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Dedication to Prof. Kenneth “Ken” Richard
Seddon

31 August 1950–21 January 2018

By Natalia V. Plechkova, The QUILL Research Centre, School of Chemistry,
The Queen’s University of Belfast, Belfast, Northern Ireland, UK, BT9 5AG

A man with encyclopaedia in his head
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Ah, but a man’s reach should exceed his grasp, Or what’s a heaven for?

Robert Browning (1812–1889) Andrea del Sarto

Sometimes he spent hours together in the great libraries of Paris, those catacombs
of departed authors, rummaging among their hoards of dusty and obsolete works in
quest of food for his unhealthy appetite. He was, in a manner, a literary ghoul,
feeding in the charnel-house of decayed literature.

Washington Irving (1783–1859) The Adventure of the German Student

Professor Kenneth Richard Seddon (Ken as he insisted to be called) was born on
the 31st of August 1950 into a working-class family. Ken was the only child of
Muriel (née Pope) and Richard Seddon, who was in the merchant navy before
joining the engineering company Otis.

As Ken’s cousin Christine recalls, “Ken was not the most energetic of children—
I am reliably informed that he didn’t walk until he was two—and he hated the walks
our families would go on, by the seaside or in the country lanes opposite his family
home. He would continually moan about walking, something he never changed his
views on—he later told me that if people were meant to walk, taxis would not have
been invented. Exercise of any sort was anathema to him, and at school he would
take a book out onto the football or cricket pitch and return to the changing rooms
pristine—something of a family trait, I must admit.”

Ken attended Hillfoot Hey grammar school and loved chemistry from a very
young age, and he said that it was due to his brilliant chemistry teacher.

Ken’s mother Muriel recognised Ken’s scientific capability at a young age, and
she made sure that Ken could concentrate on his studies without distractions, so
Ken mentioned that he never had to get any part-time jobs thanks to his mother.

Ken progressed through Liverpool University, finishing his Ph.D. at the age of 22.
In Liverpool, Ken got interested especially in inorganic chemistry due to the fact

that periodic elements had very different properties yet some similarities in their
periodicity (periodic table principle), and also due to the fact that inorganic
chemistry is the chemistry of colours. Ken’s Ph.D. supervisor was Prof. David
Nicholls.

At the age of 24, Ken got a prestigious CEGB (Central Electricity Generating
Board) research fellowship at St Catherine’s and Corpus Christi College, which
allowed him to join Oxford.
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He married Elaine Eastwood (now Elaine Seddon, Professor of Physics at
Manchester), whom he met at Liverpool University in 1978 and who was attending
his tutorials; the marriage was dissolved in 1990.

As Elaine recalls, “Ken was a giant of a presence. A star. He filled whatever
space in which he found himself. Precocious, articulate, hard-working, inspira-
tional, a great conversationalist, and both loyal and supportive to those he loved.
A natural leader, he had extraordinary clarity of thought (both in- and
out-of-the-box) and strong courage of his convictions. He also had a strong sense of
humour and of the absurd. Life was never mundane or dull. He valued people for
what they were and not their status. His friends, chemistry and his group were his
life, his family.”

Ken and Elaine wrote a comprehensive book on ruthenium. The reason for
choosing this specific element was because it has a large number of oxidation states,
and Ken thought he could learn to write books by writing one for which a lot of
information would need to be gathered and summarised.
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The second book of Ken and Elaine, as well as two of their friends Christine and
Tony Ryan, was on phosgene. The choice for the topic of this book was due to
Ken’s long-lasting interest in chemical weapons.

In 1982, he joined the University of Sussex, Brighton, UK, as Reader in
Experimental Chemistry and remained there until 1993. In Sussex, Ken made
friends with Harry Kroto (later winner of the Nobel Prize for his work on buck-
minsterfullerene). Harry Kroto was a great painter, as well as a chemist, and named
his molecule after an American architect Richard Buckminster “Bucky” Fuller who
popularised geodesic spheres that were structurally and mathematically similar to
buckminsterfullerene. Ken had long conversations with Harry and was very sup-
portive of his elegant concept.

Ken accidentally started working with ionic liquids. That is how he described it:
“I was working in Oxford, back in about 1980, on vanadium(IV) phosphine

compounds. We sent in reports to the U.S. Navy, which had funded the work, and
about six months later, we got a letter back asking if we could make a salt—
potassium hexachloromolybdate(IV), and I said sure. So I went to the library to see
how to make these things, and I discovered it was pretty well impossible. I’m sitting
in the library with all these journals open, every known article on the subject, and
I’m getting bored, thinking, ‘Me and my big mouth,’ and on the page opposite one
of these articles was a paper by Bob Osteryoung on room-temperature molten salts,
which is what ionic liquids were then called. And I thought, ‘That’s a jolly good
idea—these would be an ideal environment in which to try and make these com-
pounds.’ So, I wrote a proposal to the U.S. Air Force, and three weeks later they
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flew me out to their laboratories in Colorado. What I didn’t know then was the
reason they wanted the compound I was supposedly making was to make batteries
in room-temperature molten salts. It was a complex coincidence. John Wilkes was
also there, and Chuck Hussey from Mississippi was visiting the lab at the same
time. And they taught me everything they knew about these room-temperature
molten salts: how to make them, purify them, work with them—they were extre-
mely generous. And these were just extremely interesting materials. My one
original thought was, ‘I bet these would be pretty good solvents for doing chemistry
with.’ That was 1981. That’s where everything started.”

Ken did not discover ionic liquids. In fact, they were discovered a century before
the 1980s, although they were not called ionic liquids straight away. What Ken did
was spot their huge potential and popularised them. The main advantage of ionic
liquids is that they have negligible vapour pressure, unlike molecular solvents,
which are dangerous, flammable, and environmentally unfriendly. Ionic liquids
therefore could potentially belong to the category of green solvents. Ionic liquids
are not intrinsically green in their own right, but they can help to make the process
greener by bringing their advantages and changing the philosophy of a conventional
process performed using organic solvents.

At that time in the late 1980s, the Green Chemistry movement started raising
concerns about solvent usage as a result of the U.S. Clean Air Legislation: solvents
had high vapour pressures, and it is hard to imagine organic chemistry reactions and
chemical processes without the use of organic solvents. Ken realised that these ionic
liquids could be the new category of solvents that could change the way chemistry
worked. Additionally, molecular solvents would dissolve compounds in a different
manner than ionic liquids, as they have different bonds in them (prevalently,
covalent). Ionic liquids are dominated by coulombic (or ionic) bonds, so they can
dissolve compounds that cannot be easily dissolved using organic solvents, for
instance, kerogen, cellulose, wood, bananas and their skin, and so forth. Hence,
they gained the name of “super solvents”.

Ken managed to secure funding to carry out research on ionic liquids:
“At that time, I was in Oxford. I moved to the University of Sussex to a

Lectureship in Experimental Chemistry, as it was called. And it takes a year or two
to get up and running. I then sent an application to the Engineering and Physical
Sciences Research Council (EPSRC), our equivalent of your NSF. It was a proposal
for ionic liquids and catalytic chemistry, and we got a gamma rating. Now, alpha
means this is wonderful and if we have the money, we will fund you. Alpha-plus
means we will definitely fund you. Beta means it has some merit, but it may not get
funding. Gamma means never darken our doors again; we never want to hear from
you, ever. Along with our gamma rating, they sent the referees report. Referee #1
said, ‘this chemistry is so complicated it will never work’. Referee #2 said, ‘this
chemistry is so trivial, it’s not worth doing’. Referee #3 said, ‘why isn’t he doing
the neutron diffraction of vanadium bronzes?’, which had no relationship to our
proposal. He obviously had the wrong proposal in front of him.

So, we were basically rejected as a joke. And the EPSRC is supposed to fund
speculative and interesting work. A year and a half later, we took the same proposal

Dedication to Prof. Kenneth “Ken” Richard Seddon ix



to British Petroleum, which had a special Venture Research Unit, headed up by
Professor Don Braben, who was helped by Dr. David Ray; they looked at the
proposal and said this is really exciting. Now, this is industry. You would think they
would be hard-nosed, but this Venture Research Unit was also sometimes called the
‘blue sky research unit’. They sent the proposal off to internal review at British
Petroleum, and we got very strong backing from Professor Mike Green, who was at
BP at the time. About a year later, we got a grant for over a quarter of a million
pounds. In 1987, that was a massive amount of money. So big it hit the newspapers
—The Daily Telegraph—not the science pages, but page five: ‘BP funds
super-solvent.’ On that grant, I hired Tom Welton, who was completing his D.Phil.
at the time, and that was the start of everything that happened. Without Don
Braben’s support, insight, and encouragement, the field on ionic liquids as we now
know it would not have happened.”

In 1993, Seddon was appointed Chair of Inorganic Chemistry at Queen’s
University Belfast.

As co-founder of the industry–university consortium centre QUILL (Queen’s
University Ionic Liquid Laboratories), with Co-director Jim Swindall in 1999, Ken
built a multidisciplinary faculty of chemists and chemical engineers in Northern
Ireland. Ken liked different cultures and was very open-minded, so he tended to hire
people from all over the world. At one point, QUILL recruited researchers from 40
different countries. By 1999, there was sufficient industrial support from a dozen
companies, such as Shell, Chevron, and Procter & Gamble.

QUILL invented new applications for ionic liquids in various areas of life: from
triggered release of perfume, Brønsted and Lewis catalysts for various processes,
treatment of nuclear waste, safer battery materials, and lubricants. Sectors as
diverse as oil and gas refining, biofuels, pharmaceutical manufacturing, and novel
antimicrobial (disinfectant) treatments have all benefited. Research by the team
sponsored by the Malaysian company PETRONAS and in close cooperation with
them led to the first-ever technology to scrub toxic mercury from natural gas
production streams.

Now, there are many prominent centres for ionic liquids around the globe
including the UK, USA, Australia, Denmark, Portugal, and others.

Professor Tom Welton OBE, Dean of the Faculty of Natural Sciences at Imperial
College, London, says, “At Queen’s, Ken became a key figure in changing ionic
liquids’ research from being a quiet academic backwater into a major area for
modern chemistry, with thousands of papers published every year.

It is remarkable how many of today’s established ionic liquids’ researchers had
their first paper in the field as the result of a collaboration with Ken.”

Tom obtained his B.Sc. from Sussex in 1985 and completed his D.Phil. (super-
vised by Ken) in 1990.

Ken had a very special work rate. He could manage many very different projects
at the same time. Luckily, Ken had a great memory. He could recall the contents of
multiple papers and their bibliographic data, which would be very handy during
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writing. Additionally, Ken only needed 4 h of sleep after he turned 40 and could sit
and work throughout the whole day without food, maybe with the occasional drink.
Lunch was not needed, as Ken did not want to be interrupted and lose the flow.

Additional areas of Ken’s interests included: the preservation of ancient manu-
scripts (in collaboration with the Oriental Institute in St. Petersburg and the
Hermitage and British Library), crystal engineering, chemical weapons (when he
died, he was writing a book on them), and ancient dyestuffs. In the last 5 years of his
life, Ken took over a project on writing introductions of the works of famous sci-
entists—Galileo, Newton, and Darwin—for the Delphi Complete Works Series. He
covered not only scientific achievements of these revolutionary scientists, but also
their other interests. So, Darwin is appreciated not only for his work on evolution, but
also for his early use of photographs instead of drawings to illustrate his observations.

Ken did not necessarily think that ionic liquids had to be applied in every area of
chemistry and technology. He explained his ideas, “If you are an industrialist and
you have got a process that’s giving you 100% yield that is working beautifully,
then you don’t need ionic liquids. If you have a problem; if the yield is too low; if
the solvent you’re using is going to be banned in two years because it’s too toxic,
then ionic liquids are an extremely attractive option for changing a known process
or initiating a new one. Chemistry in ionic liquids is totally different than chemistry
in the molecular environment of a normal solvent. The kinetics are different. The
thermodynamics are different. The outcome is different. Everything is new.”
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From 1998, as the field grew at a faster than exponential rate with the founding of
QUILL, Ken led an international community on ionic liquids research andwas coined
as the Father of Ionic Liquids, even though he did not invent them. Ken also had an
early appreciation that ionic liquids by default could have impurities easily derived
from their preparation. These impurities dramatically changed the properties of ionic
liquids, so scientists had to be very careful and good-quality papers (especially
physicochemical ones) would have to include at least three types of characterisations
of ionic liquids, especially halide and water content by Karl Fischer titration.

Ken was very generous in assisting career development to his colleagues and
friends. He would write very kind references, and even when he assisted in writing
papers and gave good advice, he would allow his students to be corresponding
authors if it could help their career.

Ken authored more than 400 papers and wrote and edited 14 books. Ken was
named as inventor on more than 50 patents.

Ken worked hard to the end despite illness, systematically moving his students
towards successful theses, so for instance, during his last meeting he was working
on a neutron paper in collaboration with ISIS, Rutherford.

In 2006, QUILL was awarded the Queen’s Anniversary Prize for Higher and
Further Education.

Ken was very proud of meeting the Royal Family and talking to them.
In 2011, he came first in the UK in a global listing of the 100 Top Chemists of the

Past Decade. He was ranked 46 overall in the world. Dr. (now Prof.) John D. Holbrey,
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also from QUILL, took second in the UK and 59 in the world. They are two of only
four UK chemists to be listed. The list is based on how often a chemist’s work is
cited or referred to during the last decade and the number of publications have to be
at least 50.

In 2013, the Science Museum public poll voted his research into ionic liquids as
“the most important British innovation of the 21st century”.

As one of Britain’s most influential chemists, Prof. Seddon was awarded an
Officer of the Order of the British Empire OBE in 2015.

In fact, if you google “best UK chemists”, Ken’s name and picture are there. He
was Professor Catedrático Visitante at the Instituto de Tecnologia Química e
Biológica (ITQB), New University of Lisbon, Portugal, and Visiting Professor at
the Chinese Academy of Sciences. Among other contributions, he served as
Associate Editor of the Australian Journal of Chemistry.

Ken liked to develop short names for his Ph.D. students. They normally con-
tained three letters. For instance, a Malaysian student Shieling Ng was called Bob,
as the word bob was sometimes used for a monetary value of several shillings (old
British currency). My name Natalia was shortened to Nat. Małgorzata Swadźba-
Kwaśny was shortened to Mal. Any objections were not accepted. Luckily for Ken,
Ken was a three-letter name.

Ken was not liked by everybody. He could be brutally honest if he found
scientific mistakes. He lived with high professional standards, and he expected the
same from others. Ken would forgive his staff and students if they did not know
some scientific concept and would gladly explain it to them. Ken genuinely cared
about the health of his colleagues. If he saw that someone was struggling because of
sickness or tiredness, he would send them home in a caring manner.

He also could be very humorous and welcoming to the many students over the
years. Ken was extremely generous, so we, his colleagues and friends, would wine
and dine and watch shows and go to the theatre in the best restaurants around the
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globe. Ken loved international food, as long as it was no longer alive, but hated
green food: salads. He particularly loved sweets and puddings.

During an interview for a scientific position, Ken would normally ask you about
your favourite book, movie, or music band. If you applied for a clerical position, he
would normally ask “the 50-pence” question: what this coin was made out of and
why, why it had several edges (basically it was not just round), and then he would
observe how stress would get hold of the candidate. He would be very happy to
learn new information: for instance, one of the QUILL Ph.D. students was hired
because her knowledge of Icelandic rock was better than Ken’s.

Ken was also an enthusiastic appreciator of the latest technology and gadgets
of the time: phones, cameras, e-books, Kindles, Alexa, and various software that
could make his life easier and that could copy his life from one device to another
within a minimum of fuss. Every time Ken received a message, his work computer
announced, “Captain, you’ve got an incoming message”, a reference to Star Trek of
which he was a great fan.

Apart from chemistry, Ken loved literature, art, sculpture (he was especially fond
of gargoyles since his time at Oxford), theatre, music, and photography. Ken’s
tastes were so broad that if you went to a concert with him, you could be rubbing
shoulders with pink-haired students or pompous opera lovers.

He could not drink alcohol because of a violent allergic reaction. A couple of
accidental encounters for instance, when the apple juice was off almost finished
him, so he was always very careful and used his colleagues as experimental rats to
check if in doubt.

Ken was very involved with his friends and colleagues. He would remember
their birthdays and often would come up with original presents, chocolates from all
over the world or cheeses from a quirky cheesery in Liverpool. He would keep in
touch with many of his ex-students and staff. He would try to help you with
anything and gave very good advice.

Some of Ken’s distinctive characteristics included a gargantuan laugh, positivity,
a large collection of artistic ties depicting chemistry and mythical creatures, side-
locks à la Charles Dickens, and long nails inspired by Fu Manchu, a favourite of his
childhood reading (he said they let him pick up dry ice, at −78 degrees).

Ken was brilliant teacher to multiple students in different universities and
companies, although he personally did not regard teaching, as it was
time-consuming and repetitive. Ken hated repetition. He mentioned that he would
not be able to play musical instruments because it was like repetitive teaching and
prevented him from concentrating on research and travelling in pursuit of new
QUILL members.

Once I gave a lecture about Ken at a conference, and I was approached by a
professor who told me that in the past he had cancer, but his country did not
produce the drug he needed. Once Ken found out about this, he brought a full bag
of the drug and this professor recovered.
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Ken often had many Ph.D. students at the same time with their different projects
and could handle them well.

Ken formed many friendships with world-renowned scientists, for instance,
Chuck Hussey recalls, “Earlier in our careers we travelled a lot together to meet-
ings, etc. I was visiting him at Sussex, we decided to go together by train to EuChem
at the DTU in Lyngby. Things were going well until we got to Copenhagen. ‘You
stay on the train, Chuck, with our 8 bags and I’ll go see it if I can get us a ticket to
Lyngby.’A smiling worker came up and unhooked my car from the train which went
on to Lyngby with Ken on board, and I sat there trying to figure out what to do.
Fortunately, most of the Danes speak English…”

When Ken was very ill, he was in a hospital getting treatment, and he was
chatting to doctors and nurses. One male nurse, who was helping Ken with his
treatment, and with whom Ken shared various conversations, was very impressed
with Ken’s knowledge and coined Ken as “a man with encyclopaedia in his head”.

Ken passed away on the 21 January 2018. Ken left a very big hole in many
people’s hearts, and his last wish was for his ashes to be shot into space; hence, we
played “Rocket Man” by Elton John at his funeral.
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Preface

The purpose of this first book on Commercial Applications of Ionic Liquids is to
provide an overview of known processes and products using ionic liquids. There are
57 known commercial or pilot-scale applications using ionic liquids. Based on
conversations with the authors, there are several applications that are maintained as
trade secrets or are confidential and the actual number of applications is more likely
greater than 100. A brief history of the field is included along with detailed dis-
cussions of several processes and products using ionic liquids.

The editor, Dr. Shiflett, was Technical Fellow in DuPont Central Research and
Development (CR&D) located at the Experimental Station in Wilmington,
Delaware. Dr. Shiflett retired from the DuPont Company in September of 2016 and
joined the faculty in the Department of Chemical and Petroleum Engineering at the
University of Kansas to continue his teaching and research in the field of ionic
liquids.

Lawrence, KS, USA Mark B. Shiflett
Foundation Distinguished Professor

mark.b.shiflett@ku.edu
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Nomenclature

Ionic Liquids

APIL Aprotic ionic liquid
CBIL Carbonate-based ionic liquid
IL Ionic liquid
PIL Protic ionic liquid
poly(RTIL) Polymerised room-temperature ionic liquid
RTIL Room-temperature ionic liquid
TSIL Task-specific ionic liquid

Cations

[bm(2-Me)im]+ 1-butyl-2,3-dimethylimidazolium
[(bz)C1C5im]+ 1-benzyl-2-methyl-3-pentylimidazolium
[C10btz]

+ 3-decylbenzothiazolium
[C11btz]

+ 3-undecylbenzothiazolium
[C12btz]

+ 3-dodecylbenzothiazolium
[Cnim]+ 1-alkylimidazolium
[C1im]+ or [Hmim]+ 1-methylimidazolium
[C2im]+ 1-ethylimidazolium
[C4im]+ 1-butylimidazolium
[CnC1im]+ 1-alkyl-3-methylimidazolium
[C1C1im]+ 1,3-dimethylimidazolium
[C2C1im]+ 1-ethyl-3-methylimidazolium
[C3C1im]+ 1-propyl-3-methylimidazolium
[C4C1im]+ 1-butyl-3-methylimidazolium
[C6C1im]+ 1-hexyl-3-methylimidazolium
[C8C1im]+ 1-octyl-3-methylimidazolium

xxvii



[CnCmim]+ 1-alkyl-3-alkyl’imidazolium
[C1C2im]+ 1-methyl-3-ethylimidazolium
[C1C4im]+ 1-methyl-3-butylimidazolium
[C1C6im]+ 1-methyl-3-hexylimidazolium
[C1C1C1im]+ 1,2,3-trimethylimidazolium
[C2C1C1im]+ 1-ethyl-2,3-dimethylimidazolium
[C3C1C1im]+ 1-propyl-2,3-dimethylimidazolium
[C4C1C1im]+ 1-butyl-2,3-dimethylimidazolium
[C1C1(2-NO2)im]+ 1,3-dimethyl-2-nitroimidazolium
[C1C1(2-Me-4-NO2)im]+ 1,3-dimethyl-2-methyl-4-nitroimidazolium
[C1C1(4-NO2)im]+ 1,3-dimethyl-4-nitroimidazolium
[C2C1(4-NO2)im]+ 1-ethyl-3-methyl-4-nitroimidazolium
[C3C3im]+ 1,3-dipropylimidazolium
[iC3C1im]+ 1-isopropyl-3-methylimidazolium
[iC3

iC3im]+ 1,3-diisopropylimidazolium
[(iC3)2im]+ 1,3-diisopropylimidazolium
[iC4C1im]+ 1-isobutyl-3-methylimidazolium
[sC4C1im]+ 1-secbutyl-3-methylimidazolium
[tC4C1im]+ 1-tertbutyl-3-methylimidazolium
[(tC4)2im]+ 1,3-diisobutylimidazolium
[C4C4im]+ 1,3-dibutylimidazolium
[tC4

tC4im]+ 1,3-ditertbutylimidazolium
[C4C1(4,5-Br2)im]+ 1-butyl-3-methyl-4,5-bromoimidazolium
[C5C1im]+ 1-pentyl-3-methylimidazolium
[C6C6im]+ 1,3-dihexylimidazolium
[C7C1im]+ 1-heptyl-3-methylimidazolium
[C9C1im]+ 1-nonyl-3-methylimidazolium
[C10C1im]+ 1-decyl-3-methylimidazolium
[(C10)2im]+ 1,3-didecylimidazolium
[C11C1im]+ 1-undecyl-3-methylimidazolium
[C12C1im]+ 1-dodecyl-3-methylimidazolium
[(C12)2im]+ 1,3-didodecylimidazolium
[C13C1im]+ 1-tridecyl-3-methylimidazolium
[C14C1im]+ 1-tetradecyl-3-methylimidazolium
[C15C1im]+ 1-pentadecyl-3-methylimidazolium
[C16C1im]+ 1-hexadecyl-3-methylimidazolium
[C17C1im]+ 1-heptadecyl-3-methylimidazolium
[C18C1im]+ 1-octadecyl-3-methylimidazolium
[C8C3im]+ 1-octyl-3-propylimidazolium
[C12C12im]+ 1,3-bis(dodecyl)imidazolium
[C1OC2C1im]+ 1-(2-methoxyethyl)-3-methylimidazolium
[C6C7O1im]+ 1-hexyl-3-(heptyloxymethyl)imidazolium
[C2F3C1im]+ 1-trifluoroethyl-3-methylimidazolium
[C4vim]+ 3-butyl-1-vinylimidazolium
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[C9(vim)2]
2+ 1,9-di(3-vinylimidazolium)nonane

[(iC3)2(4,5-Me2)im]+ 1,3‐diisopropyl‐4,5‐dimethylimidazolium
[iC3C1(4,5-Me2)im]+ 1‐isopropyl‐3,4,5‐trimethylimidazolium
[(tC4)2(4-SiMe3)im]+ 1,3-ditertbutyl-4-trimethylsilylimidazolium
[(allyl)C1im]+ 1-allyl-3-methylimidazolium
[PnC1im]+ polymerisable 1-methylimidazolium
[C2C1mor]+ 1-ethyl-1-methylmorpholinium
[C2py]

+ 1-ethylpyridinium
[C4py]

+ 1-butylpyridinium
[C6py]

+ 1-hexylpyridinium
[C8py]

+ 1-octylpyridinium
[C14py]

+ 1-tetradecylpyridinium
[C4C1bpy]

+ 1-butyl-3-methylpyridinium
[C4C1cpy]

+ 1-butyl-4-methylpyridinium
[C6(dma)cpy]

+ 1-hexyl-4-dimethylaminopyridinium
[CnC1pyr]

+ 1-alkyl-1-methylpyrrolidinium
[C1C1pyr]

+ 1,1-dimethylpyrrolidinium
[C1C2pyr]

+ 1‐ethyl‐1‐methylpyrrolidinium
[C2C1pyr]

+ 1‐ethyl‐1‐methylpyrrolidinium
[C3C1pyr]

+ 1‐propyl‐1‐methylpyrrolidinium
[C4C1pyr]

+ 1-butyl-1-methylpyrrolidinium
[C5C1pyr]

+ 1-pentyl-1-methylpyrrolidinium
[C6C1pyr]

+ 1-hexyl-1-methylpyrrolidinium
[C1C3pip]

+ 1-methyl-1-propylpiperidinium
[C2C1pip]

+ 1-ethyl-1-methylpiperidinium
[C2C6pip]

+ 1-ethyl-1-hexylpiperidinium
[C1C1pip]

+ 1,1-dimethylpiperidinium
[C8quin]

+ 1-octylquinolinium
[dabcoH]+ 1,4-diazabicyclo[2.2.2]octan-1-ium(1+)
[dabcoH2]

2+ 1,4-diazabicyclo[2.2.2]octan-1-ium(2+)
[(C1)2Phim]+ 1,3-dimethyl-2-phenylimidazolium
[(FcC1)C1im]+ 1-(ferrocenylmethyl)-3-methylimidazolium
[(H2NC2H4)py]

+ 1-(1-aminoethyl)pyridinium
[(H2NC3H6)C1im]+ 1-(3-aminopropyl)-3-methylimidazolium
[HN2 2 2]

+ Triethylammonium
[H2mor]+ Morpholinium
[H2pip]

+ Piperidinium
[Hpy]+ Pyridinium
[H2pyr]

+ Pyrrolidinium
[N0 1 1 1]

+ Trimethylammonium
[N0 0 1 1]

+ Dimethylammonium
[N0 0 0 1]

+ Methylammonium
[N1 1 1 1]

+ Tetramethylammonium
[N1 1 1 2OH]

+ Cholinium
[N1 1 2 2OH]

+ Ethyl(2-hydroxyethyl)dimethylammonium
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[N1 1 1 4]
+ Trimethylbutylammonium

[N1 4 4 4]
+ Methyltributylammonium

[N1 8 8 8]
+ Methyltrioctylammonium

[N0 2 2 2]
+ Trimethylammonium

[N2 2 2 2]
+ Tetraethylammonium

[N3 3 3 3]
+ Tetrapropylammonium

[N3 3 3 11]
+ Tripropylundecylammonium

[N3 3 6 8]
+ Dipropylhexyloctylammonium

[N4 4 4 4]
+ Tetrabutylammonium

[N5 5 5 5]
+ Tetrapentylammonium

[N6 6 6 6]
+ Tetrahexylammonium

[N6 6 6 14]
+ Trihexyl(tetradecyl)ammonium

[N10 10 10 10]
+ Tetrakis(decyl)ammonium

[N12 12 12 12]
+ Tetradodecylammonium

[Nn n n 0]
+ Trialkylammonium

[PH4]
+ Phosphonium

[P2 2 2(1O1)]
+ Triethyl(methoxymethyl)phosphonium

[P4 4 4 3a]
+ (3-aminopropyl)tributylphosphonium

[P4 4 4 4]
+ Tetrabutylphosphonium

[P5 5 5 5]
+ Tetrapentylphosphonium

[P6 6 6 14]
+ Trihexyl(tetradecyl)phosphonium

[P8 8 8 14]
+ Tetradecyl(trioctyl)phosphonium

[P10 10 10 10]
+ Tetrakis(decyl)phosphonium

[P10 10 10CH2C(O)NH2]
+ Amidomethyl-tritetradecylphosphonium

[P10 10 10CH2CO2]
+ Carboxymethyl-tritetradecylphosphonium

[P18 18 18 18]
+ Tetraoctadecylphosphonium

[pyH]+ Pyridinium
[S2 2 2]

+ Triethylsulfonium
[S2 2 16]

+ Diethylhexadecylsulfonium
[(vinyl)C1im]+ 1‐vinyl‐3‐methylimidazolium

Anions

[Ace]−, [OAc]− Acetate, ethanoate
[Ala]− Alaninate
[bAla]− b-alaninate
[AlCl4]

− Tetrachloroaluminate(III)
[Al2Cl7]

− Heptachloroaluminate(III)
[Al(hfip)4]

− Tetrakis(hexafluoroisopropoxy)aluminate(III)
[Arg]− Arginate
[Asn]− Asparaginate
[Asp]− Asparatinate
[B4 4 4 4]

− Tetrabutylborate
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[BBB]− Bis[1,2-benzenediolato(2-)-O,O’]borate
[BF4]

− Tetrafluoroborate
[Br]− Bromide
[BTA]−, [(CF3SO2)2N]

− Bis(trifluoromethylsulfonyl)imide
[C1CO2]

− Ethanoate
[C1SO4]

−, [O3SOC1]
− Methyl sulphate

[C8SO4]
−, [O3SOC8]

− Octyl sulphate
[CnSO4]

− Alkyl sulphate
[(Cn)(Cm)SO4]

− Asymmetrical dialkyl sulphate
[(Cn)2SO4]

− Symmetrical dialkyl sulphate
[CF3SO3]

−, [OTf]– Trifluoromethanesulfonate, triflate
[Cl]− Chloride
[ClCH2COO]

− Chloroacetate
[CTf3]

− Tris{(trifluoromethyl)sulfonyl}methide
[Cu2Cl3]

− Chlorocuprate(II)
[CuBr3]

− Bromocuprate(II)
[Cys]− Cysteinate
[dbsa]− Dodecylbenzenesulfonate
[dca]− Dicyanamide
[FAP]− Tris(perfluoroalkyl)trifluorophosphate
[FSI]− Bis(fluorosulfonyl)imide
[Gln]− Glutaminate
[Glu]− Glutamate
[Gly]− Glycinate anion
[His]− Histidinate
[HSO4]

− Hydrogen sulphate
[Ile]− Isoleucinate
[lac]− Lactate
[Leu]− Leucinate
[Lys]− Lysinate
[Met]− Methionate
[Nle]− Norleucinate
[NH4]

+ Ammonium
[NDf2]

− Bis{bis(pentafluoroethyl)phosphinyl}amide
[NMes2]

− Bis(methanesulfonyl)amide
[NO3]

– Nitrate
[NPf2]

−, [BETI]– Bis{(pentafluoroethyl)sulfonyl}amide
[NTf2]

−, [TFSI]– Bis{(trifluoromethyl)sulfonyl}amide
[O3SOC2]

− Ethyl sulphate
[OMs]− Methanesulfonate (mesylate)
[PFBS]– Perfluorobutylsulfonate
[OTf]−, [CF3SO3]

−, Trifluoromethanesulfonate, (triflate)
[OTs]−, [4-CH3C6H4SO3]

− 4-toluenesulfonate, (tosylate)
[PF6]

− Hexafluorophosphate
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[PFOS]−, [C8HF17SO3]
− Perfluorooctanesulfonate

[Phe]− Phenylalaninate
[Pro]− Prolinate
[Sacc]− Saccharinate
[SCN]− Thiocyanate
[Ser]− Serinate
[Suc]− Succinate
[tfpb]− Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
[Thr]− Threoninate
[Tos]− Tosylate
[Trp]− Tryptophanate
[Tyr]− Tyrosinate
[Val]− Valinate
[XSO3]

−, [C8H11O3S]
− Xylenesulfonate

Compounds

ACC All-cellulose compounds
API Active pharmaceutical ingredients
bpp 6,6’-[(3,3’-di-tert-butyl-5,5’-dimethoxy-1,1’-biphenyl-2,2’-diyl)

bis(oxy)]bis(dibenzo[d,f][1,3,2]dioxaphosphepin), “biphephos”
bzp 2,2’-((3,3’-di-tert-butyl-5.5’-dimethoxy-[1,1’-biphenyl]-2,2’-diyl)

bis(oxy)bis(4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane),
“benzopinacol”

CLA Conjugated linoleic acid
DBNH 1,5-diazobicyclo[4,3,0]non-5-ene
DCPP Dichlorophenylphosphine
DEPP Diethoxyphenylphosphine
DHA Docosahexanoic acid
DMF Dimethylformamide
DMAc N,N-dimethylacetamide
DMSO Dimethylsulfoxide
dtbpmb 1,2-bis(di-tert-butylphosphinomethane)benzene
EPA Eicosapentanoic acid
FA Fatty acid
FAME Fatty acid methyl ester
HMF 5-hydroxymethyl furfural
LCA Lithocholic acid
LPG Liquefied petroleum gas
MAA Methyl acetoacetate
MeDBT n-methyldibenzothiophene, n = 1,2,3,4,…
MIA 1-methylimidazole
MUFA Monounsaturated fatty acid
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NMMO N-methylmorpholine-N-oxide
N2O4 Dinitrogen tetroxide
OB-CFA Odd- and branched-chain fatty acid
OSC Organic sulphur compound
PAC Polycyclic aromatic compound
PAE Phthalic acid esters, phthalates
PAH Polycyclic aromatic hydrocarbon
PAN Poly(acrylonitrile)
PASH Polycyclic aromatic sulphur heterocycles
PCB Polychlorinated biphenyl
PDMS Phenyl polydimethylsiloxane
PEG Polyethylene glycol H(OCH2CH2)nOH, n = 1,2,3,4,…
PEO Poly(ethylene oxide)
PET Polyethylene terephthalate
PLA Polylactic acid
PSA Poly(sulfonamide)
PTFE Polytetrafluoroethylene
PUFA Polyunsaturated fatty acid
PVA Polyvinyl alcohol
PVC Polyvinyl chloride
scCO2 Supercritical carbon dioxide
SFA Saturated fatty acid
sxp 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene, “sulfoxantphos”
TBAF Tetrabutylammonium fluoride
TCDD 2,3,7,8-tetrachlorobibenzo-p-dioxin
TCEP 1,2,3-tris(cyanoethoxy)propane
tppmim Tri(m-sulfonyl)triphenylphosphine

tri-1-butyl-2,3-dimethylimidazolium
tppts Tri(m-sulfonyl)triphenylphosphine trisodium
VA Vaccenic acid
VCM Vinyl chloride monomer
VGO Vacuum gas oil
VOC Volatile organic compound
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Chapter 1
Important Developments in the History
of Ionic Liquids from Academic Curiosity
to Commercial Processes and Products

Mark B. Shiflett, Joe W. Magee and Dirk Tuma

Abstract Twenty years ago, research involving ionic liquids was a minor field of
interest, and only a few chemists and even fewer engineers were interested in salts
with melting points near room temperature. In April 2000, the first NATO advanced
research workshop on ionic liquids was held in Heraklion, Crete. The conference
was the first international meeting devoted to ionic liquids and attracted most of the
active researchers at that time. Following that meeting, activity in the field began
to flourish and the first books and international conferences devoted to ionic liquids
began to appear. By the end of 2018, more than 80,000 scientific papers had been
published, and 17,000 patents were applied for in the field of ionic liquids! This
book provides an overview of the current and emerging industrial applications of
ionic liquids covering the core processes and products, the practical implementation
and technical challenges involved, and the potential future directions for research
and development. The individual chapters were written by leading scientists in the
field from industry and academia to address specific processes and products that
are or will be soon commercialized. Examples include the use of a chloroaluminate
ionic liquid as a next-generation alkylation catalyst to a new class of capillary gas
chromatography (GC) columns with stationary phases based on ionic liquids. Over
the past twenty years, there has been a growing realization that ionic liquids have
moved from being mere academic curiosities to having genuine applications in fields
as wide-ranging as advanced materials, biotechnology, catalysis, pharmaceuticals,
renewable fuels, and sustainable energy. There are many optimistic indications that
ionic liquids are on their way to becoming a commercial success story. This first
book on “Commercial Applications of Ionic Liquids” provides over 50 applications
that are either at the pilot scale or have been commercialized, which indicates that
an exciting new chapter in the field of ionic liquids is about to begin!
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Keywords Advanced materials · Commercialization · Ionic liquids · Ionic liquid
history · Ionic liquid processes and products

1.1 Introduction

Who discovered the first ionic liquid? This honor is now almost unanimously
attributed to the famous chemist Paul Walden (1863–1957), who was not only a
renowned professor but also a scientific celebrity during his eventful lifetime. In an
experimental study published in 1914 during his time as a professor at the Technical
University of Riga in the Russian Empire (now Latvia), he reported data on density,
capillarity, and electrical conductivity for 13 different alkyl- and aryl-substituted
water-free and low melting ammonium salts [1]. The ethylammonium nitrate was
found to have a melting point of about 13–14 °C, being a protic room-temperature
ionic liquid (RTIL) in present terms. Walden determined the degree of association
in the molten state using density and capillarity, a method commonly used in his time
[2]. Today, almost every work that includes a chapter on the historical development
of ionic liquids begins with this citation of a German paper in a Russian journal [1].
Nevertheless, Walden’s paper is probably one of the least read and—notably during
the beginning of modern-day research on ionic liquids—very often a wrongly cited
work of scientific literature.

