquid was chosen due to
its low water solubility (14). It was found that the affinity of [CsMIM][PF;] for
each of the three esters varied, with the respective equilibrium partitioning
coefficients P decreasing from Pep,, = 9.84 to P..pye = 0.88 and Pe.pyg = 0.33,
suggesting a promising application for SLM (16).

[CsMIM][PFs] was subsequently immobilised in a porous PVDF flat
membrane (FP Vericel™, Gelman Sciences) of 140 um thickness to create an
SLM according to a procedure described elsewhere (14). The SLM was
contacted with the aqueous feed and receiving phases, and the transport of the
esters across the SLM measured. Surprisingly, the SLM so prepared did not
show any selectivity at all to any of the amino acid esters. Thorough transport
studies involving tritiated water revealed that the formation of water
microenvironments within the ionic liquid was responsible for this
phenomenon: with the SLM being comparably thin, the ionic liquid rapidly
equilibrated with the adjacent aqueous phases with regard to its water content,
forming water microenvironments through which the main transport of the
amino acid esters occurred, and thus by-passing the selective interaction with
the ionic liquid. This observation was not made during transport studies using
the bulk liquid membranes as they are orders of magnitude thicker, thus
delaying a similar formation of water microenvironments.

Although not a successful application of SLM, this case study proves that
in order to evaluate the potential of a SLM for a given separation task, the
overall transport under actual operating conditions needs to be considered, as
partitioning experiments alone might be misleading.

Selective Transport of Isomeric Amines

An SLM was prepared by immobilising [C;4MIM][PFs] in a porous PVDF
flat membrane (FP Vericel™, Gelman Sciences), separating the feed and the
receiving phase both of which consisted of diethyl ether as the bulk solvent.
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The transport studies were then conducted with a feed mixture of isomeric
amines, selective separation of which is a challenge for any separation process.
The feed consisted of an equimolar mixture of a secondary and a ternary amine,
namely diisopropylamine (DIIPA), and triethylamine (TEA). The SLM was
operated in the continuous mode for up to 14 days (5).

In contrast to what had been observed in the previous example, a selective
enrichment of DIIPA was observed in relation to TEA with the ratio between
the two amines being shifted from 1:1 in the feed toward 4:1 in the receiving
phase. Such a selectivity between two isomeric compounds can be considered
excellent for any separation process (17).

With the diffusion coefficients of the isomeric amines being expectedly
similar within the ionic liquid owing to their very similar molar volume, it
could be proven by 'H NMR spectroscopic analysis that the reason for this
selective enrichment is in fact a preferential interaction of [C,;MIM][PFs] with
DIIPA: addition of either DIIPA or TEA to neat [C{MIM][PFs] resulted in a
drift of the chemical shift of the H(2) and H(4) protons of the [C;MIM] cation
that was more pronounced for DIIPA than for TEA (Figure 5). A possible
explanation of this higher affinity can be both the higher basicity of DIIPA with
regard to TEA, as well as the fact that the latter is sterically more hindered
when approaching the [C,MIM] cation (5,15).

0.18 4 5
DIIPA H(2) HQ HE) €]
@ b R st
TEC‘P__I‘(Z ~N& N
£ o or==""ODuPA M Y
g e
o -
~ O TEAH@4
2 0.06 ’.'1
) \l/NY SN
0.00
ot 23 4 DIIPA TEA

Number of Equiv.

Figure 5. Drift of the chemical shift of H(2) and H(4) of the imidazolium-ring
of [C.MIM][PF,] as promoted by addition of either DIIPA or TEA.
(Reproduced from reference 15. Copyright 2002 Wiley-VCH.)
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The selectivity so observed could be maintained throughout the 14 days of
operation of the SLM (Figure 6), which is a remarkable operational stability
(18, 19). It can hence be seen that SLMs can be a very promising alternative to
conventional extraction techniques. However, the appropriate combination of
membrane and ionic liquid needs to be found for a given separation task and a
given bulk solvent in order to warrant a high stability of the supported liquid
membrane and hence long operation times.
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Figure 6. Stability of the SLM during 14 days of operation with the relative
percentage of both amines remaining at a constant ratio of about 4:1.
(Reproduced from reference 5. Copyright 2002 Wiley-VCH.)

Conclusions and Outlook

Pervaporation and Supported Liquid Membranes are benign membrane
processes that in combination with ionic liquids are capable of opening up new
opportunities for downstream processing.

Pervaporation can be employed in an energy-efficient way for removing
selectively volatile compounds from ionic liquids for recovery, or favourably
shifting equilibria during reversible reactions. Its mild operating conditions
qualify pervaporation in particular for temperature-sensitive applications such
as bioconversions.

Supported Liquid Membranes based on ionic liquids possess a high
potential for the selective transport of compounds between two organic phases,
such as the resolution of isomeric amines. Their use between two aqueous
phases apparently is not adequate owing to the formation of water
microenvironments in the ionic liquid phase. A potential application of great
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interest, however, is the use of Supported Liquid Membranes in gas-liquid, and
gas-gas separations, where the lack of a measurable vapour pressure of the
ionic liquid is the principal advantage over conventional solvents.
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Chapter 9

Ionic Liquids: Highly Effective Medium
for Enantiopure Amino Acids via Enzymatic
Resolution

Sanjay V. Malhotra and Hua Zhao

Department of Chemistry and Environmental Science, New Jersey Institute
of Technology, Newark, NJ 07102

Various room-temperature ionic liquids (RTILs) were
prepared and investigated in the enzymatic resolution
reactions for obtaining enantiopure amino acids. RTILs can
boost the enantioselectivity of enzymes when an appropriate
concentration of ionic liquid is used. The preliminary results
from this study indicate that ionic liquids are suitable
alternative media over organic solvents for achieving high
enantiopurity of amino acids.

Introduction

As one of the most important Active Pharmaceutical Ingredients (APIs), a-
amino acids are vital intermediates for many pharmaceutical and biological
applications. For example, L-(+)-homophenylalanine ((S)-2-amino-4-
phenylbutanoic acid) is a vital component of angiotensin-converting enzyme
(ACE) and renin inhibitors (1, 2). Many ACE inhibitors such as Benazepril,
Enalapril and Lisinopril, have been intensely studied as a medicinal target for
the treatment of hypertension and heart failure (3). Therefore, obtaining
enantiopure a-amino acids has always been of interest and a challenge to
chemists.

© 2005 American Chemical Society 111

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch009

Downloaded by NORTH CAROLINA STATE UNIV on September 7, 2012 | http://pubs.acs.org

112

Enzymatic resolution of amino acid derivatives is one of the simplest and
most efficient methods of synthesizing enantiomerically enriched amino acids.
Traditionally, mixtures of organic solvents and water mixture have been used
as reaction media. For example, the kinetic resolution of different amino acids
by enzyme alcalase has been studied in acetone-water (4), acetonitrile-water
(4), ethanol-water (4), 1-propanol-water (4), tetrahydrofuran-water (4),
dioxane-water, t-butanol-water (5), 2-methyl-2-propanol-water (6), and DMF
(7), etc.

In recent years, ionic liquids have gained a lot of attention as green
solvents in organic synthesis and other chemical processes. Ionic liquids with
melting point at room temperature and below (as low as -96 °C) can now be
produced, which is an important reason that ionic liquids are becoming a more
attractive substitute for volatile and toxic organic solvents (8) and considered
environmentally friendly. Also, ionic liquids have many favorable properties,
e.g., they are as good solvents for a wide range of inorganic, organic and
polymeric materials, have adjustable polarity, and catalytic effects, etc.
Therefore, they have been investigated as reaction media in many organic and
organometallic syntheses (9). More recently, ionic liquids have been used in the
studies of enzymatic systems, such as lipase catalyzed kinetic resolution of 1-
phenylethanol in ionic liquids (10), enzymatic catalysis in the formation of Z-
aspartame in ionic liquids (11), as catalysts in alcoholysis, ammoniolysis and
perhydrolysis reactions by lipase in ionic liquids 1-butyl-3-methylimidazolium
tetrafluoroborate or hexafluorophosphate (12), etc. Markedly enhanced
enantioselectivity was achieved in ionic liquids for the lipase-catalyzed
transesterifications (13).

Recently we achieved some promsing results on the enzymatic resolution of
amino acid ester using room-temperature ionic liquids (14, 15). With the
foresecable advantages of using ionic media to substitute organic solvents, a
systematic kinetic study of the enzymatic solution of amino acids was reported
in this chapter. These results further prove that the RTILs are promising media
for the enzymatic resolution of amino acids.

Material Preparation

Tonic liquids 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIM]'[BF,]) (I), N-ethyl pyridinium tetrafluoroborate ([EtPy]'[BF,]) (II)
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and N-ethyl pyridinium trifluoroacetate ([EtPy]'[CF;00]") (III) were prepared
using methods modified from the literature (16). The detail preparation
procedures was report in our recent article (17).

/ \ N -
N M [BF,,—] | N BF4
Et Me Z
I I

' \N/\ [ca,coo]

m

Figure 1. Structure of three room-temperature ionic liquids.

The enzyme Novo alcalase used in this study was produced from Bacillus
licheniforms by Novozymes A/S and distributed by Sigma-Aldrich as a brown
liquid with a specific activity of 2.4 AU/g* for hydrolysis of dimethyl casein at
50 °C and pH 8.3. In this study, Novo alcalase was used as supplied.

The N-acetyl homophenylalanine ethyl ester was prepared following
procedures reported earlier (Figure 2) (18). Other amino acid esters were
purchased from Sigma-Aldrich. The enantiomeric excess (ee) was calculated
from the specific optical rotation which was measured by AUTOPOL IV

! The major enzyme component in Novo alcalase is subtilisin Carlsberg.
According to Novozymes, one Anson Unit [AU] is the amount of enzyme
which, under standard conditions, digests haemoglobin at initial rate liberating
per min an amount of tricholoroacetic acid (TCA) soluble product, which gives
the same color of phenol reagents as 1 mequiv of tyrosine. Thus, 1 AU = 1000
U, 1U = 1 mmol of L-tyrosine methyl ester hydrolyzed per min.
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polarimeter (from Rudolph Research Analytical Company). Also, the ee
measurements were confirmed by HPLC with Chiralpak WH column. The yield
calculation was based on the total racemic mixture, therefore, the yield of any
one of the enantiomers has a 50% maximum value.

General Method of Kinetic Resolution

Racemic amino acid ester (0.5) g was dissolved in 60 ml water (85%, v/v)
and ionic liquid. To this 0.5 g NaHCO; was added at a pH ~ 8, followed by
addition of 2 ml Novo alcalase. The reaction mixture was gently stirred at 25
°C for 24 h under N, atmosphere. The N-acetyl D-ester was extracted by ethyl
acetate three times. 6 M HCI was added to the aqueous solution until the pH
was lowered to 2-3. The remaining ethyl acetate in the aqueous solution was
evaporated and the solution was further concentrated until the precipitate
appeared. Removal of water gave N-acetyl L-acid. The N-acetyl D-acid was
obtained by hydrolyzing N-acetyl D-ester in 6 M NaOH solution for 2 h. The N-
acetyl group in the L- and D-acid was taken off by refluxing in 3 M HCI for 3
h. Figure 2 shows the scheme of enzymatic resolution of homophenylalanine
ethyl ester.

NHAC AchN,
) alcaise 1\H %, _aH
P\~ ?—H ort Ph/\/?\ + Ph/\/?
COOC,Hs COOC,H; COOCHs
(1) Ethylacetate WHa
extraction (2) reflux 3hr.
(2) NaOH
@Ha
Hel‘%(:\\H HN, C’H
PN\~ + N\
COOH COOH
D L

Figure 2. Scheme of enzymatic resolution of homophenylalanine ethyl ester.
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Results and Discussion

HPLC Studies on the Kinetic Resolution of Homophenylalanine Ethyl Ester

Chiral homophenylalanine product samples were analyzed by HPLC with a
chiral column (Chiralpak WH). High resolution was achieved under the
following HPLC operation conditions:

Column: Chiralpak wH'

Mobile phase: 30% CH;0H, 70% H,0, 0.75 mM CuSO,
Flow Rate: 1.5 mV/min

uv: 230 nm

Temperature: 50°C

The enzymatic resolution of homophenylalanine ethyl ester was
carried out in acetonitrile and water mixture (66% v/v water) by using the
enzyme BL-alcalase. The HPLC profile of the L-isomer sample is shown in
Figure 3. The reaction conditions were followed by the figure. The L-isomer
has a much larger peak compared with the D-isomer. The ee of the L-isomer is
92.4% according to the integration of the HPLC peaks.

When ionic liquid [EtPy]'[BF,] was used with 83% (v/v) water content, a
high ee (97.4%) was observed in the kinetic resolution of homophenylalanine
ethyl ester (Figure 4). This indicates that in low concentrations of ionic liquid,
the enzyme BL-alcalase shows high enantioselectivity in the kinetic resolution
reaction.

Solvent Effect on the Kinetic Resolution of Homophenylalanine Ethyl Ester
The effect of solvents are significant on the activity and enantioselectivity

of enzymes. The kinetic resolution of different amino acids by enzyme alcalase
has been studied in various organic solvents (4).

! The Chiralpak WH column was produced by Chiral Technologies, INC
(France) with an internal diameter 4.6 mm, column length 250 mm, partical
size 10 p and adsorbent of ligand exchange.
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Figure 3. HPLC profile of kinetic resolution in acetonitrile and water mixture
(0.5 g ester, 0.5 g NaHCO;, 20.4 ml acetonitrile, 39.6 ml water, 1.0 ml BL-
alcalase, 25 °C, 24 hours).
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Figure 4. HPLC profile of kinetic resolution in [EtPy]*[BF,]" and water
mixture (0.5 g ester, 0.5 g NaHCO;, 10.2 ml [EtPy]*[BF ], 49.8 ml water,
1.0 ml BL-alcalase, 25 °C, 24 hours).

In this study, three ionic liquids, [EMIM]'[BF,], [EtPy]'[BF,] and
[EtPy]'[CF;COO], were compared to the organic solvent acetonitrile. The
water content in the mixed solvent seems to be a strong factor influencing the
enantioselectivity of the enzyme BL-alcalase. Figure S illustrates that the water
content influences the kinetic resolution of N-acetyl homophenylalanine ethyl
ester using enzyme BL-alcalase. It was observed that a change in concentration
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of acetonitrile did not significantly affect the ee of the L-isomer though the
yield changed. However, lower ee is expected at high concentration of organic
solvent because it may inhibit the activity of enzymes. Although in this case
pure water is a good solvent for enzymatic resolution, it is not always a suitable
medium for the resolution of amino acids (4). The results in Figure 5, are
similar to those shown by Kijima et al (4); who showed that the ee declines
sharply if the water content is above 70% (v/v) for the kinetic resolution of DL-
tyrosine ethyl ester in acetonitrile-water mixture.
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Figure 5. Effect of acetonitrile and water ratio on the kinetic resolution

of DL-homophenylalanine ethyl ester (0.5 g ester, 60 ml mixing solvent,
0.5 g NaHCO;, 1.0 ml BL-alcalase, 25 °C, 24 hours).

However, ionic liquids have a different pattern of affecting the kinetic
resolution of amino acids. Figure 6, 7 and 8 show the kinetic resolution of N-
acetyl homophenylalanine ethyl ester in three different ionic liquids
[EMIM]'[BF,], [EtPy]'[BF,] and [EtPy]'[CFsCOO] respectively. The ee of
the L-isomer declines with the increase of ionic liquid concentration. A high
concentration of the ionic liquid results in high ionic strength of the reaction
media, which may denature the enzyme and thus decrease the enantioselectivity
of the enzyme. Also, an increased concentration of ionic liquid may increase
the non-enzymatic hydrolysis of the ester. The effect of ionic liquids on reaction
pattern (products L & D isomer formation) appears to be similar to those in
case of acetonitrile as solvent. This indicates that ionic liquids can influence the

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



118

enantioselectivity and activity of the enzyme BL-alcalase at a range of
concentration. However, the ionic liquid [EtPy]'[CF;COO] shows more
promising applications among those three ionic solvents since both ee and yield
of the desired product maintain high values in the presence of 85% (v/v) water

(Figure 8).
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Figure 6. Effect of ionic liquid [EMIM]" [BF,]" and water ratio on the
kinetic resolution of DL-homophenylalanine ethyl ester (0.5 g ester, 60 ml
mixing solvent, 0.5g NaHCO;, 1.0 ml BL-alcalase, 25 °C, 24 hours).
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Figure 7. Effect of ionic liquid [EtPy]*[BF" and water ratio on the

kinetic resolution of DL-homophenylalanine ethyl ester (0.5 g ester, 60 ml
mixing solvent, 0.5g NaHCO;, 1.0 ml BL-alcalase, 25 °C, 24 hours).

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch009

Downloaded by NORTH CAROLINA STATE UNIV on September 7, 2012 | http://pubs.acs.org

119

—0—e.8.(%)

801 | —a— yield (%)

401
20
0 20 40 60 80 100

water content (%)
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kinetic resolution of DL-homophenylalanine ethyl ester (0.5 g ester, 60 ml
mixing solvent, 0.5¢ NaHCO;, 1.0 ml BL-alcalase, 25 °C, 24 hours).
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Time Effect on the Kinetic Resolution

Since L-homophenylalanine ethyl ester is preferred for hydrolysis by the
enzyme BL-alcalase compared with the D-ester, longer reaction time leads to
the higher product yield. Kinetic resolutions in ionic liquid [EtPy] [BF,] -water
(Figure 9) indicates that high optical purity was achieved in these cases
regardless of reaction time, and increasing product yield was obtained with
longer reaction time.