According to the literature, there are several substances that can be retrospectively
classified as ionic liquids [3–5]. One candidate, first reported in 1877 and suggested
by several authors, is the “red oil” observed as a separate phase during Friedel–Crafts
reactions [4, 5]. This substance remained unspecified until 1976 when it was finally
identified as a chloroaluminate with an alkylated aromatic cyclic cation [6]. Pernak
et al. noted in their paper that Walden in his 1914 paper referred to an earlier work on
the electrical conductivity of homologous alkylchinolinium iodides by Schall (like
Walden a student of Wilhelm Ostwald at Riga) [7].

Other early ionic liquids found by Laus et al. were alkylpicolinium halides, first
described by Ramsay in 1876 [8], and quaternary anilinium salts made at the turn
of the twentieth century [3]. Even with their low melting points, these substances
did not draw particular attention. The paper by Pernak et al. gave an explanation,
namely that water was considered a universal solvent at that time, and salts with poor
water solubility fell out of interest. The old papers often report that different batches
of the same substance gave very divergent results. Purity and by-products could not
be characterized as they are today due to the analytical means available at the time.
These substances were also described as “intractable oils” and thus often ignored
[9].

In the literature, there is considerable information about PaulWalden that is oddly
if not wrongly interpreted. An autobiographical memoir was published in 1950 [10],
a Russian paper followed in 2003 [11], and Everts had a biographical sketch in
Chemical & Engineering News on the occasion of Latvia celebrating his 150th birth-
day [12]. The Latvian-born Walden started his academic career after graduation at
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Leipzig (1891) as a professor of physical and analytical chemistry at the Riga Poly-
technic Institute (1893/94). In 1899, already as an appointed professor, he received
the Russian doctoral degree in chemistry working on stereochemistry at Saint Peters-
burg. In 1910, Walden was given full membership in the Russian Imperial Academy
of Sciences. Among his many landmark discoveries in various fields, the so-called
Walden inversion in organic chemistry is generally considered his most outstanding
achievement [13]. He was nominated six times (Stradiņš says seven times [14] but
according to Morachevskii only two times [11]) for the Nobel Prize [15]. In 1919,
Walden decided to leave for Germany and not continue his work in the capital of
independent Latvia. From 1919 until his retirement in 1934, he was professor of
chemistry at the University of Rostock. Walden remained active during his retire-
ment, published works on the history of chemistry, and held—from 1934 on as a
member of the National Socialist German Workers’ Party—various influential posi-
tions in academic organizations, such as the vice president of the German Chemical
Society [15, 16]. After the war, he lived in the French-occupied zone of Germany
and was given a guest professorship at the University of Tübingen where he gave
lectures until the age of 90.

Contemporary German papers often refer to his name as “Paul von Walden,” [17]
and some Internet sources still use this name [18]. The tag “von” indicates nobility
in the German style of writing names, and this fact convinced many that PaulWalden
was a typical Baltic German (like his teacher and mentor Wilhelm Ostwald). Walden
(who was educated in German schools and later entered a university where German
was the language used, a peculiarity of the Baltic provinces) had opted for German
citizenship after his emigration but kept strong ties to his homeland and saw himself
primarily as a “chemist” [12]. In fact, Walden was granted hereditary peerage by the
Russian Emperor in 1907 [10]. He did not use the “von” in his own works. Walden’s
genuine origin fromLatvian peasantrywas investigated, published, promoted, aswell
as popularized already in Soviet times by the academician Jānis Stradiņš [14]. The
post-Soviet independent Latvia honoredWalden by issuing a special commemorative
stamp in 2013 [12], and, initiated by Stradiņš, a monument was erected near the
University of Riga showing the Walden inversion [19].

At the University of Rostock, the Ludwig group conducted a study of ethylammo-
niumnitrate to honorWalden’smerits for the city and for the field of ionic liquids [20].
Walden had no conception of the ionic liquid as we have now. He was only interested
in conductivity and molecular constitution. The term “ionic liquid” in its present
sense was coined by Barrer in 1943, but he referred to classical high-temperature
molten salts mostly by the term “ionic melts [21].”

From the remarkable amount of literature, the reader can choose from many
detailed timelines that outline the development of ionic liquids. Four can be consid-
ered representative and give the reader almost all corresponding key references. The
paper by Wilkes in Green Chemistry was the first [22]. The most recently published
historical overviews were contributed byWelton in Biophysical Reviews [23] and by
Shiflett and Scurto as an introductory chapter of their book issued volume 1250 of
the Symposium Series of the American Chemical Society [24]. The chapter on the
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history of ionic liquids by Freemantle in his tutorial book entitled An Introduction to
Ionic Liquids and released in 2010 also provides key dates in ionic liquid research
[4].

1.2 Ionic Liquid Generations

The classification of ionic liquids into different “generations” along a timeline is an
established concept; however, there is no single criterion to apply except a general
assessment on structure, properties, and potential applications.

During the 1960s and 1970s, chloroaluminate molten salts were believed to have
a low melting temperature and to form a eutectic medium that could improve the
overall performance in thermal batteries [22]. Further research and the employ-
ment of high-performance computers resulted in an emphasis on the dialkylimi-
dazolium cations for their larger electrochemical window. The proper handling of
these substances, however, was quite sophisticated because they required completely
water-free conditions.

That is why a new generation (the second generation, but some researchers put
the first generation here [5, 25]) became focused on ionic liquids composed of the
air- and water-stable alkyl-substituted imidazolium cations with weakly coordinat-
ing anions, such as tetrafluoroborate [BF4]− and hexafluorophosphate [PF6]− [26].
Due to limited stability, these anions were later often replaced by the more stable
tris(pentafluoroethyl) trifluorophosphate “FAP,” triflate [CF3SO3]− or [OTf]−, and
particularly bis(trifluoromethanesulfonyl)amide [(CF3SO2)2N]− or [NTf2]−, as well
as by the halide-free anions methylsulfate [C1SO4]−, acetate [C1COO]− or [Ace]−,
thiocyanate [SCN]−, and others. Typical cations were, among others, (substituted)
ammonium, imidazolium, pyridinium, or pyrrolidinium.

Initially, ionic liquids were considered to be “green solvents” because of their
very lowvolatility.Not surprisingly, the question soon arosewhether these substances
were really “green solvents.” Studies on toxicity, persistence, and degradability were
conducted [27, 28]. Ionic liquid research began to target ions with proven low toxi-
city while retaining the desired (and established) material properties. The methods
of synthesis were also scrutinized to avoid toxic educts, to improve yields, and to
minimize impurities. At the turn of the millennium, choline- and lactate-based ionic
liquids were developed [29]. A new feature characterizing the third generation of
ionic liquids was customized biological properties [25, 30]. Rogers and co-workers
used the term “The Third Evolution of Ionic Liquids” in their paper on ionic liquids
featuring active pharmaceutical ingredients [25]. The term “Ioliomics” has now been
coined [31], and it is certain that the next step will focus on sustainability.

To sum up the evolution of ionic liquids in a single statement, unique tunable
physical properties characterize generation one (or two by others), targeted chemical
properties combined with chosen physical properties characterize generation two,
and ultimately targeted biological properties while keeping the others characterize
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generation three. Upcoming ionic liquids of the fourth generation will have to be
entirely sustainable.

The so-called deep eutectic solvents (DES) can be seen as “distant relatives” or
a sideline of the ionic liquid family tree. DES share many typical features of ionic
liquids, but the ultimate distinguishing criterion is that DES are always a mixture
while an ionic liquid is a single substance (a salt formed from the combination of a
cation and anion) [29, 32].

Most ionic liquids used in industrial processes and commercial applica-
tions still belong to the second generation. One reason is that many of them
are universally and thoroughly characterized, like 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide [C6C1im][NTf2], a referencematerial for an inter-
laboratory thermophysical study with consolidated data available for design and
development. The ionic liquids of the second generation do have drawbacks, but
these drawbacks are controllable. A challenge comes from another direction, namely
computational chemistry. As the number of possible ionic liquids is extraordinar-
ily large, high-performance computing (using elaborate models that represent the
molecule as realistically as possible) can assist in a preselection of substances that
display some desired characteristics. In 2007, Maginn proposed a paradigm shift
from “post-prediction” of properties to modeling systems that have not yet been
synthesized [33].

1.3 Organization

This book is organized into four parts: Part I, Introduction (this chapter); Part II,
Ionic Liquid Processes (Chaps. 2–5); Part III, Ionic Liquid Products (Chaps. 6–8);
and Part IV, Future Ionic Liquid Applications (Chaps. 9–11).

Part II provides examples of processes using ionic liquids. Industry has a contin-
uing long-range interest in advanced process technologies that have promise to save
energy andmaterials and reduce waste. In Chap. 2, we highlight one such technology
[34, 35] developed for next-generation alkylate gasoline manufacturing. Hye Kyung
Timken, Huping Luo, and B. K. Chang1 and Elizabeth Carter and Matthew Cole2

provide a comparison of the new ionic liquid catalyst performance relative to the
incumbent technologies. The first alkylation plant is scheduled for start-up in 2020
and will be one of the largest scale commercial applications of ionic liquids to date.3
4

1Chevron Energy Technology Company.
2Honeywell UOP.
3ISOALKY™, Chevron Energy Technology Company, and Honeywell UOP.
4Commercial suppliers, equipment, instruments, or materials are identified only in order to ade-
quately specify certain procedures. In no case does such identification imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does it imply that the
products identified are necessarily the best available for the purpose.
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Professor Dr. Marco Haumann at Friedrich-Alexander-Universität (FAU) in
Erlangen-Nürnberg, Germany, [36] wrote Chap. 3 on “Continuous Catalytic Pro-
cesses with Supported Ionic Liquid Phase (SILP) Materials.” Dr. Haumann and Pro-
fessor Dr. Peter Wasserscheid, who is also at FAU and a director of the Helmholtz
Institute Erlangen-Nürnberg (HI ERN) for Renewable Energy Production [37, 38],
have pioneered the development of SILPmaterials as catalysts for numerous reaction
chemistries.

ProfessorRobinRogers andDr. Julia Shamshina atTheUniversity ofAlabamaand
their start-up company5 [39] provided Chap. 4 entitled “Are Ionic Liquids Enabling
Technology? Startup to Scale-up to Find Out.” This insightful chapter provides the
knowledge needed and the challenges associated with taking a new ionic liquid tech-
nology for a novel bio-based material made from chitin from an academic laboratory
to commercialization.

Chapter 5, “Commercial Aspects of Biomass Deconstruction with Ionic Liquids,”
was written by Professor Jason Hallett and his group at Imperial College in London
[40]. Dr. Hallett has pioneered the use of low-cost ionic liquids as a pretreatment step
for biomass fractionation6 that can dissolve the lignin and hemicellulose leaving a
cellulose-rich pulp ready for saccharification.

Part III provides examples of products that have been developed using ionic liq-
uids. Chapter 6 was written by Professor Daniel Armstrong and his group at the
University of Texas in Arlington [41] and describes the development of a new class
of capillary gas chromatography (GC) columns with stationary phases based on ionic
liquids. His group has synthesized dicationic and polycationic ionic liquids that are
stable to water and oxygen even at high temperatures, which is critical for their use
as stationary phases in GC columns. The columns are now commercially available7

[42].
Chapter 7 was provided by Dr. Natalia Plechkova, Dr. Martyn J. Earle, and col-

leagues at the Queen’s University of Belfast in honor of the late Professor Ken-
neth Seddon (see Preface for dedication). Under Professor Seddon’s leadership,
the Queen’s University Ionic Liquids Laboratory (QUILL) was founded in 1999
to explore, develop, and understand the role of ionic liquids and focuses on their
synthesis, characterization, and applications [43]. The chapter describes a new ionic
liquid–liquid chromatography (ILLC) instrument developed in collaboration with a
commercial partner8 [44] for performing novel separations. Compounds thought to
be too insoluble or too immiscible with biphasic molecular solvent systems can now
be separated using ILLC.

Chapter 8, entitled “Commercial Production of Ionic Liquids,” was written by
Dr. Thomas Schubert [45]. The company9 is a commercial supplier of ionic liquids

5525 Solutions, Inc.
6IonoSolv, Imperial Innovations.
7Supelco/Sigma-Aldrich.
8AECS-QuikPrep™ Ltd/Quattro.
9IoLiTec GmbH.
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for a variety of applications. This chapter provides important insights into several
aspects of commercial ionic liquid production, such as synthesis, purity, and price.

Part IV provides examples of future products and processes that will use ionic
liquids. Chapter 9, written by Dr. Luke Haverhals10 [46] and Professors David
Durkin and Paul Trulove (U.S. Naval Academy) [47], describes a revolutionary
process for designing new high-performance composites. Their chapter entitled
“Natural Fiber Welding” describes fabrication techniques for using natural mate-
rials to produce robust, functional, and biodegradable composites that can displace
non-biodegradable plastics.

Chapter 10, entitled “Development of New Cellulosic Fibers and Composites
using Ionic Liquids Technology,” was written by Dr. Frank Hermanutz and Marc
PhilipVocht at theGerman Institutes of Textile and Fiber Research [48] and Professor
Dr. Michael Buchmeiser at the University of Stuttgart [49]. Several examples for
processing cellulose to produce materials, such as super-microfibers, all-cellulose
composites (ACCs), and carbon fibers, are discussed.

ThefinalChap. 11written byDr.RolandKalb11 [50] provides over 50 applications
for ionic liquids that have been commercialized or are in pilot scale indicating that
an exciting new era in the field is about to begin.

Next, we describe the development of the ionic compressor.

1.4 Ionic Compressor

The idea of an “ionic compressor” originates from the principle of communicating
vessels. A liquid piston compression system for compressing low-pressure steam to
recover waste heat was described in a 1984 patent document [51]. The compressing
liquidwas eitherwater or glycol. A liquidwith appropriate tribological properties can
improve compression performance because the device can operatewith fewermoving
parts, produce less noise, work without sophisticated sealing systems, and the heat
conductivity of the liquid can be used to perform a nearly isothermal compression.
Wear is significantly reduced, andmaintenance intervals can be lengthened compared
to conventional techniques. In 2000, Pieperbeck [52] described amethod to compress
explosive gas mixtures using this principle. The working fluid was characterized by
its low vapor pressure and low solubility of the gas in the fluid combined with non-
reactivity at the operating conditions. As a typical feature, most ionic liquids have
negligible vapor pressure.

The idea to use ionic liquids in compression technology was developed by Adler
and co-workers [53]. Ionic liquids offer the possibility to combine anion and cation
(“tailor-made solvents”) that can specifically adapt to the medium. The handling of
hydrogen as a fuel is challenging, because a fuel cell requires the absence of any
contaminants, and storage and dispensing of hydrogen are often at high pressures up

10Natural Fiber Welding, Inc.
11Proionic GmbH.
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to several hundred bars. Therefore, an ionic liquid suitable for this application must
display good tribological behavior, minimum hydrogen solubility, suitable viscosity
and density, as well as high thermal stability, conductivity, and heat capacity at the
operational conditions. There must be no reactivity between the ionic liquid and
hydrogen (or any other gas that may be present). This requires a certain defined
quality of the ionic liquid. Ideally, the ionic liquid and hydrogen should be mutually
immiscible.

Hydrogen solubility (in contrast to, for example, carbon dioxide) is extremely low
inmost ionic liquids. The temperature dependence of solubility is typically the oppo-
site of that observedwith carbondioxide.Actually, hydrogen solubility increaseswith
increasing temperature. This behavior was observed during the early stage of system-
atic solubility investigations on ionic liquids of the second generation [54]. Solubility
data with a particularly low uncertainty over an extended p, T-rangewere reported for
[C4C1im][PF6] and the IUPAC-proposed reference [C6C1im][NTf2] using a static-
cell technique [55, 56]. Calculating the enthalpy �solH and entropy �solS of gas
dissolution provides information about the molecular interaction between the gas
and the ionic liquid and about the degree of ordering that determines the solubility.
In the case of hydrogen, the Henry’s Law constant decreases at higher temperatures
which results in a positive dissolution enthalpy [57, 58]. From a thermodynamic
consideration, the solubilities of different gases converge to the same value at the
solvent critical temperature, an imaginary point for most ionic liquids due to their
limited stability [59]. Figure 1.1 illustrates this particular behavior of the Henry’s
Law constant based on solubility data for [C6C1im][NTf2]. The low-soluble hydro-
gen shows the inverse temperature dependence in the region relevant to technical
applications.

In 2002, a company12 started to pursue the idea of developing a commercial
ionic compressor with an ionic liquid as the operational fluid [61]. A patent for this

Fig. 1.1 Gas solubility as
represented by Henry’s Law
constant (approaching zero
pressure and on the molality
scale) of various gases in the
ionic liquid [C6C1im][NTf2]
with extrapolation to a
hypothetical critical
temperature. For the
corresponding data, see the
paper by Kumełan et al. and
the references cited therein
[60]

12Linde GmbH.
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technique was granted in 2006 [62]. At the same time, a patent was obtained by
another company13 [63] on liquids for compressing a gaseous medium. The claims
comprise liquids with a vapor pressure <10−3 mbar, preferably ionic liquids. Another
patent for a modified ionic compressor followed in 2008 [64]. The first commercial
installation started in July 2005 in Austria.14 The unit supported a fuel station for
natural gas and operated at 25 MPa with a capacity of 500 m3 natural gas per hour
[53].

The ionic compressor is now part of some hydrogen fueling stations. The flagship
model that qualifies for the fueling protocol SAE J2601-A70 [65] is a five-stage ionic
compressor with a stage compression ratio of 1:2.8, an input pressure from 0.5 to
20 MPa, a maximum output pressure of 100 MPa, a stroke frequency of 5.8 Hz, a
maximum delivery rate of about 33.6 kg hydrogen per h (as single line, double line
is optional), and a specific energy consumption of 2.7 kWh per kg hydrogen. Noise
emission is lower than 75 dB at 5 m. The target fueling pressure is 70 MPa at 288 K
[66]. Compared with conventional piston pumps, energy consumption is reduced
by about 20%, and the equipment can run about 500 days without maintenance—a
factor of 10 longer. The costs for maintenance were also reduced by about 50% [53,
61]. In 2014, the compressor15 entered production [61].

In a recently released brochure entitledTheDrivingForce, some reference projects
on hydrogen fuels describe the entire supply chain from production to the final
customer [67]. Ionic compressors supply hydrogen to a bus fleet in the towns of
Aberdeen, Scotland, and Hamburg, Germany, at the power-to-gas installation at the
Energiepark in Mainz, Germany, at the first hydrogen fueling station in the USA
(opened in October 2014) in Sacramento, California, and at Japan’s first commercial
hydrogen fueling station in Iwatami.

In a presentation from November 18, 2014, which was later displayed on the
web, Beckman outlined a corporate strategy in the hydrogen fueling business [68].
As a result of an infrastructure project with the government of California, ionic
compressors are working at nine different hydrogen fueling stations. Beckman gives
an estimate of 87 stations in California by the year 2020. An initiative for hydro-
gen mobility in Germany forecasts the construction of about 400 hydrogen fueling
stations in the country by 2023.

Notably, the corporate documents released on an ionic compressor do not explic-
itly specify an ionic liquid. That information is proprietary, but it can be assumed
that the best substance to be employed matches the above-mentioned criteria for an
operating fluid. It is also likely that the company uses additives that improve the
performance.

The Ph.D. thesis byNasrinArjomandKermani completed at the TechnicalUniver-
sity of Denmark (DTU) and published in 2017 gives an indication of potential ionic
liquid candidates [69]. In her work on the design of an ionic compressor, Arjomand

13Proionic GmbH.
14Wien Energie GmbH.
15Model IC90 v 1.3, Linde GmbH.
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Kermani applied elimination criteria on five ionic liquids that had already passed sev-
eral preliminary exclusion criteria for the anion and cation. The five candidates that
made the final round were [C2C1im][CF3SO3], [C2C1im][NTf2], [P6 6 6 14][NTf2],
[N1 1 1 4][NTf2], and [N1 8 8 8][NTf2]. In the final analysis, [C2C1im][NTf2] was the
ultimate choice over [C2C1im][CF3SO3] due to lower water miscibility, higher
thermal stability, higher heat capacity, and a lower melting point. In addition,
[C2C1im][NTf2] and [C2C1im][CF3SO3] are available at industrial scale and both
are classified by REACH [70]. Consolidated data for hydrogen solubility are only
available for [C2C1im][NTf2] [71], which is an ionic liquid of the second generation.
Currently, the database ILThermo 2.0 contains solubility data of ten binary systems
(hydrogen + ionic liquid) [72] as will be highlighted in the next section.

1.5 IUPAC Projects with Impact on Commercial
Applications

A historical perspective by Joe Magee, (NIST, Boulder, Colorado, U.S.A.).

1.5.1 IUPAC Project 2002-005-1-100 Thermodynamics
of Ionic Liquids, Ionic Liquid Mixtures,
and the Development of Standardized Systems

The utilization of ionic liquids in both chemical research and in industrial chemistry
requires a systematic study of their thermodynamic and thermophysical properties
that are required for chemical process design. For these reasons, Professor Kenneth
(Ken) Marsh (formerly with the University of Canterbury, New Zealand) formed an
international task group under the auspices of IUPAC with the goal of providing
reliable data for a range of properties that could be used to check methods and
calibrations for experimental instruments. ProfessorMarsh called the first task group
meeting in Rostock, Germany, at the IUPAC International Conference on Chemical
Thermodynamics [73]. Professor Marsh announced the intentions of this project at a
workshop co-chairedwithDr. JoeMagee (NIST).Choosing a good referencematerial
was paramount to thiswork. Itwould have to have a lowmelting point, a lowviscosity,
hydrophobic properties, be unrestricted by patents, and readily synthesized by users.
After lengthy deliberations, the task group chose the reference material 1-hexyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([C6C1im][NTf2]). A total
of one liter of reference material was synthesized, purified, and characterized by
Dr. Mark Muldoon of Professor Joan Brennecke’s laboratory at the University of
Notre Dame, Indiana. That sample was shipped to Dr. Magee at NIST, where it
was further dried and characterized by 1H and 19F NMR spectroscopy and Karl
Fischer titration. Dr. Jason Widegren (NIST) divided the sample into aliquots that
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were prepared for shipping to the participants in the measurement program. Each
sample was handled inside a dry nitrogen glovebox where it was added to chemically
cleaned, hermetically sealed Schlenk tubes. Most of the 1 L sample was divided and
distributed to participants.NISTasked each participating laboratory to performaKarl
Fischer titration for water as soon as they received it and to report this information
to Dr. Widegren. All samples were received intact with no water contamination due
to an airtight seal that was maintained during shipping.

ProfessorMarsh selected task coordinators in consultation with the full task group
and chair, and laboratories were selected to measure a specific property. Over sev-
eral years, various measurements were conducted by the participating laboratories.
Participants e-mailed their data sets to their task coordinator. Coordinators handled
a report from a data owner as confidential information, and each was promptly for-
warded to Dr. Robert (Rob) Chirico (NIST, Boulder, Thermodynamics Research
Center). During the data evaluation phase, only Dr. Chirico had access to the experi-
mental measurements. Authors of the specific data sets were allowed to publish their
own studies at any time, and some chose to do so.

Dr. Chirico collected all data sets in an unpublished archive. Professor Marsh
et al. summarized them in a report published by IUPAC [74]. This report described
the experimental methods, results, and uncertainties for each data set. It surprised no
one that, with a large international effort, there were challenges. Probably the central
challenge was that each participating laboratory was overcommitted. That is to say,
they were already busy processing their own measurements, which took priority.
Since this work was not explicitly funded by the IUPAC Task Group, it was naturally
given a lower priority in the experimental queue for some participants. Lower prior-
ity meant that NIST had to hold up the data evaluation phase for about three years
until all samples were shipped. Another challenge was that the experimental results
were posted to files with very different formats that varied from a text table with
no ancillary description to a reprint of a published paper. Luckily, Dr. Chirico could
contact authors directly for the missing details, mostly related to standard uncer-
tainties and experimental methods. Finally, all the experimental data and metadata
were collected. After all data sets had been submitted to Dr. Chirico, he then applied
an array of assessment tools described in a recent paper [75] to critically evaluate
the experimental data. Dr. Chirico et al. provided a final report and recommended
property values in Pure and Applied Chemistry (2009) [76].

1.5.2 IUPAC Project 2003-020-2-100 Ionic Liquids Database

Critically evaluated experimental data are essential to carry out innovative chem-
ical process design or to improve material and energy efficiencies of existing
chemical processes. Developed under the auspices of IUPAC, ILThermo (https://
ilthermo.boulder.nist.gov/) is a data archive of experimental thermophysical prop-
erties (including 120 thermodynamic, transport, and thermochemical properties) of

https://ilthermo.boulder.nist.gov/
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ionic liquids and mixtures that contain them. Version 1.0 was announced at COIL-1
[77], and detailed capabilities were described [78].

Creation of a broadly scoped database required a sustained effort at a high level,
so it is useful to reflect on how ILThermo was created. As mentioned earlier, in
April 2000, the first international meeting devoted to ionic liquids, Green Industrial
Applications of Ionic Liquids, was held in Heraklion, Crete; the 50 or so attendees
issued recommended research needs. Among those needs was “a verified, web-based
database of physical, thermodynamic, and related data (not process specific).” It was
quite clear that a database was needed; the remaining issues, such as when and
its scope, would be decided after a task group was formed. Such a project required
minimizing risk factors. Risk factors include: (1) committing to an insufficient scope,
(2) failing to understand customers’ needs, and (3) devoting insufficient scientific
talent. Within a burgeoning research field, it seemed that boundaries were being
pushed back in all directions. In addition, announcements of new discoveries were
commonplace. Itwas clear that theworkneeded to get underway. Figure 1.2 illustrates
why time was of the essence. Because the research was growing at a power-law rate,
postponing the work to build a database would clearly be a mistake. The project
was starting from scratch, the backlog of work was already formidable, and it was
growing. Dr. Magee recognized that industrial needs always include mixtures, so
mixtures were added to the project scope from the beginning. Realizing there was a
great fit to NIST’s mission, Dr. Magee organized a NIST group capable of the work
and secured new internal funding.

To build consensus that NIST should do the work to create a database, a new
IUPAC project was proposed. Shortly afterward, while attending an ACS meet-
ing (Boston, August 2002), Dr. Magee met with Professor Kenneth (Ken) Seddon
(QUILL, UK) where they launched a collaboration to build a database. In the weeks
that followed, Dr. Magee wrote an IUPAC proposal. Professor Seddon recruited an
international task group, presented the proposal to IUPAC, and guided it through
approval.

Fig. 1.2 Ionic liquid
publications per year
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A fewmonths later in January 2004, the task group met in Delft, The Netherlands,
to discuss a work plan. Dr. Magee led that meeting with a presentation of NIST’s
vision and approach, which was approved by the task group. After the task group
meeting, a NIST teamwas assembled and led by Dr.Magee and Dr.Michael Frenkel.
Thermodynamics Research Center (TRC) group members (Qian Dong, and Drs.
RobertChirico,AndreiKazakov,ChrisMuzny, andVladimirDiky) andExperimental
Properties of Fluids group members Professor Ken Marsh (guest scientist) and Dr.
Widegren were responsible for different aspects of the work. The team met about
once per week and, between meetings, new data (and metadata) were captured from
about ten primary journals and about twelve secondary journals, which were queried
monthly for data in the scope of the project. The team also ensured that classic
published papers had been well covered. NIST/TRC’s in-house archive, known as
SOURCE, had been conceived for molecular substances and their mixtures, not ionic
substances. However, the NIST team modified SOURCE by expanding its scope to
include ionic compounds by, for example, permitting searches to proceed by a specific
ion and by adding impurity specifications for water and for halides. The team decided
to retain the structure of SOURCE in the ionic liquids database, called ILThermo,
shorthand for ionic liquids thermophysical properties. Dr. Kazakov wrote a simple
computer code thatwould port data fromSOURCE to ILThermo. Theporting stepwas
conducted on a frequent basis. In July 2006, NIST hosted THERMO International
2006, the world’s most comprehensive conference on thermophysical properties, in
Boulder, Colorado. Itwas natural that the timewas right to publicly release ILThermo.
On July 31, 2006, ILThermo Version 1.0 was released with holdings of 18,000 data
points.

ILThermo is best described as a web-based, open-access database that provides
data and metadata from published experimental studies of ionic liquids, including
numerical values of thermophysical properties, chemical structures, measurement
methods, sample purity, critically evaluated standard uncertainties of property val-
ues, and other significant measurement details. Since its public release in 2006, the
quantity of data stored in ILThermo has doubled five times, and in May 2018, the
database stored 561,000 data points. In addition to this prodigious growth, ILThermo
has been released in Version 2.0 [72], which is keyed on the chemical structure of
each chemical species curated. This feature brings inherent advantages to users of
the database. At this writing, ILThermo continues to see significant usage (~15,000
annual users) by practitioners in this field. In addition to researchers and educators,
usage data indicate that engineers in industry are using ILThermo to search and
retrieve thermophysical properties and phase behavior data for use in engineering
applications.

The successful outcomes of both IUPAC projects were, in no small part, due to the
task group leaders, the late Professor Kenneth Marsh and the late Professor Kenneth
Seddon, whose intellect, leadership, and collegiality are deeply missed by all who
worked with them.
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1.6 Industrial Activities at the Turn of the Century
in Europe

How could the new (second generation) RTILs find their way into industrial pro-
cesses? A key premise was the availability on a large scale, so that such processes
could be successful. Another important factor that promoted the use of ionic liquids
was a strong cooperation between academic consortia and industry.

In 1999, the QUILL Research Centre at the Queen’s University, Belfast, North-
ern Ireland, was founded by the late Professor Seddon OBE and Professor Swin-
dall. QUILL’s statutes are similar to the US NSF Industry-University Cooperative
Research Center model, where research is supported by an industrial advisory board
[43, 79, 80]. As previously discussed, one year later in 2000, a NATO-sponsored
advanced research workshop in Greece further promoted the interest in ionic liquids
[81]. In 2004, a document that displayed a roadmap for ionic liquids in industrial
innovation followed inwhich both scientific and business issues were addressed [82].
Dr. Plechkova and Professor Seddon gave a comprehensive overview of industrial
applications of ionic liquids in their 2008 review with 148 listed references. Many
items represent a cluster of book chapters, journal papers, technical reports, and
patents [83]. Their work portrays an account of early industrial applications of ionic
liquids in great detail. Notably, they pointed out—in contrast to the general notion at
that time—that the developments of ionic liquids regarding academic research and
industry were parallel from the very beginning.

In Germany, DECHEMA (originally “Deutsche Gesellschaft für chemisches
Apparatewesen”) did a similar job to that of QUILL in the UK, namely in pro-
moting IL science. DECHEMA is a non-profit organization with 5800 members,
both individual persons and institutional members, which defines itself as a hub
of interdisciplinary knowledge exchange [84]. Under the auspices of DECHEMA
and organized by Professor Wasserscheid from the RWTH Aachen University, the
first international “Green Solvents Conference” was held in 2002 that was followed
by seven additional meetings in a biennial interval. One-third of the approximately
220 participants of the first meeting came from industry [85]. Discussions were not
restricted to only ionic liquids, but also included the so-called alternative solvents,
meaning alternatives to traditional volatile organic solvents. In 2005, DECHEMA
hosted “COIL 1,” the First International Congress on Ionic Liquids, at Salzburg, Aus-
tria. A section entitled “Alternative Solvents” was establishedwithin the organization
in 2003, and a policy paper entitled “Advanced Fluids—New Solvent Concepts for
Process and Product Optimization” came out in 2006 [86]. The following Green
Solvent Conferences kept the interdisciplinary orientation. Notably, the section “Ad-
vanced Fluids” was dissolved by 2018 (with 160 members at that time). The acting
organizing committee did this because the “mission of establishing alternative sol-
vents is accomplished.” As ionic liquids or alternative solvents gained importance
within the scientific community, the organizers of other conferences in relevant fields
also began to establish sessions explicitly dedicated to them, often labeled with terms
like “Green Chemistry.” For example, the European Conference onMolten Salts that
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started in 1966 was joined by the ionic liquid community in 2006; the resulting 21st
EUCHEM Conference on Molten Salts and Ionic Liquids organized by Marcelle
Gaune-Escard and Kenneth R. Seddon was held at Hammamet, Tunisia. Follow-
ing these events, the decision by DECHEMA can be seen as consequential and a
manifestation of the fact that the field of ionic liquids has been established.

1.7 The Startup Companies

A historical perspective by Dirk Tuma (BAM, Berlin, Germany).
How did the production of ionic liquids begin on a commercial scale? In con-

trast to most laboratory experiments, industrial applications require substances that
have well-defined qualities. The substances also have a completely different body of
rules regarding licensure, handling, and risk management. Major European chemical
companies16 began to develop a portfolio of ionic liquids [83]. Additionally, ionic
liquids created a market niche for highly specialized small enterprises.

The performance of newly founded companies specializing in ionic liquids was
the subject of a scientific study on technology entrepreneurship conducted by Runge
at the Karlsruhe Institute of Technology (KIT), Germany, and published in 2014
[87]. The case study comprised two German companies17 as well as two British
businesses.18 According to Runge, their business model is a so-called technology
push approach which is based on a new technology (i.e., ionic liquids). A disruptive
innovation based on a platform technology with a potential for broad applicability in
diverse markets but with little or no venture capital was launched. The “technology
push” strategy involves introducing newmaterials to themarketplace as an optimized
solution in order to gain a competitive market share with established technologies.

In 1999, a corporate spin-off19 of the Rheinisch-Westfälische Technische
Hochschule (RWTH) Aachen University was founded by Claus Hilgers and Peter
Wasserscheid, who later recruited a minority partner.20 In 2002, the company was
awarded the Innovationspreis der deutschen Wirtschaft [88]. From 2004 onwards
at their new location at Cologne, the company had an annual production capac-
ity greater than 5 metric tons. By 2005, the spin-off changed its business model
from a research-driven solvent maker to providing integrated systems and solutions
for customers. Twenty-two ionic liquids were available on a multi-kilogram scale;
among thema substituted quaternary ammonium sulfate,21 labeled by the company as
“Peg-5-cocomonium methosulfate,” is the first substance produced on ton scale and
registered by the European Inventory of Existing Commercial Chemical Substances

16BASF SE, Degussa AG, and Merck KGaA.
17Solvent Innovation GmbH and IoLiTec GmbH.
18Scionix Ltd. and Bioniqs Ltd.
19Solvent Innovation GmbH.
20Degussa AG (Evonik Industries AG since 2007).
21ECOENG™ 500, Solvent Innovation GmbH.
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(EINECS). In addition, a family of ammonium-based ionic liquids22 was designed
as dispersing agents for homogenization of pigment formulations. In January 2008,
the spin-off was acquired by a large chemical company23, and the portfolios were
integrated.

A company24 was founded in 2003 by Thomas Schubert (who came from another
ionic liquids company25) at Freiburg [45]. The company was profitable from the
beginning due to a supporting number of clients and financially strong joint projects,
as the company entered an already consolidated market. Notably, the company was
a direct competitor in sales and was also engaged in contract R&D services and
developed several trademarks to enlarge its portfolio.26 In March 2005, the company
launched a free newsletter. A major upgrade came in 2008 with the introduction of
microreactor systems for scaling-up. This technique enabled variable configurations
to produce different ionic liquids on amulti-kilogram-per-day scale. The engagement
of a local investment firm27 with 30% stake resulted in the company’s transfer to
Heilbronn [89], and by 2010 a branch office operated at Tuscaloosa, Alabama, USA.
In 2010, the company opened a rental service for ionic liquids. The business figures
attested to a continuous and healthy growth and its shares were sold back to the
founders of the firm in 2017. Presently, the firm supplies the industry with more
than 325 ionic liquids, 180 nanomaterials, and 50 key intermediates. The company
is currently preparing an additional production site in the eastern part of Germany
(Bitterfeld-Wolfen), where they will produce ionic liquids in a 1 metric ton reactor
(autoclave) and several continuous-flow production units. A new technique has also
been developed for drying ionic liquids at larger scale, and production is planned to
begin in the third quarter of 2019.

A British company28 started in 1999 as a joint venture between the University of
Leicester (ProfessorAndrewAbbott) and a corporate venture company29 [90]. In their
business model, research is done at the university, while production, licensing, and
marketing remains with the company. The ionic liquids are manufactured by another
chemical manufacturer30 in Huddersfield. The ionic liquids from this company are
formulations of quaternary ammonium salts with either a metal salt or a hydrogen-
bond donor giving deep eutectic solvents.31 A significant number of formulations
are based on choline chloride (i.e., vitamin B4).