Temperature Effect on the Kinetic Resolution

Temperature plays an important role in controlling the product optical
purity and yield. The effect of temperature on the kinetic resolution of
homophenylalanine ethyl ester in ionic liquid [EtPy] [BF,] and water mixture
was illustrated in Figure 10. Maximum optical purity and yield occur at an
optimum temperature 25 °C. It is interesting that at 0 °C, both ee and yield
were very low while using an ionic liquid as a reaction medium. The possible
reason could be that the ionic liquid might have a strong interaction with the
enzyme active site at low temperature, and therefore, inhibit the substrates to
attach with the enzyme. In an ionic liquid, the enzyme is more sensitive to
temperature changes. At a higher temperature than 50 °C, the enzyme BL-
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Figure 9. Effect of reaction time on the kinetic resolution of DL-
homophenylalanine ethyl ester in [EtPy]"[BF,]" + water (0.5 g ester, 85%
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Figure 10. Effect of reaction temperature on the kinetic resolution of DL-

homophenylalanine ethyl ester in [EtPy]"[BF,]" + water (0.5 g ester, 85%
H;0, 0.5g NaHCO;, 1.0 ml BL-alcalase, 6 hrs).
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alcalase loses its enzymatic activity significantly, indicating denaturation of the
enzyme by heat.

Comparison of IL and Acetonitrile on the Resolution of Amino Acids

The data described above for the resolution of N-acetyl DL-
homophenylalanine ethyl ester indicates that at low concentration of ionic
liquid, the enzymatic resolution reaction may be boosted by using ionic liquid
due to the spatial structure and possible interaction with substrate and enzyme.
Due to pharmaceutical interest, various amino acids have been studied using
this reaction strategy and the results are shown in Table 1.

As Table 1 shows, higher yield and ee in the enzymatic resolution of esters
are obtained in ionic liquid, compared to the use of acetonitrile as co-solvent.
Ionic liquids improve the optical purity and yield. This indicates that using
ionic liquid as a co-solvent in the resolution reaction may increase the
enantioselectivity and activity of the enzyme. Especially, two L-amino acids (L-
serine and L-4-chlorophenylalanine) were not achievable in acetonitrile and
water solvent using alcalase. Intrestingly however, the resolution reactions for
these two compounds are successful using ionic liquid [EtPy"][CF;COO'].

Conclusions

Kinetic resolutions of the homophenylalanine ethyl ester in three ionic
liquid ((EMIM]'[BF,], [EtPy]'[BF,], and [EtPy]'[CF;COO]) solutions are
compared with the results in acetonitrile. Systematic studies have been
conducted on the kinetic resolution of N-acetyl homophenylalanine ethyl ester
by varying reaction parameters, such as co-solvent concentration, reaction time
and reaction temperature. The enzyme usually shows high enantioselectivity at
a low concentration (15%) of ionic liquid in water. Among the ionic liquids
studied, [EtPy]"[CF;COOJ gives the best results in achieving high ee and yield.
The results indicate that ionic liquids could be an ideal substitute for organic
solvents in the kinetic resolution of amino acid esters.
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Table 1. Enantioselective resolution of N-acetyl amino acids in the ionic
liquid [EtPy']{CF;COO0] (0.5 g ester, 0.5g NaHCO;, 15% ionic liquid or

acetonitrile in water, 3.0 ml alcalase, 25 °C, 24 hours)

Acetonitrile [EtPy]*[CF;COO]
Racemic Ester ee yield ee yield (%)
(each with N-acetyl) %) %) <)
Alanine ethyl ester 63 31 86 33
Serine methyl ester —_— —_ 90 35
Threonine methy] ester 92 15 97 36
Methionine methyl ester 83 30 89 29
Homophenylalanine ethyl ester 95 35 93 38
4-Chlorophenylalanine ethyl ester  — —_ 96 39
Norleucine methyl ester 18 32 88 30

— means “non-reactive”.
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Chapter 10

Biphasic Acid Scavenging Utilizing Ionic Liquids:
The First Commercial Process with Ionic Liquids

Matthias Maase and Klemens Massonne

BASF AG, Chemicals Research and Engineering, GCI/P-M 311, D-67056
Ludwigshafen, Germany

Since the end of the 90s ionic liquids have faced a
tremendous interest by the scientific community (1). They
turned out to be novel materials providing unique new
properties that simply had not been available before.
Surprisingly no successful industrial application had been
reported for quite a long time. In 2003 BASF revealed that
they have been running the first commercial process
(BASIL™) that makes use of ionic liquids in a dedicated way
since beginning of 2002 (2). BASIL™ stands for Biphasic
Acid Scavenging utilizing Ionic Liquids. Since the end of
2003 BASIL™ is ready for licensing.

126 © 2005 American Chemical Society
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Introduction

The handling of solids is a true challenge in large scale industrial
processes although it might not be obvious to academic groups. Perhaps it is
even more challenging than the handling of volatile or highly reactive species
since the problems related to solids especially to suspensions often do not occur
in a reliable way. But what is wrong with suspensions?

e They often make reaction mixtures much more viscous, leading to
insufficient mixing of the reactants.

e Heat transfer in large vessels containing suspensions is often less
than satisfactory, so hot spots may occur.

e This in turn favours side reactions and lowers the yield of the
desired product.

e It is difficult to transport suspensions through piping or to store
them in tanks. In both cases high flow rates or agitation is
necessary to prevent the suspension from settling and plugging the
system.

e  Separation can be an important issue as well. If a solid is formed
during a reaction as an unwanted by-product it has to be removed
afterwards.

e Reactors that are designed to deal with suspensions are usually
more complex and expensive than those suitable for pure liquids.

e Finally if a solid is generated during a reaction scale up is by far
not easy. One can hardly predict how the solid looks like when it
is prepared in a 10 m® reactor rather than in a 100 ml flask. This
can easily cause serious problems, for example if the solid that
could be filtered off in a minute in the lab now takes two days on
the large scale just because particles are several orders of
magnitude smaller than expected.

Acid Scavenging

One example in which industrial chemists have to deal with suspensions is
acid scavenging. Browsing organic textbooks one will find numerous reactions
which liberate acids that have to be scavenged in order to prevent
decomposition of the product or other side reactions. Some examples are
esterifications, silylations or phosphorylations of alcohols. Hydrochloric acid
(HCI) is the acid most commonly formed. Usually, tertiary amines such as
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triethylamine are added to scavenge the acid. With the acid, these substances
form solid salts which turn the reaction mixture into a suspension.

The Synthesis of Alkoxyphenylphosphines

Alkoxyphenylphosphines are important raw materials in the production of
BASF’s Lucirines®, substances that are used as photoinitiators to cure coatings
and printing inks by exposure to UV light. HCI is formed during the synthesis
of diethoxyphenylphosphine (Scheme 1).

/Cl /OR
@-p + 2ROH +2 RN —> P\ + 2 R;N*HCI
p OR

cl
Scheme 1: Synthesis of Dialkoxyphenylphosphines
Scavenging with a tertiary amine results in a thick, non-stirrable slurry

(Figure 1). The problems mentioned earlier significantly lower the yield and
capacity of the process.

Figure 1: Slurry that is formed when a tertiary amine is used as an acid
scavenger
© BASF Aktiengesellschaft 2002.
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Ionic Liquids (Dis)solve the problem

If an acid has to be scavenged with a base, the formation of a salt cannot be
avoided, but why not form a liquid salt - a so-called ionic liquid? The properties
of ionic liquids are:

« they are salts, consisting 100% of ions
» they are liquid at temperatures below 100 °C.

Since they are rather polar materials they often do not mix with solvents or
nonpolar product molecules. Using the BASF product 1-methylimidazole as an
acid scavenger, an ionic liquid is formed: 1-methyl-imidazolium chloride
(Hmim CI), which has a melting point of about 75 °C (Scheme 2).

c ,', D OR r!u
< >—P + 2ROH +2 -_— P +2 1
o «_Z 'OR &r@ ¢

H

Scheme 2: 1-methylimidazole as acid scavenger

After the reaction two clear liquid phases occur (Figure 2) that can easily
be separated. The upper phase is the pure product — no solvent is needed
anymore - the lower the pure ionic liquid (3). Hmim Cl as an ionic liquid has a
great advantage over the classical dialkylated systems: they can be switched on
and off just by protonation and deprotonation. This is crucial when recycling
and purification of the ionic liquids is considered. To distinguish the switchable
ionic liquids - the “Hmims” — from the conventional ones Michael Freemantle
used the term “smart ionic liquids” in his C&EN paper on the BASIL™
process (2).

Lessons Learned: Why have Ionic Liquids been successful with
BASIL™ ?

There are several success factors being responsible that BASIL™ was
established in routine production so quickly.
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Figure 2: The BASIL™ process. After the reaction two clear liquid phases are
obtained - the upper being the pure product the lower being the ionic liquid
Hmim Cl

© BASF Aktiengesellschaft 2002
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e First of all there was an existing problem — the formation of
unwanted solids - to which the unique properties of ionic liquids
offered a tailor-made solution.

e The lead structures of ionic liquids - the imidazoles - have been
known from academic research already so industry had not to
reinvent the wheel.

e The material (l-methylimidazole) was available in large
quantities within the company since it is an existing BASF
product.

The process has been improved dramatically.
There were clear economical benefits from BASIL™ being higher
chemical and higher space-time-yields.

Finally one should not forget to mention that luckily the chemistry worked
as well. Further investigations revealed that BASIL™ is not restricted to
phosphorylation chemistry but is a general solution to all kinds of acid
scavenging.

BASIL™ is more than just Acid Scavenging

Methylimidazole is doing a perfect job by scavenging the acid. Looking
closer at it one will find that methylimidazole also helps in setting the acid free.
In other words: it acts as an nucleophilic catalyst (4). We found that the
phosphorylation reaction is complete in less than a second. Having eliminated
the formation of any solids and having increased the reaction rate new reactor
concepts were possible. We were now able to do the same reaction that has been
done in a large vessel in a little jet reactor that has the size of your thumb.
Doing so the productivity of the process has been rised by a factor of 8 10* to
690000 kg m>h™.

This progress can be attributed to the existence of a new class of novel,
promising materials: ionic liquids.
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Ionic Liquids at Degussa: Catalyst Heterogenization
in an Industrial Process
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Corresponding author: telephone: 49 + (201) 1731655; fax: 49 + (201)
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The use of ionic liquids in hydrosilylation reactions allows
for an easy recovery and the subsequent reuse of standard
hydrosilylation catalysts. Remarkably, the recovered
catalyst/ionic liquid solution does not need to be purified or
treated before its reuse. Employing this method a variety of
organomodified polydimethylsiloxanes was synthesized.

Introduction
Hydrosilylation

One of the most fundamental and elegant methods of laboratory and
industrial synthesis of organomodified polydimethylsiloxanes is the transition
metal catalyzed hydrosilylation of CC-double bond containing compounds with
SiH-functional polydimethylsiloxanes (/). Regardless of the broad applicability
of the hydrosilylation reaction its technical use still suffers from substantial
difficulties. Usually, the reaction is homogeneously catalyzed which means that
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after completion of the reaction the catalyst either remains within the product
or has to be costly removed. From an economic and ecological point of view in
homogenous catalysis the separation, respectively, the immobilization and the
reuse of the expensive precious metal catalyst in a subsequent reaction
represent serious problems (2). Therefore, there has been no lack of attempts to
reduce the amount of catalyst, which in most cases leads to relatively long
reaction times. A technical process based on homogenous catalysis is
economically efficient only if in combination with acceptable reaction times the
catalyst losses can be kept as small as possible. Hence, there is a demand for
processes which allow for the recycling of the catalyst without catalyst losses
and the lowest possible stress for the products. In the past intensive work has
been done on immobilization, heterogenization and anchoring of homogenous
catalysts for an easy catalyst separation from the products and recovery of the
catalyst. Besides e.g. the extraction of the catalyst or its adsorption at ion
exchangers multiphasic reactions represent another possibility for the
separation of product and catalyst phase. In the last years biphasic reactions
employing ionic liquids have gained increasing importance (3). The ionic
liquid generally forms the phase in which the catalyst is dissolved and
immobilized.

Ionic Liquids

Ionic liquids are salts melting at low temperatures, and they represent a
novel class of solvents with non-molecular ionic character. In contrast to a
classical molten salt, which is a high-melting, highly viscous and very
corrosive medium, an ionic liquid is already liquid at temperatures below 100
°C and is relatively low-viscous (4, 5). In most cases ionic liquids consist of
combinations of cations such as ammonium, phosphonium, imidazolium or
pyridinium with anions such as halides, phosphates, borates, sulfonates or
sulfates. The combination of cation and anion has a great influence on the
physical properties of the resulting ionic liquid. By careful choice of cation and
anion it is possible to finetune the properties of the ionic liquid and provide a
tailor-made solution for each task (Figure 1), and that is why ionic liquids are
often referred to as designer solvents or materials. With many organic product
mixtures ionic liquids form two phases from which arises the possibility of
carrying-out biphasic reactions for the separation of the homogenous catalyst
(6, 7, 8). Ionic liquids are not any longer a class of esoteric compounds, but
they were already used in a multitude of different applications (Figure 2) and
since 1999 they have been commercially available (9).
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Figure I. Properties of ionic liquids.
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Figure 2. Potential applications of ionic liquids.

For the first time in 1972, Parshall used an ionic liquid for the
immobilization of a transition metal catalyst in a biphasic reaction setup (/0).
He described the hydrogenation of CC-double bonds with PtCl, dissolved in
tetraethylammonium chloride associated with tin dichloride ([Et,N][SnCl;],
m.p. 78 °C) at temperatures between 60 and 100 °C. “A substantial advantage
of the molten salt medium —over conventional organic solvents— ... is that the
product may be separated by decantation or simple distillation”. The use of
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ionic liquids as novel media for transition metal catalysis started to receive
increasing attention, when in 1992 Wilkes reported on the synthesis of novel
non-chloroaluminate, room temperature liquid salts with significantly enhanced
stability towards hydrolysis, such as tetrafluoroborate salts (//). Some of the
first succesful examples for catalytic reactions in non-chloroaluminate ionic
liquids include the rhodium-catalyzed hydrogenation (/2) and
hydroformylation (/3) of olefins. However, very often catalyst leaching into the
organic and/or the product phase is observed, as the transition metal catalyst is
not completely retained in the polar ionic liquid phase. Current approaches to
circumvent this problem include the modification of the catalyst, respectively,
the modification of the ligands (/3) and the development of task specific ionic
liquids (/4).

Organomodified Polydimethylsiloxanes

The hydrosilylation of CC-double bond containing compounds with SiH-
functional polydimethylsiloxanes is a widely applied reaction in industrial
synthesis for the production of organosilicon compounds (Figure 3) on
technical scale (/).

Me Mc
Me—Sr— Sr- Me
Me

R = Polyether, Alkyl, Aryl, etc.

o 09000 ——
Block

—C————— = Olefin; e.g. Polyether
Grafted Trisiloxane ®-® @ = Siloxane backbone

Figure 3. Organomodified polydimethyisiloxanes (OMS) offer a high
synthetical and structural flexibility.
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Apart from our general investigations of the hydrosilylation reaction, we
became interested in ionic liquids and their potential to be used in
hydrosilylation reactions as a means for catalyst heterogenization. In particular,
we aimed at the synthesis of polyethersiloxanes. Polyethersiloxanes constitute
an important class of surface active compounds which find use in a broad range
of industrial applications (/5) such as:

* PU foam stabilizers e Mar and slip additives
*  PU foam cell openers e Wetting agents

*  Defoamer oils o Dispersants

*  Emulsifiers o  Cosmetics

Results and Discussion

Herein, we report on a novel process for the synthesis of organomodified
polydimethylsiloxanes employing ionic liquids for the heterogenization and/or
immobilization of the precious metal catalyst. The advantage of this novel
hydrosilylation process is that standard hydrosilylation catalysts can be used
without the need of prior modification to prevent catalyst leaching. To the best
of our knowledge this is the first example of a hydrosilylation of olefinic
compounds using ionig liquids (Scheme 1). However, a method for the
transition metal catalyzed hydroboration and hydrosilylation of alkynes in ionic
liquids has been recently described (/6).

Me Me Me

Y Y Y H,C=CHR Me |Me
H=S$i= O 8i=OT§i~H ————— R~(CHy),~ s:- Si— Sl-(CH2)2
Me

Me Me Me Tonic liquid Me
n + catalyst

Scheme 1. Hydrosilylation of olefins (e.g. polyethers).
Employing the novel hydrosilylation process using ionic liquids a broad

range of different organomodified polydimethylsiloxanes was synthesized. The
procedure is rather simple and can be described as one pot synthesis (Figure 4).
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Figure 4. Schematic representation of the hydrosilylation process using ionic
liquids.

Typically, the reaction is performed in a liquid-liquid biphasic system
where the substrates and products (upper phase) are not miscible with the
catalyst/ionic  liquid solution (lower phase). The SiH-functional
polydimethylsiloxane and the olefin are placed into the reaction vessel and
heated up to 90 °C. Then the precious metal catalyst (20 ppm) and the ionic
liquid (1 %) are added. After complete SiH-conversion the reaction mixture is
cooled to room temperature and the products are removed from the reaction
mixture by either simple decantation or filtration (in case of non-room
temperature ionic liquids). The recovered catalyst/ionic liquid solution can be
reused several times without any significant change in catalytic activity. A
treatment or workup of the catalyst/ionic liquid solution after each reaction
cycle is not necessary. The metal content of the products was analyzed by ICP-
OES (Inductively coupled plasma optical emission spectroscopy) and the
chemical identity of the organomodified polydimethylsiloxane was verified by
NMR-spectroscopy ('H-, '>C- and *’Si-NMR).

For our investigations we chose SiH-functional polydimethylsiloxanes with
different chain lengths and functionality patterns and polyethers with different
ethylene (EO) and propylene (PO) oxide contents, as well as one small non-
polyether olefin (AGE) in order to evaluate the influence of the
hydrophilicity/hydrophobicity of the substrates and corresponding products on
the catalytic performance of the various catalyst/ionic liquid solutions and even
more importantly, on the separation behaviour of the ionic liquid at the end of
the reaction. A clean separation of the ionic liquid from the products is the
necessary condition to examine the partitioning of the catalyst between the two
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phases. Naturally, without a clean separation and a much better solubility of the
catalyst in the ionic liquid phase than in the product phase a complete retention
of the catalyst in the ionic liquid and the desired recovery of the catalyst cannot
be achieved. Figure 5 depicts some of the various polydimethylsiloxanes,
olefins, ionic liquids and catalysts used in our investigations; only the ionic
liquids and catalysts are shown which gave satisfactory results.