22AMMOENG™, Solvent Innovation GmbH.
23Merck KGaA.
24IoLiTec GmbH.
25Solvent Innovation GmbH.
26Including IoLiSens® for sensor technology, IoLiTherm® for thermofluids, IoLiLyte® for
electrolytes, and IoLiTive® for additives, IoLiTec GmbH.
27ZFHN Zukunftsfonds Heilbronn GmbH & Co. KG.
28Scionix Ltd.
29Genacys Ltd., a subsidiary of the Whyte Group Ltd.
30Grosvenor Chemicals Ltd.
31Scionix Ltd.
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A second British company,32 started in 2004, was a spin-off from the University
of Cambridge and later moved with its founders to the University of York. This
firm targeted primarily biochemical and biocatalytical processes, and the ionic liq-
uids were designed to replace water. The company pursued a more science-driven
approach and generated its revenue by consultancy and process design. In 2006, a
local Yorkshire investment company invested in this firm, and a partnership with a
larger chemical company33 was established for the production and distribution of
the products. Subsequently, the production of environmentally friendly solvents in
accordance with the respective legislation began, and this firm promoted a label34

that addressed sustainability and anticipated ionic liquids of the third generation. The
qualification criteria were that all precursor materials used inmanufacture came from
renewable feedstocks, were biodegradable within 14 days (>98% by mixed commu-
nity of natural soil organisms), were non-mutagenic as determined by the Ames test
(mutagenicity index < 2, mutagenic activity ratio <2.5), and had low toxicity to both
Daphnia magna (EC50 > 250 mg/L) and the green algae Selanstrum capricornu-
tum (ErC50 > 100 mg/L) [91]. The company strongly resorted to in-silico design to
develop these systems. Another success was the extraction of the anti-malaria drug
artemisinin, a sesquiterpene lactone, from plant material with ionic liquids [92]. In
2007, however, the firm faced financial problems and ultimately went bankrupt in
2009.

From an economic point of view, Runge came to the conclusions that the company
founded in 1999 as a corporate spin-off from RWTH Aachen had difficulty trans-
forming scientific achievements into a business providing sufficient revenues and
had to cope with a close competitor founded in 2003 with the same market segments.
The 2003 firm had a better start due to specialized people, a consolidating market, a
broader network, and an effective business strategy. In addition, the 2003 firm serves
a niche market and volumes are currently too small for larger chemical manufactur-
ers, so there is minimal mutual competition. The British firm founded in 1999 as a
joint venture had less competitive strength compared to the 2003 company due to its
constitution and served a different market sector. Ultimately, the other British firm,
founded in 2004, was curiosity-driven and had a remarkable scientific record. The
company operated continuously at a high-risk level, and an irreversible market entry
did not succeed. These were the main factors that contributed to bankruptcy [87].

There are two additional companies of similar background that also have had
success, the first in France and the second in Austria.

The French start-up,35 founded in 2003 by François Malbosc and located at
Toulouse, produces ionic liquids and develops applications in the fields of catalysis,
surface preparation, and energy storage [93]. This firm is strongly engaged in energy-
related research projects funded by the European Union, the most recently launched

32Bioniqs Ltd.
33Merck KGaA.
34ECONIQS™, Bioniqs Ltd.
35Solvionic SA.
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being MAGENTA, that is, magnetic nanoparticle-based liquid energy materials for
thermoelectric device application, within the framework Horizon 2020 [94].

The Austrian company36 was started at Grambach in 2004 [50]. The founders
Roland Kalb andMichael Kotschan straightforwardly pursued the cost-efficient pro-
duction of ionic liquids on an industrial scale in an entirely sustainable way while
maintaining high purity. The company introduced a product line37 that uses a halide-
and waste-free synthesis route for production. This technology was developed by
Kalb in 2003 and is shown in Scheme 1. Additional details and the underlying patent
documents are given in the references [95, 96].

The proprietary method follows a modular conception. The cation of the desired
ionic liquid enters the reaction as a hydrogen carbonate or methyl carbonate, the pre-
cursor (see Scheme 1), and the anion joins as a Brønsted acid. The reaction proceeds
quantitatively with the chemical equilibrium continuously shifted by the generation
of CO2. Alternatively, when the corresponding Brønsted acid is not available, an
ammonium salt can be used.

The new process enabled theAustrian firm to producemulti-ton quantities of ionic
liquids (today’s annual capacity is 150 tons, by mid-2019, 500 tons). Large chem-
ical suppliers offer selected precursors [97], and some may be the license holder
of the methods [98]. Following the customers’ requirements, the company’s best-
sellers cover ionic liquids composed of the following ions: [C2C1im]+, [C4C1im]+,
and [C4C1pyr]+ as the cations, and [Ace]−, [BF4]−, [CH3SO3]−, [OTf]−, [NTf2]−,
[FSI]−, and [C1CO3]− as the anions. In January 2010, a group of international engi-
neering companies38 focusing on process plants with its headquarters in Austria took
a 70% share of the company [99].

(Cation)+CH3CO3
‒ + H+(Anion)‒ →  (Cation)+(Anion)‒ + CH3OH + 

CO2↑

(Cation)+HCO3
‒ + H+(Anion)‒ →  (Cation)+(Anion)‒ + H2O + CO2↑

(Cation)+CH3CO3
‒ + NH4

+(Anion)‒ →  (Cation)+(Anion)‒ + CH3OH 

+ CO2↑ + NH3↑
Scheme 1 Synthesis of an ionic liquid [(Cation)+(Anion)−] by the CBILS® method

36Proionic GmbH.
37Carbonate Base Ionic Liquid Synthesis, CBILS®, Proionic GmbH.
38VTU Group GmbH.
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1.8 The Major Chemical Companies

In their review of the industrial use of ionic liquids, Dr. Plechkova and Professor Ken-
neth Seddon reported the situation as of 2007 [83]. There were four major European
chemical companies with ionic liquids in their portfolio.39 In fact, one such chemical
company40 was involved in the foundation of QUILL [79], and a second41 had ionic
liquids on display at the first Green Solvents Conference. Runge also portrayed the
engagement of major players in his market study [87].

The company that was a founding member of QUILL was the first large company
to go into ionic liquids. Runge mentioned a project with ionic liquids for battery
applications as early as the 1980s, but the program was discontinued. Ionic liquids
were started at this firm in 2002 at a facility that was also used for the production
of liquid crystals. This company not only offered a broad selection of ionic liquids
(about 250 by 2004) but also provided a searchable web-based database containing
physical properties. Notably, to overcome the problem of hydrolytic decomposition
of perfluorinated anions, this company developed and patented the so-called FAP
(i.e., tris(perfluoroalkyl)trifluorophosphate) anion, which also displayed a high elec-
trochemical and thermal stability [100–102]. By 2008, this company had acquired
another firm42 and integrated the business.A chemical supplier43 became a subsidiary
in 2015. Today, ionic liquids can be found within the portfolio of their company
brand44 [103].

Another major company,45 known as one of the biggest producers of bulk chem-
icals, performance products, and formulations in the world, turned to ionic liquids
around 2002. A competitive portfolio of diverse chemicals as well as processes was
established within a short time [83, 98]. The ionic liquids were classified46 within
the category of “intermediates,” an arrangement that remains today [104]. The ionic
liquids in this classification are intended to qualify for applications and processes,
such as separation enhancers, reaction mediums and lubricants, polymer additives,
and eventually as reaction solvents. This firm supplied 23 substances in 2005, most
cations being alkyl-substituted imidazolium, such as [C4C1im]+ or [C2C1im]+, with
[Cl]−, [HSO4]−, [C1SO4]−, [Ace]−, or [SCN]− as anions [105]. Notably, choline
acetate and choline salicylate were also on display. Smaller quantities were provided
in cooperation with a chemical supplier.47 In addition to a high patent record, this
company cultivated strong ties with academic research, such as sponsoring the activ-
ities of DECHEMA. It paid off, as the biphasic acid scavenging utilizing ionic liquids

39BASF SE, Merck KGaA, Degussa AG, and Acros.
40Merck KGaA.
41BASF SE.
42Solvent Innovation GmbH.
43Sigma-Aldrich.
44Performance Materials, Merck KGaA.
45BASF SE.
46BASIONICS™, BASF SE.
47Sigma-Aldrich.
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process,48 in operation since 2002, is generally recognized as the first example of a
commercially successful process using ionic liquids (although it was probably not the
first, as another chemical company49 claimed priority with an isomerization process
using ionic liquids [80, 83]) [106, 107]. This reaction served as a prime example for
an alternative that could outperform an established method causing the old process
to be abandoned. In 2004, the new process won the Innovation for Growth Award of
the magazine European Chemical News [83] as well as the Innovation Award of the
company’s Board of Executive Directors [105]. In fact, many scientific or popular
tracts on the industrial uses of ionic liquids describe this biphasic acid scavenging
process. In this regard, we refer to three standard monographs: (1) Ionic Liquids in
Synthesis by Wasserscheid and Welton [108], (2) the volume on ionic liquids in the
Handbook of Green Chemistry edited by Anastas [109], and (3) the bookMultiphase
HomogeneousCatalysis byCornils et al. [110]. Scheme2 illustrates the reaction prin-
ciple. Alkoxyphenylphosphines are precursors in the production of the company’s
substances that are used as photoinitiators50 to cure coatings and printing inks by
exposure to UV light. A process had been established that removed the hydrochloric
acid by a tertiary amine resulting in the generation of an ammonium salt that precip-
itated as a sticky slurry. The idea was to employ 1-methylimidazole (MIA), another
existing bulk product, instead of the tertiary amine that luckily generated a separate
liquid phase, a genuine ionic liquid, at operating conditions.

The lower ionic liquid phase could easily be removed and later retransformed
into 1-methylimidazole. The reaction was significantly improved and enabled the
company to replace the batch vessel with a jet reactor. The company also explored
the possibilities of applying this principle to other similar reactions. Presently, the
company supplies 18 ILs [111] and 8 have a REACH registration.51

Scheme 2 Acid quench reaction of dichlorophenylphosphine (DCPP) to diethoxyphenylphosphine
(DEPP) with a base that forms an ionic liquid, 1-methylimidazolium chloride

48BASIL™, BASF SE.
49Eastman Chemical Company.
50LUCIRINES®, BASF SE.
51Basionics™ BC01 [C2C1im][Ace], HP01 [C2C1im][NTf2], LQ01 [C2C1im][C2SO4], ST70
[C4C1im][Cl], ST80 [C2C1im][Cl], VS03 [C2C1im][N(CN)2], FS01 [N1 2OH 2OH 2OH][C1SO4],
and the formulation [C2C1im][C1CO3] in methanol, respectively.
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Another chemical supplier52 developed ionic liquids that were somehow different
[83, 112]. As early as the 1990s, quaternary ammonium salts were investigated for
their performance as, among others, emulsifiers, dispersing agents, and antistatic
agents. Paint additives, so-called compatibilizers, were developed under a company
brand name53 (named after Theodor Goldschmidt, who founded a chemical com-
pany in 1847). Notably, the use of quantum-chemical methods played a significant
role in experimental design. This firm also established a hydrosilylation process
of a polydimethysiloxane with an ionic liquid acting as a catalyst. In the biphasic
operation, the catalyst was dispersed in the ionic liquid phase, from which the pure
product separated as a new liquid phase with the ionic liquid phase remaining active.
In 2015, this firm reported a breakthrough in the application of SILP catalysts in
a commercial large-scale hydroformylation plant [113]. The catalyst consisted of a
rhodium complex with one ligand based on a polycyclic anthracenetriol structure.
The corresponding ionic liquid was an imidazolium cation with an anion based on a
binary amine. This SILP catalyst exhibited long-term stability of more than 2000 h
[113].

1.9 Conclusions

The tremendous research efforts over the past twodecades focusedon thefieldof ionic
liquids which has yielded a wealth of fundamental knowledge. Many applications in
chemistry, engineering, and material science are being studied; thousands of papers
and patents are being published; and new products and processes utilizing ionic
liquids are being commercialized. This book has brought together the contributions
by some of the foremost researchers to help scientists and engineers in the area
obtaining knowledge and understanding of the field’s broad interest and potential.

Ionic liquids have successfully entered various fields of industrial application.
There are not only big stakeholders in the ionic liquid market, but there are also
considerable segments for smaller and more specialized enterprises. Referring to the
enterprises discussed here, the market research report “Technology Advancements
in Ionic Liquids” issued by Frost and Sullivan and another market analysis by Grand
View Research specified seven key stakeholders and key players54 [114, 115].

Finally, in this age where digital information is available in the palm of one’s
hand, the editors and authors still experience the joy and serendipity of reading a
physical book. We hope the readers will delve into all the chapters!

52Degussa AG (Evonik Industries AG since 2007).
53TEGO Dispers®, Degussa AG (Evonik Industries AG since 2007).
54BASF SE, IoLiTec GmbH, Merck KGaA, Proionic GmbH, Solvionic SA, Evonik Industries AG,
and QUILL.
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26.septembris, 11(422)

15. University of Rostock. http://purl.uni-rostock.de/cpr/00002667. “Paul Walden” in Catalogus
Professorum Rostochiensium. Accessed on 2019-01-16

16. Maier H (2015) Chemiker im “Dritten Reich”. Wiley-VCH, Weinheim. https://doi.org/10.
1002/9783527694631

17. Lockemann G (1953) Paul vonWalden, dem Nestor der Chemie, zum 90. Geburtstage am 26.
Juli 1953, Naturwiss 40(14):373–374. https://doi.org/10.1007/BF00589294

18. Institute of Organic Chemistry, University of Tübingen. http://www.oc2.chemie.uni-
tuebingen.de/history/paul_walden/paul_walden.htm. Accessed on 2019-01-16

19. The Riga Tourism Development Bureau Foundation. https://www.liveriga.com/en/3370-
denkmal-fur-paul-walden. Accessed on 2019-01-16

20. Emel’yanenko VN, Boeck G, Verevkin SP, Ludwig R (2014) Volatile times for the
very first ionic liquid: understanding the vapor pressures and enthalpies of vaporization
of ethylammonium nitrate. Chem Eur J 20:11640–11645. https://doi.org/10.1002/chem.
201403508

21. Barrer RM (1943) The viscosity of pure liquids. II. Polymerized ionic melts, Trans Faraday
Soc 39:59–67. https://doi.org/10.1039/TF9433900059

22. Wilkes JS (2002) A short history of ionic liquids—from molten salts to neoteric solvents.
Green Chem 4:73–80. https://doi.org/10.1039/b110838g

https://doi.org/10.1007/978-3-642-50729-8
https://www.lenzing.com/fileadmin/content/PDF/03_Forschung_u_Entwicklung/Ausgabe_84_2005.pdf
https://doi.org/10.1246/bcsj.49.3637
https://doi.org/10.1002/bbpc.19080143002
https://doi.org/10.1080/14786447608639105
https://doi.org/10.1002/9783527340033
https://doi.org/10.1007/BF00631950
https://doi.org/10.1021/ed028p160
https://doi.org/10.1023/A:1026399420965
https://doi.org/10.1021/cen-09129-scitech
https://doi.org/10.1002/cber.18960290127
http://purl.uni-rostock.de/cpr/00002667
https://doi.org/10.1002/9783527694631
https://doi.org/10.1007/BF00589294
http://www.oc2.chemie.uni-tuebingen.de/history/paul_walden/paul_walden.htm
https://www.liveriga.com/en/3370-denkmal-fur-paul-walden
https://doi.org/10.1002/chem.201403508
https://doi.org/10.1039/TF9433900059
https://doi.org/10.1039/b110838g


1 Important Developments in the History of Ionic Liquids … 25

23. Welton T (2018) Ionic liquids: a brief history. Biophys Rev 10:691–706. https://doi.org/10.
1007/s12551-018-0419-2

24. Shiflett MB, Scurto AM (2017) Ionic liquids: current state and future directions. ACS Symp
Ser 1250:1–13. https://doi.org/10.1021/bk-2017-1250.ch001

25. Hough WL, Smiglak M, Rodríguez H, Swatloski RP, Spear SK, Daly DT, Pernak J, Grisel
JE, Carliss RD, Soutullo MD, Davis JH Jr, Rogers RD (2007) The third evolution of ionic
liquids: active pharmaceutical ingredients. New J Chem 31:1429–1436. https://doi.org/10.
1039/b706677p

26. Wilkes JS, Zaworotko MJ (1992) Air and water stable 1-ethyl-3-methylimidazolium based
ionic liquids. J Chem Soc Chem Commun 965–967. https://doi.org/10.1039/C39920000965

27. Ranke J, Stolte S, Störmann R, Arning J, Jastorff B (2007) Design of sustainable chemical
products—the example of ionic liquids. Chem Rev 107:2183–2206. https://doi.org/10.1021/
cr050942s

28. Jordan A, Gathergood N (2015) Biodegradation of ionic liquids—a critical review. Chem Soc
Rev 44:8200–8237. https://doi.org/10.1039/C5CS00444F
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Chapter 2
ISOALKY™ Technology:
Next-Generation Alkylate Gasoline
Manufacturing Process Technology
Using Ionic Liquid Catalyst

Hye Kyung Timken, Huping Luo, Bong-Kyu Chang, Elizabeth Carter
and Matthew Cole

Abstract Chevron and Honeywell UOP have developed a next-generation alkylate
gasoline manufacturing process, ISOALKY Technology, which has performance
benefits (yield, product octane number, safety, and environmental) over the conven-
tional acid-based processes, while the economical costs for capital plant construction
and operation are comparable to the conventional processes. The ISOALKY Cata-
lyst is a non-volatile ionic liquid that operates efficiently via on-line regeneration.
ISOALKY Technology is for greenfield plants as well as for retrofit and expansion
of existing alkylation plants. Chevron has entered into an alliance agreement with
Honeywell UOP, proven experts in alkylation technology, to license this technology
to the industry. UOP is the exclusive licensor of the ISOALKYTechnology. Chevron
made the final investment decision to retrofit and convert its approximately 5,000
barrel per day (BPD), that is, 190 kton/year, alkylate production plant in its refinery
from a hydrofluoric acid technology to the ISOALKY Technology. Construction for
the conversion project began in 2018, with the ISOALKY Plant due for startup in
2020. Chevron will own the first ISOALKY Plant in the world.

Keywords Alkylation · Commercialization · Ionic liquid catalyst · ISOALKY™

Technology · Refinery

2.1 Introduction

Worldwide, oil refineries produce over two million barrels of alkylate gasoline per
day as a part of their gasoline production. Alkylate gasoline is a desirable blending
component for cleaner-burning motor gasoline, with its high octane number, low
sulfur and nitrogen levels, and near-zero olefin and aromatic contents. Table 2.1
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Table 2.1 World’s leading gasoline specifications versus alkylate properties

Specification RBOB Tier III CARBOB phase 3 Euro VI China V Alkylate

(R + M)/2,
[RON]a

87/89/91 87/89/91 [91/95] [95] [95]+

Sulfur, ppm max. 10 20 10 10 < 5

Benzene, vol%
max.

0.62 0.8 1.0 1.0 0

Aromatics, vol%
max.

– 25 35 40 0

Olefins, vol% max. – 6 18 24 0

Oxygen, wt% max. 2.7 2.2 2.7 2.7 0

a[R + M]/2 is the average octane number where R is research octane number (RON) and M is
motor octane number (MON)

shows the world’s leading gasoline specifications versus the typical properties of the
alkylate gasoline.

Motor alkylate gasoline, primarily a blend of C7–C8 isoparaffins, has become
an increasingly important blending component in the production of environmentally
mandated clean fuels, both in theUSA and abroad. Ever-tightening gasoline and LPG
specifications worldwide, increasingly demanding environmental regulations, and
an abundant supply of low-cost isobutane in the USA and elsewhere have promoted
the expansion of alkylate gasoline production in the refining industry. This trend is
expected to continue in the next decade.

Refineries currently use either concentrated sulfuric acid (H2SO4) or hydrofluoric
acid (HF) catalyst-based technologies for alkylate gasoline manufacturing. There
are over 300 alkylation plants worldwide. Roughly one half of the plants use HF
alkylation technologies, and the other half use H2SO4 alkylation technologies. In
the USA alone, there are about 100 alkylation plants and about 50 of them use HF
alkylation technologies.

For the last several decades, there have been numerous efforts to develop alternate
alkylation technologies that could compete with the current conventional technolo-
gies, but no significant commercial success has been achieved. Steady improvements
of the existing technologies coupledwith the difficult chemistry of paraffin alkylation
have hindered the emergence of a new, alternate technology.

Recently, commercial implementations of a couple of solid alkylation plants [1,
2] and one ionic liquid alkylation plant [3] in China were reported. Long-term
performance data of these plants are not available yet.

Chevron and Honeywell UOP have committed significant time and resources to
develop a new alkylation technology that can compete with the existing, conventional
acid-based alkylation technologies, with goals to develop a new alkylation process
technology that has significant performance and operational advantages, acceptable
new technology risks, and favorable economics. We finally reached these goals and
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began commercialization efforts a few years ago. Here, we report key features of the
ISOALKY Technology and introduce overall development and commercialization
efforts.

2.2 Discovery and Development History

Chevron discovered in 2004 in their strategic research program that ionic liquid
catalysts are very effective in alkylating LPG olefins and that the ionic liquid cata-
lyst-based paraffin alkylation process has several performance advantages over the
conventional alkylation technologies. These discoveries led to more than a decade
of extensive efforts to scale up the ISOALKY Technology to a commercially viable
alternative to the traditional alkylation processes that require hydrofluoric acid or
sulfuric acid.

Chevron initially scaled up the ISOALKY Technology from bench-scale R&D
units to a 0.1 BPD laboratory pilot plant. Our laboratory pilot plant has been in con-
tinuous operation since 2005. This unit was used initially for reactor concept testing,
alkylation process chemistry study, and optimization of the alkylation process. Exten-
sive modifications were then made to the pilot plant to incorporate other necessary
“sub-processes”, such as effluent separation, on-line regeneration of the ionic liq-
uid catalyst, and alkylate product treating. Currently, this unit is used to support the
commercialization of the ionic liquid catalyst as well as licensing support.

In 2006, we started further scale-up of the ISOALKY Technology and designed
a demonstration (demo) plant with a 100-fold scale-up factor to 10 BPD (Fig. 2.1).
Construction of the demo plant was finished in late 2009. The demo plant was oper-
ated for over 5 years, from 2010 until mid-2015. Various process data, design data,
fundamental knowledge on ionic liquid catalysis, and know-how for optimization of
the integrated sub-processes were collected to develop the ISOALKY Technology.
The information collected was used to address all key technology risks and to support
a financial decision to implement the technology at a full commercial scale.

2.3 ISOALKY Technology Simplified Description

Feeds to the paraffin alkylation process are isobutane (iC4) and LPG olefins
(
C=
n

)
.

The olefin feed sources are typically supplied from the fluid catalytic cracking (FCC)
C3–C5 olefin stream. The predominant chemistry for the alkylate process can be
described as:

iC4 + C=
4 → C8 alkylate

iC4 + C=
3 → C7 alkylate
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Fig. 2.1 ISOALKY Demonstration Plant in a refinery that consists of demo plant skids, cooling
unit, and analytical shed (HF plant columns are shown in the background)

iC4 + C=
5 → C9 alkylate

The ISOALKYTechnology process scheme, shown in Fig. 2.2, has many features
of the conventional alkylation processes, as well as many unique features.

iC
4
&  

Fig. 2.2 Overall process scheme of ISOALKY Technology
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The overall ISOALKY Technology can be roughly divided into five sections:

• Feed treating—conventional technology
• Alkylation reactor and effluent separation—unique
• Ionic liquid catalyst regeneration—unique
• Product distillation and recycling—conventional technology
• Product finishing—unique.

For the front feed-treating section and the back-end of product distillation section,
the ISOALKY Technology uses conventional technologies that are commonly used
in current refineries. Alkylation reactor, reactor effluent product separation, ionic
liquid catalyst regeneration, and alkylate product treating are unique innovations
specific for the ISOALKY Technology. Performance of these new components were
extensively developed and tested into optimized sub-processes in order to minimize
the scale-up technical risks.

2.4 ISOALKY Ionic Liquid Catalyst

The ISOALKYTechnologyuses a state-of-the-art chloroaluminate-based ionic liquid
catalyst that is more environmentally sustainable than conventional mineral acid
catalysts. A trace amount of anhydrous HCl co-catalyst is added in situ by addition of
an organic chloride. The combined ISOALKYCatalyst system can be described as an
anhydrous AlCl3-based Lewis acid catalyst promoted with anhydrous HCl Brønsted
acid. Together, the catalyst system exhibits the characteristics of a superacid (see
Sect. 2.6).

The ionic liquid alkylation catalyst can be characterized by the general formula
Q+A−, wherein Q+ is an ammonium or phosphonium cation and A− is a negatively
charged ion, such as AlCl4−, Al2Cl7−, GaCl4−, Ga2Cl7−, or Ga3Cl10−. Various ionic
liquids, selected from the group consisting of hydrocarbyl-substituted pyridinium
chloroaluminate, hydrocarbyl-substituted imidazolium chloroaluminate, quaternary
amine chloroaluminate, trialkyl amine hydrogen chloride chloroaluminate, and alkyl
pyridine hydrochloride chloroaluminate, were evaluated [4]. Our study found that
phosphonium-containing ionic liquid catalysts [5] and gallium chloride-based ionic
liquids are also effective for the paraffin alkylation process.

Figure 2.3 illustrates common ammonium cation structures that showed excellent
performance for our paraffin alkylation process where the anion (X−) is Al2Cl7−.

Fig. 2.3 Structures of ionic
liquid catalysts that
performed well for
alkylation process
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The paraffin alkylation process requires a very high acidity catalyst. An ionic
liquid catalyst with mole ratio of AlCl3 to amine chloride close to 2:1 was selected
for enhanced performance in producing higher octane number alkylate gasoline. The
ionic liquid catalyst shows the highest Lewis acidity when the mole fraction of AlCl3
in the ionic liquid, x(AlCl3) is 0.67 (2:1 mole ratio of AlCl3 to amine chloride). The
catalyst for the commercial process was selected for its overall performance, i.e.,
activity and selectivity for alkylation process as well as for long-term stability.

In addition, a trace amount of anhydrous hydrogen chloride (HCl) co-catalyst is
needed for the high activity of the ISOALKY Catalyst system, and a constant supply
of HCl is required to maintain the reactivity of the catalyst system for extended,
continuous operation of the alkylation process [6]. For the commercial process, the
HCl is generated in situ by the addition of an organic chloride promoter.

The fundamental aspects of chloroaluminate ionic liquid and the nature of its
acidity were studied by Johnson et al. [7, 8] and Smith et al. [9]. Other characteristics
of halometallate ionic liquids have beenwell reviewed byEstager et al. [10]. Catalysis
for paraffin alkylation using an ionic liquid catalyst and the effect of HCl addition
for the process were studied by Jess et al. [11–13].

Independently, the China University of Petroleum developed a composite ionic
liquid catalyst containing CuCl, trialkyl ammonium hydrochloride, and anhydrous
aluminum chloride for the paraffin alkylation process and commercialized the
technology in China [3, 14, 15].

Other researchers have studiedmany different ionic liquid catalysts for the paraffin
alkylation process. A recent review article by Wong et al. has a comprehensive list
[16].

2.5 Characteristics of Ionic Liquid Catalyst and Its Use
in a Refinery

The ionic liquid catalyst is a liquid salt (consisting of positive and negative ions
only) at ambient temperature. It has the typical properties of a salt, such as no
measurable vapor pressure, stability for long-term storage, and low solubility in
hydrocarbon. These properties allow for easier handling of the catalyst in a refinery.
Ionic liquid catalyst spills can be contained and managed with no concern of the
catalyst vaporizing.

In addition, hydrocarbon product separation from the ionic liquid is facile due to
low solubility of ionic liquid in the hydrocarbon. Efficient separation and recovery of
the ionic liquid catalyst minimize the loss of the ionic liquid catalyst via carry-over
to the distillation section.

The ISOALKY Catalyst is very hydrophilic and easily hydrolyzed in the pres-
ence of water. To protect the catalyst from hydrolysis, high-performance dryers are
installed to dry the feeds to less than 1 ppm moisture level.
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Refinery-standard personal protective equipment (PPE) gives adequate protection
for the operation of the ISOALKY Technology. This is a significant advantage of
the ISOALKY Technology compared with HF technology where extensive PPE is
required due to high volatility and toxicity of HF.

2.6 ISOALKY Technology Performance Advantages

The trace HCl added to the ionic liquid catalyst leads to coordination of the HCl with
[Al2Cl7]− anions and formation of “free” superacidic protons [8, 9] per the following
equation where B is a base or a proton acceptor, which could be an olefinic species
for our alkylation process.

HCl + B + [Al2Cl7]
− → BH+ + 2 [AlCl4]

−

TocompareBrønsted acidities in non-aqueousmedia,Hammett andDeyrup devel-
oped the concept of Hammett acidity Ho (pKBH+ at infinite dilution) where a more
negative number indicates stronger acidity using a log10 exponential scale [17].

Smith et al. [9] and Ma and Johnson [7] each measured the Hammett acidity of
the protons in ethylmethylimidazolium chloroaluminate ionic liquids with 0.55 mol
fraction of AlCl3 (x(AlCl3)) in the ionic liquid. Johnson reported a Ho of −14 [7],
while Smith reported −18 [9]. Concentrated sulfuric acid has a Ho of −10.6 [17]
and concentrated HF aHo of−10.7 [7]. These results suggest that the acidity of HCl
dissolved in ionic liquid is at least 3 orders of magnitude greater than the acidity of
conventional alkylation catalysts.

Due to a significantly higher activity of the ISOALKY Catalyst than the conven-
tional acid catalysts, a much smaller catalyst volume and a shorter residence time
are used in the ISOALKY Alkylation sub-process. Our alkylation reactor runs with
droplets of the ionic liquid catalyst (3–6 vol%) dispersed in a continuous phase of
hydrocarbon. This contrasts with the conventional mineral acid-based alkylation pro-
cess where the continuous phase is the acid. The acid occupies over 50 vol% in the
sulfuric acid alkylation reactor and 60–75 vol% in the HF acid alkylation reactor.
Based on the catalyst volume and residence time, the ionic liquid catalyst is about
60 times more active than the H2SO4 catalyst.

In addition to the higher activity, the ISOALKY Ionic Liquid Catalyst has several
other performance advantages.

The ionic liquid catalyst has a very wide operational temperature window of
30–120 °F, unlike the other conventional alkylation processes.

The ISOALKYTechnology shows about a two (2) research octane number (RON)
advantage in alkylate gasoline product over the H2SO4 processes [18] at comparable
reactor temperature with a mixed C4 olefin feed as shown in Fig. 2.4. A higher
RON of 98 can be achieved with the ISOALKY Technology at 40 °F alkylation
reactor temperature with a typical mixed C4 olefin feed from a refinery fluid catalytic
cracking (FCC) unit. For the ISOALKY Technology, a selective hydroisomerization
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Fig. 2.4 Operating
temperature window and
impact of alkylation reactor
temperature on research
octane number (RON) of
ISOALKY (our data) versus
H2SO4 alkylation [18] with
mixed C=

4 feed and 10:1
ratio of iC4/C=

4

of C4 olefin feed, which converts 1-butene to 2-butene, is necessary to achieve the
high octane number.

Other benefits of the ISOALKYTechnology include its feed flexibility and robust-
ness of the process. ISOALKY Technology is equally effective for a wide range of
different olefin feeds. Alkylation of 100% pure propene feed, 100% pure isobutene
feed, 50/50 mol% mix of C=

3 /C
=
4 feed from a refinery, and 20/80 mol% mix of

C=
4 /C

=
5 feed from a refinery were tested, and all showed comparable satisfactory

performance. Thus, no complicated feed segregation or dilution of the olefin feed is
necessary to optimize the alkylation sub-process.

Olefin may react with acid to form saturated hydrocarbons via H-transfer. HF
has high H-transfer tendency, where the HF catalyst facilitates transfer of hydrogens
from isobutane and/or HF to the olefins, causing conversion of some propene and
n-butene olefins in the feed to the corresponding propane and n-butane paraffins
[19]. Albright estimated 15–20% of the propene is converted to propane and 6–
10% of n-butene to n-butane. The ionic liquid catalyst has low H-transfer tendency.
Production of propane and n-butane from the conventional C3–C4 olefin feed during
the alkylation step are nearly zero. Formation of isopentane from a mixed C=

5 feed
during the alkylation step is also low, and the C9 selectivity is high, suggesting that
the ISOALKY Technology is well suited to alkylate C=

5 with isobutane to produce
C9 alkylate gasoline.

All alkylation processes generate “conjunct polymer,” also known as “red oil”
or simply “polymer,” that builds up in the catalyst. The conjunct polymer is made
via undesirable side reactions of olefins and acid catalyst. The conjunct polymer is
made of unsaturated heavy hydrocarbon with heteroatom functionality depending
on the nature of alkylation catalyst (i.e., −SO4 for H2SO4 processes, −F for HF
processes, and −Cl for ISOALKY Technology). The amount of conjunct polymer in
a liquid catalyst is carefully controlled in an alkylation plant as it affects the catalyst
performance and the alkylate product quality.
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In conventional alkylation plants, rapid buildup of conjunct polymer in an acid
catalyst may occur in case of a severe unit upset. In this case, the acid catalyst with
high-conjunct polymer may form an inseparable emulsion with the hydrocarbon, and
a massive amount of acidic emulsion can be carried to the distillation section causing
plant downtime and equipment corrosion. This situation is called acid runaway [20].
Conventional alkylation processes are carefully controlled to prevent this situation
from occurring.

The ISOALKY Technology has no risk of acid runaway due to the low volume of
the ionic liquid catalyst in the process and the limited solubility of hydrocarbon in
the ionic liquid catalyst. Impacts of severe process upsets and continuous buildup of
conjunct polymer in the ionic liquid were alleviated by reducing the olefin feed and
continuing on-line regeneration of the ionic liquid catalyst.

2.7 ISOALKY Technology Sub-processes and Key Features

2.7.1 Alkylation Reactor

The alkylation reaction occurs at the interface of the ionic liquid catalyst droplets
and the hydrocarbon phase, i.e., a biphasic reaction system.

Typical process conditions are as follows:

Reaction medium Hydrocarbon continuous phase with droplets of ionic
liquid catalyst

Temperature 30–120 °F operable window
Pressure 40–250 psig operational window
Isobutane/Olefin mole ratio 8–10 external I/O
Ionic liquid catalyst volume 3–6 vol% of ionic liquid catalyst
Olefins conversion >99.9%
Conjunct polymer formation 0.3–0.5 wt% of olefins.

To optimize the alkylation reactor design, years of work in computer modeling,
cold-flow unit testing, and demonstration plant testing were conducted. Our reactor
design includes injection nozzles for efficient dispersion of the ionic liquid catalyst
and an external heat exchanger. For reliable operation, there are no moving parts
(such as impellers) in the reactor. Our reactor can operate in a wide range of olefin
feed rates and 50% turn down is feasible.
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Fig. 2.5 Alkylate reactor
effluent containing ionic
liquid catalyst (inlet) and
hydrocarbon stream after
coalescer (outlet)

2.7.2 Alkylation Reactor Effluent Separation

Complete separation of alkylation reactor effluent into the pure hydrocarbon stream
and pure ionic liquid catalyst stream is critical for efficient operation of the over-
all process. The hydrocarbon stream is sent to the distillation section for further
separation into hydrocarbon product streams (propane, n-butane, and alkylate). The
ionic liquid catalyst stream is sent back to the alkylation reactor and to the regen-
eration unit. Complete separation will minimize the loss of ionic liquid catalyst via
carry-over to the distillation section. In addition, poor separation of catalyst may
contaminate and/or degrade the hydrocarbon products.

After extensive research, a proprietary liquid–liquid coalescing technology was
developed that allows full separation of the ionic liquid catalyst from hydrocarbons
[21]. We achieved a water-clear effluent stream to the distillation unit as shown in
Fig. 2.5.

The ionic liquid is separated from hydrocarbons using a coalescer element pad
material having a stronger affinity for the ionic liquid than for the hydrocarbons. The
coalescer element is made of a high surface area material to provide a large contact
area to which ionic liquid droplets dispersed in the hydrocarbons may adhere. After
the capturing and coalescence steps, the ionic liquid droplets fall via gravity from
the material to separate the ionic liquid from the hydrocarbons and provide a clean
hydrocarbon effluent.

2.7.3 Regeneration of ISOALKY Catalyst

Formation of conjunct polymer (Sect. 2.6) deactivates the catalyst; therefore, removal
of conjunct polymer is required to maintain the catalyst activity. A portion of used
ionic liquid catalyst is sent to the regeneration unit to balance the conjunct-polymer
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formation rate by the alkylation step. The unique on-line regeneration sub-process
converts conjunct polymer into saturated hydrocarbon “regen naphtha” in gasoline
boiling range and liquefied petroleum gas (LPG). The regeneration unit effluent is
sent to the alkylation reactor effluent separator where the regen naphtha and LPG are
transferred to the hydrocarbon stream and then sent to the distillation section. Reuse
of the ISOALKY Catalyst with on-line regeneration enables very low ionic liquid
catalyst consumption.

2.7.4 Product Finishing and Chloride Control

Our process design was optimized to minimize chloride formation in the product
streams. Recycling of HCl co-catalyst is incorporated to minimize the makeup of
organic chloride promoter.

The ISOALKYTechnology does not wash its product streams (propane, n-butane,
and alkylate gasoline), and the process does not produce any waste caustic solutions
from the product treating. Solid adsorbents are used to remove the residual chlo-
rides from the finished alkylate, n-butane, and propane products. Treating with these
commercially available adsorbents removes residual chlorides and meets all product
specifications.

2.8 Compared to Conventional Alkylation Technologies

Table 2.2 compares key features of conventional alkylation technologies with
ISOALKY Technology. The sulfuric acid alkylation technologies operate at 60 °F or
lower alkylation reactor temperature with cryogenic cooling to control the conjunct-
polymer formation rate. The HF technology typically operates at about 95 °F with
cooling water. The ISOALKY Technology can operate at a very wide temperature
window, and the process can be designed to fit the needs of customers for product
quality and/or their constraint in cooling capability.

The ISOALKY Technology can produce higher octane number alkylates than
other alkylation technologies by operating at about 60 °F reactor temperature or
lower. Alternatively, the unit can be designed to operate at 95 °F with cooling water
to lower the capital cost.

Alkylate yields by the three alkylation processes are similar. The ISOALKYTech-
nology is estimated to have about 2 wt% alkylate yield advantage with the lower con-
junct polymer formation, on-line regeneration, and conversion of conjunct polymer
back to regen naphtha compared to the sulfuric acid process.

The efficient regeneration process allows for a much lower makeup rate for the
catalyst. The makeup rate is about 400 times less than the H2SO4 alkylation process
and about 2 times less than the HF alkylation process.
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Table 2.2 Comparison of ISOALKY Technology to conventional alkylation technologies

H2SO4 HF ISOALKY

Alkylation
temperature, °F

30–60 95 30–120

Alkylation pressure,
psi

60 200 40–250

Catalyst volume in
reactor (%)

50 50–80 3–6

Isobutane to olefin
molar ratio (I/O) to
the alkylation reactor

8–10 10 8–10

Feed moisture
requirement

Not critical <10 ppm <1 ppm

Alkylate quality
w/mixed C=

4 at 10
I/O and typical
operating temp.
(RON)

95–96 95 94–99

Alkylate yield per
bbl of C=

4 (bbl/bbl)
1.8 1.8 1.8a

Conjunct-polymer
formation rate, wt%
olefin (%)

1–1.5 ~0.5 0.3–0.5

Handling of conjunct
polymer

Incineration Incineration Converted to naphtha
& LPG

Catalyst makeup
rate, lb IL/bbl
alkylate

~400 × base, off-plot
regen

~2 × base, on-line
regen

base, on-line regen

Safety and
environmental
impact

Large acid inventory,
acid transport for
off-plot regen facility,
SOx emission during
regeneration

Smaller acid
inventory, volatile
HF requires
engineering controls
and special PPE

Smallest catalyst
inventory,
non-volatile catalyst,
integrated
regeneration,
reduction of caustic
solution waste

aISOALKY Technology has about a 2 wt% yield advantage compared to H2SO4 technology

Significantly higher activity of the ISOALKY Catalyst coupled with efficient on-
line regeneration resulted in a significantly lower catalyst inventory in a refinery. The
inventory volume of the ionic liquid catalyst is an order of magnitude less than that
required for the sulfuric acid process.

The unique properties of the ISOALKY Catalyst and the sub-processes allow
efficient design of an ISOALKY Alkylation plant. Advantages of the ISOALKY
Technology for process safety include reduction in acid catalyst inventory, elimi-
nation of emissions during acid catalyst regeneration, elimination of waste caustic
solutions from the product washing, and elimination of the engineering controls
needed to handle volatile HF acid.
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2.9 UOP’s Efforts in Alkylation Process Development
Using Ionic Liquid Catalyst

Honeywell UOP started exploratory work on ionic liquid catalytic processes in 2005.
By 2009, UOP launched a research and development program on an alkylation pro-
cess using ionic liquid catalysts. The efforts led to the construction and operation of
an alkylation pilot plant and a regeneration pilot plant. The studies led to the design
of a demonstration plant in 2014 for scale-up of the UOP alkylation technology.
Since then, the project direction was changed as Honeywell UOP and Chevron ini-
tiated discussion on an alliance formation to produce a better alkylation technology
through synergy between the companies.

2.10 Formation of Chevron-UOP Alliance for ISOALKY
Licensing to Industry

The alliancewas formed inMarch 2016 to license the ISOALKYTechnology broadly
to the refining industry, and the two companies have been working closely ever since
to further improve the technology. The two companies have complementary strengths
in that both are key technology developers for the industry. Chevron brought in
operational experiences of the ISOALKY Technology and commercial plant design,
and UOP brought in new technology launch experiences and process engineering
expertise.

UOP is the exclusive licensor of the ISOALKY Technology and for sales of
relevant catalyst andmaterials. Process designs of a revampplant aswell as grassroots
plant for licensing have been developed jointly.

2.11 ISOALKY Technology Commercialization

In September 2016, Chevron Corporationmade a final investment decision to convert
the existing approximately 5,000BPDHFalkylation unit at its 53,000BPDrefinery in
Salt Lake City, Utah, into ISOALKYTechnology, the first-ever retrofit conversion of
a HF alkylation plant into an alternative technology. Construction on the conversion
project began in 2018 with the ISOALKY Plant due for a startup in 2020.

The refining industry has shown strong interests in ISOALKY Technology and
has kept watchful eyes on the progress of the first commercial Chevron project. Due
to the scale of refinery operations, this ISOALKY Alkylation Catalyst is believed to
be the largest volume industrial application of ionic liquids to date.
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2.12 Conclusions

After many years of R&D and scale-up efforts, the ISOALKY Alkylation Technol-
ogy has become a commercially viable alternative that offers a compelling economic
solution compared to conventional liquid acid technologies. The ISOALKYCatalyst
exhibits superior performance with a wide range of olefin feeds compared to con-
ventional acid catalysts. The ionic liquid catalyst has negligible vapor pressure and
can be regenerated on-site, resulting in a lower environmental impact compared to
other technologies.

With the advancement of fracking, abundant supply of low-cost LPG becomes
available in the industry and this gives new opportunities for refiners. It is a revolu-
tionary new technology that offers refiners the ability to upgrade low-value butanes
and refinery olefins to high-value alkylate and to improve the quality of their gasoline
pool. The ISOALKY Technology is expected to make a significant impact on global
production of clean fuels in the years to come.
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Chapter 3
Continuous Catalytic Processes
with Supported Ionic Liquid Phase
(SILP) Materials

Marco Haumann

Abstract The concept of supported ionic liquid phase (SILP) materials offers many
attractive features for continuous catalytic processes. Due to the extremely low
volatility of the ionic liquid, homogenous catalysts can be immobilized and applied in
gas-phase reactions without the need for elaborating separations or recycling strate-
gies. The concept has been developed since 2003, and this chapter highlights the
current status of the technology. No large-scale commercial process has been estab-
lished, but several examples exist at the demonstration level for hydroformylation,
water-gas shift, and even asymmetric hydrogenation.

Keywords Catalysis · Supported ionic liquid phase · Continuous processes ·
Industrialization · Pilot plants

3.1 Introduction

Catalysts can help achieve sustainable chemical production by preventing undesired
by-product formation and lowering the energy consumption due to milder reaction
conditions. Well-defined homogeneous transition metal complexes and biocatalysts
allow high selectivity and mild reaction conditions [1]. However, the often tedious
and energy-consuming separation of these catalysts from the reaction mixture ham-
pers the implementation of these benign systems in industry. Numerous techniques
have been developed to immobilize or heterogenize these liquid catalysts [2, 3]. An
interesting field of immobilization is the use of supported ionic liquid phase (SILP)
materials [4]. In these systems, the ionic liquid is dispersed on a solid support, and
the dissolved catalyst complex can act truly homogeneous on a microscopic level
[5–8]. On the macroscopic level, the material is a powder or pellet and can easily
be separated from the reaction mixture. Since the ionic liquid has a negligible vapor
pressure under reaction conditions, it allows continuous gas-phase operation. The
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Fig. 3.1 Schematic representation of the supported ionic liquid concept for continuous catalytic
processing

SILP concept was independently introduced by Mehnert et al. and Riisager et al. in
2002–2003 [9, 10] (Fig. 3.1).

While the SILP technology was introduced over 15 years ago, no large-scale
application in catalysis has been reported yet. This is mainly due to the complexity of
catalysis and the challenge to compete against established and depreciated processes.
There are, however, several examples of SILP catalysis on a demonstration level
in continuously operated liquid phase and gas phase mini-plants. These examples
include hydroformylation, water-gas shift reaction, asymmetric hydrogenation, and
hydrochlorination. This chapter will highlight the major outcomes of these studies,
especially with respect to intensification of the future processes.

3.2 SILP-Catalyzed Gas-Phase Hydroformylation
of Short-Chain Olefins

The first example of slurry phase SILP hydroformylation (see Scheme 3.1) was
reported in 2003 by Mehnert et al. describing the conversion of 1-hexene as a batch
reaction [9b]. A surface-modified silica gel was used in this work as the solid support.
Its surface has been previously modified by covalently anchored imidazolium frag-
ments. The motif of the classical water-soluble ligand tppts (see Fig. 3.2) had been
modified with ionic tags, and this tpptim ligand (see Fig. 3.2) showed high activity
with a turnover frequency (TOF) exceeding 3900 h−1. Due to the miscibility of the
ionic liquids used with the aldehyde product, severe and fast deterioration of the thin
film was observed. Gas-phase SILP-catalyzed hydroformylation of propylene with a
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52 M. Haumann

homogeneous transition metal catalyst was able to overcome this drawback of ionic
liquid and catalyst leaching [10].

A sulfoxantphos (sxp, see Fig. 3.2) modified Rh complex was dissolved in
[C4C1im][PF6] and [C4C1im][n-C8H17OSO3]. Commercially available porous sil-
ica gel was used as support material, providing a large internal surface area around
300 m2 g−1. The activity was low with TOF values of only 18 h−1 but could be
maintained for at least 4 h. In a follow-up study, the reaction was conducted in a
mini-plant setup that allowed higher conversion levels, yielding initial TOF values
around 70 h−1 [11]. Hydroformylation of propylene was found to be first order in
substrate partial pressure, slightly positive order in hydrogen, and negative order
in carbon monoxide. These data are in accordance with the established Wilkinson
mechanism for modified rhodium-catalyzed hydroformylation [12]. The Rh-sxp-
SILP-catalyzed gas-phase reaction was operated for approximately 210 h (time on
stream) duringwhich a slight decline in conversionwas observed as shown in Fig. 3.3.
The n/iso selectivity remained unchanged, which indicated that the Rh-sxp com-
plex itself remained intact. It was concluded that the decline in activity was mainly
due to blocking of transport pores, and short pressure swing scenarios (vacuum of
approximately 70 mbar at 100 °C for 10 min) proved beneficial to regain the activity.

The activity was more than twice as high when the less reactive 1-butylene was
used instead of propylene [13]. Interestingly, this difference in catalyst activity
closely reflects the difference in molar solubility between the two olefins in the
applied ionic liquid, with 1-butylene being 2.4 times more soluble in [C4C1im][n-
C8H17OSO3] than propylene. Calculating space-time yields (STY) for these two
non-optimized SILP scenarios leads to values of 110 kg m−3 h−1 for propylene and
250 kg m−3 h−1 for 1-butylene. The industrial biphasic Ruhrchemie/Rhône-Poulenc
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Fig. 3.3 Gas-phase hydroformylation of propylene using Rh-sxp SILP catalysts at 100 °C and
10 bar syngas pressure (ppropylene = 1.8 bar), nrhodium = 353 µmol, residence time= 0.4 s. Dashed
lines represent 10 min vacuum (70 mbar at 100 °C) treatment. Data taken from Ref. [11]
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(RCH/RP) process, utilizing a water-soluble Rh-tppts catalyst (see Fig. 3.2), operates
at a STY of 200 kg m−3 h−1 for propylene at 120 °C and 50 bar [14]. It should be
noted that the gas-phase process pressure was only 10 bar, while the RCH/RP process
requires 50 bar. These values indicate the potential of a new SILP gas-phase process,
especially considering the transformation frompropylene to 1-butylene feedstockdue
to better product properties. Mass transport limitations were estimated and found to
be negligible on overall reaction kinetics up to pellet diameters of 2.5 mm [15].

An industrially relevant reaction would be the transformation of internal olefins
in an isomerization–hydroformylation sequence [16–18]. EVONIK reported a
biphephos-modified (bpp, see Fig. 3.2) Rh-SILP system that can transform a mixed
C4 feedstock in continuous gas-phase hydroformylation (see Fig. 3.4), yielding
almost exclusively the desired linear pentanal [19].

The feedstock used in this study represents the light (non-converted) fraction of a
commercial C4 dimerization plant and consists of only 1.5 wt% 1-butene, 28.5 wt%
cis/trans-2-butenes, and 70 wt% inert n-butane (butane crude). The added value of
such an olefin-depleted feed is of high technical relevance since it is typically not
subjected to further chemical transformation due to its low concentration of reactive
olefins.
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Fig. 3.5 Conversion (filled square) and selectivity (empty square) in the Rh-SILP-catalyzed hydro-
formylation of mixed 1-butene and 2-butene, highly diluted in butane (butane crude). T = 140 °C,
ptotal = 20 bar, 6 g Rh-bpp-SILP, wRh = 0.4 wt%, ligand biphephos, αIL = 10 vol%, τ = 80 s,
CO:H2 = 1, molar flow (CO) = molar flow (H2) = 2.2 mmol min−1, molar flow (butane crude) =
1 mmol min−1 [19]. Reprinted with permission [8]

At elevated temperatures and pressures, the SILP catalyst converted up to 81 wt%
of the reactive butylenes while achieving an n-pentanal selectivity higher than 93%.
The Rh-bpp-SILP catalyst was stable for more than 100 h time on stream without
significant loss of activity and selectivity (see Fig. 3.5).

Under optimized conditions, a STY close to 100 kgn-pentanal m−3 h−1 was reached,
a value that is remarkably high in view of the very low concentration of terminal
olefins in the applied feed.

Another active and highly selective SILP system for the conversion of a sec-
ond technical C4 feedstock, coined Raffinate 1, was reported by EVONIK and aca-
demic partners in 2011 [20]. This C4 mixture originates from the steam cracker after
the removal of 1,3-butadiene and consists of iso-butene (43.1 wt%), 1-butene (25.6
wt%), cis/trans-2-butene (16.1 wt%), inert butanes (14.9 wt%), and 1,3-butadiene
(0.3 wt%). For high n-pentanal yield, the hydroformylation of iso-butene must be
suppressed, and both 2-butenes must be isomerized prior to hydroformylation. A
novel benzopinacol-based diphosphite ligand developed by LIKAT and EVONIK
was used to modify the active Rh species [21]. The same mini-plant as shown in
Fig. 3.4 was used. All internal butenes were converted only after isomerization total-
ing 99.5% n-pentanal selectivity. Undesired by-product 3-methylbutan-1-al formed
by aldol condensation was below the detection limit of the online gas chromato-
graph. The TOF reached 3600 h−1 at 120 °C and 25 bar, which corresponded to a
STY of 850 kgn-pentanal m−3 h−1. Such high values would be acceptable for industrial
applications in fixed-bed reactors (Fig. 3.6).
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Fig. 3.6 Hydroformylation of an industrial C4 mixture (Raffinate 1, <16 ppm H2O) in the pres-
ence of Rh-bzp-SILP catalyst showing conversion (filled square) and n-pentanal selectivity (empty
square). T = 100 °C, ptotal = 10 bar, praffinate 1 = 2 bar, pH2 = pCO = 4 bar. Total volume flow =
29.2 mL min−1, residence time = 15 s, mSILP = 3 g, wRh = 0.2 wt%, L/Rh = 10, Stabilizer/L =
4, [C2C1im][NTf2], ionic liquid loading = 10 vol%. Reprinted with permission [8, 20]

In 2015, Walter et al. reported the combined sequence of butane dehydrogenation
and hydroformylation in a mini-plant cascade [22]. An industrial Cr-oxide catalyst
from EVONIK was used for butane dehydrogenation at temperatures of 450 °C and
ambient pressure. The as-formed mixture of 1-butylene and internal butylenes was
condensed in a storage tank filled with glass beads at−20 °C. Hydrogen and lighter
alkanes were released via a vent valve. When the liquid reached a certain level, an
HPLC pump transferred the mixture into an evaporator mixing unit. The gaseous
syngas-C4 feed passed a Rh-bpp-SILP fixed bed at 100 °C and 10 bars, thereby
transforming all butylenes (ca. 20 wt% 1-butene, ca. 30 wt% cis-2-butene, and ca. 43
wt% trans-2-butene, 7 wt% butane) into n-pentanal. The STY of this combined dehy-
drogenation–hydroformylation process ranged between 10–170 kgn-pentanal mSILP

−3

h−1 depending on the reaction conditions. Reducing the syngas pressures and the
syngas to C4 ratio in the reactor resulted in better STY in general.

The latest development for process optimization in gas-phase hydroformylation
catalysis was recently reported by EVONIK and academic partners [23]. The concept
aims at combining the SILP reaction concept with membrane separation. The design
principle is the creation of a catalytically active membrane as schematically depicted
in Fig. 3.7.

A porous monolithic support structure will be coated by a thin film of ionic liquid,
containing the active catalyst plus ligand. On the outside of the cylindrical monolith,
a coating layer will be placed that has the potential to separate the formed alde-
hydes from the hydroformylation feed components. In such “two-in-one-reactors,”
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Fig. 3.7 Schematic representation of a classical sequential homogeneously catalyzed hydroformy-
lation followed by separation steps and b the combined reaction–separation using a membrane
reactor with supported ionic liquid films according to the EU H2020 Reactor Optimization by
Membrane Enhanced Operation (ROMEO) project approach. Reprinted with permission [8]

the lifetime of the catalysts could be enhanced via removal of the products because
unwanted aldol condensation will be minimized.

For the hydroformylation of olefins larger than C4, Hintermair et al. suggested
combining SILP with supercritical carbon dioxide (scCO2) as the mobile phase in
order to remove products that could condense inside the pore network [24] (Fig. 3.8).

The SILP catalyst was prepared from [C3C1im][Ph2P(3-C6H4SO3)] and
[Rh(CO)2(acac)] (acac = acetylacetonate). It was dissolved in [C8C1im][NTf2] and
immobilized on microporous silica gel. The continuous-flow hydroformylation of
1-octene was carried out at 100 °C and 100 bar, and the Rh-SILP catalyst exhibited
high catalytic rates (TOF of up to 800 h−1). The SILP/scCO2 system showed no sign
of deactivation over 40 h time on stream, even though the formed nonanals have
higher boiling points than the aldol condensation products obtained as side products
in C3 or C4 hydroformylation. Rhodium and ionic liquid leaching were very low
(<0.5 ppm) as measured by ICP-MS and NMR analysis. The combination of scCO2

and SILP allows for excellent substrate diffusion, while the scCO2 at the same time
extracts heavy products from the supported ionic liquid film. This is a significant
advantage compared to the classical SILP approach in continuous gas contact and
broadens the applicationwindow of the SILP technology to higher boiling substrates.
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Fig. 3.8 Cumulative turnover number for the Rh-SILP-catalyzed hydroformylation of 1-octene in
scCO2. 100 °C, 100 bar, 14 wt% IL; Rh 0.146 mmol; P:Rh = 10, silica = 7.5 mL; substrate flow
0.42 mL min−1, CO/H2:substrate = 10, total flow = 854 mL min−1. Data from [24]. Reprinted
with permission [8]

3.3 Gas-Phase Selective Asymmetric Hydrogenation

Chiral hydrogenation catalysts that have been developed in the last decades for asym-
metric transformations can also be applied in the form of SILP systems. The continu-
ous gas-phase hydrogenation of methylacetoacetate (MAA) with Ru-SILP catalysts
was reported in 2011 [25] (Scheme 3.2).

Scheme 3.2 Asymmetric gas-phase hydrogenation reactions catalyzed by SILP materials [25, 27,
30]
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Fig. 3.9 Selected ligands used in SILP-catalyzed hydrogenation reactions

The precursor [bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium and the ligand
3-(2,5-(2R,5R)-dimethylphospholanyl-1)-4-di-o-tolylphosphino-2,5-dimethylthio-
phene (see Fig. 3.9, property of EVONIK, now SOLVIAS) were dissolved in
[C2C1im][NTf2], and this solution was dispersed onto porous silica. In order to
keep the high-boiling compounds in the gas phase, a large helium flow was adjusted
through a gradient-free recycle reactor. No activity was observed when the Ru com-
plex was dispersed onto the support without ionic liquid. The activity of the SILP
increased linearly with higher ionic liquid loading to reach its maximum at ionic
liquid loading of 100% of the support’s volume. Rinker’s group did a detailed study
for SILP systems in 1973 and explained such behavior by a slow chemical reaction
that is not limited by diffusion effects [26]. Therefore, the more liquid volume
containing catalyst complexes are present, the higher becomes the conversion.

Supercritical CO2 as the mobile phase has been used for the asymmetric hydro-
genation of dimethylitaconate by Hintermair et al. [27]. The chiral bidentate phos-
phine–phosphoramidite ligand quinaphos-modified (qp, see Fig. 3.9) Rh-qp-SILP
catalyst was immobilized in imidazolium-based ionic liquids, [C2C1im][NTf2],
[C4C1im][BF4], and [C6C1im][OTf], dispersed on silica gel. A reactor setup (see
Fig. 3.10) was established to allow continuous flow reaction with scCO2 flow [28].
The SILP catalysts achieved full conversion shortly after the start of the reaction and
did not show a decrease in activity during 65 h time on stream. The enantioselectivity
was extremely high (>99%) within the first 10 h of the run, followed by a steady
decline (see Fig. 3.11).

The loss in enantioselectivity was ascribed to partial decomposition of the active
species, resulting in unselective rhodium hydrogenation catalysts. The total turnover
number was remarkable with 115,000 moles of substrate per mole of rhodium. The
STY was calculated to be reasonably high with 0.3 kg m−3 h−1.

In a follow-up study, the same authors reported a more detailed investigation
of scCO2/Rh-SILP asymmetric hydrogenation [29]. The water content in the feed
was found to be a crucial factor for catalyst stability. Drying of incoming feed is
well established in industry (e.g., by using redundant guard beds) and would allow
implementation of the combined scCO2-SILP catalysis for industrial asymmetric
hydrogenations.
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Fig. 3.10 Flow scheme of the continuous reaction system for supercritical fluid processing (PR =
pressure-reducing valve, MFC=mass flow controller, LFM= liquid-flow meter, GFM= gas-flow
meter, PI= pressure indicator, PV= proportional valve, CV= check valve, BV= ball valve, AB=
air bath, V= screw-down valve, M=mixing chamber, S= substrate reservoir, BA= balance, P=
piston pump, TW= three-way valve, R= reactor, VC= high-pressure view cell, TI= temperature
indicator, BPR= back pressure regulator,MTV=magnetic trigger valve,MV=metering valve, CT
= cooling trap, VE = vent, SFC = supercritical fluid chromatograph). Reprinted with permission
[28]

Fig. 3.11 Asymmetric hydrogenation using chiral Rh-qp-SILP ([EMIM][NTf2]) on silica (αIL =
0.35) catalysts. 40 °C, 120 bar, F(substrate)= 0.01 mL min−1, F(CO2)= 85 mL min−1, F(H2)=
10 mL min−1, mSILP = 1.56 g. Conversion (filled triangle), enantioselectivity (empty circle), and
cumulative TONs (filled square). Data from [27]
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The Rh-qp complex (see Fig. 3.9), immobilized in [C2C1im][NTf2] dispersed
on silica gel, was applied by the Leitner group for the asymmetric hydrogenation
of N-(1-phenylvinyl)acetamide [30]. The compound serves as model substrate for
active pharmaceutical ingredient (API) synthesis of the target molecule N-(1-(5-
fluoropyrimidin-2-yl)vinyl)acetamide from the portfolio of AstraZeneca. Due to the
poor miscibility of the enamides in scCO2, a helper solvent was added to facilitate
the dissolution in the feed. Of the investigated solvents dichloromethane, toluene,
and methanol, only toluene showed promising performance both with respect to
the formation of a homogeneous phase under scCO2 reaction conditions as well as
preventing precipitation of the product. In a continuous scCO2 reactor setup, the flow
and process conditions were optimized. Again, water content within the feed was
found to deactivate the SILP catalyst over time, leading to a decline of conversion
from a quantitative level to 68% after 120 h time on stream, while the selectivity
remained constant above 99%. The average STY of this process was calculated to be
21 kg m−3 h−1 with no Rh leaching being detected by means of ICP-OES (<1 ppm).
Similar to the previous study, careful drying of the feed resulted in improved catalyst
lifetime for more than 80 h time on stream and a cumulative turnover number (TON)
exceeding 10,000. One kilogram of the startingmaterialN-(1-phenylvinyl)acetamide
could be converted by the scCO2-SILP process within 18 h time on stream. These
values would allow the scCO2-SILP continuous flow process to be operated in an
industrially viable scenario.

3.4 Gas-Phase Water-Gas Shift Reaction

The water-gas shift (WGS) reaction is the exothermic conversion of carbon monox-
ide and water to hydrogen and carbon dioxide. The reaction is of enormous industrial
importance in the conversion of carbon monoxide to additional hydrogen, for exam-
ple, in the Haber–Bosch process for ammonia production or in methane reforming
for hydrogen production (Scheme 3.3).

The exothermic nature of this equilibriumallows the highest hydrogenpurity (low-
est level of remaining CO) at the lowest temperatures. Based on homogeneous Ru-
chloro-carbonyl complexes dissolved in chloride-containing ionic liquids, Werner
et al. developed active and stable Ru-SILP WGS catalysts [31, 32]. A mixed Ru-
chloro-carbonyl [Ru(CO)3Cl2]2 complex was identified as the resting state of the
active catalyst under reaction conditions [33]. The basicity of both the support mate-
rial and the ionic liquid was varied independently, since the literature data sug-
gested a beneficial effect of the OH– concentration. The activity was increased by
an order of magnitude when alumina was used instead of silica as the support [34].
The system stability could be further improved by changing the ionic liquid from

Scheme 3.3 Water-gas shift
reaction
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Fig. 3.12 Conversion in WGS reaction comparing a Ru-SILP (filled square) and an industrial
Cu/ZnO (filled circle) catalyst. Conditions: GHSV = 12,000 h−1, 200 mg catalyst (powder); p =
3 bar; syngas:H2 75 wt%, CO 8 wt%, CO2 13 wt%, N2 4 wt%; steam to gas 1:3, support alumina;
ionic liquid [C4C1C1im][Cl] (10 wt%); catalyst precursor Ru(CO)3Cl2 (2 wt% Ru). Data from [34]

[C4C1C1im][OTf] to [C4C1C1im][Cl]. For the latter IL, it is assumed that the IL’s
anion serves as a chloride reservoir for catalyst stabilization [35]. In the tempera-
ture range below 180 °C, the optimized SILP catalyst outperformed the industrial
Cu/ZnO benchmark system (supplied by CLARIANT) by far, as shown in Fig. 3.12.

Based on the industrial relevance of the WGS, a scale-up study for SILP cata-
lyst production was developed in 2012 [36]. Here, the established incipient wetness
impregnation was replaced for larger scale synthesis by a spray-coating process.
Reproducible coating of particles with an ionic liquid catalyst solution dissolved in
a low-boiling solvent was demonstrated, allowing kilogram to ton-scale SILP prepa-
ration. The Ru-SILP catalyst was used to convert a premixed reformate synthesis gas
mixture (7 wt% CO, 13 wt% CO2, 5 wt% N2, and 75 wt% H2) to also evaluate the
catalyst at elevated pressure. A TOF of around 40 h−1 was obtained at a gas hourly
space velocity (GHSV) of 2000 h−1 corresponding to a STY of around 100 kgCO2

m−3
SILPh−1. In contrast to classical heterogeneous WGS catalysts, the Ru-SILP sys-

tem allowed operation under fluctuating conditions, for example, when the feed flow
was replaced for extended periods of time with nitrogen while continuing heating
[37]. This robustness against dynamic operation is a strong benefit of the SILPWGS
catalyst in comparison with its heterogeneous counterparts.

The Ru-SILP catalyst was tested by CLARIANT in an industrial WGS plant. The
SILP catalyst (1.5 kg)was placed inside bypass tubing as a fixed-bed reactor [38]. The
catalyst was able to completely convert the technical feed containing approximately
20 vol% CO. However, at these high conversion levels and high mass flows, the
exothermicity of the WGS reaction caused a temperature increase inside the SILP
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bed above 200 °C. This probably led to the thermal decomposition of the Ru complex
as well as the ionic liquid, resulting in irreversible catalyst deactivation. An industrial
application would have to solve this heat management issue by an appropriate reactor
design. As one possible option, LINDE, BIOENERGY2020, and academic partners
have reported the idea to use membrane reactors for SILP WGS catalysis [23].

3.5 Miscellaneous Gas-Phase Applications

In addition to the continuous hydroformylation reactions, the related rhodium-
catalyzed carbonylation of methanol has been reported as a SILP-catalyzed gas-
phase reaction. The technical importance of this reaction is obvious for the so-called
Monsanto process (see Scheme 3.4) [39].

The latter is the dominating technical process for the production of acetic acid
(and methyl acetate) and is carried out on a large industrial scale as a homogeneous
liquid-phase reaction.

Based on [Rh(CO)2I2]− anions as the catalytically active species, Riisager and
coworkers developed a Monsanto-type SILP catalyst system, in which the active
rhodium catalyst complex is part of the ionic liquid itself [40]. The SILP system was
prepared by a one-step impregnation of the silica support using amethanolic solution
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Scheme 3.4 Mechanism of Rh-catalyzed methanol carbonylation
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of the ionic liquid [C4C1im][I] and the dimeric precursor species [Rh(CO)2I]2 as
depicted in Scheme 3.5. Under reaction conditions resembling typical industrial
conditions (T = 180 °C, p = 20 bar), the water-free gas-phase carbonylation of
methanol was carried out at full conversion of methanol reaching a TOF for the
combined acetyl products (acetic acid plusmethyl acetate) of 76.5 h−1 and production
rate of 21.0 mol L−1 h−1. This productivity was comparable to that obtained with
an analogous bubble-column reaction system containing about 100-fold volume of
ionic liquid catalyst solution, clearly indicating the high efficiency of the designated
SILP system. One drawback, however, was found to be the relatively low selectivity
toward acetic acid (21% instead of 96% as in the large-volume reaction system).

The Riisager group recently reported the application of phosphine-modified
palladium catalysts for the continuous gas-phase methoxycarbonylation of ethy-
lene to methylpropanoate with promising results (see Scheme 3.6) [41]. The
SILP catalyst was prepared by impregnation of a silica support with a solu-
tion containing a Brønsted acid IL, Pd(OAc)2, and the ligand (1,2-bis(di-tert-
butylphosphinomethane)benzene dtbpmb (see Scheme 3.6) that is well known to
yield methylpropionate with 100% selectivity in the studied reaction.

Different reaction parameters were investigated, such as IL loading, Pd loading,
and dtbpmb/Pd ratio. It was found that high IL loadings had a negligible effect on the
catalytic activity probably due to mass transfer limitations in a thicker IL layer. On
the other hand, the reaction seems to be nearly first order with respect to palladium
at the tested reaction conditions; the higher the palladium content, the higher the
conversion. Interestingly, a strong correlation was found between the dtbpmb to Pd
ratio and the stability of the catalytic system (up to 50 h on stream) by increasing the
dtbpmb to Pd ratio from 5 to 30. Further increase led to a very low conversion due
to the excess of ligand, which prevents the substrates from approaching the metal
center.

Scheme 3.5 Preparation of SILP [C4C1im][Rh(CO)2I2]–[C4C1im][I]–SiO2 catalyst

CO MeOH
MeO

O
+ +

P(t-Bu)2

P(t-Bu)2
1,2-bis(di-tert-butylphosphino
methane)benzene dtbpmb

Scheme 3.6 Pd-catalyzed methoxycarbonylation of ethylene and dtbpmb ligand structure
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In 2017, the reduction of toxic mercury compounds from vinyl chloride monomer
(VCM) production was reported. High-valent Au(III) complexes have been immo-
bilized in 1-propyl-3-methylimidazolium chloride [C3C1im][Cl] supported on acti-
vated carbon [42]. In order to suppress reduction of the active Au(III) species to
metallic Au0, addition of CuCl2 to the ionic liquid was found to be beneficial. Both
metals were highly dispersed on the carbon surface, since no Au or Cu particles were
detected by means of XRD and TEM in combination with EDS.

The as-preparedAu-SILP catalystswere tested in the gas-phase hydrochlorination
of acetylene (see Scheme 3.7) in a tubular fixed-bed reactor at 180 °C and ambient
pressure. While the pure Au/activated carbon (AC) and Cu/AC catalysts showed
almost no activity, 40% acetylene conversion was observed for the Au-SILP system.
The CuCl2-modified Au-Cu-SILP showed 75% conversion and stable performance
for at least 12 h. In an impressive long-term experiment, this catalyst was stable for
more than 500 h as shown in Fig. 3.13.

The VCM selectivity was high with 99.8% over the total run time with a TON of
more than 439,000. These results clearly mark an improvement toward more benign
VCM production.

Scheme3.7 Hydrochlorination
of acetylene to yield vinyl
acetate monomer
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Fig. 3.13 Hydrochlorination of acetylene using twoAu-SILP catalysts,Au(III)-SILP (filled square)
and Au(III)-Cu(II)-SILP (empty circle). Reaction conditions: T = 180 °C, GHSV = 50 h−1, feed
ratio VHCl:V acetylene = 1.2:1
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3.6 Conclusion

The examples in this chapter have summarized the state of the art in organometallic
catalyst immobilization via thin-film technologies with SILP materials. The number
of successful applications of SILP materials is constantly increasing. However, it
should be noted that one needs to be careful when planning to apply a SILP material
for a given reaction or process. While, on the one hand, a high solubility of substrate
is desired, the high product solubility can lead to catalyst deactivation. Such accumu-
lation must be taken into account, and pore flooding needs to be prevented upfront
by adjusting flow rates and conversions appropriately. Despite these precautions, the
surface coating of solid materials with ionic liquid thin films constitutes a versatile
and broadly applicable technology.
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Chapter 4
Are Ionic Liquids Enabling Technology?
Startup to Scale-Up to Find Out

Julia L. Shamshina and Robin D. Rogers

Abstract Commercialization of new sustainable technology from academia to
industry is based on the technology-enabling innovation, the manufacturability, the
implementation cost, and the technology’s competitive advantage, such as function-
ality improvement(s) over the routine process or existing products. Future-minded
thinking outside the accepted margins and innovative execution are involved in cre-
ating new markets. The majority of this chapter is dedicated to our experiences
in pursuing the transition of ionic liquids (ILs)-based technology from academia
to industry for the extraction of chitin ((C8H13O5N)n), the second most abundant
biopolymer on the planet, directly from shrimp shells. While the dissolution and
extraction of chitin was demonstrated as early as 2010, the necessity of using an
IL presented hurdles for scaling the technology to a commercial level. The resul-
tant chitin polymer could be extracted while maintaining its high-molecular weight
and providing materials with high strength and unique control of the final form. In
2012, a Laboratory Demonstration Pilot Unit (LDPU) was built and tested, followed
by further scale-up to a mini-pilot plant in 2014–2015 with funding from the U.S.
Department of Energy. Currently, this mini-pilot plant provides the groundwork for
the construction of a larger plant for a scaled-up chitin extraction by Mari Signum,
Mid-Atlantic. This will allow the generation of sufficient supplies of chitin and create
new markets for this polymer. The high quality of the polymer and the ability to pro-
duce high-value products from it will give Mari Signum, Mid-Atlantic a competitive
advantage not only to enter multiple focused profitable markets but also to create
new markets. Once the polymer becomes available on a large-scale not only will the
price decrease, but it will become available for the invention of additional products.
When large-scale supply is available, it will provide confidence to investors due to
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known and manageable marketing and supply costs. The tremendous potential of
chitin will soon be exploited for a number of industrial applications utilizing the full
potential of this IL-based platform.

Keywords Biomass · Biopolymers · Chitin · Commercialization · Ionic liquid ·
Process development · Product development · Renewable polymers

4.1 Introduction

4.1.1 More Plastic than Fish

With an increase in plastic production volume from about 2 million metric tons per
year in 1950 to over 400 million metric tons per year in 2015, the global plastics
market is expected to reach $654 billion by 2020 [1, 2]. At the same time, recent
data on the lifecycle of plastics worldwide from production to utilization to recycle
suggest that as much as 76% of all plastics produced to date have ended up as waste
[3]. Only 9% of this waste has been re-processed, 12% has been incinerated, and 79%
has accumulated worldwide. At the current plastic production rate, the amount of
plastic waste accrued in the environment will practically double by 2050 compared
with 2015 [2]. The Ellen MacArthur Foundation in its 2016 report [4] claimed that
if plastic continues to be manufactured at current rates with irresponsible disposal,
there will be more plastic than fish in our oceans by 2050 [5].