SiH-functional Polydimethylsiloxanes

Me e
H— Sn— Sl_ Me— Sl— Sl"' Sr-Me
Me

= 18 28,78 =43
Olefins
Me o
WQé/koaf\/o)M /\/O\/Q
x y €
400EO: x=0 ;y=17.5 Allyl glycidyl ether (AGE)
540 :x=3 ;y=58
400PO: x=74;y=0
Catalysts

Pt-92 Di-p -chloro-dichloro-(cyclohexene)diplatinum (II)
H,PtCl,  Hexachloroplatinic acid

Ionic Liquids Me

2@:N-Bu S

e M ’N®N‘ Me MeSOe

Me—@N—Bu BF, [3MBPICI ¢ I *
(7

[4MBP][BF,] [TriMIM][MeSOy]

Figure 5. Raw materials.

The hydrophobicity of the organosilicon products increases with increasing
chain length and decreasing SiH-functionalization of the SiH-functional
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polydimethylsiloxane. The polyethers are the more hydrophobic the higher the
content of propylene oxide is. Now, one would expect that the ionic liquid due
to its ionic nature separates easier from the organosilicon products the more
hydrophobic the latter are. During our studies this anticipation was proven to
be right. Table 1 summarizes the results of our investigations.

Table 1. Results of hydrosilylation reactions of olefins with SiH-functional
polydimethylsiloxanes using ionic liquids.

Detect.

SiH-  Metal

Entry  Catalyst IL SiH- Conv.  Cont.
No.  [20 ppm] (1 %) Siloxane Olefin %/h  [ppm]

Pt-92  [TriMIM][MeSO,] n=18 400EO >99/5 <1
H,PtCl, [BMBP)[C] n=18 540 >993 <1
H,PtCl,  [4MBP][BF;] n=18 400PO >99/1 <1
H,P(Cl; [TriMIM][MeSO,] n=18 400PO 93/5 <1
H,P(Cl, [TriMIM][MeSO,] n=78 AGE >99/3 <1

Pt-92  [TriMIM][MeSO,] n=28 AGE >991 <1
H,P(Cly [TriMIM][MeSO,] m=5 400PO >99/1 <1
H,PtCl; [TriMIM][MeSO,] m=5 AGE >99/3 2

O ANV EWN -

It turned out that for successful recovery of the catalyst and its reusability it
is crucial to find an appropriate combination of a catalyst and an ionic liquid
which has to be harmonized with the hydrophilicity/hydrophobicity of the
product. First of all, not every catalyst is soluble in each ionic liquid and
secondly, not every ionic liquid separates as facile as desired from the product
phase. However, we were able to identify at least one suitable catalyst/ionic
liquid combination for the synthesis of each polyethersiloxane (see Table 1). In
some cases more than one catalyst/ionic liquid combination gave good results
(see entries No. 3 and 4, Table 1). It is notworthy that all of the
polyethersiloxanes synthesized in this way exhibit very different polarities.

Furthermore, in two model reactions the concentration of the catalyst/ionic
liquid solution was increased to examine its effect on the reaction time. As the
catalyst is recovered at the end of the reaction, this would not necessarily cause
additional costs as long as at the same time the reaction time would be
decreased to an appropriate extent and the catalyst life time would be long
enough. To our surprise in case of the reaction of a a,0-SiH-functional
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polydimethylsiloxane (n = 18) with the hydrophobic polyether 400PO using a
hexachloroplatinic acid/N-butyl-3-methylpyridinium tetrafluoroborate solution
only little changes of the reaction time were observed when increasing the
concentration of the catalyst/ionic liquid solution (entries 1-4, Table 2).

Table 2. Effect of catalyst concentration in hydrosilylation reactions using
ionic liquids.

SiH-  Metal
Entry Catalyst SiH- Conv.  Cont.
No.  [ppm] IL Siloxane Olefin  %/h  [ppm]
: Hgg}:;& [4MBPJ(BF,] ~ n=18 400PO >99/5 <I
3 H[ZIP Ot(():]16 [4MBP][BF]  n=18 400PO >99/2 <1
H,PtCl¢ =
4 loosy ~ WMBPIBE]  n=18 400PO >99/1 <1
5 ‘;‘23]2 [TriMIM][MeSO,] n=18 400EO >99/5 <1
6 1;3]2 [TriMIM][MeSO,] n=18 400EO >992 8
7 oo [TIMIMIMeSO] n=18 400EO >99/0.5 10
Pt-92 : -
8  [jooo) [TriMIMI[MeSO,] n=18 400EO >99/0,1 22

Remarkably, even at very high catalyst loads of the ionic liquid no leaching
of the catalyst into the product phase was observed which demonstrates the
excellent solubility of hexachloroplatinic acid in N-butyl-3-methylpyridinium
tetrafluoroborate. After the reaction the catalyst was completely recovered. A
different observation was made for the the reaction of the same
o,0-SiH-functional polydimethylsiloxane (n = 18) with the hydrophilic
polyether 400EO using a Pt-92/1,2,3-trimethylimidazolium methylsulfate
solution as catalyst phase which in our screening experiments turned out to the
best combination for the hydrosilylation of hydrophilic polyethers (entries 5-8,
Table 2). Here, the increase of the catalyst concentration leads to drastically
reduced reaction times, but also to a significant leaching of the catalyst into the
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product phase. Probably, the shorter reaction times are due to the leaching of
the catalyst into the substrates/products mixture. The hydrophilic polyether
400EO and the corresponding polyethersiloxane compete with the ionic liquid
as solvent for the dissolution of the catalyst. Once, the catalyst has leached in
significant amounts into the substrates/products mixture a conventional
homogenous catalysis takes place, whereas in case of the reaction of the
a,0-SiH-functional polydimethylsiloxane (n = 18) with the hydrophobic
polyether 400PO the ionic liquid (N-butyl-3-methylpyridinium tetrafluoro-
borate) is the much better solvent for the catalyst (hexachloroplatinic acid), and
the hydrosilylation reaction takes place only at the interface between the two
phases catalyst/ionic liquid and substrates/products. In the latter system the
reaction rate is mainly determined by the size of the interface between the two
phases, i.e. the droplet size of the catalyst/ionic liquid phase and not so much
by the catalyst concentration of the ionic liquid.

The hydrosilylation reaction can also be conventionally conducted by
reaction of an olefin and a SiH-functional polydimethylsiloxane in the presence
of a standard transition metal catalyst, and after the reaction the catalyst can be
extracted with an ionic liquid. In some cases the use of an ionic liquid in the
hydrosilylation process even improves the quality of the polyethersiloxanes
regarding color compared to the standard process. An explanation might be the
avoidance of catalyst reduction leading to the formation of colloidal metal
particles which tend to color the product slightly brownish. In other words the
ionic liquid seems to have a stabilizing effect on the catalyst.

Hydrosilylation reactions with ionic liquids derived from 1-alkylimidazole,
i.e. in 2-position unsubstituted 1,3-dialkylimidazolium salts, did not give the
desired polyethersiloxanes. We assume that the proton in 2-position of the
1,3-dialkylimidazolium salts react with the SiH-group of the SiH-functional
polydimethylsiloxanes under formation of the corresponding 1,3-dialkyl-
imidazolylidene which deactivates the hydrosilylation catalyst by coordination
to the metal center (/7, 18).

Conclusions

A novel transition metal catalyzed hydrosilylation process is described. The
use of an ionic liquid in this process allows for the immobilization,
respectively, heterogenization and recovery of the expensive precious metal
catalyst, as well as its direct reuse in a subsequent hydrosilylation reaction.
From an economic and ecological point of view this process perfectly fits in the
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concept of "Sustainable Chemistry". Future research activities will aim at the
prolongation of the catalyst life-time. For this, it is necessary to gain a deeper
understanding of the catalytically active species in the catalyst/ionic liquid
solution.
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Chapter 12

Nonlinear Optical Ionic Liquids

Rico E. Del Sesto', Doug S. Dudis?, Fassil Ghebremichael®,
Norman E. Heimer', Tammy K. C. Low’, John S. Wilkes"",
and A. Todd Yeates®

Departments of ‘Chemistry and *Physics, U.S. Air Force Academy,
Colorado Springs, CO 80840
?Air Force Research Laboratory, Wright-Patterson Air Force
Base, OH 45433

Molecular orbital calculations indicate that molecules with a
high electron density diffused over a large volume will have
third order nonlinear optical activity. Anions often have
higher second hyperpolarizability values (gamma) than
similar neutral molecules. Also, molecules or ions containing
higher row elements have higher gammas. Salts with cations
that have their positive charge only weakly interacting with
the anion also enhance the third order nonlinear optical
activity. That looks like the recipe for ionic liquids. A
number of sulfur-containing mono- and dianion salts were
synthesized and characterized through Z-scan measurements.
Most were ionic liquids, and some showed significant third
order nonlinear optical behavior. The general features of
ionic liquids such as wide liquidus range, good thermal
stability, and low vapor pressure are particularly
advantageous for applications of nonlinear optical materials.
Potential applications are in optical limiting and other all-
optical devices.

144 U.S. government work. Published 2005 American Chemical Society
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Introduction

The terms “nonlinear optics” and “ionic liquids” are not often mentioned
in the same sentence. Here we describe some new materials that combine some
of the favorable physical properties of ionic liquids with the potentially useful
optical properties of third order nonlinear optical materials. A complete
understanding of nonlinear optics (NLO) is not necessary to appreciate the
interesting applications for NLO materials. A relatively superficial treatment
of the appropriate optical properties, parameters and phenomena will be
presented below. The niche for ionic liquids in the NLO materials field will be
identified, and the preparation and properties of some remarkable ionic liquids
that fill the niche will be described.

Others have shown that some organic salts exhibit nonlinear optical
behavior. Some are second order (also called quadratic) nonlinear optical
materials, such as the dihydrogen phosphate—organic cation salts described by
Seddon and coworkers (1), and the stilbazolium BF,, triflate, and tosylate salts
of Seth Marder and coworkers (2). These are all necessarily solids. Reports of
third order (also called cubic) nonlinear optical organic salts are much rarer.
Some recent examples are silver phenylacetylides, where the NLO effect comes
from the anion (3), and aryliodonium triflate salts, where cations are NLO active
(4). Some of these latter salts actually meet the “boiling water” definition of an
ionic liquid, but all are solids at room temperature.

Compounds with second order NLO activity must be non-centrosymmetric
at both the molecular and materials level. Odd order (in practice just first and
third) NLO materials have no symmetry restrictions at either the molecular or
materials level. So it would seem easier to design and prepare third order
compounds, and they could be liquids or solids. Our approach was to predict
some anion structures that might have third order NLO activity, attempt to
prepare some ionic liquids with those anions, and characterize the resulting
compounds chemically, physically, and optically.

Nonlinear Optics of Molecules and Materials

A rigorous treatment of nonlinear optics is outside the scope of this
chemistry paper. See one of the many monographs in this area for background
reading (5). However, a somewhat superficial introduction to nonlinear optics
is needed to describe the measured optical properties, and also to appreciate
some useful applications of these nonlinear optical ionic liquids. The
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polarization of a material may be described at the molecular (or ion) level by
Equation 1, or at the macroscopic (or materials) level by Equation 2.

p=p, +a-E+f:EE+7:EEE +-- o)
P=P,+3x" -E+%?% :EE+%":EEE +... @

For the molecular polarization, Equation 1, a is the polarizatibility, p is
the first hyperpolarizability, and y is the second hyperpolarizability. The
polarizatibilities are properties of individual molecules or ions, so they can in
principle be calculated from knowledge of the structure. For the macroscopic
polarization, Equation 2, ™ is the n-th order susceptibility tensor. The values
for the susceptibilities are properties of a material that can be measured
experimentally, and are directly related to the molecular polarizabilities.

Two measurable third-order NLO properties are ny, the nonlinear index
coefficient and a,, the two-photon absorption (TPA) coefficient. These
coefficients are related to the complex third-order NLO susceptibility through
its real and imaginary parts, as shown in Equation 3(6, 7).

o, = —:;—"’z—zlm{x"’ ). ©)

no is the index of refraction, & is the free space permittivity, c is the speed
of light in vacuum, and o is the optical frequency. We used the z-scan method
in order to determine experimentally the coefficients n; and ap. In this
experiment, a laser beam was focused with a lens and the material under study
moved across the focal plane in the direction of the beam propagation, say z-
axis. The material experienced varying intensities, first increasing, as it got
closer to the focal plane of the lens, and then decreasing past the focal plane. If
ny is positive, the beam at a plane further down the propagation axis will
expand making the intensity on that plane smaller at the “closed detector.” As
the material is moved past the focal plane, the beam will be focused tighter
making the intensity at the plane larger. If n, is negative the reverse intensity
behavior is observed. Similarly, if the whole beam at the observation plane is
measured at the “open detector,” as the material is scanned across the focal
plane there will be a dip in intensity output as the absorption increases as the
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material traverses the focal plane. The nonlinear absorption coefficient a; can
then be determined from the size of the intensity dip. It can easily be imagined
that the dip in the intensity is located at the inflection of the previous
description, where the intensity went from minimum to a maximum as a
function of z before flattening out again. The two coefficients can be related
through the Kramers-Kronig relations, or dispersion relations.

We are interested in the third-order optical properties of our materials.
Specifically, we wish to use third-order NLO ionic liquids for light limiting
applications, where the relevant third-order NLO effect is TPA. These
materials show TPA effects and may be used as light limiting because at low
intensities (“low” means everyday normal light intensities) the material absorbs
light linearly according to Beer’s Law. However, at high intensities (e.g. laser
light) the absorption increases with intensity. A material that is an effective
two photon absorber will be effective for eye and sensor protection from laser
light.

To meet our goals the optimization of the optical limiting properties of a
material should correspond with maximizing the third-order NLO properties.
For both second-order and third-order NLO behavior, materials are typically
built starting at the molecular level, which are engineered with strong electron
donating groups tethered to a strong electron acceptor group via an extended n-
conjugated system. There have been numerous reports of optimizing the
polarizability of these molecules though increasing the length of the
conjugation, as well as increasing the electron-directing effect of the functional
groups attached to the chain (8).

Prediction of Nonlinear Optical Activity

Molecular orbital computational methods predict properties of molecules
(or ions) quite well. It is more difficult to predict materials properties, so we
calculated y, the second hyperpolarizability, to serve as an indicator of the
relative third order responses of candidate materials for light limiting.

In an attempt to develop a diffuse Gaussian basis set usable for the ab initio
calculation of the second hyperpolarizability (y) of molecules of technologically
important size, we noted that y was quite sensitive to the inclusion of diffuse
functions in the basis set, but insensitive to the quality of the valence portion of
the basis set. This observation indicated that the region of the electron density
farthest from the nuclei, the "diffuse" region, generated the bulk of the second
hyperpolarizability. The diffuse region contains those electrons least strongly
bound to the molecule. It would seem reasonable then that an increase of the
electron density in this region would lead to an increase in y. Three methods to
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achieve this present themselves. The first is to use molecules in their excited
states. Such molecules have been studied previously (9,10) and do lead to large
enhancements in y. A second approach involves including higher row elements
in the molecule. It is well known that the ionization energies of the elements
decrease as one moves down the rows. Thus the electrons are more loosely
bound to the atoms and should increase the electron density in the diffuse
region. A third approach involves adding electrons directly to a molecule
producing a negatively charged ion. In this study we used ab initio Hartree-
Fock based calculations to explore the consequences of these last two molecular
design methods. Our preliminary results of such calculations were previously
reported (11)

Some examples of the calculated second hyperpolarizabilities for some
anions are in Table I. The y values calculated with the Restricted Hartree-Fock
(RHF) protocol are all less than those where the MP2 correction was used.
However, the relative order and second hyperpolarizabilities are the same for
both methods, and appear to scale by a factor of 2-3. MP2 is much more
computationally intensive, so RHF is a more convenient method. One can see
that our intuitive sense of the effects of higher row elements and increased
negative charge on the y values is borne out by the calculations. Monoanions
with second row elements (NO,” and HCO,) have the lowest gammas,
monoanions containing the third row element sulfur (HOCS; and H,NCS;)
have higher gammas, and dianions containing sulfur have the highest predicted
gammas.

Table 1. Predicted Second Hyperpolarizability of Some Anions

Anion yx 10° a.u. (RHF) yx 10° a.u. (MP2)
NO, 9 36
HCO, 12 31
HOCS, 66 117
H,NCS, 84 156
0,NCHCS;* 268 664
(NCCS),* 435 1048

The structures and names of the anions in Table I are

(0] S
N—C° ! o
/
o’ H” No © HO” C\s
nitrite formate xanthate
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dithiocarbamate K-salt dithiomaleonitrile, dtmn
H,NCS; O,NCHCS,* (NCCS),*

The calculations on these structures point to general types of anions that
may have good third order nonlinearity, but of course real materials must also
contain cations. The high charge density of small cations can decrease the
polarizability of the diffuse anions, as demonstrated in Table II. The obvious
approach to avoiding this effect is to employ cations that have the positive
charge delocalized or screened from the anion by molecular foliage. Salts with
large organic cations are often ionic liquids.

Table II. Effect of Cations on Diffuse Anion Second Hyperpolarizability

Cation yx 107 a.u. (RHF)
None 268

Li* 42

Na* 71

K* 119

Ionic Liquids

The use of an ionic liquid may have some major advantages as light
limiting materials. The low volatility, high thermal stability, and relatively
casy preparation are all favorable for sensor protection. However, the fact that
ionic liquids are viscous liquids is the most advantageous property. When two
photon absorption functions as it should during irradiation of high intensity
laser light, the material necessarily absorbs considerable energy. We saw the
consequences when we used laser pulses that were too long during the Z-scan
measurements of optical response (vide infra). When a lot of energy is
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deposited in a small volume the ionic liquid does thermally decompose,
producing a black char. The advantage of using a liquid film is that the
decomposition products can diffuse away or the charred area can be removed by
convective flow.

The calculations guide us to compounds that have heavy anions with
delocalized electrons combined with large non-polarizing cations. Our
experience tells us that many salts with such structures are liquid at or near
room temperature. 1-Ethyl-3-methylimidazolium was the initial cation chosen
for this study, but had to be abandoned due to the acidity of that cation and the
basicity of the sulfur-containing anions. The cation used in all of the ionic
liquids reported below is tetradecyl(trihexyl)phosphonium, which we will
abbreviate as [PRy).

tetradecyl(trihexyl)phosphonium, [PR4]

Some physical properties, the linear absorption, and the third order
nonlinear optical response were measured. The method used for the nonlinear
optical characterization was Z-scan, which detects the focusing of a laser beam
by the intensity dependent refractive index of the material. The Z-scan
experiments are the most difficult to do, and not all of the ionic liquids that we
prepared have been optically characterized yet. The density, viscosity, melting
or glass transition temperature, maximum linear absorption wavelength, and
linear molar absorptivity are given in Table III. Some of the ionic liquids are
not expected to be NLO active, but were prepared and characterized for
comparison purposes.

Some of the anions in Table III are not exactly the same as the models we
used to predict the gammas in Table I. We did not calculate two of the anions
([Co(NCS)4)* and [CoCBY), because they we synthezed faster than they were
calculated. The structures of anions in Table II that are not shown below Table
I are:
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Table III. Physical and Optical Properties

a . . . b c
i) & e Vg W

[dtmn]* -71 360 0.942 4780 394
[K-salt]* -79 350 0.960 560 396
[ddtc] =77 255 0.942 1470 305
[xan] -70° 290 0.920 1480 345
[N(CN),T -67 395 0.904 490 d
[TENT -76 400 1.080 450 d
[Co(NCS)s]* -72¢ 405 0.963 2436 628

~ [CoCBY -71 440 1.00 3702 290
a. TGA onset temperature

b. At20°C

c. Neat liquid in 10pum pathlength cell

d. Colorless

€. Melting temperature; not glass transition

I
CH,CH. S
CH,CH;  CH;0” s (CF;S0,),Ne (CN)N®

diethyldithiocarbamate methylxanthate  bistrifylamide dicyanamide
ddtc xan TELN

Co
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2-

|
H @ -BH
Io@ Q=CH
sfcﬁ/“;l/c "\r\
8/ y
tetraisothiocyanocobaltate(1I) cobalt dicarbollide
[Co(NCS).)* CoCB’

The metal-containing anions were of interest for NLO applications in that
they contain diffuse d-orbitals, they can be easily functionalized and tuned
based on the ligand systems, and their total negative charge can be built up
rapidly with appropriate ligands. Additionally, the cobalt bis(dicarbollide),
CoCB, has boron-carbon cages which are o-aromatic, thus providing the
delocalization desired for high NLO behavior. One potential flaw with these
metal-ligand systems is that the central metal cations are typically in the +2 or
greater oxidation state, potentially concentrating the charge of the ligands
adjacent to the metal. However, at the molecular level, this may not be the case
as the molecular orbitals will differ significantly from the formal charges
designated to the atomic components. There have been previous reports
(12,13) of solutions or solids of the metal complexes similar to the metal-
containing salts displaying NLO behavior, which provided motivation to choose
these anions to develop into RTILs.

The preparation of the somewhat complicated looking ionic liquids is
actually quite easy. The chloride salt of the tetradecyl(trihexyl)phosphonium
cation is commercially available as CYPHOS IL 101. The sodium salts of the
thiolate anions are all prepared by variations on the general addition reaction in
Equation 4

S
Na' A—X~ + CS, —» I +
— 2 - Na
-——X/C\S

A )

where X is a nucleophilic atom and A is the rest of the molecule. The sodium
salts are then used to create the desired salt by a metathesis reaction with the
tetradecyl(trihexyl)phosphonium chloride. Other large tetraalkyl phosphonium
halides are also available, and they also combine with the large anions to form
ionic liquids. See the experimental section for the details of the syntheses. The
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easy synthesis from readily available materials is a favorable feature of the ionic
liquids listed in Table III.

Nonlinear Optical Properties

Some details of this analysis are provided in an earlier paper (14). An
example of the Z-scan results for the [PR4},[Co(NCS),] ionic liquid is
demonstrated in Figures 1 and 2, where data from two experiments show the
effect of incident laser beam power. The optical responses are dependent on the
light intensity, as expected for the nonlinear optical phenomena. The
experiments were done with very short laser pulses (picosecond or shorter) to
avoid thermal effects that can obscure the nonlinear optical effects. The data
from Figures 1 and 2, and similar data for other ionic liquids were used to
obtain the n, and o, values listed in Table IV. CS, and ZnSe are commonly
used standards for NLO measurements, and we include them here for
comparison purposes. The NLO characterization is incomplete at this time, but
some structure-property correlations are already apparent. The monoanions
have lower x®).than the dianions, as seen by the 7, values.

Transmittance, Closed Detector

Z distance (mm)

Figure 1. Z-scan experiment on [PR,],[Co(NCS),] with the transmittance
recorded at the open detector.
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Figure 2. Z-scan experiment on [PR,] ;/Co(NCS),] with the transmittance
recorded at the open detector.

Table IV. Nonlinear Optical Properties

Anion Wavelength n; measured a; measured
nm X10" m’> w' X10"" mw’
xan] 910 -0.09 0°
[CoCBY 910 -0.22 b
[ddtc] 910 -0.45 0°
[Co(NCS).F* 910 -1.9 b
[dtmn]* 910 -6.1 10.8
CS, 1064 0.0003 0°
ZnSe 532 0.0007 5.8

a. Low laser power used

b. Not yet determined
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Experimental

Synthesis of Ionic Liquids

Alkali metal salts of the desired anions were either commercially available
or easily synthesized through known reactions. Sodium
diethyldithiocarbamate, Na[ddtc] (Fischer), sodium dicyanamide, Na[N(CN);]
(Fluka), lithium bis(trifluoromethane)sulfonamide, Li[Tf;N] (Aldrich), and
cesium bis(dicarbollyl)cobalt(IlI), Cs[CoCB] (Katchem, Czech.) were used as
received. Sodium dithiomaleonitrile, Na,[dtmn], and potassium
nitrodithioacetate, K,[K-salt], were prepared as previously reported (15,16).
Sodium methylxanthate, Na[xan), was prepared through the reaction of 1.2 eq.
methanolic NaOH with 1 eq. carbon disulfide in methanol. Ammonium
tetrathiocyanocobaltate(II), [NH,],[Co(NCS),], was prepared from 4.2 eq. of
[NH,][SCN] and 1 eq. of CoCl, in H,0, and the product was not isolated before
proceeding to the following methathesis reaction to make the ionic liquid.

To prepare the ionic liquid materials, the above alkali metal salts were
used in metathesis reactions with an appropriate number of equivalents of the
tetradecyl(trihexyl)phosphonium chloride, CYPHOS 101 (Cytec), in organic
solvents. Typically the alkali salts were water soluble, including the [ddtc],
[xan], [N(CN),], [Tf;N], and [Co(NCS),] salts. These salts were stirred with
CHCI; solutions of the CYPHOS for 24 hours, separated and the organic layer
washed several times with water and then evaporated off. Exceptions to this
are the [CoCB] salt, which was reacted with CYPHOS in THF; and the [dtmn]
and [K-salt] were reacted with CYPHOS in EtOH. In these cases, the alkali
chloride by-product could be filtered out, the organic solvent evaporated, and
the resulting ionic liquid purified through redissolving in CHCl; and washed
with water several times. All of the resulting ionic liquids were dried under
vacuum at 75-85°C.,

Properties of Ionic Liquids

Thermal gravimetric analyses were run at 10°/min on a TA Instruments
SDT 2960, and differential scanning calorimetry (DSC) was performed at
5°C/min on a TA instruments DSC 2910. The TGA instrument was
temperature calibrated from room temperature to 800° at 10°min. using
indium and aluminum. It was weight calibrated with ceramic standards
provided with the instrument. The DSC instrument was calibrated using
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mercury, water, and indium at 5°C/min. Liquid densities were measured with a
Mettler Toledo DE40 Density Meter-40. Viscosities were measured with a
Cambridge Applied Systems Viscolab 4100 moving piston viscometer.

Prediction of Second Hyperpolarizability

All calculations reported here were done with the General Atomic and
Molecular Electronic Structure System (GAMESS) program (17). The
orientation averaged values of the gammas were calculated at zero frequency
using a finite-field technique with the GAMESS computational package. The
geometries of the anions were optimized using the Restricted Hartree-Fock
(RHF) level of theory with the Dunning-Hay basis set (18) enhanced with
polarization and diffuse sp functions (19,20). The second hyperpolarizabilities
of the anions were computed with the finite-field method using the same basis
set except the diffuse sp functions were replaced with a set of diffuse p and d
functions designed for NLO computations. This basis set will be designated
DH(d)+pd. Both the RHF and MP2 levels of theory were used for the NLO
computations of the anions. Because of its relative stability compared to the
trithiocarbonate anion, we chose to study the effects of counter-ions by
computing the NLO response of the salts of aci-nitro-dithioacetate (K-salt).
The geometries of the salt molecules were found by first doing a short
simulated annealing computation with AM1 followed by an ab initio
optimization with a DH(d) basis enhanced with diffuse sp functions on the
anion only. The NLO computations were done with the DH(d)+pd on the anion
and DH(d) on the cation.

Nonlinear Optical Characterization

The NLO properties of the materials were measured using a typical Z-scan
setup. The samples were loaded into 0.01, 0.1 and lmm quartz cuvettes
depending on how strongly they absorbed. @A Coherent mode-locked
titanium:sapphire laser operating at wavelength 700-1000nm with 3ps pulses at
76MHz was used. When operating, only one pulse was used with the help of a
peak picker and computer sofiware. The spatial filtered beam with 3mm waist
radius was focused with a 75mm lens. The sample was placed after the lens
and could be translated £45mm from the focal plane. A beam splitter was used
after the sample, where one beam was directed to a detector with no aperture
(“open” detector) and one towards a detector with aperture of 1mm” (“closed”
detector) at the far field of the lens. Peak powers of the pulses were measured
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to be 1.5-2.0 GW/m’. All of the measurements were performed at room
temperature.

Conclusions
Ionic liquids with good third order nonlinear optical properties may be

designed and prepared. Measurements show that the % of the actual materials
have a similar relative ordering to the molecular y predicted by theory.
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Chapter 13

Preparation and Properties of Polymerized
Ionic Liquids as Film Electrolytes

Hiroyuki Ohno and Masahiro Yoshizawa

Department of Biotechnology, Tokyo University of Agriculture and
Technology, Koganei, Tokyo 1848588, Japan

Ionic liquids are quite interesting materials for not only
solvents but also electrolytes. In spite of non-volatility, liquid
state restricts some applications especially for the industrial
use as electrolytes. Polymerized ionic liquids should broaden
the application field of this interesting material. Introduction
of vinyl group on some imidazolium cations induced no
inferior effect on the ionic liquid formation with proper
anions. Similarly, anions containing vinyl groups could form
liquid salts with vinyl imidazolium cations.
Copolymerizations of these monomeric ions as well as
homopolymerization of either polymerizable cations or anions
have been examined. Introduction of spacer groups in
between charged site and vinyl group was revealed to be
effective to lower the glass transition temperature and
accordingly to improve the ionic conductivity.  Their
electrochemical  characteristics and  physico-chemical
properties are discussed with their structure.

Ionic liquids (ILs) are collecting much attention as a new ion conductive
matrix (1). Since ILs are liquid which consist of only ions, these ILs have two
brilliant features of very high ion concentration and high mobility of
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component ions at room temperature. Since lots of them show the ionic
conductivity of over 102 S cm™ at room temperature (2,3), there are lots of
applications as electrolyte materials for rechargeable lithium-ion battery (4-8),
fuel cell (9-12), and solar cell (13-17) or capacitor (18-23).

However, when applying ILs as an electrolyte material, ILs cannot
transport only target ions alternatively because ILs, which are used as solvent,
can also migrate along with potential gradient. In order to improve this
drawback, we have proposed various structures for the transport of only target
ions such as zwitterionic liquids (ZILs) have both cation and anion, which form
ILs in the same molecule (24-26), triple ion-type imidazolium salts have two
anions and cation (27), polymerized ILs (28-34), etc.

Introduction of ILs into Polymers

Although various methods are proposed to introduce ILs to polymer
matrices, they are divided roughly into the following three; polymer gel
electrolytes containing simple ILs as the medium (ILs in polymer), the
formation of ILs generates polymer (ILs for polymer), and the polymerization
of ILs themselves (ILs as polymer). Figure 1 shows the schematic concepts.
Among these models, development of polymer gel electrolytes using ILs has
been widely investigated due to facility of design and synthesis. There are a lot
of host polymers reported up to present from synthetic polymers such as PVdF-
HFP, (25,35,36) Nafion, (9,10b) and poly(hydroxyethyl methacrylate) (37,38)
to biomaterial such as DNA (39). These gel systems have not only the ability of
film formation but also quite high ionic conductivity of over 10> S cm™ at room
temperature. Its high ionic conductivity should be based on high ion mobility
of IL itself, that is, it is possible to introduce ILs into polymer matrices without
damage of the excellent properties of ILs. However, when ILs are used as the
electrolyte material, substantial problems such as the improvement of target ion
transference number are newly found.

Since PEO/salt hybrids having salt structure on the chain ends of
poly(ethylene oxide) (PEO) are liquid at room temperature when PEO chain is
short, they can be positioned as a new category of ILs (40, 41). In addition,
they show relative high ionic conductivity of about 10° S cm™ at room
temperature because they form amorphous state in a wide temperature range.
By mixing PEO/salt hybrids which fixed the opposite electric charges on the
chain end, it was expected that pseude-cross-linking of polymer (42). They
showed the ionic conductivity of over 10° S cm™ at room temperature, and it
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was confirmed that the formation of IL on the chain end of PEO worked as a
highly ion conductive path. However, their interaction was very weak to
behave as polymers. Therefore, the third method, ILs as polymer, has attracted
attention in recent years. In this report, we tried to introduce the characteristics
of polymerized ILs and the ability of target ion transport of them.

Ionic liquid

R R R

in polymer as polymer

Figure 1. Introduction of ILs into polymers.

Design of Polyether-alternative Ion Conductive Matrices

The research for solid polymer electrolytes has been mainly deployed by
using polyether matrices because these polyethers can dissolve salts and can
transport the dissociated ions along with intra- and inter-molecular motion of
these polyether chains. The polymer matrices, that satisfy both high polarity
and low glass transition temperature, are not so common. However, the ionic
conductivity of the reported polyether systems is about 10* S cm™ at room
temperature (43), and it is difficult to improve cationic conductivity. This is
attributable to the ion-dipole interaction of polyethers to target ions so called
strong solvation of polyethers to cations. Therefore, alternative matrices have
been looking for to solve this drawback. We prepared some polyampholytes, in
which both cation and anion were fixed in the polymer main chain, as a
polyether-alternative ion conductive matrix. These copolymers can provide ion
conductive path for target ions prohibiting the migration of IL itself. These are
mainly two categories of the polyampholyte; copolymers and poly(zwitterion)s.
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IL Copolymer

Copolymers were obtained by the polymerization of IL monomers (Figure
2) synthesized by the neutralization of acid and base both having vinyl group
(34). In order to compare this simple system I, the couple of monomers II
having alkyl spacer between vinyl group and sulfonate group was also
synthesized and polymerized. The effect of alkyl spacer on the properties of IL
copolymers is summarized in Table 1. Both couples showed only glass
transition temperature (Tg), and were transparent and colorless liquids at room
temperature. The ionic conductivity of the monomers was 10 - 10 S cm™ at
room temperature. This should be based on quite low Tg of about -80 °C. On
the other hand, I did not show Tg after polymerization, whereas II showed Tg
at -31 °C even after polymerization, indicating that it maintains high mobility
of charged units. However, both copolymers showed quite low ionic
conductivity. It was confirmed that they contain no carrier ions which can
support long-distance migration.

/\ SO@: HN

O

NF

/\n/°\/\/3°? ,.N@\,,\/

Figure 2. Structure of IL monomers consisted of cation and anion both having
vinyl group.

Table 1. Thermal Property and Ionic Conductivity of IL Monomers and

Their Polymers
Tg/°C o'/Sem’
Monomer Polymer Monomer Polymer
I -83 - 3.5x10° <10?
I -73 -31 6.5x 10" <10?

*at 30 °C

An equimolar amount of LiTFSI to imidazolium cation unit was then
added to those copolymers. Figure 3 shows the Arrhenius plots of the ionic
conductivity for the copolymers after salt addition. PII (P implies polymer)
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having alkyl spacer showed one order higher ionic conductivity than PI without
spacer. Although there was no Tg for both copolymers after adding the salt, it
was considered that PII having alkyl spacer may form successive ion
conductive path easily for carrier ions due to flexibility of the IL units.

'4 T T T

5L 4
5 ol -
5
g 7l ]

8L 4

-9 1 1 1

3.0 3.2 34 3.6
1000 T /K"

Figure 3. Arrhenius plots of the ionic conductivity of IL coploymers containing
an equimolar amount of LiTFSI.

Poly(zwitterionic liquid (ZIL))

Zwitterionic monomers, which have both cation and anion in the same unit,
were prepared. Figure 4 shows the structure of those monomers (24). Four
different monomers were synthesized to examine the effect of the freedom of
the imidazolium cation on the properties such as ionic conductivity and Tg.
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Vim=2
ViEm=3

Figure 4. Structure of ZIL monomers.

The ionic conductivity of thus prepared poly(ZIL)s was below 10° S cm™
as well as IL copolymers, suggesting that they contain no carrier ions. Then,
the ionic conductivity of them was investigated after adding an equimolar
amount of LiTFSI to monomer unit. Figure 5 shows the temperature
dependence of the ionic conductivity for poly(ZIL)s containing LiTFSI. Their
ionic conductivity strongly depended on the fixed position of imidazolium
cation. The ionic conductivity of the polymers having an imidazolium cation
on the main chain, PIII and PIV, containing LiTFSI equimolar to imidazolium
unit, was about 10® - 10® S cm™. On the other hand, poly(ZIL)s having an
immobilized counter-anion on the main chain (PV and PVI containing LiTFSI)
showed relatively higher ionic conductivity of about 10° S cm™ at 50 °C in
spite of their rubber-like properties. PVI having long alkyl spacer (m=3)
showed slightly better ionic conductivity.