The enormous negative environmental impact of the plastics industry [6] has
resulted in a major reconsideration of the role of renewables in sustainable product
development. The classic definition of sustainable product development in value-
added products’ manufacture is the use of renewable resources, that is, resources
that can be used repeatedly and are being naturally replaced. The potential of poly-
mers sourced from nature, or biopolymers isolated from biomass as a by-product of
agricultural, forestry, and marine ecosystems [7], are both vital components from a
sustainability and economic value standpoint.

4.1.2 Taking Full Advantage of What Nature Creates

The definition of biopolymers has less to do with chemistry and more to do with
semantics. Any chemist dealing with sustainable development in the last few years
has run into the recurrence of the term “renewable”, closely connected to “biore-
finery”. The well-established biorefinery model is focused on bio-based chemicals
and products in which biomass is first converted into commodity building blocks
and high-value chemicals for high-volume global markets. The production of lower-
cost chemical building blocks is understandable, and ultimately, society must move
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towards bio-based substituents to reduce our dependence on petroleum. A biorefin-
ery, however, is based on the idea that biomass needs to be “de-functionalized” at
the cost of chemicals and energy to be made into the basic building blocks found in
petroleum.

Oftentimes, these basic bio-based building blocks are utilized in polymer synthe-
sis, and the resultant chemicals are also named “biopolymers”. For instance, polylac-
tic acid (PLA) is known as a biopolymer even though it is a polyester derived from
renewably-sourced lactic acid. In this regard, the concept of using bio-based chem-
icals as precursors for polymer manufacturing is confusing, since often the same
non-degradable plastic is produced, regardless of whether this plastic is oil-based
or plant-based. The life cycle of a plastic product is more important than its origin.
For example, recently, Coca-Cola advertised its new beverage container or “plant-
bottle” [8] made of polyethylene terephthalate (PET), produced by condensation
of bio-based monoethylene glycol with terephthalic acid. Laboratory experiments
studying PET degradation predicted a life expectancy between 27 [9] and 93 [10]
years, regardless of the starting material used for manufacture.

When we talk about biopolymers in the following chapter, wemean polymers iso-
lated from naturally occurring biomass “as nature made them” [11], such as polysac-
charides (e.g., cellulose, chitin, hemicellulose), proteins (e.g., spider silk), plants
polyesters (e.g., lignin), and so forth, and not the ones produced from bio-based
chemicals. These biopolymers are viewed not as a replacement for petroleum, but as
a source of valuable chemicals andmaterials that cannot be obtained from petroleum.
Instead of chemically modifying polymers obtained from nature and making syn-
thetic analogs, we need to figure out how to take full advantage of what nature does
so well.

4.1.3 Research and Development to Commercialization
Constraints: Need of Economy of Scale

Research and development in the field of biopolymers is primarily small in scale
and academic in nature. While renewable, biodegradable replacements for plastics
are being actively developed, they have come nowhere close to completely replacing
plastics. Plastics enjoy technological maturity and an entrenched economy of scale
that have kept new technologies from competing with them.

Economic barriers include poor predictions for short-term profits, undefined
demand in the marketplace because of prevailing inexpensive alternatives (synthetic
polymers), and, most importantly, a lack of supply in needed volume. Plastics rose
to dominance through the availability of cheap oil as a feedstock and open markets
for its products, and for any replacement to be successful, those two factors must be
addressed. Because biopolymers will undeniably be more expensive than synthetic
analogs, muchworkwill be required to lower the costs. Even if some biopolymers are
shown to have advantageous properties when compared to conventional polymers,
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in only a few high-end applications, such as biomaterials (e.g., tissue engineering,
plastic surgery, and drug delivery devices), will the relatively high costs of biopoly-
mer precursors likely not interfere with market growth. In low-end and medium-end
applications, it is hard to predict whether economy-of-scale manufacturing will be
able to bring down the current high production costs.

Technical barriers are the same as for all new technologies, such as product design
and long development periods, even more so taking into consideration a need for
‘bench-to-scale’ prototyping. Besides, any new process also requires development
(or at least adaptation) of production equipment.

Finally, the enormous growth in the plastics economy during the twenty-first cen-
tury reflects a large investment in the oil-based industry. While renewable resources
are perfectly suited to provide the same rich variety of polymers and composites
as that currently available from oil, there has not been the same extent of invest-
ments for renewables that have gone into plastics manufacturing. On the other hand,
transition from non-biodegradable plastic materials to biodegradable biopolymeric
products from renewable sources will be highly advantageous to society for devel-
opment of new materials, new products, new unforeseen markets, and improvement
in the environment.

4.2 Brief Foreword to Chitin and Current Isolation
Technology

4.2.1 Chitin Polymer

Chitin, a linear carbohydrate made of N-acetyl-D-glucosamine units as shown in
Fig. 4.1, is the second most abundant biopolymer on earth (after cellulose) [12] and
a primary component of crustacean shells (e.g., crabs, lobsters, and shrimps), where
it exists in a protein-mineral matrix. Chitin is a known wound-healing accelerator
[13], has anti-inflammatory properties [14], is protein-regulating [15] and has cell-
proliferating [16] properties, and demonstrates outstanding biocompatibility [17]. It
is also biodegradable (12-weeks post-surgery degradation in the human body [18]),
non-allergenic, and non-toxic. The polymer demonstrates high mechanical strength

Fig. 4.1 Structure of chitin
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and provides the advantage of easy surface modifications [19]. Multiple reviews on
chitin and its properties are available elsewhere [20–25].

4.2.2 Chitin Market

The global chitin market was worth $803 million in 2016, increased to $893 million
in 2017, and is predicted to triple to $2,941 million by 2027 according to Global
Industry Analysis [26]. The global chitin market is projected to have a compound
annual growth rate (CAGR) of 12.7% throughout the period of 2017–2027. New
biomedical products are the main drivers of this market. Overall, the healthcare
segment, estimated at $309 million in 2017, is projected to grow at a CAGR of
14.2% throughout 2017–2027 and is anticipated to reach $1 billion by the end of
2027. For instance, chitin-based materials have been proposed for artificial organs
[27], space-filling implants [28], drug delivery systems [29, 30], tissue engineering
materials [31], wound dressings [32], treatment of burns [33], artificial skin, and
plastic skin surgery [34].

Even though there is a high demand for chitin and its derivatives, currently there
is no North American producer of chitin. In 2008, there were five companies that
dealt with chitin derivatives (namely, chitosan and glucosamine) including Biothera
Inc., CarboMer, Inc., HaloSource, Inc., V-Labs, Inc., and United Chitotechnologies
[35]. Even though some of these companies claimed chitin production, they used a
100-year-old chemical and energy-intensive process that degraded chitin by reducing
its molecular weight. This process also results in a large degree of deacetylation of
chitin, producing chitosan, a polymer with different properties. Unfortunately, the
lack of rigor in terminology has led to confusion in the markets about the actual
properties of chitin as a material versus chitosan.

In 2018, there were only two functioning facilities identified: Tidal Vision, Inc.
[36] and CarboMer, Inc. [37]. Tidal Vision is a company that manufactures chitin-
based and chitosan-based products and serves various industries including textile,
cosmetic, water treatment, agriculture, food, pharmaceutical, and so forth, and also
sells raw material to research institutions and laboratories [36]. The company claims
to use a “patent-pending, closed-loop processing system” to extract chitin from crab
shells, although the company does not provide the technology of chitin isolation. Car-
boMer, Inc. [37] is the second company that appears in numerous market reports as a
producer of chitin; however, we were unable to find either chitin or its derivative, chi-
tosan, in the company’s product list. The company sells polyamino acids, polyglycol-
ides and polylactides, collagens, poly(3-hydroxybutyrate), PLA, poly(estradiol phos-
phate), poly(ethylene adipate), poly(glycolic acid), and polyinosinic-polycytidylic
acids as biopolymers [37].

Chitin is used in animal feed as a dietary supplement. It is reported to promote
animal growth, to improve adsorption of nutrients, and to inhibit the effect of harmful
microorganisms [38]. Its properties also make the polymer an ideal material for the
following uses in agriculture: (1) as a fertilizer, (2) as a fungicide and pesticide in
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crop protection, (3) as an agent to improve seed quality (as well as crop yield and
quality), and (4) as a plant growth stimulator; it also acts as amplifier of the beneficial
chitinolytic microbes [39]. Chitin is used in environmental applications as an effec-
tive biosorbent, due to presence of both hydroxyl- and acetamide-moieties (easily
modifiable into amine functionality), which demonstrate high adsorption potential
for the removal of various metal ions from water sources [40]. Chitin, in the form of
whiskers or nanofibers, can be utilized duringmanufacturing processes as an additive
to reinforce existing materials (packaging, fibers, etc.) [41].

Key market players, however, are approaching the market with advanced high-
quality medical products of higher efficacy. Unitika, Ltd. (Japan) [42] marketed a
chitin-containing non-woven dressing (Beschitin W) for the treatment of burns and
demonstrated its superior performance in speed of healing, wound adherence, exu-
date absorption, and scar minimization. In 1970, multiple new companies appeared
on the market. Eisai Co., Ltd. produces wound dressings from chitin, Chitipack S®

and Chitipack P® [43], which are used in the treatment of traumatic wounds prevent-
ing the formation of scar tissue [44]. Syvek-Patch® produced by Marine Polymer
Technologies, Inc. ismade ofmicrofiber chitin [45], as is ExcelArrest® dressing from
Hemostasis, LLC [46]. Numerous opportunities for chitin products can be found in
selected reviews [20–25].

4.2.3 Current Chitin Isolation Methods

Chitin isolation targets a biomass source generated byU.S.-based fisheries as a costly
waste that can be turned into valuable products. Yet, currently, chitin is isolated from
crustacean biomass via a pulping process. Pulping typically includes three steps:
(1) demineralization to remove calcium carbonate present in a shell matrix (using
acids (e.g., HCl)), (2) deproteinization to remove proteins (conducted using hydrox-
ides (e.g., NaOH)), and (3) bleaching/discoloration (using organic solvents [47] or
oxidation agents [48]). Because pulping is conducted at relatively high tempera-
tures (70–100 °C) and usually for a prolonged time [49, 50], the process adequately
removes both proteins and shell inorganics but generates a large amount of waste.

Manufacturing 1 kg of chitin using the pulping method requires 10 kg of biomass,
300 L of freshwater, 9 kg of HCl, 8 kg of NaOH, and 1.2 kWh of electricity. The
liquid waste generated is equal to the input freshwater volume plus the process water;
the overall amount of waste per 1 kg of chitin exceeds 500 L [26]. In addition, the
emission of CO2 is estimated to be 0.9 kg/kg of chitin [26] Such high cost involved
in the production of chitin and the huge quantity of generated waste resulted in
the pulping process raising public and governmental concerns. As a result, there is
no chitin producing plant that uses acid/base treatment in the United States [51].
In addition, crustacean shells contain a host of potentially valuable components in
addition to chitin, including other biopolymers, such as proteins, small molecules,
such as astaxanthin that have medical value, and minerals, such as calcite that may
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be useful as construction materials; all of them get destroyed during the pulping
process.

Lastly, harsh conditions used in isolation were found to decrease the quality of
the isolated chitin, to promote deacetylation and depolymerization, and to result in a
lack of reproducible high-quality polymer product [52]. However, many applications
require specific polymer properties, and the strength of materials has been proven to
be governed by the molecular weight and the degree of acetylation. We have shown
(andwill detail it below in this chapter) that high-molecularweight chitin is critical for
the preparation of materials with different shapes (fibers, films, packages, hydrogels,
beads, and electrospun mats). This host of new materials and the preparation of
chitin composites and blends [53–68] are made possible by an ionic liquid [69]
solution-based process.

4.3 Startup to Scale-up

4.3.1 The Beginning: Business Opportunity

In 2010, Rogers demonstrated the dissolution and extraction of the biopolymer chitin
directly from shrimp shells [70]. Before that, no one had reported the direct disso-
lution of crustacean biomass or the extraction of chitin polymer from it using ionic
liquids. The IL 1-ethyl-3-methylimidazolium acetate ([C2C1im][OAc]) was shown
to be an excellent solvent for chitin [71]. Using this IL, microwave irradiation facil-
itated the dissolution and demineralization of crustacean biomass and resulted in
the extraction of all available chitin in minutes. The polymer maintained its high-
molecular weight resulting in a material with high strength and unprecedented high
quality. At that point, this extraction method was demonstrated on a 100 mL scale
using a domestic microwave.

The quantities of isolated polymers are critical to manymaterials applications and
must be produced at a larger scale. For instance, co-dissolved with alginic acid, high-
molecular weight chitin–IL solutions were shown to be suitable for the preparation of
spun chitin–calcium alginate fibers [63, 70, 72], for intracutaneous biocompatibility
testing, andwound-healing studies. Using a domesticmicrowave and a lab-scale fiber
pulling setup, it took 3weeks to prepare only 6 g of bandages [63]. Using a somewhat
larger setup, with a small manufacturing, custom-made fiber extruder, required a
minimum loading of 1 kg of the solution to produce 1,000 m of monofilament fiber.
Clearly, a prototype was necessary to make scaled-up quantities for the preparation
of sustainable, high-value chitin materials.
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4.3.2 Baby Steps: Laboratory Demonstration Pilot Unit
(Alabama Innovation Grant)

Seeking funding to scale up chitin production, we turned our attention to theAlabama
Department of Commerce’s “Accelerate Alabama” Program, particularly to the
Alabama Innovation Fund (AIF) that was established “to maximize the use of the
State’s economic development resources by leveraging annual research and devel-
opment expenditures by public institutions and generate high technology resources
which can be used to support economic development activities” [73].

The AIF Fund mainly supported research collaborations among universities and
industries working on research that could be economically beneficial to the state.
If chitin extraction at scale was successful, there would be new and better busi-
ness options for the seafood industries by utilizing shrimp shells, an industrial
waste product. A collaboration was established with the Gulf Coast Agricultural
and Seafood Cooperative [74] in Bayou La Batre, AL. They had built a seafood
waste drying/pulverizing facility with the support of the Alabama Farmers Market
Authority. The facility collects crustacean biomasswaste from resident fishermen and
biomass-handling plants that are then pressed for protein removal, passed through
a fluidized bed dryer for dewatering, and shredded before bagging. At maximum
capacity, the plant can process up to 10 tons of shrimp shells a day into sterilized,
dry chitin-containing material. Finding uses for this waste material could save the
seafood industry of Alabama hundreds of thousands of dollars a month in waste dis-
posal costs as well as opportunities for new jobs as the shrimp shells can be converted
into value-added products.

In 2012, an Alabama Innovation Fund (AIF) grant was given to The University
of Alabama researchers and startup company 525 Solutions, Inc. to build a Labora-
tory Demonstration Pilot Unit (LDPU) that would enable scaling up the process of
extracting chitin from the bench scale to a prototype scale needed for themanufacture
of chitin-based products. The Department of Commerce award was part of a more
complex project that included research and development, a business plan and market
development, product demonstration, and prototype construction. The project was
divided into several major phases: (1) design and development of a continuous pro-
cess for chitin extraction, (2) scale-up of the process, (3) construction of a LDPU,
(4) R&D of new chitin-based materials and new product-development technologies,
and (5) demonstration of new products to provide higher value to the seafood wastes.

Under this Alabama Department of Commerce award, Rogers’ group developed
a prototype capable of the continuous processing of shellfish waste. The LDPU
(Fig. 4.2) included a closed-loop where biomass and ionic liquid could be cycled
through until the dissolution was complete. This provided excellent control over
the heating rates of the solution. The unit consisted of a 3 L, glass-jacketed reactor
(Fig. 4.2a) with an overhead mechanical stirrer (Fig. 4.2b) attached to a continuous-
flow 2 kWmicrowave (Industrial Microwave Systems, Fig. 4.2c). The pumping was
conducted using a peristaltic pump (Cole-Parmer, Fig. 4.2d).
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Fig. 4.2 LDPU consisted of a 3 L glass-jacketed reactor (a), overhead mechanical stirrer (b),
continuous-flow 2 kW microwave (c), and a peristaltic pump (d)

After an optimization study, continuous chitin dissolutionwas conducted using 3L
of [C2C1im][OAc] under cylindrical, 2 kW continuous microwave heating. The IL
was fed into the unit and heated to 95–98 °C.Only 10%of themicrowave capacitywas
necessary to achieve the dissolution of the biomass and not decompose the IL. The
run suggested that the IL effectively absorbs themicrowave energy and can be treated
continuously in a microwave. To ensure that the recycled IL could be reclaimed and
reused with no significant loss, the IL was circulated through the microwave for
several cycles, and no obvious degradation was observed. This scaled dissolution of
chitin in IL by microwave heating provided essential knowledge (thermal exchange
data, microwave energy input/output, microwave energy efficiency, and cooling rate)
for scaling up to a pilot system.

In addition, as a part of the project to provide higher value to the seafood wastes,
we also focused onR&Dof new chitin-basedmaterials and newproduct development
technologies. Chitin–IL solutions were shown to be suitable for the preparation of
spun fibers, films, hydrogels, beads, and electrospun mats providing a route to a host
of new materials (Fig. 4.3): chitin fibers (wet: a, dry: b), chitin electrospun nanomat
(c, d), chitin beads (e, f), chitin hydrogel (g, h), and chitin film (i, j). [54–68].

4.3.3 Bench to Pilot Scale Prototype: Leveraging Sorbent
Production Technology

Using AIF funds, dissolution of chitin in an ionic liquid by microwave heating using
LDPU provided essential knowledge and revealed useful data needed for the further
scale-up to a 20 L pilot system. Based on our earlier results with cellulose [75], we
planned to develop and optimize the pilot scale-up process for this technology. How-
ever, from our earlier studies with cellulose we learned that there were few examples
of successful academia-to-industry technology transfers. Successful transfer would
require ensuring that both the technology and processes were scalable and, more
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Fig. 4.3 Chitin products: chitin fibers (wet: a, dry: b), chitin electrospun nanomat (SEM: c, AFM:
d), chitin beads (e), and chitin bead interior (f), chitin hydrogel (g) and hydrogel interior (h), wet
chitin film cast on a glass plate (i) andwet chitin film inwater (j). Images support the work described
in our publications [54–68]

importantly, that the development of high-value end products was possible with a
successful business plan rather than a scale-up with no purpose.

Considering that the extraction process could be key to a “chitin economy” and
would, upon its success, provide a revenue stream for shrimpers to utilize their waste
while helping to develop sustainable/green products, we started looking into ways to
leverage our chitin extraction technology. Our attention turned to a U.S. Department
of Energy (DOE) Nuclear Energy Program (uranium recovery from seawater), a part
of U.S. DOE efforts that included collaborative efforts of several universities and
small businesses.

The University of Alabama researchers and startup company 525 Solutions, Inc.
combined efforts to develop highly economical and biodegradable uranium-selective
sorbents, specifically for the U.S. DOENuclear Energy Program aimed at the extrac-
tion of uranium from seawater. The concept of sorbents was based on our previous
work, where we investigated the electrospinability of IL-extracted chitin solutions
from [C2C1im][OAc] [76]. The project focused on the delivery of the product to
government-designated mining companies and at the same time proposed leverag-
ing the U.S. DOE resources to generate a sustainable chitin products business. Such
leveraging would allow both economic development and creation of jobs in R&D
of chitin products and fishing industries. This way, the chitin nanomaterials would
serve as a platform for the delivery of chitin to U.S. markets, as well as providing a
range of medium- to high-value applications in medicine, energy, and environmental
restoration sectors.

Because there was no existing industrial base for the extraction of uranium from
seawater, the entry decision thus revolved more around how to build a successful
business for this opportunity. If the commercialization strategy was built only around
the sale of the sorbent, the company would cease to exist if government support of
the program ended before an industry emerged. However, as mentioned earlier in
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this chapter, numerousmarket opportunities were emerging based on the underlying
technology, chitin extraction. The ability to produce not only products from chitin,
but chitin itself, provided a competitive advantage to diversify the range of products
and enter several profitable specialized markets, while at the same time developing
the sorbents for the DOENuclear Energy Program. Such leveraging would lower the
bulk cost of the sorbent by building high-end markets that would help pay for the
process development and economy of scale.

For 2014–2015, a $1.5 million grant was funded by the U.S. DOE Small Business
Innovation Research Program, “Bench to pilot scale prototype for electrospinning
biorenewable chitin sorbents for uranium from seawater: Process development, cost,
and environmental analysis” (DOE-SBIR Grant No. DE-SC0010152, Phase I/II).
The ultimate goal of this project was to collect the industrial process parameters,
to conduct reliable economic estimates, and ultimately to generate data for the full-
scale operating plant design.

To address the scalability of the IL technology platform for biomass process-
ing, Rogers’ group (together with 525 Solutions, Inc.) refined the pilot plant oper-
ating conditions and plant design and prepared input-output diagrams of the pro-
cess. This provided the relationships between the major equipment of a pilot plant
facility and the piping of the process flow together with all required equipment
and instrumentation. Next, a scaled, highly automated customized 20-L early pilot
stage system amenable for chitin extraction was built. It contained a custom-design,
continuous-flow stirred-tank reactor (CSTR) and a 2 kW microwave (Fig. 4.4).

Fig. 4.4 A continuous scaled, automated, and customized 20-L early pilot stage system amenable
for chitin extraction. (a): side view, (b): top view
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After multiple, unsuccessful pilot trials, the optimal conditions (biomass load,
temperature, flow rate through the microwave, residual time in the microwave, and
process time) for the dissolution of biomass in the reactor were determined. Optimal
conditions resulted in a high yield of approximately 95% (as percent of available
chitin in biomass). A mass balance was completed using the optimal conditions of
biomass dissolution based on different reagent streams, reagent consumption, and
product recovery (i.e., using multi-parametric input). This permitted multi-step eval-
uations for the determination of the process inputs and outputs based on production
cycles.

An energy balance was completed using the overall energy consumption in each
energy-demanding step based on production. Cost analyses were conducted where
scale-up of some 30 equipment items was handled either through increasing the
size or capacity of the equipment (so-called economies of scale) or by increasing
throughput by projecting the purchase of additional units of defined capacity. To
date, no other entity has scaled this IL process to this size.

This project resulted in a fully engineered system, developed key engineering data
and diagrams, as well as determined the equipment needed in a full-scale operating
plant. Processing performance testing was conducted while manufacturing chitin
on a pilot scale. The results of these studies were used to establish manufacturing
capability and process robustness and to mitigate the risks before committing to a
full-scale production process.

4.3.4 Mari Signum, Mid-Atlantic: The First Facility to Use
Ionic Liquid-Based Chitin Extraction at a Production
Scale

The knowledge obtained in these efforts was used to raise capital investment for
building and operating a biomass/IL facility. Mari Signum,Mid-Atlantic, LLC (Mari
Signum) [77] was formed as a chitin and chitin materials production company. The
ultimate goal of Mari Signum, Mid-Atlantic, LLC is to become a sustainable source
of high-quality chitin as well as chitin-based products developed in-house.

Mari Signum acquired the worldwide exclusive license for the portfolio of intel-
lectual property (IP) that protects the manufacture of chitin. This IP will allow Mari
Signum to maintain its position in the market and protect its competitive advan-
tages. The licensing granted Mari Signum not only the rights to the chitin-extraction
patents, but also all patents associatedwith high-value products. These products from
chitin, and not chitin itself, would, indeed, be key components in the development
of a “chitin economy”.

Mari Signum’s facility will be the first of its kind to use IL-based processing on
a manufacturing scale that will allow the generation of sufficient supplies of high-
quality chitin, which is unobtainable by any known chemical pulping processes.Mari
Signum is currently building a processing plant for chitin isolation from crustacean
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biomass. The ability ofMari Signum to produce not only chitin itself but also products
from chitin will give Mari Signum a competitive advantage to diversify the range of
its products and to enter several profitable specialized markets.

4.4 Conclusion and Outcome

Chitin represents a billion-dollar industryworldwide, but despite the promising prop-
erties of chitin (and the large amounts of available shellfish waste in the United
States), its potential production at an industrial level has been scarcely explored.
There is no chitin producing plant in the United States mainly because of the current
environmentally unfriendly chitin isolation process. At the same time, chitin isola-
tion extends far beyond producing chitin itself. There are many opportunities for
the manufacture of novel chitin products from shrimp shell waste that have not yet
been tapped. Such high-value products will cause high industrial growth and have a
positive environmental impact. A large enough chitin supply will be needed for the
chitin industry to become a game-changer in a sustainable society.

Even with a billion-dollar industry opportunity, our own experience demonstrates
that the transition of technology from academia to industry is rarely a straightforward
process. As the technology progressed, it required proceeding through several time-
and effort-consuming stages with each one successively larger in scale—(bench,
pilot, demonstration, and production scale). Each stage used the knowledge accumu-
lated from the previous round of scale-up. With the benefit of hindsight, this story
might be useful for others who are ready to take this journey.

Hopefully, chitin products will make existing plastics obsolete.
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Chapter 5
Commercial Aspects of Biomass
Deconstruction with Ionic Liquids

Aida R. Abouelela, Florence V. Gschwend, Francisco Malaret
and Jason P. Hallett

Abstract The adaption of any new process from academic research to industrial-
scale requires a robust economic profile demonstrating it can compete with peer
technologies. IonoSolv process is a recently developed ionic liquid-based pretreat-
ment that pioneers the use of low-cost ionic liquids for biomass fractionation. The use
of low-cost protic ionic liquids elevated the techno-economic profile of the process,
making its potential commercialization highly viable. In this chapter, the authors
give an overview of key process-related aspects that underpinned this transforma-
tion, with special highlights on the progressive milestones achieved in developing
a promising commercial ionic liquid-based pretreatment process. We also highlight
the current challenges and knowledge gaps that need to be tackled to further elevate
the technology readiness level.

Keywords Biomass deconstruction · Biorefinery · Cellulose · Delignification ·
ionoSolv

5.1 Introduction

Energy and chemical production in our society is currently experiencing a transition
to replace the current fossil fuel-based economy with a more sustainable, renewable-
based economy. This changing landscape requires designing cutting-edge technolo-
gies to make these new processes as efficient and reliable as conventional fossil
fuels-based technologies [1].While all renewable energy resources (e.g., solar, wind,
nuclear) are inherently designed and implemented for energy generation, biomass
is the sole renewable source for biofuels, chemicals, and materials production. For
the past two decades, lignocellulosic biomass has attracted special attention as a
low-cost feedstock for cellulosic ethanol production at the scale anticipated in the
low-carbon energy scenarios [2, 3]. Benefits of using the abundant inedible ligno-
cellulose biomass (grass, wood, and agricultural waste) as a biorefinery feedstock
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include mitigating land-use changes associated with use of edible biomass and con-
tributing to rural economic development [4]. In addition, the use of lignocellulose
biomass as a platform for renewable chemicals and materials production is expe-
riencing a renaissance due to the increasing demand to decarbonize the chemical
industry [5].

Lignocellulose is thematerial that makes up the cell walls of woody plants and it is
composed of three biopolymers: cellulose (35–50%), hemicellulose (30–40%), and
lignin (10–30%). These three polymers are arranged in a three-dimensional structure
that has naturally evolved to resist degradation and deconstruction, which is essential
to maintain the plant’s structural integrity. Unfortunately for us, the increased struc-
tural complexity of lignocellulose makes it highly recalcitrant to mild chemical or
biological modification [6]. Therefore, the use of lignocellulose biomass as a viable
feedstock in a biorefinery requires integrating an additional processing step called
“pretreatment” [7]. The main objective of a pretreatment process is to effectively
deconstruct the rigid lignocellulose structure to facilitate its subsequent process-
ing of fuels, chemicals, and materials. For bioethanol production, the deconstruction
effect improves the enzymatic hydrolysis of the carbohydrate polymers to their sugar
monomers. For biochemicals and materials production, pretreatment is fundamen-
tally important to effectively isolate each biopolymer from the lignocellulose matrix
for subsequent upgrading and transformation to value-added products [8].

Although lignocellulosic materials are abundant and relatively cheap, the addition
of a pretreatment process was projected to be the most capital-intensive step in a
biorefinery facility. In fact, for bioethanol production, the cost of pretreatment was
estimated to be higher than the enzymatic hydrolysis and fermentation cost combined
[9]. Evaluating various pretreatment technologies has, therefore, become a major
research field with an objective to find a low-cost technology that can penetrate the
market and expedite industry learning. The mission became far more challenging
recently due to the significant drop in oil prices, reduced energy security concerns,
as well as the wide implementation of new shale oil and gas extraction technologies
(e.g., hydraulic fracturing and horizontal drilling) [10].

Several lignocellulose pretreatmentmethods are under various degrees of develop-
ment today, including steam explosion [11], ammonia fiber expansion (AFEX) [12],
dilute acid [13], hot water [14], andOrganosolv [15]. Ionic liquid (IL)-based pretreat-
ment is one of the recent approaches introduced in the biomass pretreatment field. ILs
have shown exciting potential to be used as solvents for the lignocellulosic biomass
processing due to their outstanding capability to dissolve [16], fractionate [17], or
convert lignocellulose biopolymers to higher value-added chemicals [18]. As these
fields continue to grow, questions related to the economic justification and technical
challenges of using ILs on a large-scale becomemore andmore pressing. This is espe-
cially true in spite of the overwhelming popularity of ILs in academia; ILs-based pro-
cesses are still very limited with only a few current industrial applications [19]. The
most successful example of an industrial process using ILs is the BASIL™ process
introduced by BASF in 2002. In this process, the ionic liquid 1-methylimidazolium
chloride ([C1im][Cl]) is produced in situ by using 1-methylimidazole as an HCl
scavenger during the production of diethylphenylphosphonite. The use of an ionic
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liquid instead of the conventional amine process provided key advantages due to
the nucleophilic catalytic activity of 1-alkylimidazole that increased the space-time
yield (STY) by a factor of 86,000 as well as the economic reclamation of the 1-
alkylimidazole by IL deprotonation [20, 21]. Such a remarkable improvement in
process performance was crucial to accelerate the industrial deployment of new sol-
vents, such as ILs. Likewise, the application of an IL-based pretreatment process
will have to feature exclusive selling points and key processing advantages for it
to compete with processes of similar or higher technology readiness level. From a
high-level perspective, the key advantages of IL-based pretreatment compared to
peer technologies include: (1) low operating pressure and reduced solvent losses
as ILs are non-volatile solvents, (2) potentially lower capital cost of a pretreatment
reactor compared to aqueous or organic solvent due to ILs’ non-volatile nature, [22]
(3) lower enzymes loading and smaller operation units due to lignin pre-extraction
during pretreatment, [23] (4) production of high-quality lignin of high valorization
potential, [24] and (5) robust process performance that is highly independent of
feedstock type and composition [25–28].

Despite these appealing advantages, the very high cost of ILs compared to aqueous
or organic solvents has been always highlighted as the key barrier for their large-scale
application [29].

However, it was only recently demonstrated that the high cost associated with
ILs is not inherent, but it is a consequence of choosing historically dominant ILs
(dialkylimidazolium cations with poly-fluorinated anions) [30]. Overcoming the IL
cost barrier was the key turning point that enabled the discussion of ionoSolv’s
potential commercialization.

5.1.1 Technology Readiness Level

The path of translating academic research to a large-scale industrial process follows
several validation and development steps. Technology readiness level (TRL) is a
popular concept adapted in several sectors (e.g., space, defence, and oil and gas
operations) to measure technology maturity level and its readiness for large-scale
deployment. The scale and definition are slightly different to suit the requirement of
the different sectors; however, they all have the same general structure and pathway
starting from proof of concept and lab experiments to pilot testing and demonstration
and eventually to a mature industrially proven technology. Figure 5.1 shows the TRL
scale and definition according to the 2017 European Commission, which can be used
for renewable energy technologies [31]. In the context of this chapter, TRLs from
1 to 7 were used to describe the development pathway of using ILs for biomass
pretreatment with special focus on our own experience in the development of the
ionoSolv process.
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Fig. 5.1 Technology readiness level based on European Commission scale and definition

5.2 Basic Principles Observed (TRL 1)

When the basic principles of an innovative process are observed, this serves as a
trigger that catalyses the rapid development of a new research field with a high level
of excitement and expectations. The famous 2002 paper by Rogers and co-workers
that re-discovered the capability of ILs to dissolve cellulose was the catalyst that
sparked a surge of interest for using ILs for cellulose processing applications [32,
33].

In 2006, the interest spread to include using ILs for biomass processing upon the
realization that common imidazolium-based ILs can dissolve the entire lignocellu-
lose biomass constituents [16]. This timing was parallel to a renewed interest in sec-
ond generation biofuel production technologies from lignocellulosic biomass [34].

Fig. 5.2 Publications of ionic liquids use for cellulose, biomass, and lignin processing based on
Web of Science (data taken on April 2018)
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Figure 5.2 shows the rapid publication growth in using ILs for cellulose, biomass,
and lignin processing and transformation.

5.2.1 Ionic Liquids and Biomass

Ionic liquids are a group of salts that are liquid at temperatures of <100 °C. ILs
are known to be designer solvents as each anion–cation pair has its own unique
properties which make them easy to be tailored to fit task-specific applications.
Ionic liquids have been used in many fields of academic research, such as chemical
synthesis [35], catalysis [36], electrochemistry [37], and biomass processing [38].
Today, ILs represent a new paradigm in the processing of biomass and biomass main
platform macromolecules: cellulose and lignin [39]. This was especially exciting
for cellulose as its highly crystalline compact structure makes it insoluble in most
conventional solvents. Traditional cellulose dissolution processes for industrial fiber
production involve the use of toxic carbon disulphide (CS2) solvent to chemically
dissolve cellulose (viscose process) or the application of harsher processing condi-
tions to achieve direct solubilization using N-methylmorpholine-N-oxide (NMMO)
as a solvent (Lyocell process) [40]. Concentrated phosphoric acid is also used as a
solvent for cellulose dissolution [41]. All these solvents possess major drawbacks,
such as toxicity (CS2), instability at elevated temperatures (NMMO), or high cor-
rosivity (phosphoric acid). The discovery (or re-discovery) that some ionic liquids
can be used as solvents for cellulose dissolution and processing opened the oppor-
tunity to develop a more stable and environmentally friendly process for biorefinery
applications.

The first patent on cellulose dissolution using an IL was issued in 1933 where
N-ethylpyridinium chloride, in the presence of nitrogen-containing bases, was shown
to be able to dissolve cellulose [42]. The innovation didn’t make anymajor impact on
the scientific community since very littlewas known about ionic liquids at the time. In
2002, Swatloski et al. revisited the innovation to re-discover the capability of ionic
liquids to solubilize cellulose [33, 42]. The study investigated cellulose solubility
using common ILswith 1-butyl-3-methylimidazolium [C4C1im]+ cationwith several
anions, such as chloride Cl–, bromide Br–, thiocyanate [SCN]–, tetrafluoroborate
[BF4]–, and hexafluorophosphate [PF6]–. It was found that ILs with Cl− and Br−
had greater cellulose solubilities of 14 and 7%, respectively, while the large non-
coordinating anions [BF4]− and [PF6]− were non-solvents. The proposedmechanism
of cellulose dissolution in [C4C1im][Cl] was attributed to the ability of the chloride
anions to break the compact intermolecular hydrogen-bond network and form new
bonds with the hydroxyl groups in cellulose. These findings paved the way for using
ILs as novel solvents for cellulose, potentially improving the efficiency and flexibility
of cellulose processing and transformation to chemicals and materials [43].

Ioncell-F is an example of an IL-based process that pioneers the use of acetate-
based ionic liquid to produce cellulosic fibers with attractive properties at lower
processing temperatures compared to the Lyocell process [44].
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Another important application for ILs in biomass processing is their use as a
reaction medium for sugar conversion to 5-hydroxymethyl furfural (HMF) [45]. In
the U.S. Department of Energy report on Top Value-Added Chemicals from Biomass,
HMF was specified as a versatile platform chemical that can be used as a building
block to synthesize numerous polymers and chemicals, such as 2,5-furandicarboxylic
acid, 1,6-hexanediol, adipic acid, levulinic acid, 2-methylfuran, and caprolactone
[46, 47]. The formation reaction of HMF requires the dehydration of hexose sugars
(fructose or glucose) in the presence of a metal salt catalyst. In general, the IL used
as well as the selected catalyst have important roles in the selectivity and yield of the
reactions since the reaction is promoted via the formation of an IL-catalyst complex.