Galin and co-workers have also reported the ionic conductivity of
poly(ZIL)s consisted of ammonium cation (44). They suggested that the dipole
moment of poly(ZIL)s increase with expanding the distance between cation and
anion fixed on the side chain. Accordingly, there is a possibility that the
solubility of the added salts is different for each poly(ZIL). However, the ionic
conductivity of PIV and PV, which may have almost the same polarity, were
quite different. In order to obtain higher ionic conductivity for IL polymers, it
was strongly suggested that the freedom of imidazolium cation is quite
important factor. Although it is difficult to compare our results with Galin’s
results due to different anion structure, ionic conductivity of PVI was 1 or 2
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orders higher than that of Galin’s systems. This should be based on the
difference of the fixed position for onium cation and the use of suitable added
salt.
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Figure 5. Temperature dependence of the ionic conductivity of poly(ZIL)s
containing an equimolar amount of LiTFSI.

IL copolymers and poly(ZIL)s contained no carrier ions, but they could
provide the ion conductive path and showed the ionic conductivity of about 107
S cm™ at room temperature after adding LiTFSI. Highly ion conductive
polymers, which do not depend on polyether structure, were obtained by the
polymerization of ILs.

Single Ion Conductive IL Polymers

In order to realize selective ion transport in IL polymers, cation or anion,
which form ILs, are fixed on the side chain of IL polymers. Since the fixed
ions cannot migrate along with the potential gradient, it is expected that such
IL polymers work as a novel single ion conductive matrix.
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Polycations

Monomers were prepared from vinylimidazole, and their ionic conductivity
was measured before and after polymerization (28,30). The monomer having
TFSI anion was liquid at room temperature. It showed quite high ionic
conductivity of about 10> S cm™ at room temperature, but the ionic
conductivity of corresponding polymer system was below 10 S cm™, which is
more than 4 orders lower than that of monomer. This big difference should be
based on the decrease of carrier ions and of the mobility of IL itself because all
of cations was fixed on the polymer chains.

To minimize the decrease of ionic conductivity for IL polymers, ionic
liquid-type polymer brushes (ILPBs), which introduced flexible spacer between
vinyl group and cation structure were synthesized (29,32,33). Figure 6 shows
the structures of IL monomers having spacer. They have different spacer
structure and length to investigate the effect of their conditions on the
properties. ILPBs having TFSI anion showed the ionic conductivity of over
10* S cm" at room temperature, which is equal to that of corresponding
monomer. It was revealed that ILPBs were effective to maintain high ionic
conductivity of IL monomers even after polymerization. In addition, alkyl
spacer showed higher ionic conductivity than oligoether spacer. This
difference should be based on the hindrance of ion transport by the ion-dipole
interaction between oligoether and carrier ion.

2

)\2/“*&/\0')’1\/@“\/

© 0O ©
X =ClI or TFSI

2

© O (<]
vill X =8r or TFSI
Figure 6. Structure of IL monomers having spacer.

Although ILPBs were found to maintain high ionic conductivity of
corresponding monomers, their mechanical property was poor. Actually, most
of them were obtained as sticky rubber, not film. We tried to improve it by
using cross-linkers. Figure 7 shows the photograph of novel film electrolyte
composed of ILPB with small amount of cross-linker. We succeeded to obtain
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transparent and flexible films without considerable decrease in the iomic
conductivity as compared with that of corresponding monomers. These
properties are the function of the added amount of cross-linker.

Figure 7. Photograph of novel film electrolyte composed of ILPB with 1.3
mol% cross-linker.

Polyanions

It was suggested that high mobility of imidazolium cation was needed to
maintain high ionic conductivity of IL polymers in a previous section.
Therefore, IL polymers, anions were fixed on the main chain, were synthesized.
To investigate the effect of anion structure on the properties, some IL
monomers having different anion structure were prepared by neutralization of
ethylimidazole and acrylic acid (AC), styrene sulfonic acid (SS), vinylsulfonic
acid (VS), or vinylphospholic acid (VP) as shown in Figure 8 (45). Table 2
summarizes thermal property and ionic conductivity of these IL monomers and
their polymers. All monomers were liquid state at room temperature. Among
these, VS monomer showed the highest ionic conductivity of 9.0 x 10° S cm™
at 30 °C. This result reflected the lowest Tg of -95 °C. After polymerization,
PVS also showed the highest ionic conductivity according to the lowest Tg as
well as the monomer. Higher ionic conductivity of IL polymers may be realized
by maintaining high mobility of IL unit structure in the polymer.
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Figure 8. Structure of IL monomers consisted of anion having polymerizable
group.

Table II. Properties of IL monomers consisted of anion having
polymerizable group and their polymers

Tg/°C /8 cm’
Monomer Polymer Monomer Polmer
AC -61 -32 1.4x10* 1.2x10°
SS 77 L 8.7x 107 1.1x10°®
VS 95 -63 9.0x 107 1.1x10*
VP -78 -56 1.5x 10* 29x107°
%at 30 °C, Pnot detected
Conclusion

Highly ion conductive polymers, which do not depend on the polyether
structure, were obtained by the polymerization of IL monomers. Thus prepared
polymerized ILs worked as a novel single ion conductive matrix. In addition, it
was revealed that ILPB having flexible spacer between polymerizable group
and IL structure can maintain high ionic conductivity, which is almost equal to
that of corresponding monomer, even after polymerization. Recently, we
succeeded to obtain ILs consisted of lithium cation as a component ion for the
first time (46). It will be possible to develop lithium cation conductive
polymers by the combination of ILPB and lithium ILs. Functional design will
be realized soon through the design of corresponding unit structure.
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Chapter 14

An Ionic Liquid-Based Optical Thermometer

Sheila N. Baker', T. Mark McCleskey', and Gary A. Baker™

lChemistry Division, MS J514 and ? Bioscience Division, MS J586,
Los Alamos National Laboratory, Los Alamos, NM 87545

We report on a high performance ratiometric luminescent
thermometer based on the reversible temperature-dependent
excited-state self-association of the probe 1,3-bis(1-
pyrenyl)propane dissolved at a few parts per million in the
ionic liquid [Cympy][TE,N]. The thermometer performs well
over the 25-140 °C range, is rapid and completely reversible,
and exhibits an average imprecision of less than + 0.20 °C
over the truncated temperature range 25 °C<T< 120 °C. The
precision near physiological temperature is slightly better (+
0.12 °C) suggesting possible applications on the operating
table and in the battlefield.
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While it is frequently important to know the temperature for a given
application, it is often problematic to measure in nanospaces or along surfaces.
Compared with analytes such as H' and metal ions, the development of
molecular sensors to follow changes in environmental properties, particularly
temperature, has lagged behind, despite fundamental and technological
importance. Real time temperature monitoring can, for example, lead to process
optimization, waste minimization and energy conservation in an industrial
setting. Precise and real time in vivo monitoring of temperature is also of
paramount significance in biomedical and cancer diagnosis and during
hypothermia therapy or surgery where temperature fluctuations of even a few
degrees can be telling or even life-threatening. While conventional contact
techniques such as the use of liquid-in-glass thermometers, thermistors,
thermocouple taps and resistance temperature detectors (RTDs) certainly have
their place (/), using light as the information carrier has several benefits. For
example, optical temperature sensors (so-called opt(r)odes) may be deployed
where it is undesirable or impossible to connect a wire such as where
electromagnetic noise is strong, in explosive or corrosive environments and
near/at high-speed moving parts such as turbine blades. Non-contact optical
approaches also offer utility for obtaining temperature with high spatial
resolution. For example, this is useful for mapping temperature fluctuations at
the cellular level, in microfluidic chips and microelectromechanical systems
(MEMS) and for locating heat “bottlenecks” in an integrated circuit

While remote two-dimensional infrared thermography offers some of these
advantages, few objects truly behave like blackbodies. There are also several
limitations to this approach such as strong absorption of radiation by water
vapor and ordinary glass materials and the fact that radiation from a solid
object seldom exhibits distinctive thermal signatures. On the other hand,
luminescent signals are inherently multidimensional offering sensitive,
selective and rapid feedback. For this reason luminescence is often the
observable of choice in designing chemosensors and in the operation of
molecular-level devices. In the past, luminescent thermometers have been
designed around temperature-dependent excited-state decay times, intensities,
intensity ratios, and excitation or emission wavelength maxima (2-4).

Now receiving serious consideration with the promise of significant
environmental benefits, ionic liquids (ILs) have gained worldwide notoriety.
Driven by both scientific curiosity and the potential for deriving useful new
materials, ILs are attracting attention as media for and/or constituents of
composite and hybrid materials (5). In the literature to date, however, we found
just one example where an ionic liquid was an integral component in the
fabrication of a diagnostic or sensory device. In this report, Dai and co-workers
showed that exposure of an IL-coated resonant crystal of a quartz crystal
microbalance (QCM) to organic vapors resulted in sorption/plasticization
which was readily detected from the resulting frequency shift (6). Spurred by
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these findings and based on recent results from our group (7) and those from
the Pandey lab (8), we were led to the possibility of using an IL as a
thermofluid for developing an effective broad range optical thermometer based
on the viscosity dependence of intramolecular excimer formation for 1,3-bis(1-

pyrenyl)propane, BPP.
Experimental

The ionic liquid 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide, [C,mpy][Tf;N], was synthesized and
purified using recently disclosed methods (9). Even traces of water can
significantly reduce the bulk viscosity and accelerate solute diffusion within
ionic liquids (7c). Achieving a reproducibly low water level is imperative if one
wishes to create a stable and robust sensor free of calibration and drift issues.
For this reason, drying was carried out under identical conditions for all IL
samples reported herein. Specifically, 10 g samples of IL in 50 mL Falcon tubes
fitted with plastic screw caps drilled with an identical hole pattern were flash
frozen in liquid nitrogen for 5 minutes. Lyophilization was then carried out for
a full week (Labconco, Freeze-dry/Freezone 4.5) at a condenser temperature of
-50 °C and a pressure of 99 pbar.

Results and Discussion

At this point it is important to consider the basics of excimer formation.
Although more complex photophysical treatments are sometimes used, the
simplest and a frequently adequate description of excimer formation kinetics is
that of the Birks model (/0). The ratio of excimer to monomer fluorescence
intensities (R=/Ig/I)) is, according to Figure 1, given by

I E _ ka kE

Ly (kg +ky +k, )y
where &y, and kg are the monomer and excimer radiative rate constants, kj,and
ki are the corresponding rates for nonradiative decay, and k, and k, represent
the monomolecular rates for excimer association and dissociation. Note that
according to the Birks model the excimer is entirely dissociative in the ground
state. Under conditions where kg >> k,, this intensity ratio essentially reflects
the variation in the cyclization rate constant k, which depends on both solvent
viscosity and overall solvent quality (/0). That is, k, is small for good solvents
and large for poor solvents. Significantly, this expression also suggests that the
temperature range and sensitivity for our optical thermometer considered here
might be tuned by variation in the ionic liquid employed.

M
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Figure 1. Birks kinetic scheme for intramolecular excimer formation.

In our experience, due to instability, particularly for prolonged exposure to
elevated temperatures, hexafluorophosphate containing ionic liquids were
unsuitable for fabricating robust optical temperature sensors. Following
investigation of a number of materials, however, we identified [Cympy][T£:N],
as an excellent matrix for demonstrating this novel class of molecular
temperature sensor. Panel A of Figure 2 illustrates that the spectral response of
the BPP in [C,mpy][Tf;N] system is strongly governed by temperature. Upon
heating, the excited-state equilibrium is shifted in favor of excimer formation
resulting from a reduced bulk viscosity evidenced by the appearance of a
prominent band near 475 nm. Upon cooling there is an almost perfect
superposition of the entire emission profile demonstrating the full reversibility
of the system. We also note that the raw emission spectra exhibit an isoemissive
point at 446 nm at 90 °C and below (data not shown) validating the simple
two-state model assumed above. Parenthetically, we also note that excitation
spectra (Figure 2B) monitored at the monomer (M, 375 nm) and excimer (E,
475 nm) emission colors were identical, ruling out inter- or intramolecular
ground-state pyrene interaction or pre-association.

In order to generate an analytical working curve, temperature was
controlled using a +0.2 °C temperature control stage similar to one described by
us earlier (/7). In practice, a working curve was obtained by integrating 10-nm
slices centered at 376 (/)) and 476 nm (/). Photoluminescence measurements
were made following slow heating or cooling (1-2 °C/min) plus a 10 min
thermal
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Figure 2. BPP in [Csmpy][Tf:N]. (A) Normalized emission spectra during a
heating (solid lines) and cooling (dotted profile) cycle and (B) normalized
excitation spectra monitored at the monomer and excimer emission bands.
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Figure 3. Temperature response of the BPP in [Csmpy] [Tf>N] optical
thermometer to heating and cooling portions of a cycle. The dashed line
represents the uncertainty in temperature determination predicted from eq (2).

equilibration at each temperature (Figure 3). The uncertainty in the temperature
(7) as provided in Figure 3 was computed based on the imprecision in the
excimer to monomer ratio (6R) according to
oT = (0T /dR)SR (2

where 07/0R was obtained from differentiation of a sigmoidal fit to the R vs T
curve. Importantly, the seamless overlap of /z/I), values for heating and cooling
segments of a thermal cycle indicate that the sensor response to temperature is
completely reversible. Moreover, since the response is two-color, that is
ratiometric, the sensor response is independent of the illumination source
intensity, the optical configuration, or the luminophore concentration. This is
illustrated by results for a photobleaching study given in Figure 4. Under
continuous ultraviolet irradiation for 24 h at a constant temperature (60 °C)
there was significant and similar photobleaching at the monomer and excimer
bands (~15%). This drift is canceled out in their ratio (//I);), however, which
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Figure 4. Photobleaching study of BPP in [Cympy][Tf>N] (T=60 °C).
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Figure 6. A dynamic range comparison between the optical temperature sensor
discussed in this Chapter and representative ones from the literature.

changed by well less than 1.0%, corresponding to an error in temperature
estimation of better than 0.35 °C. The full reversibility and robustness of the
optical thermometer is illustrated in Figure 5 for repeated cycling between 60
and 90 °C over an 8 h period. Average deviations from the analytical working
curve

resulted in errors in temperature determination of only 0.16 and 0.30 °C at 60
and 90 °C, respectively. Figure 5 also shows that the IL-based temperature
sensor is completely reversible for 17 such cycles. In practice, the sensor did
not reach failure for 100 cycles, the maximum number tried.

In contrast to excimer or exciplex based molecular thermometers reported
in the past (2,4), the dynamic range of our luminescent thermometer is not
limited by the boiling point of the otherwise most suitable solvents (aliphatic
hydrocarbons and paraffin oils) but is instead ultimately dictated by the thermal
stability of the fluorophore itself. As a result, the useful range for our
thermometer extends well beyond those reported, spanning the 25 to 140 °C
range. Beyond 150 °C we noted minor hysteresis which became pronounced at
T > 170 °C. If held past 200 °C for several minutes the sensor became
completely unreliable. As might be expected, recovery from more transient
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exposure to elevated temperatures is improved. A comparison between the BPP
in [Cympy][Tf,N] optical thermometer reported here and other optically-based
molecular thermometers from the open literature is provided in Figure 6. It
should be noted that at the time of these experiments active cooling was not
operational for our temperature controller based on modifications to a
commercially available microscope stage (//). Therefore, our lower
temperature bound was limited to room temperature. Given that [C,mpy][Tf,;N]
remains a liquid down to —18 °C (/2), it is likely that the dynamic range of our
thermometer could be further expanded (this prospect is displayed by the
broken segment for our thermometer range in Figure 6).

We have also discovered that under isothermal conditions this material has
potential for use as an optical oxygen sensor. For example, when a solution of
BPP in [Csmpy][T£;N] is spin-coated (2,000 r.p.m.) onto a coverslip and held at
70 °C by contacting a copper plate using thermally conductive grease,
R=0.431£0.002 under ambient atmosphere. Under strong air flow the
fluorescence intensity is relatively unchanged and R is 0.467. In contrast, under
nitrogen the intensity is much higher and R becomes 0.634. Presumably, this
behavior is due to differential collisional quenching of the monomer and
excimer forms of BPP by oxygen.

Summary

We have shown that the diffusion-controlled intramolecular cyclization for
a bis-pyrenyl luminophore within an IL can be switched off and on simply by
changing the temperature. This effect forms the basis for a highly effective
optical thermometer which enjoys the following performance features: (a)
inexpensive and simple, both in construction and operation; no specialized
equipment is required beyond a standard spectrofluorimeter. Further, since the
associated wavelengths are well resolved, dispersive optics are unnecessary
opening the possibility for compact, fieldable devices (e.g., handheld Palm Pilot
sensors); (b) modular architecture, i.e., the thermometer may be constructed in
many formats including thin films; (c) reversible and rapid reponse on the
order of one second; (d) broad dynamic range (120+ °C); (e) self-referencing;
(f) precise. In fact, variations in temperature can be measured with an
imprecision of ca. 0.35 °C over the entire range (25-140 °C) and with minimal
averaging. Areas of potential utility for this technology include surgical,
security and defense, industrial, lab-on-a-chip and aerodynamic applications.
Efforts in these areas and others are currently underway in our laboratory.
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Chapter 15

Room Temperature Ionic Liquids as Solvent
Media for the Photolytic Degradation
of Environmentally Important Organic
Contaminants
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The photolytic degradation of an organic contaminant,
naphthalene, in 1-butyl-3-methylimidazolium
hexafluorophosphate has been investigated. The original
parent compound could be degraded in this ionic liquid using
253.7 nm UV radiation. Oxygen and the purity of ionic liquid
with respect to UV light absorbing compounds had a
significant effect on the transformation rate of naphthalene.
The addition of oxygen to the naphthalene ring and the
rupture of the ring due to direct photolytic effect are discussed
as possible reaction pathways that contributed to the
transformation of the compound. Intermediate product
identification using Electrospray TOF MS, and GC-MS
revealed the formation of bicycle[4,2,0]octa-1,3,5-triene,
2’hydroxyacetophenone, and phenol among the stable
intermediate products. With the use of non-toxic ionic liquids
and further optimization and modification, this process has
the potential for further development into a two-step process
for extraction of organic pollutants from solid matrices, such
as contaminated soils or dredged sediments, using ionic
liquids followed by in-situ photodegradation of the organic
contaminants in the ionic liquid extractant phase with
simultaneous regeneration of the ionic liquids.
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Introduction

As a new generation of solvents, room temperature ionic liquids (RTILSs)
have attracted increasing research interest among chemists and engineers
during the last few years. A distinct advantage of RTILs is their lack of
detectable vapor pressure. As a result, they are currently considered as a
promising replacement to volatile organic compounds (VOCs) which are a
source of a number of environmental pollution problems.