Synthesis of HMF from glucose is more challenging compared to synthesis from
fructose as the reaction proceeds in two steps that require two different catalytic
environments: (1) the isomerization of fructose to glucose which is catalyzed by a
Lewis base followed by (2) dehydration of glucose to 5-HMF which is speculated
to be promoted by Brønsted acids [48]. Conducting the reaction in an aqueous envi-
ronment usually results in poor yield and selectively due to further dehydration of
the HMF product to levulinic acid with a substantial formation of humins through
side reactions [49]. On the other hand, superior product yield and selectivity were
achieved when common imidazolium-based IL was used as the reaction environ-
ment, with 90% conversion achieved when glucose was used as a substrate [48]. The
research field is still in its early stages and several challenges need to be resolved: (1)
HMF product separation from the IL medium, (2) recycling of the IL and catalyst,
(3) increasing glucose substrate loading, and (4) making the system robust enough to
use cellulose as a direct substrate [50, 51]. Biomass pretreatment is one of the major
applications of ionic liquids in biomass processing. In fact, processing and trans-
formation of cellulose and lignin for fuel, chemical, or material production would
first require their effective separation from the biomass polymer matrix, which is the
objective of a pretreatment process. The use of ionic liquids in biomass pretreatment
is discussed in Sect. 5.3.

5.2.2 Protic Ionic Liquids

Protic ionic liquids (PILs), a subclass of ILs, are prepared by a simple stoichiometric
neutralization reaction between a Brønsted acid and a Brønsted base (Scheme 5.1)
that results in an acid–base complex (i.e., the protic IL) [52].

The formation reaction is based on the proton transfer from the acid to the base
which gives a PIL a distinguishable characteristic of having an available proton to
form hydrogen bonds with an anion, other dissolved solutes, and solvents [53].

Scheme 5.1 Protic IL formation reaction from a Brønsted acid and a Brønsted base
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The simple acid–base neutralization reaction gives PILs a great economic advan-
tage compared to all other ILs, which are by convention referred to as aprotic ILs
(APILs). As mentioned earlier, the key barrier towards industrial large-scale use of
commonly used ILs is their high production cost, which is usually 5–20 times more
than conventional organic solvents [20]. The high production cost of APILs mainly
stems from: (1) high cost of the startingmaterials, (2) low atom efficiency during their
synthesis via alkylation and salt metathesis, and (3) lengthy extensive purification
steps which lead to generation of salty wastewater that needs further treatment steps
[54]. The significant reduction in processing steps and the use of inexpensive starting
materials (e.g., mineral acids and amines) make PILs more attractive for industrial
applications. This is especially true as historically many common industrial solvents
were adapted for multi-ton industrial scale because they are generated as inexpensive
by-products in the production line of other higher value products (e.g., acetone is a
by-product of phenol production and toluene is a by-product of gasoline production).

APILs are usually hailed for their non-volatile nature as they have extremely low
vapor pressures. However, this is not always the case for PILs as many PILs have a
measurable boiling point and can be distilled [55, 56]. This feature is directly related
to a PIL’s formation mechanism. PILs exist in equilibrium with their parent acid and
amine. When heated a PIL boils rather than decomposes as the equilibrium reaction
is reversed to form the more volatile neutral acid or base species [52]. In fact, the
volatility of a PIL is highly dependent on its ionicity and degree of proton transfer.
Ideally, the proton transfer from the acid to the base must be completed such that
only ionic species exist to form a true PIL that displays ideal Walden behavior [57].
However, this is not always the case depending on the parent acid and base; the proton
transfer can be only partial [58]. Yoshizawa et al. proposed the use of �pKa as a
practical qualitative indication of the proton transfer completeness of PILs (or degree
of ionicity) without conducting any direct measurement [57]. They defined �pKa =
pKa(HB+) − pKa(HA) where pKa(HB+) and pKa(HA) represent acid dissociation
constants of HB+ and HA in an aqueous environment. It was demonstrated that
�pKa has a direct impact on the boiling point and volatility of the prospective PIL,
with greater �pKa suggesting more complete proton transfer and less presence of
molecular species, and hence a higher product boiling point [59, 60].

For example, comparing two PILs that share the same α-picoline parent base and
two acids of different strengths showed that the PIL with trifluoroacetic acid had a
�pKa value of 7.3 and a measurable boiling point of 175 °C. On the other hand, a
PIL synthesized with the much stronger triflic acid had a �pKa value of 20 with no
observed boiling point.

One of the key properties of PILs is their Brønsted acidity which makes them
attractive media for acid-catalyzed reactions and for applications that require proton-
conducting media, such as fuel cells [61], batteries [61], and capacitors [62]. A PIL’s
acidity can be measured using acidity formulation methods for non-aqueous media
scales, such as potentiometric titration, calorimetric titration, or acidity functions
coupled with spectroscopy (e.g., Hammett function) [63–65].
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5.3 Technology Concept Formulated (TRL 2-3)

The natural high recalcitrance of wood and its insolubility in common solvents has
severely hindered the development and the utilization of lignocellulosic biomass as a
feedstock for biofuels andbiochemicals production.The ability to solubilize cellulose
in common imidazolium-based ILs was the gateway towards investigating the use
of ILs as a pretreatment medium to deconstruct the biopolymers of lignocellulosic
biomass [66]. Ionic liquids’ structural variability and designer properties inspired
scientists to use ILs to overcome the challenges faced in conventional pretreatment
processes, such as solvent losses, high-pressure operation, waste generation, and
sugar degradation [67–69].

5.3.1 Biomass Pretreatment Using Ionic Liquids

In 2007, Rogers et al. explored the use of ILs to extract cellulose from a variety of
hardwood and softwood lignocellulosic feedstocks. It was found that [C4C1im][Cl]
was able to partially dissolve the woody material [16]. Cellulose was recovered by
adding an antisolvent (1:1 acetone–water, dichloromethane, or acetonitrile) and the
properties of the reconstituted cellulosewere found to be very similar to the properties
of pure cellulose subjected to the same process. In the same year, Kilpeläinen et al.
[70] published a study to investigate the use of several imidazolium-based ILs with
chloride anions in dissolving hardwood and softwood feedstocks. They found that
the solubilization efficiency and dissolution profiles are highly affected by the wood
particle size. The addition ofwater as an antisolvent recovered an amorphousmaterial
that was a mixture of the wood components. The intriguing nature of the amorphous
material led to investigating its enzymatic digestibility, and they found that 60% of
the theoretical amount of glucose was released versus only 12% released from the
untreated control. Even though the solubility of the lignocellulosic materials did not
exceed 10 wt%, these early studies established the foundation of a new research field
using ionic liquids as a novel platform for lignocellulosic biomass processing.

In the past decade, two IL-based pretreatment approaches were developed: (1)
biomass dissolution processes (non-selective solubilization of the biomass compo-
nents) and (2) fractionation processes (selective solubilization of lignin and hemicel-
lulose). Each approach uses ionic liquids that interact differently with lignocellulosic
biomass biopolymers [71].

5.3.2 Biomass Dissolution

The biomass dissolution process uses ILs that are capable of dissolving the entire
lignocellulosic biomass components, specifically cellulose, by disturbing its inter-
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and intra-hydrogen-bond network and creating new ones with the IL [43]. The dis-
turbance of the hydrogen-bond network in cellulose reduces cellulose crystallinity
significantly [25]. Cellulose was recovered using a mixture of acetone and water (1:1
v/v), which is capable of dissolving lignin while simultaneously acting as an antisol-
vent for the cellulose-rich material. Following these findings, Rogers and co-workers
[72] in 2009 reported another major milestone in the field when they reported the
use of 1-ethyl-3-methylimidazolium acetate [C2C1im][Ace] as a better solvent to
dissolve wood than [C4C1im][Cl]. The complete dissolution of pine wood was suc-
cessful at mild conditions and only required mild grinding of the wood chips, which
translates to a lower energy requirement. Also, the use of [C2C1im][Ace] offered
several advantages due to its attractive properties, such as lower toxicity, lower cor-
rosivity, lower melting point, and potentially higher biodegradability, compared to
chloride-based ILs. The study also revealed the significant crystallinity reduction of
the regenerated cellulose material compared to the original feedstock. By comparing
XRD patterns, it was evident that the regenerated cellulose was transformed from its
natural state in the untreated biomass (cellulose I) to a revised structure of reduced
inter-chain interactions and more thermodynamically stable (cellulose II) [73] Since
then, many studies investigating the effect of ionic liquid pretreatment on cellulose
crystallinity have been published [26, 73–75].

The amorphous regenerated cellulose provides more surface area making enzy-
matic hydrolysis easier and significantly faster, which is a key success factor for a
pretreatment process that targets bioethanol production [27, 73]. The IL anion plays
the main role in determining cellulose dissolution ability with the cation having a
minor effect [48, 49]. ILs with hydrogen-bonding basic anions, such as chloride [16,
76] and carboxylate (e.g., formate, acetate, phosphate, and lactate) [72, 77, 78], were
shown to form strong hydrogen bonds with cellulose. Among several tested ILs, 1-
ethyl-3-methylimidazolium acetate [C2C1im][Ace] has been the IL predominantly
used in dissolution biomass pretreatment due to its high cellulose-dissolving capa-
bility, non-toxic nature, as well as its ability to dissolve a wide variety of biomass
feedstocks (e.g., Miscanthus giganteus, switchgrass, willow, oak, and pine). Singh
et al. [27] studied the dynamic solubilization mechanism of switchgrass subjected to
pretreatment with [C2C1im][Ace] using the auto-fluorescence of plant cell walls.

They showed that, at first, the IL swelled the secondary cellwalls,which resulted in
a complete disruption of the cell wall structure after a treatment time of 2 h at 120 °C.
Fig. 5.3 shows the dissolution phases of switchgrass stem using [C2C1im][Ace]
starting from plant cell disintegration in the first phase and separation to complete
dissolution in the last phase [27].

However, facile extraction of the lignin was achieved. The close association of
the anion hydrogen-bond basicity and cellulose dissolution was confirmed by NMR
studies [76] and molecular dynamics studies [79]. The empirical solvatochromic
Kamlet-Taft parameters were also used to correlate the anion hydrogen-bond basicity
with the IL cellulose-dissolution ability. Kamlet-Taft parameters include: solvent
hydrogen-bond acidity denoted as α, hydrogen-bond basicity denoted as β, and
π* for solvent polarizability. For ILs, β was found to be mainly influenced by the
anion [80]. ILs that are capable of dissolving cellulose exhibited high hydrogen-bond
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Fig. 5.3 Fluorescence images of switchgrass treated with [C2C1im][Ace] that shows the wall
a before treatment, b 20 min pretreatment, c 50 min pretreatment, and d 120 min pretreatment
where complete breakdown of cell walls occurred. Ref [27]

basicity (β > 0.7) [71]. A comprehensive review on using ILs for biomass dissolution
was recently published by Rosatella and Afonso [81].

5.3.3 Biomass Fractionation

The first patent using ionic liquids to selectively extract lignin from the biomass
matrix was published byMacFarlane et al. in 2007 [82]. They indicated that ILs con-
taining an organic or inorganic cation alongwith an organic acid-based anion (mainly
sulfonate) can fractionate lignocellulosic material, where lignin is solubilized in the
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ionic liquid and a cellulose-rich pulp remains highly intact during the process. The
selective dissolution of lignin and hemicellulose in the IL medium gives the process
the “fractionation” feature, with lignin removal (or delignification) being the main
deconstructionmechanism. Lignin was subsequently recovered by adding an antisol-
vent (e.g., water), changing the solution pH or temperature. Another patent was filed
in 2008 byVaranasi et al. describing the same biomass fractionation effect using ionic
liquids and the subsequent successful enzymatic hydrolysis of cellulose to glucose
[83]. Interestingly, the ionic liquids used for the fractionation were [C2C1im][Ace]
and [C4C1im][Cl], which are the same ionic liquids reported earlier for their ability
to dissolve all the biomass components, including cellulose. The major difference
was the use of a much higher biomass loading (i.e., the weight percent of biomass in
the reactor relative to IL; 33 wt% versus <5 wt% for dissolution [16]) that weakens
the ability of the ionic liquid to dissolve the entire biomass components. The crys-
tallinity of the cellulose-rich pulp recovered from the fractionation process is usually
intact or is slightly increased due to the lignin and hemicellulose removal [29]. The
extraction of lignin (i.e., delignification) increases the exposed surface of cellulose
making it easier for the enzymes to access the cellulose fibers, thereby significantly
increasing its hydrolysis to glucose. In general, ILs used in fractionation processes
do not need to have high hydrogen-bond basicity to solubilize lignin [71]. Thus, a
larger number of ILs are capable of dissolving lignin than cellulose. This includes
ILs with moderate to strong hydrogen-bonding anions, such as halides (chlorides and
bromides) [84, 85], acetate [Ace]−, triflate [OTf]−, methyl sulfate [C1SO4]− [85],
xylenesulfonate [XSO3]− [86], and hydrogen sulfate [HSO4]− [87].

The ionoSolv process is a biomass fractionation process that uses ionic liquid and
watermixtures to selectively dissolve lignin, producing a cellulose-rich pulp [22, 88].
The extracted lignin is recovered via precipitationwith the addition of an anti-solvent,
usually water, and the IL is recycled back for another pretreatment. The process has
mainly focused on using protic ammonium-based ILs with a [HSO4]− anion because
they provide key technical and economic benefits, which will be discussed in detail
in Sect. 5.4. Figure 5.4 shows the main steps involved in the lab-scale version of the
ionoSolv process [22].

5.4 Early Technical Challenges

Historically, the biomass dissolution process has been the most prevalent ionic liquid
pretreatment approach studied since the process was developed as a direct conse-
quence of discovering cellulose-dissolving ILs [16]. As understanding the process
continued to grow, technical challenges were associatedwith the practical implemen-
tation of biomass dissolution using ILs. These challenges were mainly related to the
hyper-sensitivity of water in the process as well as to the thermal stability of the ILs
used [71]. While thermal stability might be overcome by a more careful design of the
IL, the water sensitivity problem cannot be solved the same way because cellulose
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Fig. 5.4 Bench-scale workflow used in ionoSolv process. Ref [22]

solubility is inherently inhibited by water, regardless of what IL is used. The follow-
ing sections discuss these two process aspects and how the ionoSolv pretreatment
was designed to meet these challenges.

5.4.1 Process Water Tolerance

The first major technical challenge associated with the dissolution process was the
very strict anhydrous conditions required for cellulose solubilization. The extremely
low cellulose solubility in water makes the presence of <1% water in the IL highly
inhibitory for cellulose dissolution [33]. As ILs used in the dissolution process (e.g.,
acetate, or chloride-based) are highly hygroscopic in nature, an IL-drying step will
have to be integrated into the process scheme, which will be highly cost prohibitive
[71]. In addition, the biomass feedstock will also need extensive drying as a newly
harvested biomass contains large amounts ofwater, typically up to 50wt%.Even after
air drying, biomass will still contain moisture of 5–10 wt%, which is high enough
to inhibit cellulose dissolution. Lab experiments use cellulose-dissolving ILs to dry
their biomass feedstock at 90 °C overnight for moisture removal; a practice that will
not be economically possible on an industrial scale.

In contrast, a key advantage of the ionoSolv process is the high performance
when the IL is mixed with water. In fact, the initial identification of the fraction-
ation ability of the ILs used in the ionoSolv process started with the observation
thatM. giganteus pretreatment with dry 1-butyl-3-methylimidazoliummethyl sulfate
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[C4C1im][C1SO4] (total water 1.1 wt% including biomass moisture) produced a very
poorly enzymatically hydrolyzed pulp. On the contrary, mixing [C4C1im][C1SO4]
with 20 wt%water produced a pulp that can be enzymatically hydrolyzed. This led to
amore elaborative and comprehensive investigation of the importance of the presence
of water during the pretreatment with this specific IL. Therefore, the first ionoSolv
study done by Brandt et al. in 2011 investigated the performance of IL/water mix-
tures, mainly 1-butyl-3-methylimidazolium methyl sulfate [C4C1im][C1SO4] and
1-butylimidazoliumhydrogen sulfate [C4im][HSO4] for lignocellulosic biomass pre-
treatment [87]. Glucose yields obtained from M. giganteus pulp after pretreatment
were the highest when the ILs were mixed with 10–40 wt% water. This was the first
demonstration that an IL-based pretreatment can be conducted with the presence
of substantial amounts of water, eliminating the strict anhydrous conditions needed
in an IL-dissolution process. The presence of water was found to be essential for
the hydrolysis of the ether linkages in the lignin structure. Having the flexibility of
operating the process with a substantial amount of water also offers several key pro-
cessing advantages, including (1) reduced overall solvent mixture cost, as water is a
cheap solvent, and (2) reduced solvent viscosity, which reduces the pumping power
and makes filtration operations easier.

5.4.2 Ionic Liquid Thermal Stability

Solvent thermal stability is oneof the keyparameters that impact process performance
in several ways. If a solvent has low thermal stability under process conditions, this
translates to poor solvent recovery, higher solvent make-up, higher operating cost,
accumulation of degradation products, changes in solvent properties, and, eventually,
the uncertainty of process performance. In addition, solvent degradation products
may also cause safety and process integrity issues, such as unpredictable corrosion
behavior [89, 90]. Therefore, throughout the development of a new process, such
as IL-based pretreatment, it is crucial to establish a very good understanding of the
long-term thermal stability of the IL used as well as the degradation products formed
in the process. IL thermal stability will have a direct impact on its recyclability
efficiency, which is a major economic driver in the process [91].

ILs have been long known to be thermally stable solvents. However, such a general
statement isn’t possible for every anion/cation combination, especially given the
sheer number of possible ILs [92]. There are some commonly used ILs that are
highly thermally stable, but these usually contain highly non-coordinating fluorinated
anions that are not used for biomass deconstruction [93]. IL-based pretreatment is
usually operated at temperatures of 100–190 °C with retention times of 30 min up to
24 h [94]. The operating temperature range might be high enough to cause solvent
degradation, especially in a closed-loop solvent system.

The thermal stability of ILs is influenced by both the anion and the cation, with
the anion playing a more significant role [93]. Thermal gravimetric analysis (TGA)
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is a common analytical technique used to characterize solvent thermal stability by
correlating the solvent mass loss with temperature. Using the step-tangent method,
the TGA scan of different solvents can be compared based on their onset decompo-
sition temperature, T onset. The study of George et al. showed that all [HSO4]-based
ILs with different ammonium cations have higher thermal stabilities (T onset of 290–
320 °C) compared to the famously used [C2C1im][Ace] (T onset = 215 °C) [29].
Another study evaluating the thermal stability of 66 ILs has also categorized acetate-
based ILs among the least stable ILs (T onset < 250 °C) while hydrogen sulfate-based
ILs were classified to be more stable (250 °C ≤ T onset < 300 °C) [93]. It should be
noted that T onset represents the decomposition temperature; however, the significant
mass loss still occurs at much lower temperatures [92]. For example, Rogers and
co-workers have observed up to 15% weight loss within 10 min at 185 °C when
treating bagasse and pine with [C2C1im][Ace] [16]. Brandt et al. have also reported
that [C4C1im][Ace] lost 10% of its weight after 60 h at 120 °C, which is much lower
than T onset [71]. As a rough guide, process engineers typically expect a solvent life-
time of around 4 months or 2500 h of operation. As such, under process operating
conditions, the combination of IL losses and degradation should not exceed 0.04%
per hour of operation, which provides an upper bound for an acceptable solvent
degradation rate.

In addition, since T onset values are strongly subject to set-up (e.g., heating rate, gas
flow, and pan material), some authors have proposed a more practical measurement
parameter, Tx/z, where x represents a given decomposition extent (e.g., 1% weight
loss) in z length of time (e.g., 10 h) [95]. Applying this to [C4C1im][Ace] IL, T 0.01/10h

was 102 °C and [C2C1im][Ace] is expected to have a very similar value. Although it
was suggested that amaximum stable operating temperature for an ionic liquid-based
process should be 10 °C lower than T 0.01/10h, a more realistic value would be at least
30 °C lower to maintain high solvent recovery and integrity. In both temperature
limits, acetate ILs cannot be thermally stable, especially at the elevated temperatures
required for biomass pretreatment.

The IL cation also has an important effect on its thermal stability. Achinivu
et al. have recently reported the use of three acetate-based PILs with pyridinium,
1-methylimidazolium, and pyrrolidinium cations to selectively extract lignin from
corn stover [96]. All three PILs suffered from low thermal stability with signifi-
cant mass loss observed at temperatures <100 °C, making them easily susceptible
to degradation at processing conditions. The poor thermal stability of acetate-based
ILs is also largely attributed to the presence of dissociated molecular species due to
incomplete protonation of the cation by the weak acetic acid [96].

The ionoSolv process typically uses ILs with ammonium-based cations, such
as triethylammonium [22]. The most dominant degradation mechanism of an
ammonium-based IL is the loss of the alkyl chain from the cation (dealkyla-
tion) before the breaking of C–H and C–C bonds at higher temperatures [97].
For [N0 2 2 2][HSO4], diethylammonium or monoethylammonium are the expected
dealkylation products (Scheme 5.2). A recent ionoSolv study recorded the 1H-NMR
spectra for recycled triethylammonium hydrogen sulfate [N0 2 2 2][HSO4] (4th cycle
at 120 °C and 9 h) to investigate the extent of IL degradation during pretreatment.
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Scheme 5.2 Dealkylation of triethylammonium cation to form diethylammonium

However, no signal was detected for the expected dealkylation products, which
demonstrates the robust thermal stability of the IL during the course of ionoSolv
pretreatment. Even though these results are encouraging, there is still a need to have
a more in-depth understanding and evaluation of the long-term thermal stability of
the ILs used in the ionoSolv process.

5.4.3 IonoSolv Shift to Protic Ionic Liquids

The first IL used for biomass delignification in the ionoSolv process was
[C4C1im][C1SO4] upon the realization that the IL can be mixed with water giv-
ing highly digestible pulps [87]. It was soon realized that the presence of water
caused the [C1SO4]− anion to hydrolyze forming [HSO4]− and methanol. This led
to investigating [HSO4]-based ILs directly as they seemed to be the active species
in the [C1SO4]/H2O system. It was shown that 1-butyl-3-methylimidazolium hydro-
gen sulfate [C4C1im][HSO4] is very effective in delignifyingM. giganteus and, to a
lesser extent, willow and pine (conditions at 120 °C and 22 h).

In an attempt to study the effect of the cation on pretreatment efficiency, a
monoalkylated imidazolium cation, namely, 1-butylimidazolium [C4im]+ was used
instead of the dialkylimidazolium [C4C1im]+. Combining a [HSO4]− anion with a
monoalkylated imidazolium cation [HC4im]+ results in a Brønsted-acidic PIL that
can be synthesized via a simple acid–base reaction between the parent acid and
amine (in this case sulfuric acid and 1-butylimidazolium). In contrast, the synthesis of
[C4C1im][HSO4] requires the reaction of 1-butyl-3-methylimidazole with dimethyl
sulfate followed by hydrolysis at elevated temperature and then evaporation of the
water and the methanol formed during the reaction (Fig. 5.5).

This synthesis route of [C4C1im][HSO4] has a near-quantitative atom efficiency
providing an advantage compared to the poor atom efficiency in the synthesis ofmore
common ILs [98]; however, dimethyl sulfate is a highly poisonous and dangerous
chemical of carcinogenic, mutagenic, and corrosive nature. The viability of using the
PIL analogue was well established when [C4im][HSO4] was shown to be as effective
for M. giganteus deconstruction and delignification, with 90% subsequent glucose
yield during enzymatic hydrolysis.

Even though the [C4im][HSO4] PIL was found to be effective for biomass delig-
nification and a cheaper alternative compared to an APIL, it was intriguing to explore
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Fig. 5.5 a Synthesis route of [C4C1im][HSO4] aprotic ionic liquid using dimethyl sulfate and
1-butyl-3-methylimidazole b Synthesis of [C4im][HSO4] protic ionic liquid using sulfuric acid and
1-butylimidazole

additional routes that might further reduce IL cost. This was accomplished by cap-
italizing on the structural variability of ILs and the fact that one can fine-tune their
design to seek less costly ion combinations without impacting process performance.
Since the anion determines the chemistry and solvation capability needed for lignin
removal, keeping the [HSO4]− anionwasnecessary. In addition, sulfuric acid (the pre-
cursor of [HSO4]− anion) is inexpensive. So, there isn’t an economical need to seek
another alternative. This led to investigating different cations of cheaper and more
massively produced alkylamines precursors. Therefore, a series of protic [HSO4]-
based ILsmade from several low-cost alkylamines were investigated in terms of their
effectiveness for biomass delignification. The degree of the ammonium cation sub-
stitution was shown to have a significant impact on pretreatment efficiency. Among
the tested PILs, [N0 2 2 2][HSO4] IL was found to be the most effective and 75% as
efficient as [C2C1im][Ace] at a fraction of the projected large-scale production cost
[29].

5.5 Technology Bench-Scale Validation (TRL 4)

Bench-scale validation of a new process usually focusses on studying and optimizing
the key process variables that can be monitored in a lab environment. These devel-
opmental objectives can be perceived as micro-objectives with the aim to make the
processmore compact, energy-efficient, and environmentally sustainable [99].On the
other hand, macro-objectives aim to use engineering methods to evaluate the techno-
economic viability and environmental sustainability of a process. These methods
are important assessment tools to pin-point key process weaknesses and, therefore,



5 Commercial Aspects of Biomass Deconstruction with Ionic Liquids 103

steer research towards solving these weaknesses. In the case of the ionoSolv pro-
cess, the effective application of [HSO4]-based PILs for biomass fractionation held
high potential for the development of an economical IL-based pretreatment process.
However, it was important to understand themain factors that govern the process eco-
nomics and resolve any problems. It was also of key importance to build an in-depth
understanding of the process fundamentals and evaluate the process performance at
intensified conditions that might potentially be translated to industry.

5.5.1 Resolving the Key Cost Driver

The first techno-economic assessment of IL-based pretreatment was conducted in
2011 using [C2C1im][Ace] as a cellulose-dissolving IL [100]. The motivation was
to identify the main operational targets that are needed to be improved for an IL-
based pretreatment to be economically competitive with peer technologies. The key
variables driving the process economics were identified to include: (1) IL cost, (2) IL:
solid loading, and (3) IL recovery. The authors emphasized that reducing the IL price
is the sole factor that needs to be targeted to achieve an economically viable process.
This is indeed true as the IL make-up amount (and, thereby, the associated IL make-
up cost) is linked to the solid loading and recycle rate. For example, lowering the IL
use in the process by increasing the biomass to ionic liquid ratio from 1:10 to 1:1 will
increase ILmake-up cost by an order ofmagnitude. The study took into consideration
an IL cost range of $2.5–$50 kg−1, which were considered reasonable given the scale
of operation, yet they were still 2–50 times higher than organic solvent costs, such
as toluene ($1.03 kg−1) and acetone ($1.30 kg−1). Another techno-economic study
considered more intensified biomass dissolution pretreatment schemes that included
a “one-pot” process and a conventional pretreatment dissolution route [101]. It was
highlighted that even at the most economically optimistic conditions (which might
be very challenging to achieve in reality) of 99.6% IL recovery and 50% biomass,
the process minimum ethanol selling price (MESP) for both schemes was >$6 gal−1,
which is very high compared to a MESP of $2.15 gal−1 that was estimated for dilute
acid pretreatment [102].

Even though the techno-economic assessmentswere done based on the IL biomass
dissolution process, it is very likely that the same parameters (IL cost, IL: biomass
loading, and IL recovery) will drive the process economics in IL fractionation pro-
cesses. As stated earlier, the shift from using an APIL to a PIL for biomass delignifi-
cation in the ionoSolv process was a key turning point that held so much potential in
resolving the IL high-cost issue. To quantitively assess the anticipated cost reduction,
Chen et al. performed the first economical evaluation that estimated the large-scale
production cost of PILs used in the ionoSolv process [30]. Conducting such an eco-
nomic evaluation was highly valuable not only to provide the IL production cost
estimate but also to highlight the key aspects that contribute to the IL production
cost, which can serve as a guideline for designing and estimating the cost of other
PILs. In addition, although for the past two decades the cost of ILs has been always
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considered to be the bottleneck for their large-scale implementation, there were no
previous reports assessing the manufacturing of ILs at scale.

Two PILs were taken as models for the process simulation and economic evalua-
tion: triethylammonium hydrogen sulfate [N0 2 2 2][HSO4] and 1-methylimidazolium
hydrogen sulfate [C1im][HSO4]. The study highlighted that the cost of raw materi-
als accounts for 82% of the operating cost of the plant, which is mainly due to the
simple equipment and cheap utilities (cooling water and electricity) involved in the
manufacturing process of the PILs studied. Such an important outcome allowed the
development of a simple formula that estimates the price of any other PILs where
raw materials are expected to dominate the manufacturing price. The formula for the
IL price is:

IL price = M1P1 + M2P2
M1 + M2

× 1.25

where M1 and M2 are the molecular weights of the two starting materials and P1

and P2 are the prices of the two starting materials. The formula indicates that the
production cost of a PIL is dictated by the molecular weight of the more expensive
parent chemical. In the case of [HSO4]-based IL, the amine is the more expensive
parent chemical and thus choosing a low-molecular weight amine will reduce the
cost of the prospective IL. The impact of the cost of the parent amine is clear when
comparing the estimated prices of [N0 2 2 2][HSO4] and [C4im][HSO4], which were
$1.24 and $2.96–5.88 kg−1, respectively (based on 2014 chemical prices). The 2.5–5
increase in the IL cost is exclusively related to the higher cost of methylimidazole,
which is a specialty chemical, versus the cost of triethylamine, a chemical that is
produced in bulk scale [103]. The cost of these PILs is significantly lower than the
estimated cost of [C2C1im][Ace], which ranges between $20 and $101 kg−1 [100].
The low price of [N0 2 2 2][HSO4] made it particularly attractive as it is midway
between a low-cost organic solvent, such as toluene ($1.03 kg−1) and higher cost
organic solvent, such as acetonitrile ($1.54 kg−1). It is also important to note that
the cost estimates were reported based on 2014 commodity prices that dropped
dramatically after the decline in oil prices leading to a current IL price of $0.5 kg−1

[22].
In addition, the use of PILs also offers environmental advantage in addition to

the economic advantage. Jessop proposed a simple approach to assess the environ-
mental sustainability of solvents by creating a solvent synthesis tree (like a family
tree) to count the synthesis steps and the nature of all parent chemicals associated
with its synthesis [104]. Applying this approach to one of the commonly used ILs
(e.g., [C4C1im][Cl]) will require 22 synthesis steps; on the other hand, the synthesis
of [N0 2 2 2][HSO4] requires 7 steps [30, 104]. The reduced complexity in the chem-
ical synthesis route translates to a tangible reduction in the environmental impact
associated with IL production; simpler and more direct synthesis means less waste
generated, lower energy and chemical use, and less solvent losses [105].

To conclude, when considering which IL to use for any specific application,
researchers should be able to make an informed estimate about the cost of the IL.
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This can be accomplished by conducting a techno-economic analysis, or it can be
something as simple as making a back-of-the-envelope cost estimate based on some
general considerations, such as the price of the starting materials and the level of
synthesis complexity (degree of substitution and number of synthesis steps) [104,
105]. Working out the cost estimation for a new solvent, in this case, the IL, will
highlight the hot-spots that can be altered to reduce the cost. It can also reveal whether
using this new solvent for a specific process offers an economic advantage compared
to alternative solvents [95]. For the ionoSolv process, switching from an APIL to a
PIL when the process chemistry allows and then evaluating the economic viability
of using a PIL at scale sets a good example of accelerating large-scale deployment
of an IL-based process.

5.5.2 Improving Space-Time Yield

Lowering the cost of the pretreatment reactor is important to reduce the overall
process investment cost, as it is often the largest piece of capital investment in a
cellulosic ethanol plant [106]. The pretreatment reactor volume is mainly dictated
by the pretreatment time and biomass loading where higher biomass loading and
shorter time will result in a larger reactor volume [107]. Despite this, the majority
of IL-based pretreatment studies have been conducted at low biomass loading (3–
10 wt%) and long pretreatment times (8–72 h). While the knowledge obtained from
these studies is important to develop the process chemistry, such conditions cannot
be translated to an industrially relevant scale because they are uneconomical.

For example, Tao et al. estimated the capital cost of lime pretreatment to be eight
times higher than dilute-acid pretreatment due to the significant number of reactors
required (residence time of 4 h) and the need for a lime recovery unit [106].

To improve the space-time yield of a reactor, it is important to optimize the reac-
tion kinetics, which is usually strongly dependent on temperature. Therefore, the
ionoSolv pretreatment performance forM. giganteus feedstock [22, 108] was inves-
tigated at different temperatures and residence times for using [N0 2 2 2][HSO4] IL
with 20wt%H2O.Enzymatic hydrolysis of cellulose to glucose changeddramatically
as the recovered cellulose pulp composition varied depending on the pretreatment
severity. Reaching the optimum glucose yield is significantly accelerated when the
pretreatment is conducted at higher temperatures (Fig. 5.6).

For example, to achieve 75% glucose yield, the pretreatment should be conducted
for 15 min at 180 °C or for 8 h at 120 °C. The ability to achieve high glucose yield
while reducing the reactor volume by a factor of 32 offers a substantial economic
advantage as it translates to an optimized reactor volume and higher throughput
processing times in an industrial-scale process. This is true even if the process will
be operated at higher temperatures as the reactor energy can be supplied through
process heat integration.

As stated earlier, the ionoSolv pretreatment mechanism is based on lignin extrac-
tion from the biomass. Therefore, optimum glucose yield in enzymatic hydrolysis
should be obtained when the biomass is highly delignified [22]. Understanding the
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Fig. 5.6 Glucose release after 7 days of enzymatic saccharification from M. giganteus pulp after
pretreatment at several temperatures and times with [N0 2 2 2][HSO4]. Refs [22 and 108]

kinetics of lignin extraction is a challenging task as it involves a complex multi-step
process of lignin fragmentation and depolymerization as well as the redeposition of
condensed lignin and humins onto the pulp surface [109].

Increasing the pretreatment temperature from120 to 150 °C had a dramatic impact
on accelerating lignin extraction from the biomass, thereby increasing subsequent
glucose yields. Similarly, operating at temperatures higher than 150 °C also improved
and accelerated lignin removal to a lesser extent. In either case, approaching or
exceeding the glass transition temperature (T g) of lignin (estimated to be around
130–150 °C) was important to improve the kinetics of lignin removal. Li et al.
reported accelerated dissolution of bagasse and pine using [C2C1im][Ace] (10 min
when operating at temperatures above 170 °C compared to 16 h at 110 °C). This
highlights the importance of operating at temperatures that exceed the T g [110].
Arora et al. also observed a remarkable increase in switchgrass delignification using
[C2C1im][Ace] at temperatures ≥150 °C, which was correlated to the increase in
cellulose enzymatic hydrolysis to glucose [111].

Another important process intensification factor is biomass loading.Asmentioned
earlier, biomass loading is a key cost driver in an IL-based biomass pretreatment
process as it reduces the amount of the IL required and, therefore, the cost associated
with IL use in the process. Higher solid loading (≥15 wt%) also brings several other
advantages, such as a more concentrated product stream, lower energy input, lower
water consumption, smaller reactor size, and a lower MESP [100, 112]. At the same
time, increasing solid loading also brings several processing challenges, such as the
difficulty ofmixing and handling, poor heat andmass transfer, and increased inhibitor
concentration [112, 113].

The use of high solid loading also has implications for the density and viscosity
of the reaction product slurry, which would require higher power to overcome the
high yield stresses at high concentrations [114]. Cruz et al. studied the impact of
solid loading on the pretreatment efficiency using [C2C1im][Ace] and the changes
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in the rheological properties of the slurries produced [115]. It was found that the
shear viscosity of the produced slurry increased by three orders of magnitude upon
increasing the solid loading from 3 to 50 wt%. However, interestingly, increasing the
solid loading of the biomass improved the slurry’s shear thinning behavior, thereby
significantly reducing its complex viscosity to values similar to low solid loading.
The authors saw in this behavior an opportunity to design a high solid-loading reactor
that induced high shear stress to overcome the poor mixing limitation. Wu et al. also
investigated the role of solid loading on corn stover pretreatment efficiency using
[C2C1im][Ace] aiming to find the minimum amount of IL required for an efficient
pretreatment [116]. High glucose yields of ~80% were obtained at a wide range of
solid loading (4.8–33 wt%), while at 50 wt% solid loading the glucose yield dropped
to ~60%.

The decrease in glucose yield was attributed to a combined effect of lower lignin
extraction efficiency and less disruption of the cellulose hydrogen bonds as less
IL is present (mole ratio of [C2C1im][Ace] to glucose in cellulose). In ionoSolv
processing, doubling the biomass loading from 10 to 20 wt% for pretreatment ofM.
giganteus was effective with no negative impact on process performance [108]. The
combined effect of doubling biomass loading along with shortening the pretreatment
time resulted in reducing the reactor volume by a factor of 64 which translates to a
90–95% reduction in reactor cost. A study on the impact of high solid loading on
ionoSolv pretreatment efficiency is underway and will be published shortly.

5.5.3 Ionic Liquid Recovery and Recycle

High IL recovery and recycle rates are crucial for the economic success of the process
as the amount of the IL make-up is one of the major contributors to the process
operating expenditures (OPEX) [100]. The IL cost dictates the economic significance
of the IL recycle rate and recovery; the higher the IL cost the narrower the tolerance
and vice versa. Even in the case of using a low-cost IL, an IL recovery of >95% should
be achieved for the solvent cost not to become limiting [22]. The technoeconomic
model of the IL-dissolution process also highlighted the significant impact of the IL
recovery on the process of capital expenditures (CAPEX). Low IL recovery reduces
the capacity and the cost of the IL regeneration section. However, in the process
configuration studied, because the non-recovered IL ends up flowing to the boiler,
a larger and more expensive boiler will be needed to dispose of the IL by burning.
Klein-Marcuschamer et al. showed that reducing the IL recovery from >99 to 94% at
10 wt% biomass loading decreases the CAPEX of the IL regeneration process from
$96 to $93 M while at the same time tripling the boiler costs from ~$20 to ~$60 M
[100].

Despite the technical and economic significance of IL recycle and recovery, few
pretreatment studies have investigated this aspect of the process. Even the few studies
that exist are based on IL-dissolution processes with low biomass loading (5 wt%
or less) [117, 118]. Therefore, it was important to evaluate the ionoSolv process
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performance with recycled ionic liquid to quantify the recovery rate and its impact on
the cellulose-pulp composition and enzymatic digestibility. Recycling experiments
were conducted onM. giganteus using [N0 2 2 2][HSO4] at pretreatment conditions of
120 °C and 8 h. Over the course of four consecutive IL uses, the IL recovery achieved
was 98–99%[22]. These recoveries aremuchhigher than the reported [C2C1im][Ace]
recovery (85–90%) [119, 120] and also higher than organic solvent recovery in the
organosolv process (96–98%) [67]. In addition, [N0 2 2 2][HSO4] recycling did not
have a negative effect on process performance. In fact, the glucose yields gradually
increased from 62 to 71%over three IL reuses, whichwas coupledwith an increase of
the glucan recovery in the pulp. Both effects were attributed to the hypothesis that the
excess acid present in the first IL batch was consumed over the cycles causing more
glucan to be retained and higher glucose to be released in enzymatic hydrolysis. The
high IL recovery achieved in the ionoSolv process coupled with low IL cost shows
high promise to be able to compete with established pretreatment technologies.

5.6 Technology Validation in a Relevant Environment
(TRL 5-6)

A key step in the process development roadmap involves moving from the bench-
scale to a larger scale. The “larger scale” can be either a laboratory scale-up study,
where the process volume and equipment are scaled by several orders, or it can be
a pilot-scale demonstration. Usually, both are necessary before taking the process
to commercial operation. It is important at this stage for the process developers to
draw a conceptual engineering design to think about the process flow and choose
potential unit operations. This exercise coupled with the techno-economic evaluation
are powerful tools to identify key process and scale-up challenges that may not have
existed in a lab-scale environment.

5.6.1 Process Conceptual Design

Figure 5.7 shows a simplified process flow diagram of the ionoSolv process. The
unit operations discussed here might be changed and adapted to meet the specific
targets for a given project, such as cost cycle optimization, CAPEX minimization,
and the scale of the plant. The main sections in the process can be divided into feed
handling, pretreatment, lignin recovery, and IL regeneration. In feed handling, the
supplied biomass is stored and prepared where a chipper or a mill is used to reduce
the size of the biomass to facilitate pretreatment. In the pretreatment section, the
chipped biomass is brought into contact with a mixture of recycled ionic liquid and
water (typically 20%water content byweight) in a reactor and heated to temperatures
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Fig. 5.7 Conceptual design of the ionoSolv process

ranging from 120 to 180 °C (depending on the biomass type) for a specific residence
time (~15–60 min).

The temperature and time can be chosen based on the desired product specifica-
tions. For example, for bioethanol production obtaining highly delignified cellulose-
rich pulp is key to ensure high sugar yield in the downstream enzymatic hydrolysis
unit. For cellulose material applications, conditions should be optimized to have the
required properties, such as fiber length, density, and tensile strength.

Once the pretreatment reaction is completed, the slurry is sent to a filter to separate
the cellulose-rich pulp (solid) from the IL/water mixture containing the dissolved
lignin (lignin-rich IL). The pulp is then washed thoroughly to ensure the complete
removal of residual IL. Pulp washing on a large-scale system was highlighted as one
of the potential process challenges and will be discussed in more detail in Sect. 5.6.3.
The lignin-rich IL is then sent to the lignin recovery unit where lignin is precipitated
by adding water as an antisolvent. The recovered lignin is filtered and washed with
water to ensure minimal losses of the IL. Lignin is then sent to a boiler where
heat is recovered and used to supply the process energy requirements, as no lignin
valorization is considered at this stage of the process development. The diluted IL
flowing from the lignin recovery unit needs to be re-concentrated before it is recycled
back to the pretreatment reactor. The re-concentration or regeneration of the IL is
expected to be a process-limiting step as water removal is naturally a highly energy-
intensive process.
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5.6.2 Ionic Liquid Re-Concentration

It is essential to develop robust and cost-effective IL recycle and recovery technolo-
gies in order for ionic liquid processes to be economically and ecologically viable
[104]. The non-volatility of ionic liquids and, therefore, their near-quantitative recov-
ery and recycling is one of the main reasons for their early popularity. However,
studies on ionic liquids’ recyclability in operational environments are still scarce
[118]. In ionic liquid-based biomass pretreatment processes, the IL is diluted with
a large amount of water during the product recovery step (ionic liquid dissolution
process) or during the lignin precipitation step (ionic liquid fractionation process)
[121]. The diluted IL-water mixture stream must be re-concentrated prior to ionic
liquid recycling. Ionic liquids used for biomass pretreatment processes (both frac-
tionation and dissolution) are hydrophilic and miscible in water, which makes their
re-concentration and recovery a very challenging task compared to hydrophobic IL
recovery and recycles [118]. Thermal evaporation ofwater is one of the first options to
consider for IL recovery and recycle. However, thermal evaporation technologies are
highly energy-intensive, especially when the solvent to be removed is non-volatile,
such as water [122]. In addition, the IL–water mixture represents a real challenge due
to the presence of strong hydrogen-bond interactions between the water molecules
and the IL ions, especially at low water concentrations [123, 124]. In addition, boil-
ing point elevation in the IL–water binary mixture due to the strong water–ions
interaction makes thermal distillation more challenging and energy-intensive [121,
125].

Membrane-based technologies are considered as the most cost-effective and
energy-efficient choice, and they are also industrially mature.Membrane-based tech-
nologies, such as nanofiltration (NF), reverse osmosis (RO), pervaporation and elec-
trodialysis, were investigated for IL re-concentration and dehydration application.
Haerens et al. have studied the use of pressure-driven membrane technologies, such
as NF and RO, to re-concentrate 5 vol.% Ethaline200 aqueous solution [126]. Only
a five-fold concentration of the IL was possible, reaching a maximum concentration
of 20–25 vol.%. The intrinsically high osmotic pressure of ILs and low ILs rejection,
especially at high IL concentrations, limit the application of membrane-pressure
processes for IL dehydration. Therefore, the authors suggested using RO and NF
to re-concentrate dilute IL solutions by a factor of four to five followed by another
re-concentration process to achieve higher water removal. Lynam et al. studied a
vacuum membrane distillation process to concentrate [C2C1im][Cl] solution at high
feed concentration (>20 wt%) using a hydrophobic polyacrylonitrile (PAN)-based
membrane [127]. At optimal operating conditions, the processes showed good per-
formance achieving a 65% final concentration and 99.5% IL recovery. However, the
loss of performance with time due to membrane pore wetting was highlighted as a
potential operational challenge.

Pervaporation technology was also recently investigated for [C2C1im][Ace] re-
concentration in a biomass pretreatment process [121]. Theprocesswas very effective
in re-concentrating the IL from 20 wt% initial concentration up to 80 and 99 wt% at
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feed temperatures of 80 and 100 °C, respectively. In addition, a very high IL recovery
of 99.9 wt% was able to be achieved in the process, which is of key importance for
an economically viable process. Despite the encouraging results, more efforts are
still needed to improve the permeate flux, selectivity, and membrane stability.

It is important to note that in IL biomass fractionation processes, such as iono-
Solv where IL and water mixtures are used, only a certain amount of water needs
to be removed during the re-concentration process. In contrast, very high dehydra-
tion levels (ideally ~100%) would be needed for an IL biomass dissolution process.
In the ionoSolv process, the amount of water that needs to be removed during IL
re-concentration is equivalent to the amount of water added to precipitate lignin
from the lignin-rich IL stream. Therefore, the first attempt to optimize the process
should focus on minimizing the amount of water needed for lignin precipitation to
consequently reduce the energy requirement for IL re-concentration. In the current
lab-scale protocol, the water used for lignin precipitation is fixed at 3 g per g of IL
solution (3 water equivalents) while preliminary data suggest that 0.5 water equiv-
alents are sufficient to precipitate >90% of the lignin [22]. A more detailed study
on the water requirement for lignin precipitation and its impact on the pretreatment
performance in the ionoSolv process is underway.

To illustrate the energy intensity of the IL re-concentration step, Fig. 5.8 compares
the energy requirement needed for the pretreatment reactor and IL re-concentration
step using a thermal evaporation unit in the ionoSolv process (based on a preliminary
techno-economic evaluation—not published).

The energy needed to increase the temperature of the reaction mixture (20 wt%
biomass loading in 20 wt% H2O in [N0 2 2 2][HSO4]) to 150 °C and reaction time of
15 min is about 5 MJ kg−1 of biomass. On the other hand, re-concentrating the IL
solution from60wt%H2O(after lignin precipitation, assuming1.5water equivalents)
to initial water concentration of 20 wt% requires 15MJ kg−1 of biomass. The reactor
portion can be heat-integrated from available process energy reducing the energy
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requirement by ~80% (0.9 MJ kg−1). However, IL re-concentration is more difficult
to heat-integrate with only a 14% potential reduction in energy requirement after
heat integration due to the substantial amount of energy needed during the phase
change. The immense amount of energy required for IL re-concentration makes it
imperative to dedicate more research efforts toward developing cost-effective and
robust dehydration technologies to recover ILs from aqueous solutions with minimal
IL losses.

5.6.3 Cellulose Pulp Washing

Washing the cellulose-rich pulp after the pretreatment is essential for three main rea-
sons: (1) to reduce ionic liquid losses, (2) to remove residual inhibitory compounds,
and (3) to maintain high pulp quality for downstream processing [128, 129]. For
bioethanol production, the presence of small traces of an IL can inhibit commercial
enzymes in the enzymatic hydrolysis unit or the microbes in the fermentation unit
[129, 130]. Klein-Marcuschamer et al. tracked the residual amount of [C2C1im][Ace]
in the recovered solid and liquid fractions to investigate the washing efficiency and
its impact on the performance of commercial enzymes [100]. At high [C2C1im][Ace]
concentrations of 16–46% (1st to 3rd water wash), the glucose yield of pretreated
switchgrass did not exceed 60%. After the 5th water wash, the IL concentration
dropped to 5.7% and the glucose yield increased to 80%. This highlights the impor-
tance of extensive washing to remove the residual IL. However, the extensive water
washing step adds to the process of operating costs and the process capital cost for the
wastewater treatment unit. The issue led to the exploration of options to reduce the
water footprint, such as the development of the “single-pot” or “one-pot” wash-free
process [101, 131]. The process combines the pretreatment and enzymatic saccharifi-
cation in one step by using a specialty thermophilic enzyme cocktail, called JTherm,
that can tolerate the presence of the ionic liquid [C2C1im][Ace] [132, 133]. Shi et al.
showed that at 10 and 20% [C2C1im][Ace] concentrations and at 70 °C, JTherm
retains 81 and 68% of its activity, respectively, while the activity of CTec2 commer-
cial at 50 °C dropped significantly to 37 and 19%, respectively [134]. The authors
found that the ability to perform enzymatic saccharification with the presence of
10% [C2C1im][Ace] can potentially reduce water use by 2–15 times compared to
the conventional water wash configuration.

Although the one-pot configuration seems promising in terms of reducing the
process of water consumption, the process is still in early stages of development, and
the enzymes’ tolerance to other ILs is still unknown. Recently, more ionic liquid-
based pretreatment studies started to consider the use of IL–water mixtures instead
of 100% neat ionic liquid [108, 135]. The use of IL–water mixtures should poten-
tially reduce the excessive amount of water needed for washing prior to enzymatic
saccharification. Therefore, it is important to target low initial IL concentration not
only to reduce the IL use and cost in the process but also to achieve a less inten-
sive and more cost-effective washing configuration. For example, in the ionoSolv



5 Commercial Aspects of Biomass Deconstruction with Ionic Liquids 113

process, it was shown that theM. giganteus pretreatment can be conducted with 10–
40 wt% IL concentration [87], which gives larger flexibility to use a less intensive
washing procedure. The lab-scale protocol of the ionoSolv process was optimized
using ethanol as a washing solvent to give clean NMR spectra and to make sure that
enzymatic saccharification is not inhibited by residual IL. Indeed, the practice is not
representative of an industrial-scale process. Instead, a two-step washing procedure
is suggested in the conceptual design of the process. The cellulose-rich pulp will
be washed with a split stream of the lean hot recycled IL to remove the residual IL
coating the pulp surface followed by a water wash to ensure efficient pulp washing
and cleaning from inhibitory compounds. Washing with the lean hot IL stream will
add three main benefits compared to a direct water wash configuration: (1) it will
minimize IL losses as the residual IL will loop back to process, (2) it will minimize
sending residual IL to the wastewater unit, and (3) it will potentially promote further
lignin extraction from the pulp.

5.6.4 Materials of Construction

Protecting the production plant’s integrity is a top priority of any industrial process as
it directly impacts the safety and reliability of the operation. Selecting the appropriate
materials of construction is, therefore, a key step in the process of scaling-up a
technology. The selection process depends on several factors, mainly: (1) corrosion
or degradation resistance of the material against processing fluids, (2) cost of the
material selected and its contribution to the total capital cost, and (3) expected life
of operation and type of process (i.e., continuous vs. batch) [43]. Metals and their
alloys have been the most dominant construction materials in the industry. Over the
decades, academic research and industrial experience have established an in-depth
understanding of corrosion behavior and the mechanism and methods of protection
of metals in conventional corrosive environments, such as saline water and acidic
solutions. On the other hand, research on understanding the corrosion behavior of
metals in ILs is scarce with existing studies focusing mainly on fluorine-containing
ILs or functionalized ILs [128, 136–138]. However, the study of several classes of ILs
as corrosion inhibitors has shown promising corrosion inhibition effects [139–141].

Uerdingen et al. conducted one of the first studies to investigate the corrosion
behavior of common construction metals using several ILs [142]. The study high-
lighted how the chemical structure of the IL cation and the nature of the anion have
a significant impact on the IL corrosive behavior.

In a pilot or industrial-scale operation of an IL-based pretreatment process, the
pretreatment reactor’s material compatibility with the hot ionic liquid needs to be
known in advance. Corrosion rate is expressed in millimetres of metal lost per year
(mm/y) and is used to indicate the corrosion severity during operation. It is a common
industrial practice to use the corrosion rate value estimated in lab-scale or pilot-
scale studies of an average cost material to permit some thickness allowance in the
design specifications. As a general guideline in corrosion handbooks, corrosion rates
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(CR) of metals in their operational environments are classified as follows: excellent
(CR < 0.05 mm/y), very good (0.05 < CR < 0.5 mm/y), satisfactory (0.5 < CR
< 1.27 mm/y), unsatisfactory (1.27 mm/y < CR) [143]. In the scale-up study of
IL-based biomass pretreatment, Li et al. investigated the corrosion behavior and
compatibility of Hastelloy C276 as the construction material of a Parr reactor in the
scale-up of an acid-assisted IL pretreatment process [144]. The Hastelloy coupons
were immersed in 1-butyl-3-methylimidazolium chloride [C4C1im][Cl] and 1-ethyl-
3-methylimidazolium chloride [C2C1im][Cl] and biomass slurry for 144 h at 140 °C.
At an HCl concentration of 0.6%, corrosion rates of all coupons were <0.025 mm/y.
Increasing the HCl concentration to 1.8% increased corrosion rates by two to three
times; however, corrosion rates were still <0.025 mm/y. Interestingly, at both HCl
concentrations, [C4C1im][Cl] was more corrosive than [C2C1im][Cl]. However, the
use of expensive construction material, such as Hastelloy, is not favorable for the
process economics, and the use of a less expensive material (e.g., stainless steel) is
more economical for a large-scale operation [145].

Preliminary data on the corrosivity of the [HSO4]-based ILs and water mixtures
used in the ionoSolv process suggest that at room temperature, the corrosion resis-
tance of stainless steel (SS-316 and SS-304) is excellent at water contents between
0–80 wt%. However, corrosion rates of both steel grades significantly increase by
an order of magnitude at 70 °C. Since pretreatment takes place at higher temper-
atures (≥150 °C), it is unlikely that conventional steels 304/316 could be used
as construction materials for the pretreatment reactor. On the contrary, stainless
steel showed very high corrosion resistance in ILs with fluorinated anions, such as
bis(trifluoromethylsulfonyl)imide [NTf2]− and triflate [OTf]− [137, 142, 146]. This
highlights how the chemical structure differences of ILs (e.g., protic-aprotic, acidic-
basic, and hydrophilic-hydrophobic) can have a significant impact on its interaction
with the construction material.

The use of very highly corrosion-resistant metals and alloys, such as tantalum,
titanium, and zirconium as construction materials, is often uneconomical as these
metals are several times more expensive than steel (Fig. 5.9). One way to use these
exotic corrosion-resistive metals is to apply them as a coating material for pipes and
equipment. For example, Tantaline® is a product line of steel coated with tantalum,
which provides superior corrosion resistance performance in very harsh environ-
ments, such as hot concentrated acid.

A more cost-effective way to reduce the material-of-construction cost is to use
glass or fluoropolymer liners, such as polytetrafluoroethylene (PTFE), for pipes and
equipment. However, the feasibility of implementing such liners is highly dependent
on the process conditions. In addition, liners might pose some problems, such as
permeation of the fluid, collapse or damage of the liners, joint creep or cold flow,
and/or charge build-up. Because the interaction and the compatibility of ILs with
these liners or exotic metal-coated steel are unknown, a dedicated study along with
discussion with vendors would be crucial prior to testing. It is clear that there is a
lack of information regarding the selection of construction materials for IL scale-up
studies. However, the interaction of ILs withmaterials has gainedmuch less attention
compared to other process aspects. Since ILs present a new solvent paradigm that is
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Fig. 5.9 Cost ratio of different construction material normalized to carbon steel

unknown to industry, it will be impossible to scale-up IL-based chemical processes
without first establishing fundamentals of the chemical and electrochemical corrosion
mechanisms in IL environments [147].

5.7 Prototype Demonstration in an Operational
Environment (TRL 7)

The demonstration of a process in a real operational environment requires the consid-
eration of several aspects beyondmeeting the process technical objectives. Questions
aboutwhere the technologywill be applied, who the potential customers are, and how
the technologywill survive in the current environment and for the next 5–10 years are
crucial to further process development. The answers to these questions require the
development of a business model andmarket analysis that is also essential to evaluate
competitive technologies, to estimate funding requirements, and to identify potential
collaborators. The demonstration of a new chemical-based process is particularly
challenging as chemical processes are inherently capital-intensive. It is, therefore,
important to adapt strategies to reduce the risk associated with capital investment.
Identifying an application where there is an urgent need for innovation is also a key
to reduce investment risks and elevate the process market profile.
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5.7.1 Reaching Economies of Scale

Most academic research is focussed on achieving high product yield as a key pro-
cess success indicator. However, as we discussed earlier from different aspects, the
translation of a process from a lab-scale to an industrially relevant scale depends on
several economically and environmentally relevant metrices, such as solvent stabil-
ity, process compactness, energy consumption, and material integrity. Development
of a new process is generally capital-intensive, as piloting and demo facilities need
to be built to go from the laboratory scale to an industrial scale. To reduce risk in
at least the first few steps in the process, it is advantageous to consider a “bolt-on”
configuration in a host established facility or alternatively conduct trials in open-
access piloting facilities where critical process steps can be tested [148]. Typically,
open-access facilities are run as a contracting service, where trained engineers are
employed to run the tests for the customer further facilitating the scale-up process for
an academic team with limited industrial experience. However, these facilities are
often limited by the equipment available, which may not specifically be suited for
the process purposes; this limits the possibilities of testing at open-access facilities.
Also, as ILs are not yet commonly used in industry, the professionals working at
these open-access facilities are usually unfamiliar with their handling, which can
represent an additional challenge.

In addition, most equipment is typically made of stainless steel due to its good
corrosion resistance. As discussed in Sect. 5.6, ILs have a diverse corrosion behavior
based on their chemical structure and nature, and stainless steel may not be always
the most compatible metal. This, in turn, requires evaluating the corrosion behavior
of the IL understudy before starting the scale-up trials.

5.7.2 Finding the Right Niche

In the article “The Grand Challenge of Cellulosic Biofuels”, Lynd diagnosed the
reasons why investments in cellulosic biofuel had fallen way behind expectations
[34]. Other renewable energy sectors were able to thrive even though all sectors
faced the same economic conditions, especially the 2014 collapse in oil prices. A
significant reason was the overestimation of the technology readiness level. For the
past two decades, government, public, and private sectors were seeking big invest-
ments onmega-scale, stand-alone production facilities rather than niche applications.
Raising large investments marked the beginning of divergence of reality from expec-
tations. Meanwhile, other renewable sectors (e.g., solar and wind energy) invested
in a stepwise manner, focusing on small projects where technological advancement
was needed (i.e., finding a niche), the learning curve was rapid, and investment risk
was minimal.

Since ILs aremostly unknown to industry, the use of ILs for cellulosic biofuel pro-
duction or biomass pretreatment, in general, can be perceived as a (double) wild card.
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Both the technology (the use of ILs) and intended application (biomass fractionation)
have an embedded deployment risk. Althoughmany process-related advantages have
been claimed, none is yet proven at scale. Therefore, it is essential to find a currently
under-served niche application where there is a clear unmet customer need that can
be addressed. Niche applications should focus on using very low-cost feedstock and
existing infrastructure and preferably provide an environmental and/or social solu-
tion to an existing problem. These considerations can expedite learning by doing at an
industrially relevant level while still minimizing technological and investment risks.
For example, if the process is first developed for the use of an unwanted waste, which
is already collected at centralized locations and typically comes with a gate fee, this
serves to de-risk the processing costs. Once successfully proven at a relatively small
scale, which is viable for very low-cost feedstocks, the process can then be further
scaled-up to a point where relatively more expensive raw materials become viable,
such as sawdust or agricultural residues.

5.7.3 Toxicity and Safety Aspects

For any substance to be sold in the European Union in volumes exceeding one ton
per annum (tpa), Registration, Evaluation, Authorization and Restriction of Chem-
icals (REACH) is required, and overseas markets will require similar registration.
Therefore, careful design of the IL to reduce toxicity is paramount to facilitate the
registration. However, more information on the health and environmental safety data
of ILs is needed [149]. The sheer number of ionic liquids conceivable, as well as their
very diverse structure, makes it impossible to give generally applicable statements
about their health and safety implications. This is contrary to the popular history of
ILs, as a huge part of their fame from the early 2000s until recently was hailed to the
their “green credentials”, which were largely attributed to their non-volatile nature.
The non-volatility of many ILs can provide some processing advantages, such as
relatively safer handling as no toxic fumes are produced and quantitative recovery
without the need for a solvent condenser.

However, such an exaggerated and non-assessed claim was toned down in many
recent IL studies for two main reasons. First is the increased awareness of the rela-
tivity concept as no solvent can be “green” in an absolute sense. The performance
of the new solvent will always have to be assessed for the specifically intended
application and then compared to other solvent options. The application of this rela-
tivity concept is imbedded in the life cycle assessment (LCA) approach, the standard
method to evaluate the environmental impact and performance of technologies [150–
152]. Currently, the lack of LCA studies to critically assess IL performance in many
technologies was addressed as one of the main challenges. Second, there has been
evidence that certain ILs have greater (eco)toxicity than molecular solvents [151],
and there is, therefore, concern about the environmental benefits of using ILs over
traditional solvents. The protic ILs used in the ionoSolv pretreatment, for example,
have not been studied for their health and environmental impacts. However, they
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have been proven to be stable both in air and water, and their long-term stability has
been confirmed well above the required process temperature range.

5.8 Conclusion and Lessons Learned

Ionic liquids have shown immense promise in academic research. They have at
times been condemned for the relatively early stage of the technology and lack of
past industrial application, but these facts are, as often, linked. Much development
works remain to be done, but as the technical challenges shift from fundamental
scientific understanding to process-oriented engineering exploitation, the research
priorities will be expected to evolve in kind. For biomass pretreatment, ionic liquids
have shown some unique properties; however, these should not be equated with
advantages. As a simple example, cellulose decrystallization is an unusual feature
of IL-based pretreatment but is not necessary for all applications and should not be
treated as a pre-requisite. Selecting between amorphous cellulose and pure crystalline
cellulose will depend on the application of interest and the cost of the respective
process. Aspects, such as solvent cost, are multi-dimensional; the base cost of a
solvent and its annual cost in a process are not identical—factors, such as stability,
re-use, and loading, can be used to reduce base cost factors. A literal focus on “yield”
often is counterproductive to a more realistic goal, such as unit cost.

However, a holistic view is needed to ensure a viable process option is achieved,
and end applications will require such aspects to be fully considered as proof of
principle to justify further process development.

Meanwhile, aspects, such as corrosion and energy usage on regeneration, have
largely been ignored in the literature at the expense of a focus on the high activities that
can be achieved by changing the solvent structure. Some balance is required to move
the field toward implementation, but it would be remiss to ignore the simple advances
in scientific understanding that can lead to step-changes in outlook. Ionic liquids
are significantly diverse—there is, therefore, something to be tuned by academic
synthetic chemists and industrial process engineers alike!
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Chapter 6
Gas Chromatography Columns Using
Ionic Liquids as Stationary Phase

Mohsen Talebi, Rahul A. Patil and Daniel W. Armstrong

Abstract Ionic liquids satisfy the requirements of a gas chromatography station-
ary phase, among which characteristics include high viscosity, tunable selectivity
through structural modifications, good wettability with respect to fused silica cap-
illaries, and high thermal stability. When incorporated in either the first or second
dimension of multidimensional gas chromatography, they offer unique selectivity
compared to conventional gas chromatography stationary phases. The utilization of
commercial ionic liquid columns for analysis of various analytes (i.e., fatty acids,
flavors and fragrances, organic pollutants, and petrochemical samples) in complex
matrices is described in this chapter. Thanks to their dual-nature behavior, IL-based
stationary phases provide unique separation for both polar and nonpolar molecules
in complex samples, such as essential oils. Moderately polar phosphonium-based
ionic liquid columns (i.e., SLB-IL59, SLB-IL60, and SLB-IL61) with high operat-
ing temperature are suitable for analysis of complex petrochemical and environmen-
tal samples. The high polarity of ionic liquid columns allows analysis of positional
isomers including those of unsaturated fatty acids. The other exceptional feature of
ionic liquid columns is their stability in the presence of water and oxygen at high
temperatures. Water-compatible ionic liquid-based gas chromatography capillary
columns facilitate the direct injection of aqueous samples without the requirement
of time-consuming sample pretreatment techniques.

Keywords Dicationic ionic liquids · Gas chromatography · Ionic liquid capillary
columns · Polarity · Thermal stability

6.1 Introduction

Simple inorganic salts have very highmelting points, and this limits their applications
as solvents for chemical applications. Salts with bulky organic cations and inorganic
or organic anions generally melt at lower temperatures, and those withmelting points
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less than 100 °C are known as ionic liquids (ILs) [1]. Salts which are liquid at
room temperature (≤25 °C) are known as “room-temperature ionic liquids (RTILs)”
[2]. ILs have “unique” properties, such as low volatility, non-flammability, wide
liquid range, broad solubility properties, and high thermal stability, which make
them versatile compounds that are useful in both academia and industry [3].

One of the crucial applications of ILs is their use as stationary phases for gas
chromatography (GC) [4–9]. Molten salts which were stearate salts of bivalent met-
als were used as GC stationary phases for the first time by Barber et al. in 1959
[10]. Later, quaternary ammonium and phosphonium salts, such as ethylammonium
nitrate, ethylpyridinium bromide, and tetraalkyl phosphonium salts, were used as GC
stationary phases for packed and open tubular formats [11–15]. However, these ILs
showed narrow liquid ranges, low column efficiencies, and poor thermal stabilities,
which limited their practical applications as GC stationary phases. Toward the end of
the last century, monocationic ILs with an imidazolium-based cation were developed
and evaluated as GC stationary phases by Armstrong and coworkers [4, 5]. These sta-
tionary phases showed improved performance compared to the previously reported
molten-salt stationary phases. These monocationic IL stationary phases were studied
in detail, and some fundamental understanding was developed during these studies
[16]. Further, a new class of dicationic ILs was synthesized and evaluated as GC sta-
tionary phases [6–8, 17]. This generation of ILs showed improved thermal stabilities,
higher viscosities, and excellent performance as GC stationary phases compared to
the monocationic ILs. The continued research led to the invention of tricationic IL
stationary phases having performance akin to dicationic ILs [9]. This new generation
of dicationic, tricationic, and even tetracationic ILs was shown to be excellent GC
stationary phases, andmanywere commercialized by Supelco (nowMilliporeSigma)
beginning in 2008. These stationary phases showed very high thermal stabilities and
more opportunities for structural modification [7–9]. The molecular structures of the
commercial IL stationary phases in the columns along with their allowable operating
temperatures are given in Table 6.1.

The dicationic and tricationic ILs have properties that make them unique and
highly useful as GC stationary phases. These ILs show higher thermal stability than
comparable traditional polarity columns containing polymeric stationary phases [18].
Low volatility helps in low column bleeding at high temperatures and makes ILs
particularly useful for GC-MS applications [19]. ILs show good wettability, which
makes it easier to coat them on the inner walls of fused silica capillary columns [4].
High viscosity is beneficial to keep the IL coated on the inner walls of the fused silica
capillary column, especially at high temperatures [20, 21]. ILs have a wide liquid
range, which makes them useful for performing gas–liquid chromatography over a
wide temperature range [4, 17].

In addition, IL stationary phases show many advantages over traditional GC sta-
tionary phases. ILs show multiple solvation interactions, while traditional stationary
phases often show one dominant type of interaction [16]. ILs show an unusual dual-
nature behavior, separating both polar and nonpolar compounds through awide range
of interaction mechanisms [4, 22]. They perform like nonpolar stationary phases
while separating nonpolar compounds and at the same time retain polar analytes
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Table 6.1 Chemical structures of commercial ionic liquid columns

IL column Temperature limits IL molecular structure and IUPAC name

SLB-IL59 Subambient to
300 °C

1,12-Di(tripropylphosphonium)dodecane
bis(trifluoromethanesulfonyl)imide

SLB-ILPAH Subambient to
300 °C

SLB-IL60 35–300 °C

SLB-IL60i 35–280 °C

SLB-IL61 40–290 °C

1,12-Di(tripropylphosphonium)dodecane
bis(trifluoromethanesulfonyl)imide
trifluoromethanesulfonate

SLB-IL76 Subambient to
270 °C

Tri(tripropylphosphoniumhexanamido)triethylamine
bis(trifluoromethanesulfonyl)imide

SLB-IL76i Subambient to
270 °C

SLB-IL82 50–270 °C

1,12-Di(2,3-dimethylimidazolium)dodecane
bis(trifluoromethanesulfonyl)imide

SLB-IL100 Subambient to
230 °C

1,9-Di(3-vinylimidazolium)nonane
bis(trifluoromethanesulfonyl)imide

SLB-IL111 50–270 °C

1,5-Di(2,3-dimethylimidazolium)pentane
bis(trifluoromethanesulfonyl)imide

SLB-IL111i 50–260 °C

SLB-ILD3606 50–260 °C

Watercol 1460 30–260 °C

Tri(tripropylphosphoniumhexanamido)triethylamine
trifluoromethanesulfonate

(continued)
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Table 6.1 (continued)

IL column Temperature limits IL molecular structure and IUPAC name

Watercol 1910 30–180 °C

1,11-Di(3-hydroxyethylimidazolium)3,6,9-trioxaundecane
trifluoromethanesulfonate

Watercol 1900 30–180 °C

1,11-Di(3-methylimidazolium)3,6,9-trioxaundecane
trifluoromethanesulfonate

showing polar behavior [18]. These properties provide unique selectivities for the
separation of a wide variety of compounds. IL stationary phases show high thermal
stability along with high polarity [23], while in case of traditional phases, polarity
is achieved at the cost of thermal stability (e.g., the “highly polar” 1,2,3-tris(2-
cyanoethoxy)propane (TCEP) stationary phase has an upper temperature limit of
145 °C). IL phases are air and moisture stable compared to the polymeric phases
used in traditional GC columns. This gives them tremendous advantages in the anal-
ysis of water and water-based samples [24–26]. The structure of dicationic ILs can
be extensively modified by structural variations in order to optimize and “fine-tune”
their physicochemical properties, selectivities, and polarities [20, 21, 27]. Different
structural variables that affect the behavior of ILs are discussed in the following
sections.

Dicationic ILs can be considered as a combination of three structural moieties: (1)
cationic head groups, (2) a linker or spacer chain, and (3) the associated anions [20].
The typical structure of dicationic ILs is shown in Fig. 6.1. The terminal cationic
head group often consists of imidazolium, phosphonium, or pyrrolidinium groups.
Also, the cationic head groups can have different side chain substituents (Fig. 6.1).
Different cationic head groups can be used at the two ends of the linkage chains, and
such ILs are known as “unsymmetrical” ILs [27]. Dicationic ILs with the same ter-
minal cationic groups are known as “symmetrical” or “geminal” dicationic ILs [17,
20]. The two cationic head groups can be connected by linkage chains of different

Fig. 6.1 General structure
of dicationic ionic liquids
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lengths [17, 27]. Different linkages, such as alkane, polyethylene glycol, and par-
tially fluorinated carbon chains, can be used to connect cationic head groups [7, 28].
Instead of a straight chain linkage, branched linkage chains can be used as a “tether,”
and they can have different substituents [21]. Such ILs are known as branched-chain
dicationic ILs [21, 29]. Hence, different cations can be synthesized by using different
combinations of these structural moieties, and then, these cations can be paired with
different anions: bis(trifluoromethanesulfonyl)imide ([NTf2]–), perfluorooctanesul-
fonate ([PFOS]–), triflate ([OTf]–), hexafluorophosphate ([PF6]–), among others [17,
23]. The structure–property relationship of ILs is studied by systematic variation of
structural moieties and examining changes in their physicochemical properties [20,
21, 23]. Understanding the effects of different structural modifications on physico-
chemical properties is essential if one wants to introduce or vary any desired property
of an IL.

6.2 Selectivity of Ionic Liquid Stationary Phases

Physicochemical characterization of ionic liquids is essential to understand the effects
of different structural variations and their behavior when used as stationary phases.
One type of characterization is known as “inverse GC” in which different analyte
probes are used to understand the solvent properties of GC stationary phases at dif-
ferent temperatures [8, 16]. Different models and methods used for characterization
of IL GC stationary phases are explained in the following three sections.

6.2.1 Rohrschneider–McReynolds Parameters

Early on, Rohrschneider and McReynolds developed a system to characterize and
compare different stationary phases used in GC [30, 31]. For characterization, the
retention behavior of five “informative” probe analytes is compared on different
IL stationary phases. The probes are benzene (X) for π–π interactions, 1-butanol
(Y) for hydrogen-bond donor and acceptor interactions, 2-pentanone (Z) for weak
hydrogen-bond acceptor and dipole interactions, nitropropane (U) for polar inter-
actions, and pyridine (S) for basic or strong hydrogen-bond acceptor interactions.
Kovats retention indices of all five probe molecules are determined on the IL GC
stationary phase to be characterized and a squalane stationary phase column of the
same dimensions at the same isothermal temperature. TheMcReynolds constants for
the probes represent the difference between the Kovats index of the probe on the IL
stationary phase and the Kovats index of the same probe on the squalane stationary
phase. The overall or average polarity (P) of the IL stationary phase is measured by
taking the sum of fiveMcReynolds constants. The polarity number (PN) of an IL sta-
tionary phase is calculated by Eq. 6.1, in which PSLB-IL100 is the average polarity of
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Table 6.2 Normalized McReynolds constants, overall polarity P, and polarity numbers PN, for
commercial IL stationary phases

IL column McReynolds constants P PN

Benzene
(X)

1-Butanol
(Y)

2-Pentanone
(Z)

Nitropropane
(U)

Pyridine
(S)

SLB-IL59 338 505 549 649 583 2624 59

SLB-IL60 362 492 525 679 564 2622 59

SLB-IL61 371 551 516 624 648 2710 61

SLB-IL76 456 690 643 845 745 3379 76

SLB-IL82 532 676 701 921 808 3638 82

SLB-IL100 602 853 884 1017 1081 4437 100

SLB-IL111 766 930 957 1192 1093 4938 111

All the data is taken frommanufacturer’s website: Supelco Ionic Liquid GC Columns (2013) http://
www.sigmaaldrich.com/content/dam/sigma-aldrich/countries/czech/gc_kolony.pdf

1,9-di(3-vinylimidazolium)nonane bis(trifluoromethylsulfonyl)imide (SLB-IL100)
IL GC stationary phase [32].