Development of ionic liquids has experienced two different chronological
periods. Chloroaluminate-based ionic liquids, frequently referred to as the first
generation of RTILs, are a mixture of organic chlorides and aluminum
chlorides. These ionic liquids are generally reactive with water and their
handling requires an environment with exclusion of moisture. Therefore, the
use of such ionic liquids will not be practical in open to the atmosphere
environmental and other applications. Since these ionic liquids exhibit high
electrical conductivity, enlarged electrochemical window and enhanced thermal
stability, they were initially used as electrolytes in high-energy batteries that
were sealed and had no contact with the atmosphere. (/) Successful synthesis of
the second generation of RTILs in the early 1990s substantially expanded the
applications of RTILs. These second generation RTILs share the advantages of
their predecessors but also remain stable when exposed to water and air. (/-3)
In addition, by fine-tuning their structure, they can be designed to satisfy
specific task-specific applications. (4, 5) Since the development of these water
and air stable RTILs, the number and diversity of applications of RTILs
increased dramatically. Currently they are studied extensively in various
applications dealing with electrochemistry, chemical synthesis, catalysis, and
liquid-liquid separations. (/-11)

However, in the field of photochemistry, ionic liquids received relatively
less attention. Only a few photochemical reactions in ionic liquids have been
studied to date. Photooxidation of iron(II) diimine complexes to iron(III)
diimine complexes in an ionic liquid consisting of aluminum chloride and
ethylpyridinium bromide (2:1 mole ratio) is the first of such published
processes. (/2) This reaction gave a ferric yield of approximately 100%. The
proposed reaction mechanism was that ethylpyridinium cations could accept
electrons to form the corresponding radicals and subsequent dimerization of
these species resulted in the formation of a colored compound.

Later, photolysis of anthracene (An) (/3) and 9-methylanthracene (9-
CH3An) (/4) conducted in 1-ethyl-3-methylimidazolium chloride
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(EMIC)/AICI; ionic liquids indicated that reactions in basic (55 mol % EMIC)
and acidic (45 mol % EMIC) solvents generated different products. Irradiation
of An in the basic ionic liquid yielded the dimer formed via 4+4 cycloaddition
as in conventional solvents. In the acidic ionic liquid, the result was
substantially altered due to the participation of HCI into the reaction. HCI was
present as impurity in the solvent. Irradiation of 9-CH3An in the basic ionic
liquid yielded 4+4 dimer as major product and six minor products not
previously detected in conventional solvents. Investigation of reaction
mechanism indicated that the six minor products were formed via electron
transfer from the excited state 9-CH3;An to the solvent cations followed by a
series of subsequent reactions. N-Butylpyridinium chloride/AICl;, an ionic
liquid containing better oxidizing cation than EMIC, showed again that the
solvent cations could act as electron acceptors, which supported the proposed
reaction mechanism.

In addition to behaving as electron acceptors, ionic liquids can participate
in reactions as hydrogen donors in the presence of highly reactive species. It
was found that the triplet excited state of benzophenone (*Bp*) in imidazolium-
based ionic liquids was able to abstract an alkyl chain H atom from the cations
of the solvents and produced benzophenone ketyl radical. (/5) The activation
energy required to initiate the reaction was significantly high, and the reaction
rate of H-abstraction was one order of magnitude lower than that observed in
conventional solvents. The reaction might have involved a large change in
geometry, which altered the electrostatic interaction between the solvents ions
and resulted in raising the activation energy. Although ionic liquids are
generally more stable than common solvents, this result indicates that they are
not inert under certain extreme conditions.

Another study concerning amine mediated photoreduction of
benzophenones in imidazolium-based ionic liquids showed that benzhydrol was
the only detectable product. (/6) This result was in contrast to those observed in
non-imidazolium-based ionic liquids and conventional solvents where
benzpinacol was the only product. The requirement of imidazolium cation for
the formation of benzhydrol suggested that the solvent cation was involved in
the reaction mechanism. (/6)

Besides participating directly in the chemical reactions, ionic liquids can
influence the reactions physically. It has been reported that the high viscosity of
the ionic liquids could decrease the reaction rates of the bimolecular processes
in the photolysis of 9-CH;An. (/4) In other diffusion controlled photochemical
processes of molecular couples such as the quenching of the phosphorescence of
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*Bp* by naphthalene as well as photoinitiated Diels-Alder cyclization reaction
between 'O, and diphenylbenzofuran (DPBF), the high viscosity of the ionic
liquids resulted in higher activation energies. (//)

The effect of viscosity on the reactions was also illustrated in the electron
transfer process between the ruthenium tris(4,4’-bipyridyl)/methylviologen
([Ru(bpy)s]*'/MV*") couple in 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PFs]). (/7) Although the solvent anions were
able to reduce the electrostatic repulsion between the two reaction cations via a
charge screening effect and thus to facilitate the reaction, the formation of the
encounter complex was diffusion controlled and was significantly affected by
the viscous ionic solvent. As a result, the overall reaction rate of the forward
electron transfer from [Ru(bpy);]** to MV** was not enhanced compared to
those in water and acetonitrile. On the formation of the final products
([Ru(bpy);]** and MV™), the electrostatic repulsion between [Ru(bpy);]** and
MV™ within the encounter complex could be counteracted by the anions of the
solvent, and the diffusion of the products could not compete with the back
electron transfer from MV™ to [Ru(bpy),]**. Consequently, this should give low
cage escape efficiency. However, the latter process involved significant
molecular reorientation that was limited by the viscous and significantly
ordered environment and was thus the rate-determining step. It was suggested
that the influence of the ionic liquid on the back electron transfer and final
product formation was of similar extent. Hence, the alteration in the cage
escape yield was not significantly different than those in less viscous solvents.
The increase of entropy of the system implied that the formation of the
encounter complex was accompanied with structure-breaking involving solvent
ion freeing.

More recently, (i) the energy transfer between xanthone triplet and
naphthalene, (ii) hydrogen transfer between xanthone triplet and
diphenylmethane, (iii) quenching of singlet excited state 2,4,6-
triphenylthiopyrylium ion (TPTP") by neutral, negative and positive quenchers,
namely, biphenyl, I and Co®*, and (v) quenching of anthracene triplet by
methylviologen (MV?*) in [bmim]PF; illustrated that these diffusion controlled
processes were about two orders of magnitude slower than those in
conventional solvents due to the higher viscosity of ionic liquids. It was also
found that the lifetime of triplet excited state of TPTP' was one order of
magnitude longer than that in the conventional solvents. (/8)

These studies provided critical information on the photochemical
properties of ionic liquids and helped to better understand other chemical
reactions conducted in these solvents. To explain all these results, it is essential
to fully understand the nature of ionic liquids. It is also important, however, to
further explore the potential of RTILs in new applications. Ionic liquids are
capable of solubilizing a number of organic compounds to high concentrations.
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(4) In some applications, this may be very beneficial. For example, in
photodegradation reactions following first or higher order kinetics, increasing
the initial concentration of reactants over a certain range will result in higher
reaction rates. This is impractical in some cases when water is used as solvent
because the solubility of some substances in water is very low. A good example
is that of polycyclic aromatic hydrocarbons (PAHs), which are sparingly soluble
in water. In general, the solubility of the PAHs in water decreases as the
number of aromatic rings increases. Another concern is the environmental
implications of VOCs. The use of VOCs has created major environmental
problems due to their volatility. The search for replacements to these solvents is
critical for the sustainable development. To be a candidate, ionic liquids need to
be fully assessed from all aspects, particularly for their toxicity. While more
studies are required to fully examine the environmental implications of ionic
liquids, it is worthwhile to investigate such solvents in applications that utilize
some of their key advantages.

In this study, a representative ionic liquid, [bmim][PFs], is examined as an
alternative reaction medium for the photodegradation of naphthalene, a
relevant environmental pollutant. This ionic liquid was selected because it has
been involved in a number of published research studies concerning RTILs.
PAHs are environmental contaminants of great health concern due to their
carcinogenic potency. They can be released into the environment as byproducts
of the incomplete combustion of fossil fuels and by industrial waste discharge.
Natural processes, such as volcanic eruptions, are another source for the
formation of PAHs. U.S. EPA is regulating certain PAHs (i.e., benzo(a)-pyrene)
and has listed some others (i.e., naphthalene, anthracene and pyrene) as
priority pollutants. (/9) Among PAHs, naphthalene has the simplest structure.
We thus selected this compound as a probe to investigate the potential of
photodegrading PAHs in ionic liquids. This experimental approach can be
further developed into a two-step process for the remediation of soils or dredged
sediments contaminated by organic compounds such as PAHs, polychlorinated
biphenyls (PCBs), and pesticides. The first step is extraction of the organic
pollutants from the solid matrix using ionic liquids as extractants. The
subsequent step is the in-situ photodegradation of the pollutants in the ionic
liquid phase with simultaneous regeneration of the extractant phase. Here, we
report the photodegradation of naphthalene in [bmim][PF¢]. The influence of
the impurities present in the ionic liquid and the role of oxygen on the reaction
rates were also investigated.
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Experimental

Naphthalene (99+%) was obtained from Aldrich and used as received.
[bmim][PFs] (97%, w/w) was purchased from Sachem, Inc. (Austin, TX). This
ionic liquid was either used as received or purified with activated carbon. The
purification was achieved using FILTRASORB 400 activated carbon obtained
from Calgon Carbon Corp. (Pittsburgh, PA). The activated carbon was washed
with water and then dried at 105 °C overnight before use. It has been reported
that ionic liquids can absorb moisture from atmosphere, and that equilibrium
can be reached given enough time. (20, 2/) Aqueous and ionic liquid solutions
of naphthalene were prepared by dissolving the compound in double deionized
water (18 MQ) and [bmim][PF], respectively. Photodegradation was conducted
in an approximately 20 mL cylindrical quartz photoreactor with reaction space
of 5 mL. Two opposite UV-C sources generated predominantly 253.7 nm UV
radiation. The solutions were mixed with a magnetic stirrer during the
photodegradation process. To investigate the effect of oxygen on the reactions,
the ionic liquid containing naphthalene was first bubbled with pure oxygen
(dry; water content 1 ppmv) or nitrogen (dry; water content 3 ppmv) for 1 hour.
The solution was subsequently irradiated with UV-C radiation while oxygen or
nitrogen bubbling was continued during the irradiation. It should be noted that
the 2 hours of bubbling could result in less than 1% loss of naphthalene
concentration in the ionic liquid when the initial concentration was 1.11 mM.
In water, 1 hour bubbling could reduce the naphthalene concentration to zero
when the initial concentration was 0.16 mM.

The concentrations of naphthalene in both water and ionic liquid were
quantified using a Series 1100 HPLC (Agilent) equipped with a reverse phase
amide column (RP-16 Discovery Supelco) and a UV-Vis Diode Array Detector.
Water samples were injected directly. Ionic liquid samples were dissolved in
acetonitrile prior to injection into the HPLC. The mobile phase used was a
mixture of acidic water (0.01N sulfuric acid) and acetonitrile. The flow rate of
the mobile phase was 1.5 mL/min. Identification of intermediates was
conducted using both Q-TOF II MS (Waters) and HP 6890 series GC-MS
(Hewlett-Packard)  equipped with a  Zebron ZB-5  column
(15mx0.25mmx0.25um) and a single quadruple mass analyzer. Electrospray
source was used for Q-TOF II MS. Since compounds like naphthalene are
difficult to be detected in Q-TOF II MS because they are nonpolar, coupling of
GC-MS and Q-TOF II MS can avoid the overlooking of possible products.
Helium was used as the carrier gas for GC-MS. The oven temperature was
increased from the initial value of 40 °C to 170 °C at a rate of 10 °C/min and
was then hold for 1 min. The temperature was then increased to 300 °C at a
rate of 20 °C/min. Samples were dissolved in acetonitrile. The results of
purification of the ionic liquid were obtained by comparing the absorbance of
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[bmim][PF] before and after the treatment recorded with Diode Array UV-Vis
Spectroscopy (Hewlett-Packard 8452A). The samples were prepared by
dissolving the ionic liquid in acetonitrile and the path length of the cuvette in
which the sample was contained was 1 cm. The ionic liquid treated by activated
carbon was first filtered using 0.1 pm filter membranes prior to UV-Vis
analysis. For the examination of the stability of the ionic liquid, 250 MHz 'H
NMR (Bruker AC-250) was employed. The samples were prepared by
dissolving the ionic liquid in CDCI;. Tetramethylsilane (TMS) was used as the
internal standard.

Results and Discussion

As illustrated in the HPLC chromatograms in Figure 1, the height of the
peak of naphthalene decreased with extending treatment time. Figure 2 shows
the reduction in the concentration of naphthalene in the ionic liquid as a
function of irradiation time. The results show that naphthalene is degraded
under UV-C radiation while no change in naphthalene concentration was
observed for the control experiment in the absence of UV radiation. When the
initial concentration was 0.16 mM, the transformation rate of naphthalene in
the first hour of the reaction was 6.8x10* mM min™. This rate increased to
1.9x10° and 2.5x10® mM min' at initial concentrations of naphthalene of
0.41 and 1.11 mM, respectively. The removal efficiency (i.c., % reduction of
the initial amount) of naphthalene over six hours of irradiation decreased with
an increase in the initial concentration. The corresponding values at these three
initial concentrations of naphthalene (0.16, 0.41 and 1.11 mM) were 90%, 86%
and 76%, respectively. This is expected since the input photon flux was the
same in all three cases. After six hours of irradiation, the final concentration of
naphthalene in the three cases was 0.016, 0.057, and 0.27 mM, respectively.

Oxygen has been observed to significantly influence the photo-
transformation of naphthalene. In the presence of oxygen, the color of the
solution did not change after the six-hour irradiation process. On the other
hand, in the experiment involving purging with nitrogen (i.e., anoxic
conditions), the color of the solution turned to brownish after UV-C radiation.
In this series of experiments, reaching anoxic or almost anoxic conditions when
purging the ionic liquid with nitrogen for prolonged time is an assumption
since dissolved oxygen measurements were not performed. Figure 3 shows the
initial reaction rates of naphthalene degradation in the presence and absence of
oxygen. It should be noted that the small loss of naphthalene due to
volatilization was taken into account when calculating the initial reaction rates.
When the solution was exposed to air (equilibration with air), the
transformation rate of naphthalene was approximately two times higher than
that obtained under anoxic conditions. Purging the solution with pure oxygen
resulted in only a small enhancement of the reaction rate. This suggests that the
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Figure 2 Degradation of naphthalene with different initial concentrations (Cy)

in [bmim] [PF] under UV-C radiation.

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by COLUMBIA UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch015

190
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Figure 3 Effect of oxygen on the initial photodegradation rates of naphthalene
in [bmim] [PF4] under UV-C radiation (Note: The concentration reduction due
to volatilization of naphthalene during purging was taken into account).

oxygen concentration in the ionic liquid is high enough or the transfer rate of
oxygen from the atmosphere into the ionic liquid phase is sufficiently fast to
compensate the consumption of oxygen during the photochemical reactions.

GC-MS analysis indicated that the possible major reaction intermediate of
the reaction in the absence of oxygen was bicycle[4,2,0]octa-1,3,5-triene, as
shown in Figure 4. This compound had a mass to charge (m/z) value of 104,
and the fragmentation of 78 was observed. The compound was not observed in
Electrospray TOF MS spectrum, which suggests its nonpolar nature. The same
product was also found in GC-MS analysis when oxygen was present.
Electrospray TOF MS analysis revealed that 2’-hydroxyacetophenone and
phenol were also possible intermediates in the presence of oxygen, as shown in
Figures 5 and 6. These two compounds showed m/z values of 137.1 and 95.1,
respectively, as a consequence of addition of a proton to each molecule. The
m/z values of 136 and 94 were observed in GC-MS, and fragmentation of 121
and 66 were also found for two compounds, respectively. It should be noted
that bicycle[4,2,0]octa-1,3,5-triene, 2’-hydroxyacetophenone and phenol have
also been reported as intermediate degradation products of naphthalene
photodegradation in water. (22) In the present study, other low molecular
weight compounds were detected in all the experiments but could not be
identified.
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Figure 4 Formation of bicycle[4,2,0]octa-1,3,5-triene in [bmim][PF] under
UV-C radiation in the absence of oxygen based on the GC-MS chromatogram.
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Figure 5 Formation of 2-hydroxyacetophenone in [bmim] [PFs] under UV-C
radiation in the presence of oxygen based on the electrospray TOF MS
chromatogram.
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Figure 6 Formation of phenol in [bmim][PF4] under UV-C radiation in the
presence of oxygen based on the electrospray TOF MS chromatogram.

The possible reaction mechanism is that in the presence of oxygen, 1-
naphthol is first formed. (22, 23) However, it may also react fast to yield other
byproducts and may not accumulate at detectable concentrations. As a result, it
could not be detected in the MS spectra obtained in this study. 1-naphthol has
been reported to be able to abstract hydrogen from H-donors. (24) Chemical
interaction of 1-naphthol with the ionic liquid to generate other byproducts was
not confirmed in this work but it is not excluded. Two reaction pathways may
take place in the presence of oxygen: (i) addition of oxygen to the ring, and (ii)
direct photolytic destruction of the ring. These two pathways are illustrated in
Scheme 1.

In the presence of nitrogen, the rupture of the ring due to absorption of
high energy UV radiation was predominant, and this resulted in the formation
of bicycle[4,2,0]octa-1,3,5-triene and other low molecular weigh compounds as
illustrated in Scheme 2. The color change of the solution indicates some
reactive species might be formed and their reactions resulted in the formation
of brownish compounds.
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Under the same experimental conditions, the photodegradation of
naphthalene in water was performed and compared to that in the ionic liquid.
As shown in Figure 7, at similar initial concentrations (0.16 mM), the photo-
transformation rate of naphthalene was significantly higher in water. The rate
in the first hour of the reaction was 2.4X10° mM min"', compared to 6.8x10™
mM min™' in the ionic liquid. This rate can be reached in the ionic liquid by
using a higher initial concentration of 1.11 mM, as indicated above. The
reduction of the reaction rate in the ionic liquid may be due to the presence of
impurities that dye the solvent yellowish. It has been reported that high quality
ionic liquids based on [bmim]" cation and anions including [PFe], [BF.J,
[CF3S0s], [CF;CO;] and [(CF3SO,),N] are colorless, although they are not
100% pure. (25) Less pure ionic liquids exhibit color ranging from yellowish to
orange. The formation of the color can be attributed to excessive heating during
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the synthesis of imidazolium salt. (25) Impurities have a considerable effect on
the physical properties of ionic liquids. The presence of water can decrease the
viscosity of the ionic liquids. (20, 26) On the other hand, chloride impurity
makes the solvents more viscous. In photochemistry, impurities in solvents can
alter the reaction mechanism and make the results unpredictable. (/3) Another
major concern for the impurities is their color. Depending on the wavelength of
the incident light, the color can interfere with the penetration of light in the
solvents and attenuate the effective photon flux used in the reaction. This will
result in a decrease in the reaction rate. For this reason, the availability of
spectroscopic grade ionic liquids in studies dealing with photochemistry in
ionic liquids is of great importance.
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=
g 0.16 —e— in [bmim]PF, not purified
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Figure 7 Degradation of naphthalene at the same initial concentration in
[bmim] [PF4] and in water under UV-C (253.7 nm) radiation.

A number of precautions have been described for the synthesis of colorless
ionic liquids, (//) and a purification procedure using acidic alumina and
activated charcoal has been developed for removing the color from impure ionic
liquids. (25) In this work, we also used activated carbon to purify the ionic
liquid. The yellowish color of the ionic liquid faded after prolonged treatment
with activated carbon. Figure 8 presents results from UV-Vis spectroscopic
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analysis of the ionic liquid before and after purification. It is clearly seen that
the absorbance of the ionic liquid in the region between 245 nm and 300 nm
was reduced after purification.

4 T T T T T
3r —— Before purification
——- After Purification

8
c
2 5l ]
z

1 -

0 1 ——

150 200 250 300 350 400 450

Wavelength (nm)

Figure 8 Absorbance of non-purified and purified [bmim] [PF4] (Note: samples
were dissolved in acetonitrile).

Since the UV sources used in our study generate radiation (253.7 nm)
mainly within this region, it is reasonable to expect a higher reaction rate by
using purified ionic liquid. The degradation of naphthalene in the purified ionic
liquid is also shown in Figure 7. Compared to that in the non-pure ionic liquid,
the degradation rate increased. However, this rate is still lower than that in
water. These results suggest that some factors other than the impurities also
affect the photodegradation process. The high viscosity of [bmim]{PFs] may
play a role in the reaction. It has been reported that the viscosity of
[bmim][PFs] (397 cP, water equilibrated at 25 °C) and some other ionic liquids
are at least two orders of magnitude higher than that of water (0.8904 cP at 25
°C). (20) These highly viscous solvents could lower the reaction rates of
bimolecular processes (//, 14, 15, 17, 18) and the second order reaction rate
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constants of the reactions involving CCl;0," radicals and chlorpromazine as
well as CCl;0," radicals and Trolox compared to those observed in water. (27,
28) This suggests that in addition to the direct photolytic destruction of the
parent or other intermediate compounds, other diffusion-controlled reactions
also contribute to the degradation process.

The stability of the ionic liquid under UV-C radiation was also
investigated. Examined by 'H NMR (250 MHz), the molecular structure and
bonding of [bmim][PF¢] before and after irradiation with UV-C radiation for
360 min did not show any detectable destruction of alteration. However, since
NMR is sensitive only when the conversion of ionic liquids is above 1%, (29)
further verification is required. Such studies are underway and will be reported
in the future.

Conclusions

This study showed that degradation of naphthalene in [bmim][PF¢] using
UV-C radiation can take place. Two possible pathways during photolytic
transformation of naphthalene were (i) ring rupture due to direct photolysis,
and (ii) oxygen involving photodegradation reactions. Compared to water, the
photodegradation of naphthalene in [bmim][PFs] was slower most probably due
to diffusion-controlled photodegradation reactions as it was also expected from
the much higher viscosity of [bmim][PFs]. The photodegradation reactions
were much faster in the presence of oxygen compared to anoxic conditions,
which also supports the existence of the second pathway reported above. The
presence of UV-C-absorbing organic impurities in [bmim][PFs] had a dramatic
negative effect on the photodegradation rates most probably due to light
attenuation effects and additional competition between naphthalene and
impurities for photon energy absorption. The ionic liquid was found to be stable
to some extent under the experimental conditions applied in this work. This
resistance to photodegradation is not expected from conventional volatile
organic solvents, which are known to degrade under such conditions.

In preparation of this manuscript, the toxic potent of [bmim][{PF] has been
reported. The purification process in the synthesis of this ionic liquid can result
in the decomposition of [bmim][PFs] to form 1-butyl-3-methylimidazolium
fluoride hydrate and a possible toxic product, HF. (30) Although the
photodegradation of naphthalene in [bmim][PF;] has been demonstrated to be
feasible, the possible toxicity of this ionic liquid may cause problems when it is
used for environmental remediation. For that purpose, ionic liquids which give
no or acceptable impact on the environment are required.
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Based on this work, with the use of environmentally friendly ionic liquids
that are resistant to UV photolysis or other harsh oxidation conditions, this
method, after further study and optimization, may have the potential for further
development into a two-step remediation process. The first step concerns
extraction of organic pollutants from a contaminated solid matrix using ionic
liquids. In a second step, the extracted organic pollutants are destroyed in-situ
in the ionic liquid solvent with the simultaneous regeneration of the solvent.
However, further fundamental studies are required to fully understand the
implications of the ionic liquid solvent in this photodegradation process.
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Chapter 16
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Brensted acid-base ionic liquids, derived from a simple
combination of a wide variety of organic amines with
bis(trifluoromethane sulfonyl)imide are proton-conducting and
show electroactivity for H, oxidation and O, reduction at a Pt
electrode under nonhumidifying conditions. Protic ionic
liquids of this variety can be used as electrolytes for fuel cells
operating at elevated temperatures.

Fuel Cells — A Brief Introduction

The recent trend towards environmentally benign power sources for vehicles
in urban environment (/) and on-site-use electricity/heat cogeneration systems
has shifted the bias from conventional fuels and heat engine technology such as
the internal combustion engines or the gas turbine and resulted in surge of
interest in fuel cells. Fuel cells are electrochemical devices in which the free
energy of a chemical reaction is converted directly into electrochemical energy
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without messy combustion. The efficiency achieved by the fuel cells is high
since, unlike the heat engines, the devices utilize the electrochemical reaction
that usually occurs when hydrogen combines with oxygen to generate water and
the process is not governed by Carnot’s law. The high thermodynamic efficiency
and low or ‘zero’ tail pipe emission make fuel cells viable power sources for
many applications, including ground transport, distributed power generation and
portable electronics.

While there are many different configurations of such fuel cells, the polymer
electrolyte fuel cell (PEFC) seems to be the most suitable for terrestrial
transportation applications. Figure 1 shows the schematic diagram of a PEFC. A
key part of the cell is the polymer electrolyte membrane, which in most cases is a
perfluoro sulfonate ionomer, typically Nafion®. While the Nafion® based PEFCs
offer several advantages like high ionic conductivity, good chemical stability,
and excellent mechanical strength, their large-scale commercialization suffers
from some major technological drawbacks as well as the high cost. The protons
formed at the anode migrate towards the cathode under the influence of the
electric field. Water molecules act as the proton carrier and proton is hopped
from the protonated form (H;0") to the neutral molecule (H;0). This necessitat-
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Figure 1. Schematic diagram of a polymer electrolyte fuel cell.
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es humidification of the membrane. Insufficient water causes a loss of
conductivity and can also result in localized heating and failure of the
membrane. At the other extreme too much water causes flooding at the cathode,
hindering gas transport to the membrane/electrode interface. The water profile
inside the membrane is determined by the extent of humidification, the amount
of water accompanying the protons as they migrate from anode to cathode (the
electro-osmotic drag), the amount of water produced at the cathode, and the
extent of back-diffusion of water through the membrane as the result of the
concentration gradient. Water management is, therefore, rather difficult.

Fuel is another major hurdle. Hydrogen obtained from a fuel reformer tends
to contain trace amounts of CO, which function as a catalyst poison to reduce the
catalytic activity of Pt for the anode reaction. Hydrogen gas with a very high
grade of purity should therefore be used, although the onboard storage of
hydrogen is problematic. An alternative is the elevated temperature operation
(intermediate temperature range of 120-200 °C) (2, 3), which is limited to ca. 80
°C in the conventional PEFCs, above which the evaporation of water causes
significant decrease in ionic conductivity.

Ionic Liquids: Unique Properties for Fuel Cell Applications

The realization that the constraints, as discussed in the preceding section,
are primarily associated with the limited temperature range of operation due to
the use of water led to focus on investigation of a system where the water
dependence will be less marked. Anhydrous, highly proton-conducting polymer
electrolytes with high operational temperature are, therefore, critically sought.
By operating above the boiling point of water (100 °C), the product water is
produced as an easily manageable gas, and less expensive catalysts with superior
performance at elevated temperatures can be used. It is, therefore, not surprising
that significant attention has been paid to the investigation of anhydrous proton-
conducting polymer electrolytes using phosphoric acid, imidazole,
benzimidazole and pyrazole-based proton-conducting polymers, and even
electrolytes where proton transport would proceed within hydrogen bonds fixed
to a polymer backbone: a “polymer-bound proton solvent” (4-6). However,
despite the phenomenological detail, there had been no report on the
demonstration of positive fuel cell tests using these electrolytes. Although high
ionic conductivity could be achieved in some cases, concerns regarding the
relatively poorer thermal and electrochemical stability imply that we still have
far to go to realize a “dream membrane” (7) for fuel cell applications.

Quite reasonably, attention has been focused on the ubiquitous ionic liquids,
which have the potential of maintaining high ionic conductivity over a wide
temperature range. Ionic liquids, due to, inter alia, their immeasurably low vapor
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pressure, and greater thermal and electrochemical stability are very promising as
fuel cell electrolytes. Fuller and Carlin (8) recognized the unique
physicochemical properties of the ionic liquids to be ideal for fuel cell
applications and incorporated aprotic ionic liquids into Nafion® membranes. The
ionic liquid—Nafion® polymer composite system appears to be quite complex and
is dependent on a number of variables including the initial hydration of the
Nafion®, soaking times, and temperature cycling. However, they have
successfully demonstrated that the ionic liquids do not degrade the physical
properties of the membrane at elevated temperatures and the ionic conductivity
is retained as the composite is heated and cooled. Both the cation and anion of
the ionic liquid can be chosen to impart hydrophilic or hydrophobic character to
the liquid. This tuning of the miscibility behavior of ionic liquids is particularly
important since it enables the optimization of performance through proper
matching of the ionic liquid to the hydrophilic and hydrophobic regions inherent
to the Nafion® polymeric structure. Recently, Doyle et al. (9) have shown that
high proton conductivity is possible at elevated temperatures for Nafion®
membranes swelled with aprotic ionic liquid solvents even under almost
anhydrous condition however, the mechanism of proton conduction in these
ionic liquid-based systems is not clear. MacFarlane and co-workers (/0) have
also identified a number of aprotic ionic liquids as candidates for impregnation
into polymer membranes having hydrophilic groups (Nafion®) or a high degree
of porosity to accommodate the electrolyte (porous polytetrafluoroethylene,
Teflon®). These polymers also have high temperature stability however, the
considerably lower values of conductivity achieved at high temperatures
suggests that the proton conduction is unlikely to be facilitated in such cases.

From the viewpoint that the enhancement of conductivity is caused merely
by ionic liquids and protons are immobile, it will be impracticable to use these
systems for fuel cell applications. The ionic liquids either need to act as proton
solvents or themselves be capable of conducting protons for their true use in
proton conductors. This chapter addresses the perspective of the use of Brensted
acid-base ionic liquids, which constitute a very important subgroup of ionic
liquids as fuel cell electrolytes (11). We discuss the proton acid—base chemistry
and proton transport behavior and aim at evaluating the protic ionic liquids as
electrolytes under nonhumidifying and elevated temperature conditions for a new
mesothermal fuel cell (12-15).

Ionic Liquids: Protic vs. Aprotic

Ionic liquids constitute two major classes: aprotic and protic. Most of the
ionic liquids of interest are aprotic with the cation formed by the addition of a
group other than a proton, usually an alkyl group to a base site on the parent base
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molecule (16, 17). Figure 2 shows some of the combinations of cations and
anions for typical aprotic ionic liquids. The rupture of the carbon—nitrogen bond
once formed is very difficult and the iconicity is guaranteed. Protic ionic liquids,
on the other hand, are formed by the transfer of a proton from a Brensted acid to
a Bronsted base. Angell and co-workers (18, 19) have established that the drive
to transfer a proton can be measured by the difference in the pK, values of the
acid and the base. When acids and bases used are strong with large difference in
pK,, the transferred proton locates very strongly on the base and the reverse
process does not occur with any significant probability before the decomposition
temperature is reached and the protic ionic liquids under such condition are as
true a salt as the aprotic ionic liquids.

4 N\ [ )
\ i
/—:\ AlCl4
=
N N N
/+ \/ \ ) + PFg
HaCHoC CHy CHoCHaCH3CHg
EMI BP BF,
CH CF3S057: TIO
HgaC— rit"—CHZCHZCHa :
Cl / \ (CFaS0o)oN™: TFSI
Hs HaCH,C CH,
TMPA P12 (CF350,)5C™: TFSM
g J\ _J

Figure 2. Typical organic cations and counter anions for aprotic ionic liquids.

The intriguing phenomenon of ionic liquid has been first reported for a
protic ionic liquid, ethyl ammonium nitrate in 1914 (20). However, in reality the
scientific community has experienced rapid progress in the development of
aprotic ionic liquids. Despite the less attention to the protic systems, it is natural
that imidazole and its derivatives, and some other amine compounds neutralized
by a strong mono-protonic acid like bis(trifluoromethane sulfonyl)imide (21),
HBF, (22-24), HPF, (25), trifluoroacetic acid (10), and trifluoromethane sulfo-
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Table 1. Thermal Properties and Ionic Conductivities of the Neutral Salts of
Organic Amines with HTFSI

Organic Amine Molar Ratio, o at 130 °C/
(mp/ °C)? [Amine]:[HTFSI] ~ Tw®C® T4PC® 102 Scar1d
Pyrrolidine (-58) 111 35.0 373 3.96
Pyridine (-42) 1:1 60.3 314 3.04
Piperidine (-13) 1:1 379 363 2.35
Acridine (108) 1:1 116.1 353 —e
Butylamine (-50) 1:1 16.2 352 1.04
Dibutylamine (-62) 1:1 42.6 325 1.26
Triethylamine (-115) 1:1 35 350 3.23
Diphenylamine (52) 1:1 51.5 193 0.85
Imidazole (89) 1:1 73.0 379 2.71
Pyrazole (67) 1:1 58.9 265 2.65
Pyrazine (54) 1:1 53.6 229 3.38
Piperazine (108) 1:1 172.7 358 —
Benzimidazole (173) 1:1 101.9 368 1.31
Morpholine (-7) 1:1 58.5 349 1.08
Quinoxaline (29) 1:1 74.1 244 1.65
4,4'- Trimethylenedipyridine (57) 1:2 62.0 386 1.05
4,4'- Trimethylenedipiperidine (66) 1:2 167.3 403 —¢
1,2,4- Triazole (119) 1:1 22.8 287 2.20
1,2,3- Benzotriazole (96) 1:1 136.6 230 —

“ Data in parentheses are melting points of organic amines. * Onset of an endotherm peak
(melting point, Tm) during heating scans from —150 °C using differential scanning
calorimetry (DSC). ¢ Temperature of 10% weight loss during heating scans from room
temperature using TG. ¢ Ionic conductivity, ¢ has been determined by complex
impedance method in the frequency range of 5 Hz to 13 MHz at AC amplitude of 10 mV.
¢ Not measured.

nic acid (10) form neutral salts. Analyses of the melting point, viscosity and
ionic conduction behavior of such neutral salts, some of which are liquid at
ambient or sub-ambient temperatures, have been reported but no information on
the proton conduction is available. It is our recognition (12—15) for the first time
that the protic ionic liquids have the ability to conduct proton under anhydrous
conditions and can serve as fuel cell electrolytes.

Bransted Acid—Base Systems as Ionic Liquids

A simple combination of a wide variety of organic amines (Table I) as
Bronsted bases with a super-strong acid, bis(trifluoromethane sulfonyl)imide
(HTFSI) under solvent-free conditions yields the protic ionic liquids of our
interest. The preparation is rather simple: just to mix stoichiometric amounts of

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by PENNSYLVANIA STATE UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch016

205

HTFSI and amines without the aid of any solvent and to heat above the
respective melting points in an inert atmosphere. Since the acids do not
essentially have to be a strong one, a wide variety of acids may also be combined
with different organic amines.

Table I (12) shows the thermal properties and ionic conductivities of a series
of neutral salts. The neutral salts exhibit high thermal stability as an ionic liquid,
for instance, the commencement of decomposition for the salt of 4,4’-
trimethylene dipiperidine with HTFSI can be observed at temperatures >400 °C.
Notably, the neutral salts of 1,2,4-triazole, triethylamine and butylamine are
liquid at room temperature. Reflecting the characteristics of ionic liquids, the
equimolar salts exhibit high ionic conductivity values.

The thermal behavior of the neutral salts with an added base or acid shows
interesting changes. Figure 3 depicts a phase diagram of the imidazole (Im)—

0 O 0O O
O; 0
N N, C ) N HN N
o || M NS T F,c/ ¥ \cF, A
HTFSI (B) Im / HTFSI (C) im ()

100 v T T v T Y T

80

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of im

Figure 3. Phase diagram of the system Im—HTFSI. A, B, C, and L refer to Im,
HTESI, Im/HTFSI equimolar salt, and liquid, respectively.
(Reproduced with permission from Reference 13. Copyright 2003.)

Inlonic Liquids I11B: Fundamentals, Progress, Challenges, and Opportunities; Rogers, R., et al.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2005.



Downloaded by PENNSYLVANIA STATE UNIV on September 7, 2012 | http://pubs.acs.org
Publication Date: March 15, 2005 | doi: 10.1021/bk-2005-0902.ch016

206

HTFSI system. Im, HTFSI and the 1:1 composition of Im-HTFSI are all solid at
room temperature with melting point, T, as 89, 55, and 73 °C, respectively.
Resembling the thermal behavior of typical Lewis acid-base ionic liquids (26),
T,, changes with change in the mole fraction in the In—HTFSI system. There is a
eutectic at ca. 6 °C for compositions between pure HTFSI and the equimolar
salt and also between the equimolar salt and Im at ca. 6 °C. This is a typical
phase diagram of binary mixtures (HTFSI and salt, salt and Im), where they form
homogeneous liquids but are phase-separated in the solid state. Some of the
compositions with certain molar ratios of Im and HTFSI are liquid at room
temperature. At some HTFSI-rich compositions ([Im}/[HTFSI] = 25/75 and 2/8),
the mixtures do not crystallize and form homogeneous glasses.

Proton Transport in Brensted Acid—Base Ionic Liquids

The composition dependence of ionic conductivity is rather interesting and
informative for proton transport in such protic ionic liquid systems. Figure 4a
(13) shows the composition dependence of ionic conductivity at certain
temperatures for the Im-HTFSI system. The ionic conductivity above the
melting point increases with increasing Im mole fraction with a sharp decrease
for neat Im. This is in good agreement with Kreuer et al. in excess Im, but
sharply contrasts with the protonic acid excess compositions (4). The ionic
conductivity as can be seen in Figure 4b (/3) for [Im}/[HTFSI] = 9/1 attains the
value of ca. 0.1 Scm™ at 130 °C. Since the number of ion carriers, HIm" and
TFSI', are maximum at the equimolar composition, the increase in ionic
conductivity with increasing Im mole fraction indicates the enhanced ionic
mobility. The conductivity is due not only to ionic species like HIm" and TFSI,
but also to intermolecular proton transfer. The number of proton signals in the
'H NMR spectrum of a base-rich composition of Im/HTFSI using D,O
containing 1 wt % 2,2’-dimethyl-2-silapentane-5-sulphonic acid (DSS) as an
external standard is three, although four different 'H nuclei exist in the system
and the peaks corresponding to the proton bonded to the N-atom of Im and
HIm" cannot be separated (/3). This is due to fast proton exchange between Im
and the HIm* (>10° s') in Im excess compositions, which transcends NMR
resolution.

The self-diffusion coefficients (Table II) determined by pulsed-gradient
spin—echo (PGSE)-NMR measurements of some of the In/HTFSI compositions
also help to evidence proton transport in the system and envisage the proton
conduction mechanism (/3). The measurements of the self-diffusion coefficients
for the proton attached to the nitrogen atom (NH Proton) and bonded to the
carbon atom of Im (CH proton), and the fluorine atom of TFSI, have been made
by using the 'H and '’F nuclei, respectively. If a fast intermolecular proton
transfer exists in the system, the self-diffusion coefficient of the NH proton of Im
(HIm) should be larger than that of the CH proton (Im). In fact, the diffusion
coefficient at 30 °C of HIm ('H) has been found to be larger than the matrix
diffusion coefficient of Im ('H) for Im-rich compositions. This implies that
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Table II. Diffusion Coefficient for In/HTFSI Compositions at 30 °C

D/107 cm?s!
[;,IZ#S 1 ?g’{c s t, Grotthuss Contribution
Im('H)2  HIm(H)b  TFSI(19F)c in proton transport (%)
8/2 5.7 6.3 37 8.1 0.69 30
7/3 3.8 41 2.5 45 0.64 16

“ 'H bonded to carbon atoms of imidazole. © 'H attached to the nitrogen atom of
imidazole. ¢ '°F of TFSI.

excess Im in HIm" accelerates proton transfer dominantly via the Grotthuss
mechanism in Im-rich compositions (4). The HIm* and TFSI™ species also
considerably influence the conduction behavior as the transport of the matrix
following the vehicle mechanism.

The experimental diffusion coefficients of HIm ("H) include both protonated
Im (HIm") and neat Im. Thus, the H" diffusion coefficient is calculated by the
experimental diffusion coefficients (Im(*H) and HIm (‘H)) with the component
mole fraction (27). If the diffusion coefficient of Im (‘H) is assumed to be the
same as the self-diffusion coefficient of the protonated imidazolium (vehicle
mechanism), Grotthuss contribution to the proton transport for [Im]/[HTFSI]
=8/2 and 7/3 can be calculated as 30 and 16 %, respectively. Furthermore, the
apparent 'H transference number compared to TFSI(*’F) is 0.69 and 0.64 for
[Im)/[HTFSI] = 8/2 and 7/3, respectively (/3). The increase in the Im mole
fraction from the equimolar salt renders dominant conducting properties to
change from the vehicle to the Grotthuss mechanism (4). The proton conduction,
therefore, follows a combination of Grotthuss and vehicle-type mechanisms (28,
29) (Figure 5) with the contribution from the particular mechanism being a
variable of the composition.

Electrochemical Polarization and Fuel Cell Performance of
Broensted Acid-Base Ionic Liquids

The equimolar salts as well as the base-rich compositions are proton-
conducting. This has been corroborated by conducting simple direct current
polarization experiment using a U-shaped glass tube with two Pt-wire electrodes
(proton pump cell) with the anode under H, or N, bubbling atmosphere for Im—
HTFSI as well as some other systems. The current detected under N, atmosphere
is quite low, whereas a noticeable change in every case is eminent upon change
to H, gas atmosphere resulting in the observation of higher current (/2-15).
Furthermore, evolution of gas (H,) is confirmed as bubbles at the cathode. A
similar experiment conducted on an aprotic ionic liquid, 1-ethyl-3-
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Grotthuss mechanism (Proton hopping)

ALH AR

Vehicle mechanism (Matrix transport)

Figure 5. Hllustration of proton and ion conduction mechanisms (28).
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methylimidazolium  bis(triflucoromethane  sulfonyl)imide, results in an
imperceptible change in the current in N, to H, atmosphere, indicating that for
proton conduction in neutral ionic liquids, the species should be a protic one.

The electrode reactions of the ionic liquid systems at the three-phase
interface of the ionic liquid/P/H, or O,, have been explored by conducting
cyclic voltammetric (CV) measurements using a two-compartment glass cell
under dry Ar, H, or O, gas bubbling atmosphere. Figure 6 (/3) shows the CV
behavior for the Im-HTFSI system under base-rich conditions. In these
experiments, Pt and Pt-black electrodes immersed in ionic liquids have been
used as a working electrode (W.E.) and a counter electrode (C.E.), respectively,
and a Pt electrode with H, bubbling as a reference electrode (R.E.). When the
W.E. is in Ar atmosphere, the voltammograms show remarkable reduction and
oxidation currents at around 0 V and gas bubbles are observed on the W.E. in
the reduction process. The potential of 0 V, therefore, corresponds to the
hydrogen redox potential, and the R.E. can be considered as a reversible
hydrogen electrode (RHE). Upon change in the working atmosphere from Ar to
H, atmosphere, the results of CVs apparently change as shown in Figure 6. The
steady-state H, oxidation on the Pt working electrode gave rise to the large
oxidation currents. The H, bubbles could be visually observed on the counter
electrode. These are comprehensible and decisive evidence of the proton
conduction in the system. When the W.E. is under O, bubbling atmosphere, a
radical change in the shapes of the CVs (Figure 6) is observed. The cathodic
current is observed at a potential below 0.8 V vs. RHE, and the waves,
corresponding to the evolution and reoxidation of H,, are overlapped below 0 V
vs. RHE. The cathodic current, judged from the potential, appears to be assigned
to the 4-electron oxygen reduction reaction. The equimolar salts of Im (/2) and
some other amines with HTFSI also show similar behavior.

Figure 7 represents current vs. potential (vs. RHE) characteristics of H,/O,
fuel cells under nonhumidifying conditions for the neutral salt as well as base-
rich compositions for the Im—HTFSI system. The measurements have been
conducted at 130 °C for the neutral salt and at 80 °C for the Im-rich
compositions with the working and counter electrodes under O, and H, bubbling
atmosphere. The compositions have been found to be electroactive at a Pt
electrode for H, oxidation and O, reduction. The electrode reactions (vide supra)
can be summarized as:

Anode: H, + 2Im— 2HIm" + 2¢~
Cathode: %0, + 2ImH" + 2¢” — H,0 + 2Im
Net: H,+% 02—" H20

Although a potential drop with increasing current density is apparent, we have
been able to demonstrate for the first time the performance of an H,/O, fuel cell
using a Bronsted acid-base ionic liquid as a proton-conducting nonaqueous
electrolyte.
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Figure 6. Cyclic voltammograms for [Im]/[HTFSI] = (a) 85/15 and (b) 7/3
compositions at 80 °C. Scan rate is 50 mVs”. W.E. is a Pt wire in Ar, H, or O;
atmosphere. C.E. is a Pt-black wire and R.E. is a PT wire in H, atmosphere.
(Reproduced with permission from Reference 13. Copyright 2003.)
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Figure 7. Fuel cell characteristics for [Im]/[HTFSI] = 85/15 and 7/3
compositions at 80°C and for equimolar composition at 130 °C. W.E. is a Pt
wire in O, atmosphere. C.E. is a Pt black wire in H; atmosphere and R.E. is a Pt
wire in H, atmosphere. The cell potential is scanned from open circuit potential
(OCP) to 0V (vs. RHE) for the first scan followed by scanning to the OCP
successively, at 10 mVs™'. (Reproduced with permission from Reference 13.
Copyright 2003.)

Structure Diffusion and “Good” Ionic Liquids: the Trade-off

In the present fuel cell system, the Im molecule functions not only as a
proton carrier like water in acidic electrolytes but also as an H' donor and an
acceptor for O, reduction and H, oxidation reactions, respectively. The major
contribution in proton conductivity in the neutral salts comes from the
translational dynamics of the protonated amines (vehicle mechanism) in the ionic
liquids. For proton conduction in these systems by the Grotthuss mechanism, the
protonated amines require free proton acceptor sites for proton exchange, as is
evident for the systems with base-rich compositions. Interestingly, we have
evidenced proton transport in some of the neutral salts without stoichiometric
excess of free amines. As classified by Angell and co-workers (18), “poor” ionic
liquids are formed by the combination of Bransted acids and bases with a small
difference in pK, values leading to an incomplete proton transfer, while for
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“good” ionic liquids the difference in pK, is very large and the amounts of free
constituent acids and bases are virtually negligible for complete proton transfer.
While “good” ionic liquids are desired for manifold applications, the hopping
mechanism may be more pronounced for relatively “poorer” ionic liquids.
Depending on the components of organic amines, the trace amount of the free
base persisting from the equilibrium between neutral salt and the starting amine
and HTFSI in our system can exhibit proton conductivity by the Grotthuss
mechanism (4, 15). Whether or not the TFSI” functions as a proton acceptor is
not clear and investigation is underway.

To realize fast proton conductors, fast proton exchange between protonated
and free amine by the Grotthuss mechanism should be ensured, which can be
achieved by using base-rich compositions for protic ionic liquid systems. Proton
conduction by structure diffusion involves intermolecular proton transfer and
structural reorganization by hydrogen bond breaking and forming processes (4,
30) and naturally will be influenced by the geometry and difference in pK, values
of the acid and base comprising an ionic liquid (15), rotation and local mobility
of the Bronsted base in the system (5), temperature (4, 29) and composition (4,
13). Our current interest lies in the correlation of the factors governing proton
transport in such Bronsted acid-base ionic liquid systems. If an optimum
combination can be chosen retaining the unique properties of the ionic liquids,
we will be able to realize fast and stable anhydrous proton conductors at elevated
temperatures.

Concluding Remarks

The concept of protic ionic liquid may be used with compatible polymers
for the construction of solid-state proton conductors (3/), and further, an acidic
site and/or a basic site can be affixed to a polymer backbone. This finding
heralds a new field of fuel cells under nonhumidifying conditions, which may be
operated at temperatures above 100 °C and provide a firm underpinning for the
development of solid-state anhydrous proton conductors. In addition,
development of fundamental, molecular-based descriptions and models, will aid
in tuning Brensted acid-base ionic liquids to desirable chemistry for their true
use as fuel cell electrolytes.
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Abstract

Since the discovery of organic salts that are liquid at room temperature and
stable to both air and water; ambient-temperature ionic liquids have attracted
growing interest as solvents for organic synthesis, using both stoichiometric
and catalytic methodologies. Rather than taking a random approach to the
selection of reactions for study in ionic liquids, we have been attempting to
quantify ionic liquid effects, so that a rational approach to the selection of
reactions can be used. In order to do this, we have needed to characterise the
ionic liquids’ abilities to interact with solute species and to investigate a
number of reactions. We have chosen to select simple reactions, principally Sn2
processes, and to investigate the effect of the ionic liquids on their rates and to
compare these results to those in molecular solvents. In this paper we
summarise our findings.

Introduction

Ionic liquids are being advanced as a class of “green” solvents that have the
potential to be used in place of volatile organic solvents in synthesis [1].
Although estimates vary, there is no doubt that the number of combinations of
anions and cations that will give rise to ionic liquids is vast. This possibility for
synthetic variation has lead to ionic liquids being described as “Designer
Solvents” [2]. However, in order to be able to realise this possibility it is
necessary to know exactly what is being designed. Here we are interested in
designing ionic liquids for increased rates of reaction. There is a vast range of
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potential ionic liquids; we have restricted ourselves to examples that are liquid
at room temperature and give a variety of combinations of cation and anion.
The ionic liquids used, together with abbreviations, are shown in Figure 1.

A number of organic reactions have been studied in ionic liquids, with
varying degrees of success. This has most often involved taking a well-known
reaction and performing it in an ionic liquid to sce if it “goes”. However, this
form of study does little to explain how the use of ionic liquids can affect the
reactions conducted in them, or how the ionic liquids might be more generally
applied. This is in spite of the fact that the study of solvent effects on organic
reactions is a well-established area of research [3]. Such studies are required to
extrapolate the results to other solvents and to predict reaction outcomes (both
rates and selectivities). That is,.to select the right reactions to try in ionic
liquids and the right ionic liquids to use for a given reaction. It is just as
important to be able to identify reactions for which ionic liquids are likely to be
disadvantageous and should be avoided.
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Figure 1: Ionic liquids used
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It is well known that the outcome of a reaction is affected by the local
microenvironment generated around a solute species by a solvent; changing the
solvent can impact both on equilibria and rates [3]. Since ionic liquids have the
potential to provide reaction media that are quite unlike any other available at
room temperature, it is possible that they will have dramatic effects on
reactions in them and there have been many claims of great improvements in
reaction yields and rates when using ionic liquids [4]. In order to understand
how such effects may arise we have chosen to study the rates of a range of
relatively simple and well-understood reactions in a variety of ionic liquids and
molecular solvents.

However, we must also consider how we are going to describe the
ionic liquids. Unless we find some set of properties that can be measured, or
predicted, against which the rates of the various reactions can be compared, we
will generate a set of numbers that will ultimately fail us in our aims to achieve
true design. These parameters must also be able to link the ionic liquids to the
molecular solvents we are comparing them to.

®

/\N/\ NHZ
EN
|+/
I C
O NO, NO,
T T
A B C

Figure 2: Reichardt’s dye (A), N, N-diethyl-4-nitroaniline (B) and
4-nitroaniline (C)

The most important characteristics of a solvent are those that
determine how it will interact with potential solutes. For molecular solvents,
this is most commonly recorded as the polarity of the pure liquid, as expressed
through its dielectric constant. A direct measurement of dielectric constant is
not possible for conducting liquids and so is not available for the ionic liquids.
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The Kamlet-Taft [4] system, based on the comparison of effects on the uv-vis
spectra of sets of closely related dyes, was selected to probe particular solvent
properties. These complimentary scales of hydrogen bond acidity (c), hydrogen
bond basicity (B) and dipolarity/polarizability effects (n*) are the ones that we
use here. It should be noted that these are empirically derived parameters and
not fundamental molecular properties. The values can change according to the
selection of dye sets or by the precise method used to calculate the values. We
have chosen to use Reichardt’s dye, 4-nitroaniline and N, N-diethyl-4-
nitroaniline, which are shown in Figure 2.

The parameters n*, a and 8 were calculated using the following equations:
7* = 0.314(27.52-V w, N.gicthyl-4-nitroaniline)
o =-0.186(10.91-V Reicharar's aye) - 0.727*

B = (1.035V , N.diethyl-4-nitroaniline + 2-64-V_4-nitroaniline)/2.80

Results and discussion

Kamlet/Taft parameters

The, a, B, and ©* values are listed in Table 1. As far as possible, the literature
values for molecular solvents included in the table (in parentheses) are only
those obtained using the aforementioned dye set.

7* values

All of the n* values (Table 1) for the ionic liquids are high in comparison with
non-aqueous molecular solvents [5-7]. Although differences between the ionic
liquids are small, both the cation and the anion can be seen to affect the value.
All of the [Tf,N] based ionic liquids lie at the low end of the range of values
observed. The [bmim]" ionic liquids have lower values than the [bm,im]* ionic
liquids with a common anion and the [bmpy][T£;N] ionic liquid has the lowest
value of all.

In molecular solvents, n* reports the effects of the dipolarity and
polarizability of the solvent. However, n* is actually a value derived from the
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