PN =
(

Px
PSLB-I L100

)
· 100 (6.1)

TheMcReynolds constants and polarity numbers for all the commercial IL phases
are provided in Table 6.2.

The Rohrschneider–McReynolds approach uses only five analytes to discriminate
five different types of interactions of ILs. The small number of analytes limits the
ability of this scale to define each solvation parameter accurately.

6.2.2 Abraham Linear Solvation Energy Relationship

Abraham designed a solvation parameter model to characterize either liquid- or gas-
phase interactions between solute molecules and solvents [33]. The model known
as the linear solvation energy relationship (LSER) uses different analyte probes
capable of numerous interactions to characterize the stationary phase by inverse GC
[34, 35]. The use of multiple probe analytes in the LSER provides information on
the interactions of solute molecules with the IL stationary phases. The relationship
between the properties of solute and stationary phase (or solute–solvent) is given by
Eq. 6.2.

log K = c + r R2 + sπH
2 + a

∑
αH
2 + b

∑
βH
2 + l log L16 (6.2)

Alternatively, the LSER model can also be represented by Eq. 6.3.

http://www.sigmaaldrich.com/content/dam/sigma-aldrich/countries/czech/gc_kolony.pdf
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log k = c + eE + sS + aA + bB + l L (6.3)

Here, K and k are the partition coefficient and retention factor, respectively. The
solute descriptors: E and R2, S and πH

2 , A and αH
2 , B and βH

2 , and L and L16 represent
the excess molar refraction, dipolarity, H-bond acidity, H-bond basicity, and gas–
hexadecane partition coefficient at 25 °C, respectively. The solute descriptor values
for more than 300 solutes are reported in the literature [33]. The phase constants e, s,
a, b, and l are a measure of the ability for the stationary phase or solvent to interact
with analyte or solute via π or nonbonding electrons, dipole–dipole interactions,
H-bond basicity, H-bond acidity, or dispersion forces, respectively. The equation
constant (c) does not define any fundamental property, but when the log k is used
as the dependent variable, it is dominated by the phase ratio for the column. The
retention factors (k) for every probe analyte/solute are measured experimentally,
and the phase constants are calculated by subjecting the data set to multiple linear
regression analysis (MLRA). Interaction parameters obtained from the LSER model
for commercial IL stationary phases are given in Fig. 6.2.

The LSER evaluation of IL stationary phases is performed at different isothermal
temperatures (60, 100 °C, etc.). IL stationary phases usually show dominant dipolar-
ity (s), hydrogen-bond basicity (a), and dispersion (l) interactions. Dispersion forces
are nearly constant for all the commercial IL stationary phases, and their values are
lower than for the nonpolar polysiloxane-based stationary phases [36]. The most
significant interaction of ILs, hydrogen-bond basicity (a), is mainly dominated by

Fig. 6.2 Calculated values for phase parameters s, a, b, and l. MS-5, 5% phenyl PDMS; MS-17,
50% phenyl PDMS; WAX, cross-bonded polyethylene glycol. Reprinted with permission [36]
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the anion part of the IL [16]. Anions with high nucleophilicity (e.g., halides) show
high (a) values compared to the less nucleophilic anions (e.g., [PF6]–, [NTf2]–, [16].
All the commercial IL stationary phases (SLB-IL series) contain the [NTf2]– anion,
and hence, they show similar (a) values [36]. However, their (a) values are higher
compared to the polysiloxane-based nonpolar GC stationary phases [36]. The dipo-
larity (s) is weakly dependent on the type of cation, linkage chain, and anion [16,
36]. All the SLB-IL series stationary phases showed similar (s) values, only IL-100
being slightly higher than others [36]. The hydrogen-bond acidity (b) of SLB-IL
phases was observed to increase with an increase in polarity (except SLB-IL59)
[36]. The polysiloxane-based and wax stationary phases do not possess significant
hydrogen-bond acidity (b) values compared to IL phases of all polarities [36].

6.2.3 Characterization Using Test Mixtures

Retention behavior, separation efficiencies, and selectivities of IL stationary phases
can be observed by analyzing different test mixtures composed of a variety of com-
pounds having different functional groups and polarities. This procedure is mainly
followed in the early development of new IL GC stationary phases, and it is a quick
method to determine the effect of structural modifications on the selectivities and
polarities of IL stationary phases. Different test mixtures, such as the Grob mix-
ture, fatty acid methyl esters (FAME) isomer mixture, and polar compound/alkane
mixtures, are used for stationary phase characterization studies [7–9, 18].

The Grob test mixture consists of 12 different components: dicyclohexylamine,
methyl decanoate, methyl undecanoate, methyl laurate, decane, undecane, 1-
nonanal, 1-octanol, 2-ethylhexanoic acid, 2,3-butanediol, 2,6-dimethylaniline, and
2,6-dimethylphenol. Different components in this mixture are useful to evaluate the
separation efficiency, adsorptive activity, hydrogen bonding interactions, and inert-
ness (acid/base characteristic) of the column [37, 38]. The mixture of polar com-
pounds (alcohols, amines, ketone, etc.) and straight-chain alkanes can be used to
evaluate the relative polarity of IL stationary phases [7, 9, 18]. As the polarity of the
stationary phase increases, the relative retention of polar compounds with respect
to the nonpolar alkanes increases. This quick method is useful in designing new
stationary phases and understanding the influence of different structural variables on
the polarities of IL phases. An example of this approach to examine the effects of
cations on the polarities of ILs is shown in Fig. 6.3.

The polar test probe 2-octanone (compound 1 in Fig. 6.3) elutes before C15 on the
phosphonium IL column, while it elutes after C16 on the imidazolium column and
after C17 on the pyrrolidinium column. The elution order of 2-octanone shows that
ILs with the tripropylphosphonium cation are less polar compared to analogous ILs
with a dimethylimidazoliumormethylpyrrolidiniumcation [18]. The sameprocedure
is used to investigate the effects of linkage chain lengths, substituents, and anions on
the polarities of ILs.
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Fig. 6.3 Polarity comparison of ionic liquid stationary phases containing different cationic head
groups. (1) 2-octanone, (2) 1-octanol, (3) 2,6-dimethylaniline, (4) 2,6-dimethylphenol

A simple eleven-component rapeseed fatty acid methyl esters (FAME) mixture
also can be used to evaluate IL structural variation on the selectivities and polarities
of these stationary phases [18, 23, 29]. In case of FAMEs, the relative retention
of methyl stearate (C18:0), methyl oleate (C18:1n9), methyl linoleate (C18:2n6),
methyl linolenate (C18:3n3), methyl arachidate (C20:0), and cis-11-eicosenoic acid
methyl ester (C20:1) is mainly observed for comparison of stationary phases. The
C18:3 FAME is more polarizable compared to the C20:1 and C20:0 FAMEs. In
general, the relative retention of C20:0 with respect to C18:3 decreases with an
increase in polarity of the stationary phase. An example showing the analysis of
FAMEs on two columns with different linkage chain lengths is shown in Fig. 6.4.
The relative retention of C20:0 with respect to C18:3 is decreased on the IL with the
larger C12 linkage chain compared to the analogous ILwith a C9 linkage. This shows
that the polarity of an IL increases with a decrease in length of the linkage chain.
The Kovats retention indices (KRIs) of the three C18 FAMEs are also monitored for
the stationary phase polarities. The KRIs of the three C18 FAMEs are higher on the
more polar stationary phases compared to the stationary phases of lower polarity.
Another method for gaining useful information on the stationary phases by using
FAMEs is known as the equivalent chain length (ECL), and this will be discussed in
detail in Sect. 6.3.1.

6.3 Analysis of Fatty Acids

Fatty acids (FAs) are recognized as one of themost important classes of lipids because
of their biofunctional significance in living organisms [39, 40]. Before analysis, fatty
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Fig. 6.4 Effect of linker chain length on the polarity and selectivity of ionic liquid stationary phases

acids are often converted to their methyl esters (FAMEs) through a transesterifi-
cation reaction. This is done to reduce the polarity of carboxyl functional groups
and to increase their volatility by decreasing strong intermolecular interactions (i.e.,
hydrogen-bonding interactions) between fatty acid molecules, which lowers their
boiling points. The resulting methyl esters offer high stability that can be effectively
and quantitatively analyzed by GC [41]. GC along with flame ionization detection
(FID) or mass spectrometry (MS) is generally used for analysis of FAMEs [42, 43].
Although MS is a powerful tool for peak identification, it is somewhat difficult to
adequately identify FA isomers that have identical molecular mass using MS alone.
Of course, FID, a nonselective detector, is not capable of identifying unknown peaks
in complex samples. Thus, high chromatographic resolution and selectivity is still
required to interpret MS data reliably [44].

The natural occurrence of saturated and unsaturated fatty acids withmany isomers
means that a large variety of selected compounds have to be analyzed in biological and
food samples. Also, possible cis/trans geometrical configurations of double bonds
add further complexity to the separation and analysis of these samples. Considering
the slight difference between the cis and trans FAME isomers of the same carbon
length and degree of unsaturation, very efficient capillary GC columns composed of
highly selective stationary phases are required to achieve adequate separation [42–
47]. Accordingly, the official American Oil Chemists’ Society (AOCS Method Ce
1 h-05) suggests the use of a 100 m poly(biscyanopropyl siloxane) column operating
isothermally at 180 °C [48]. Additionally, a prior fractionation of fatty acids by
silver-ion chromatography is required to achieve better identification of cis and trans
isomers [43, 45, 49–52].

The invention of IL columns has provided a remarkable opportunity for gas chro-
matographic separation of FAMEs [53]. Utilization of the extremely polar SLB-
IL111 column eliminates the need for complimentary silver-ion fractionation and
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allows faster separation of FAMEs [42, 43]. Herein, the applicability of IL-based
columns for FAMEs separation and their unique selectivity to distinguish between
positional FAME isomers are discussed.

6.3.1 Selectivity

Highly selective IL stationary phases are particularly adept in analyzing complete
mixtures of fatty acids [18, 42–44, 46, 53–60]. Generally, the following behaviors
can be observed when separating FAMEs on polar ionic liquid columns: (1) shorter
analysis times than traditional GC stationary phases, (2) increased retention with
greater degrees of unsaturation, (3) elution of transFAME isomers before cis isomers,
and (4) longer retention of unsaturated FAMEs with the double bond located closer
to the hydrocarbon chain terminus (e.g., ω-3 fatty acids tend to retain longer than
ω-6 isomers) [29, 57].

Retention patterns on IL columns are greatly dependent on chromatographic con-
ditions. For example, the elution orders of fatty acids can sometimes be reversed with
a slight change in column temperature. Therefore, the peak identification should be
verified when working with IL columns at different temperatures, especially if a
nonselective detector (e.g., FID) is utilized [47, 60].

Equivalent chain length (ECL) is the most established method to assess the selec-
tivity of columns based on retention of unsaturated FAMEs. It corresponds to the
theoretical fractional saturated chain length that would result in the same retention
that is observed for the unsaturated FAME [47, 61, 62]. The ECL value can be calcu-
lated using the two saturated FAMEs that bracket the peak of the unsaturated FAME
[29]. A simplified equation for calculation of ECL values is shown in Eq. 6.4.

ECL(Cn:x) = n + 2
log(t′R(Cn:x)) − log(t′R(Cn:0))
log(t′R(Cn+2:0)) − log(t′R(Cn:0)) (6.4)

Here, n represents the FAME chain length, x is the number of double bonds,
and t

′
R is the adjusted retention time. A significant increase in the ECL values with

increasing column polarity can be expected for IL columns, specifically in case of
polyunsaturated FAMEs [29, 44, 47]. Moreover, determination of ECL values is
particularly important for the evaluation of overlap patterns on different stationary
phases. For instance, the FAMEs’ elution order is identical for the IL59, IL60, and
IL61 columns [44]. Several overlaps betweennutritionally important fatty acids occur
on these columns limiting their application for clinical and nutritional studies of the
fatty acids components [47]. On the other hand, the highly polar SLB-IL111 with
the greatest ECL values among commercially available columns offers exceptional
selectivity for the separation of unsaturated FAMEs.
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6.3.2 Biodiesel

Biodiesel, an alternatively derived fuel, is obtained from different biological sources
of fatty acids. Animal fats, vegetable oils, recyclable cooking oils, and plant and
waste products are usually processed for extraction of fatty acid methyl esters [63].
A petroleum-based diesel is often blended with a biomass-based diesel before con-
sumer use. Due to the overlap between the petroleum-based compounds of saturated
and aromatic hydrocarbons in blended biodiesel, the FAME profile elucidation is
difficult to see using traditional GC stationary phases [64–69]. The importance of
fatty acid ester analysis in biofuel and fuel samples is twofold. First, the analysis is
used to monitor cross-contamination in tankers and storage facilities used for mul-
tiple fuel types [64]. This is specifically important in case of fuels that are used
in aviation and other specialized fuels employed by defense forces where small
amounts of FAME contamination contribute to poor thermal and storage stability
of the fuel [70]. Second, the analysis is used to investigate the influence of FAME
chemical structure on exhaust emissions [68]. Studies have shown that the hydrocar-
bon chain length and degree of unsaturation can affect the carbon monoxide (CO)
levels and nitrogen oxide (NOx) emissions from combustion of fatty esters [71–73].
According to the UNI EN 14331 procedure, a hydrocarbon liquid chromatography
(LC) preseparation step is required before gas chromatographic determination of
the FAME profile [74]. This procedure can be time- and labor-intensive. Therefore,
a simple, rapid, and less expensive approach to effectively separate the FAMEs from
the petroleum-based portion appears to be necessary. Fast analysis of biodiesel can
be achieved on SLB-IL100 and SLB-IL-111 micro-bore columns [65, 68]. The key
feature of these stationary phases, namely extremely high polarity, allows excellent
separation of the FAME components from the less-retained petroleum-based hydro-
carbons. Figure 6.5 shows that the analysis of the soybean B20 biodiesel blend on
the micro-bore SLB-IL100 (12 m × 0.1 mm × 0.08 μm df) column resulted in the
separation of compounds before 2.5 min. Particularly, the methyl palmitate (C16:0)
eluted after C26 (n-hexacosane), the last significant n-alkane in the sample [65].
Biodiesel samples obtained through the transesterification reaction of different veg-
etable oils were analyzed utilizing a customized narrow-bore SLB-IL111 (14 m ×
0.1 mm × 0.08 μm df) column [68]. This fast method could be used to quantify the
FAME content in basic and acidic transesterified vegetable oils and to control the
quality of biodiesel using routine analyses.

6.3.3 Biological Samples

The Rhodobacter sphaeroides is a rod-shaped, gram negative, purple non-sulfur
bacterium utilized as a model microorganism for anoxygenic photosynthesis and
carbon fixation [46, 56, 75–80]. The use of a 100 m SLB-IL111 column allowed
effective separation of geometrical isomers of monounsaturated C16:1 and C18:1
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Fig. 6.5 Analysis of the soybean B20 biodiesel blend on the SLB-IL100 12 m column. Reprinted
with permission from Ref. [65]

fatty acids extracted from R. sphaeroides 2.4.1 [56]. An unprecedented separation
of oleic acid (C18:1 cis-�9) from the most predominant cis-vaccenic acid (C18:1
cis-�11) isomer was achieved using the highly polar IL column. In addition, the
unusual occurrence of 11-methyl-trans-�12-octadecanoic acid was demonstrated in
the lepidic matrix of R. sphaeroides. A metabolic pathway was postulated to support
these findings.

The 100 m SLB-IL111 could also be used to characterize the fatty acids found in
human sebum, hair, and nail lipids [81]. A baseline separation between petroselinic
acid (C18:1 cis-�6) and C18:1 cis-�8 was achieved in samples of human origin.
Thanks to the incredible selectivity of the IL column, a series of�6-monounsaturated
fatty acids, namely C14:1 cis-�6, C15:1 cis-�6, i-C16:1 cis-�6, C16:1 cis-�6, a-
C17:1 cis-�6, C17:1 cis-�6, and C18:1 cis-�6 were identified in these samples.
The occurrence of these �6-monounsaturated fatty acids was then explained by a
biosynthetic pathway.

6.3.4 Food Samples

Determining the fatty acid composition of a food productmay be challenging because
foods contain a complex mixture of saturated (SFA), monounsaturated (MUFA), and
polyunsaturated (PUFA) fatty acids with a variety of hydrocarbon chain lengths.
Furthermore, the presence of trans fatty acids in processed foods, containing partially
hydrogenated oils, interferes with the natural metabolic process. This necessitates
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the determination by food manufacturers of the levels of each type of fatty acid, as
each has different known or suspected health effects [42, 43, 46, 77, 82].

The SLB-IL111 column with a length of 100 m or 200 m is usually used for
detailed analysis of fatty acids in food samples [42, 43, 58, 59]. The exceptionally
polar characteristic of a SLB-IL111 column allows separation of key cis/trans FAME
isomers that are hard to resolve on other columns. It also provides a complementary
elution profile of FAMEs typically separated on the biscyanopropyl siloxane columns
[42]. Excellent performance of the SLB-IL111 was shown in separation of cis/trans
conjugated linoleic acid (CLA) isomers, where c9, t11-CLA, and t7, c9-CLA, the
most abundant CLA isomers in ruminant fats, were completely resolved from each
other [42]. Octadecenoic acid (C18:1) is the foremost constituent of dietary fats
and oils with distributions of 26 cis and trans isomers having various double bond
positions in the range of �4–16. Oleic acid (C18:1 cis-�9), the most naturally abun-
dant isomer, is quantifiable with the SLB-IL111 column separation and not with
any other commercial column due to coelution with other C18:1 isomers [83]. The
major trans C18:1 fatty acid in ruminant-derived foods, especially milk fat, is trans
vaccenic acid (tVA, t11-C18:1). Studies have shown that t11-C18:1 is beneficial for
the human body, and it is a precursor for conjugated linoleic acids (CLA). Trans-10
is another notable trans C18:1 isomer, which unlike trans-11 is not known to pro-
vide any useful health benefits in humans [84–87]. While using the official AOCS
method results in coelution of trans 9–11 C18:1 isomers, most of the trans FAME
geometrical isomers including t10-C18:1 and t11-C18:1 can be separated using the
SLB-IL111 column [43, 46]. The SLB-IL111 is also proficient at separating odd and
branched-chain fatty acids (OBCFAs) from other milk FAs eluting in the same chro-
matographic region [88]. These FAs are the chief lipids in bacterial membranes and
are considered as biomarkers of ruminant fat intake [89]. By definition, the branch-
ing on the iso-methyl-branched fatty acids is positioned on the penultimate carbon,
while the methyl substituent in anteiso-branched fatty acids is located on the ante-
penultimate carbon atom. The elution behavior of iso fatty acids on the SLB-IL111
is very similar to the conventional polymer stationary phases. The iso FA with n
C-atoms elutes at a carbon number (CN) of (n–1 + 0.5). Accordingly, iso-C13:0
elutes between C12:0 and C13:0 fatty acids (or CN = 12.5). On the other hand, the
aiso, a FA containing n C-atoms, retains slightly longer than the iso isomer, at CN
of (n–1 + 0.7). Furthermore, unlike cis and trans FA isomers, the relative retention
times are not affected for iso and aiso isomers by changing the isothermal program
on ionic liquid columns [88].

The 200 m SLB-IL111 column was further used for determination of total, trans,
saturated, and cis unsaturated fats in 32 representative fast food samples [46]. The
content of trans fat ranged from 0.1 to 3.1 g per serving, as determined according to
American Oil Chemists’ Society (AOCS) official method Ce 1j-07. The improved
separation of trans C18:1 positional isomers and enhanced resolution of trans C18:2
and C18:3 FAME isomers are two major advantages of the SLB-IL111 column,
relative to the biscyanopropyl siloxane stationary phases.

The fatty acid composition in marine oils and products is very complex with
a wide variety of chain length and unsaturation [47]. The SLB-IL111 column has
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been successfully used for separation of extracted fats from marine products. Using
this IL column along with time-of-flight (TOF) mass spectrometry, the separation
and accurate identification of 125 fatty acids in menhaden oil, including two novel
branched fats having a trans configuration, namely 7-methyl-6-hexadecenoic and
7-methyl-6-octadecenoic fatty acids, were achieved. The presence of small amounts
of t6-17:1 and t8-18:1 suggested that t6-18:1 may be chain-elongated in fish [59]. In
addition, analysis of fatty acids in marine oil omega-3 supplements on a 200 m SLB-
IL111 column permitted quantification of rarely reported fatty acids, such asC21:5n3
and the n-4 and n-1 polyunsaturated fatty acid (PUFA). The presence of predominant
mono-trans isomers of eicosapentaenoic acid (EPA; C20:5n3) and docosahexaenoic
acid (DHA; C22:6n3) was confirmed in these samples [90]. The SLB-IL100 was
tested for analysis of cis positional isomers of eicosenoic (C20:1) and docosenoic
(C22:1) fatty acids of fish origin. The high polarity of SLB-IL100 allowed separation
of several isomers including C20:1n11 from C20:1n13, which are unresolvable on
conventional polar polymer phase columns [91].

Steryl esters are a minor lipid class in animal and plant lipids with high molecular
mass (600–700 g/mol) that are usually analyzed by reverse-phase high-performance
liquid chromatography (RP-HPLC) [92–94]. However, several coelutions may occur
between steryl esters using C18 or hexyl-phenyl-modified HPLC stationary phases.
Also, high elution temperatures required for gas chromatographic analysis of these
compounds raise challenges to separate fatty acids present in the sterol backbones
efficiently [95]. A 12m SLB-IL59 columnwas employed to separate fatty acid esters
of cholesterol and phytosterols. The high temperature limit (300 °C) and medium
polarity of SLB-IL59 allow separation of steryl esters both by total carbon number
and by the degree of unsaturation [92].

Application of the recently developed vacuum ultraviolet (VUV) detector along
with a SLB-IL111 column offers additional selectivity in the characterization of fats
and edible oils [76, 96]. The gas-phase VUV absorption spectra are significantly
selective to the molecular structure of analytes. VUV provides completely different
absorption profiles for unsaturated and saturated FAMEs. In addition, cis and trans
isomers can be easily distinguished in VUV due to their distinct spectra.

6.3.5 Multidimensional GC Separations

Ionic liquid columns have been used both in the first and second dimension of two-
dimensional gas chromatography (GC × GC) to enhance the separation of FAMEs
in complex matrices [58, 64, 69, 70, 97–103]. The major advantage of using GC ×
GCwith IL columns is to obtain higher peak capacity, hence enhancing the resolution
between positional FAME isomers. The arrangement of highly polar SLB-IL100 in
the first dimension along with an intermediate polar column in the second dimen-
sion resulted in the effective separation of C18:1 isomers [103]. The SLB-IL82 and
SLB-IL100were evaluated for one-dimensional and two-dimensionalGCanalyses of
fatty acids inmarine biota [99]. Conventional GC analysis showed that these columns
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provide similar selectivity to polar biscyanopropyl siloxane stationary phases. How-
ever, when employed in the second dimension, an incomparable group-type sepa-
ration of FAMEs with different carbon numbers and degrees of unsaturation could
be obtained using ionic liquid columns. The degree of orthogonality of ionic liq-
uid columns in comprehensive two-dimensional gas chromatography was evaluated
using a 1-phase GC × GC system. Among the commercial IL columns, SLB-IL111
showed the best results regarding thermal sensitivity and degree of difference over
the tested temperature range [98]. The orthogonality between the two separations is
usually achieved using GC columns of different polarities. The greatest spread of
FAMEs in 2D space can be achieved using a combination of the highest (IL111)
and the lowest polarity (IL59) columns. This configuration was found to be effec-
tive for separation and quantification of safflower oil FAs [100]. Using SLB-IL111
in both dimensions along with a capillary tube coated with palladium between 1D
and 2D offered exceptional separation of poorly resolved FAMEs that could not be
achieved by conventional GC [58]. Instead of employing two GC columns of differ-
ent polarities or using different elution temperatures, separation could be performed
by modification of FAMEs’ chemical structure between the two dimensions. All the
saturated FAMEs lie on a straight diagonal line bisecting the separation plane. The
FAMEswith the same carbon skeleton but a different degree of unsaturation, the posi-
tion of double bonds, or geometric configuration lie on lines parallel to the 1D time
axis. Thanks to their upper temperature limit of 300 °C, SLB-IL60 and SLB-IL61
were effectively applied in the second dimension of GC × GC to analyze biodiesel
samples [64]. Using the IL phase along with a nonpolar phase provided adequate
orthogonality to identify suspected low-level biodiesel contamination and resolved
semi-polar FAME compounds from the nonpolar and aromatic hydrocarbons. Also,
chemical markers of biodiesel sources were identified and characterized based on
their FAME composition.

Furthermore, a recent generation of inert ionic liquid (iIL) columns was exam-
ined for separation of FAMEs [102]. A modified surface treatment of iIL phases
results in improved surface interaction and reduced adsorption toward polar or
active compounds. Although similar retention times with minor selectivity can be
observed using iIL phases, the average tailing factors and peak widths were signif-
icantly reduced compared to the corresponding conventional IL columns. Also, a
polar/nonpolar column set was found to provide the best separation of FAMEs.

6.4 Analysis of Essential Oils

Essential oils are major constituents of flavors and fragrances and are widely used
in pharmaceutical, cosmetic, and food industries. The analysis of essential oils is
essential for quality control (purity determination, adulteration, etc.) and the deter-
mination of natural or synthetic origin. Essential oils are complexmixtures consisting
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of a large number and variety of compounds with different physicochemical proper-
ties. The compounds include hydrocarbons (monoterpenes, sesquiterpenes, and aro-
matics), oxygenated compounds (aromatics, phenols, alcohols, sesquiterpene alco-
hols, aldehydes, ketones, esters, lactones, ethers, oxides, etc.), and other compounds.
Most of the compounds are isomers or analogs of each other and generate the same
mass spectra. Hence, chromatographic separation of these compounds is important.
The separation demands stationary phases with broad selectivities. Traditional wax
(polyethylene glycol-based) and cyanopropyl polysiloxane-based phases are used for
the analysis of essential oils. However, these stationary phases produce coelutions
of many of the compounds. Multidimensional GC can also be used for the analysis
of such complex mixtures, but such approaches involve operational complexity and
expensive instrumentation. However, the IL GC stationary phases show dual-nature
behavior and broad selectivities, which provide them advantages in the separation
of flavors and fragrances. Applications of different IL GC stationary phases in the
analysis of essential oils are discussed in the following section. Benefits of new
inert ionic liquid (iIL) GC stationary phases in the analysis of essential oils are also
considered.

The advantages of IL stationary phases in the separation of flavor and fragrance
compoundswere observed during the initial development of dicationic ILGC station-
ary phases [7–9]. Furthermore, a dicationic IL 1,9-di(3-vinylimidazolium)nonane
bis(trifluoromethanesulfonyl)imide [C9(vim)2][NTf2]2, now known as SLB-IL100
was used in the analysis of fennel, cinnamon, and nutmeg essential oils [104].
This study involved the use of four different IL columns: (1) a (1:1:1) mixture
of dicationic IL [C9(vim)2][NTf2]2, a monocationic IL 1-vinyl-3-nonylimidazolium
bis[(trifluoromethyl)sulfonyl]imide [vC9im][NTf2], and OV-1701 polysiloxane, (2)
the dicationic [C9(vim)2][NTf2]2 IL, (3) a 5% phenyl-methylpolysiloxane (HP-5
MS) column, and (4) a polyethylene glycol (HP-Innowax) column. Comparison of
the analyses of three essential oils on the four columns showed that column 1 (a
mixture of dicationic IL and monocationic IL) showed better efficiency and wider
selectivity compared to the other three columns. Column 1 had better selectivity in
the separation of both nonpolar and polar compounds compared to column 2, and
not all the hydrocarbons in the essential oils were separated on column 2. The dica-
tionic IL is polar (polarity number 100) and showed lower retention of nonpolar
compounds and retained the polar compounds longer. However, the polysiloxane
part of column 1 played a role in the better separation of hydrocarbons. Also, the
dicationic IL column displayed an affinity for oxygen-containing compounds, while
the polyethylene glycol stationary phase retained the “hydrogen-bond acidic” com-
pounds (i.e., alcohols). This study used a polar IL [C9(vim)2][NTf2]2, (PN = 100)
and showed coelution for some hydrocarbons.

Later, a medium-polarity commercialized column SLB-IL59 (PN= 59) was used
in the analysis of essential oils and it showed a better separation of essential oils
components (both polar and nonpolar compounds) [32]. Separations of four test
compounds (p-cymene, 1,8-cineole, limonene, and (Z)-β-ocimene) were compared
on three columns (5% phenyl PDMS, PEG, and SLB-IL59). The PEG column and
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SLB-IL59 column have similar polarities, but they showed complimentary selec-
tivities for (Z)-β-ocimene and 1,8-cineole. All four test compounds were separated
with better resolution on the SLB-IL59 column compared to the 5% phenyl PDMS
column. Also, a big difference in the elution order was observed on the two phases;
on 5% phenyl PDMS, the elution order was p-cymene < limonene < (Z)-β-ocimene
< 1,8-cineole, while on SLB-IL59 the order was limonene < (Z)-β-ocimene < 1,8-
cineole < p-cymene. Peak symmetry and capacity factors (k) of the IL and wax
columns were evaluated by using different test compounds representing a specific
class of compounds: limonene for monoterpene hydrocarbons, linalool for monoter-
pene alcohols, (E)-caryophyllene for sesquiterpene hydrocarbons, neral and geranial
formonoterpene aldehydes, and neryl acetate formonoterpene esters. Lower capacity
factors (k) were observed for sesquiterpene hydrocarbons, monoterpene hydrocar-
bons, alcohols, and esters on the SLB-IL59 column compared to the WAX column.
Comparable k values were observed for monoterpene aldehydes on both compared
phases.When the SLB-IL59 columnwas evaluated for the analysis of lemon essential
oil, all the 41 components of the oil were separated and could be identified. How-
ever, neryl acetate and β-bisabolene coeluted on the WAX column, and p-cymene,
limonene, 1,8-cineole, and (Z)-β-ocimene coeluted on the 5% PDMS column. This
shows the overall better performance of the SLB-IL59 column in the separation of
lemon essential oil compared to polar WAX and nonpolar phases.

Furthermore, commercial IL columns were examined for the analyses of a 29
allergen mixture and the performance was compared to the OV-1701 column [105].
The SLB-IL76 column was not a good choice for the analysis because the separa-
tion resulted in broad peaks with low efficiency. The highly polar SLB-IL100 and
111 columns showed lower retention of volatile, nonpolar components. The SLB-
IL59 column showed a higher average peak width compared to the other columns.
SLB-IL61 column performed better in the separation of alcohol components. The
separation capability of IL columns was determined by calculating the separation
measure value (�s) [105, 106].

�s =
tB∫

tA

dt

σ
(6.5)

σ is the peak width and the term �s defined as the number of consecutive non-
overlapping σ intervals within an arbitrary time interval (tB − tA). The separation
measure of a time interval is the number of adjacent non-overlapping σ -slots in it
or the number of consecutive non-overlapping σ-intervals within an arbitrary time
interval. A higher separation capacity was observed for the IL columns compared to
conventional columns (OV-1701:1582) and the capacity increased from IL-59 (1516)
to IL82 (1787). This highlighted the ability of IL columns to separate a greater number
of compounds.
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6.5 Analysis of Environmental Pollutants

Phthalates or phthalic acid esters (PAEs) and adipates or adipic acid esters are mainly
used as plasticizers in the manufacturing of plastic products [107, 108]. Phthalates
are not biodegradable, and they have adverse effects on humans as they lead to con-
genital disabilities, heart diseases, and respiratory problems and they are endocrine
disruptors [109–112]. In addition to humans, they cause reproductive and fertility
problems in wildlife [113]. The Environmental Protection Agency (EPA) demands
strict control of the use and monitoring of toxic phthalates. GC-MS is a widely uti-
lized technique for the analysis of PAEs as lower sensitivity is obtained with LC-MS
[113]. Chromatographic separation of phthalates is important because identification
and quantification byMS can be difficult due to the structural similarity of phthalates
(most phthalates have a common base peak ion at m/z 149) [114].

IL stationary phases have broad selectivity toward a variety of compounds and
were evaluated for the separation of phthalates. Three toxic adipates and eight phtha-
lates were analyzed on the commercial SLB-IL59, SLB-IL76, SLB-IL82, SLB-
IL100, andSLB-IL111GCcolumns [115].All plasticizerswere completely separated
on the SLB-IL59, SLB-IL76, and SLB-IL111 columns, while diethylbutyl phthalate
and diethylhexyl adipate coeluted on SLB-IL82 and SLB-IL100. All the IL columns
showed the same retention order except diethylhexyl adipate, whichwas less retained
on the SLB-IL 111 column compared to other columns. Symmetric peak shapes and
narrow peak widths were observed for plasticizers compared to the 5% phenyl-95%
methylpolysiloxane column. When non-commercial phosphonium-based dicationic
ILs with aromatic substituents were used to analyze twelve regulated phthalates,
complimentary selectivities were observed for most of the phthalates with respect to
the 5% phenyl polydimethylsiloxane (PDMS) phase [19]. Phthalates with benzene
and cyclohexyl ring substituents were observed to retain longer on the studied phos-
phonium ILs compared to the 5% PDMS phase. Three pairs of compounds (bis(4-
methyl-2-pentyl) phthalate/bis(2-ethoxyethyl) phthalate, di-n-hexyl phthalate/butyl
benzyl phthalate, and dicyclohexyl phthalate/bis(2-ethylhexyl) phthalate) were dif-
ficult to separate on the 5% phenyl column. However, they were well separated on
the phosphonium dicationic IL GC stationary phases studied [19].

Polychlorinated biphenyls (PCBs) are toxic environmental pollutants, and they
have adverse effects on humans. Use of PCBs is currently banned, but due to their
persistent nature and widespread use in the last century, they are present in the
environment at low concentrations. There are 209 possible congeners of PCBs, and
they cannot be separated chromatographically by using any single column [116,
117] (PCB nomenclature with numbers is reported in the literature [118]). Hence,
research is targeted toward the development of new stationary phases for the effective
separation of PCB congeners. The PCBs are classified into two main categories:
planar and non-planar. Non- and mono-ortho-substituted PCBs are planar, while
other ortho-substituted PCBs are non-planar. Planar PCBs are more toxic compared
to non-planar PCBs and should be effectively separated from each other for better
quantification.
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Recently commercialized IL stationary phases were evaluated for the separation
of PCB congeners, and their performance was compared to the 5%-phenyl/95%-
methyl polysiloxane (DB-5MS) column [116]. The number of coelutions on the
IL columns and DB-5MS were not much different, while the important difference
observed was in the elution order of the PCBs. More polar mono-ortho-substituted
PCBs were retained longer compared to the less polar di-ortho-substituted PCBs
on the IL columns. The SLB-IL111 column showed the highest deviation in the
elution order compared to the DB-5MS column. Trichlorobiphenyls (28 and 30)
were retained longer than tetrachlorobiphenyls (47, 49, and 52) on the SLB-IL111
column, while the opposite elution order was observed on the DB-5MS column and
all other IL columns. PCBs 28 and 30 were partially separated on the SLB-IL59,
but they could not be separated on all the other columns evaluated in the study.
This separation was important as PCB 28 is one of the so-called indicator PCBs.
Seven indicator PCBs 28, 52, 101, 118, 138, 153, and 180 were best separated on
the DB-5MS column compared to all the commercialized IL columns.

In a separate study, a total of 69 PCBs were investigated on the IL columns, and
the separation performances were assessed based on the polarity of IL stationary
phases [119]. The extremely polar stationary phase SLB-IL111 showed the high-
est number of coelutions, that is, 31 congeners. Among three IL columns (SLB-
IL100, SLB-IL82, and SLB-IL76), the number of coelutions increased with the
polarity of the IL stationary phase. Between SLB-IL59 and SLB-IL61, SLB-IL59
showed better performance in the separation of PCBs. Moreover, more symmetri-
cal and narrower peak shapes were obtained with SLB-IL59. The phosphonium-
based IL stationary phases SLB-IL59 and SLB-IL76 performed better compared
to the imidazolium-based IL stationary phases in the separation of PCBs. SLB-
IL61 containing a triflate anion and the same phosphonium dication as SLB-
IL59 performed poorly compared to the SLB-IL59. Non-commercial phospho-
nium ILs with aromatic substituents were shown to be effective in the separa-
tion of toxic planar PCBs. A dicationic IL stationary phase, 1,9-bis(diphenyl-
o-tolyl-phosphonium)nonane bis(trifluoromethanesulfonyl)imide, effectively sepa-
rated twelve tetra- to hepta-chloro-substituted toxic PCB congeners [19]. The same
IL stationary phase also showed a baseline separation of the most toxic 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) isomer from the other five TCDD isomers when
compared to the commercial SLB-5MS and SP-2331 columns [19].

Polycyclic aromatic compounds (PACs) are common environmental pollutants
comprised of condensed multiring benzenoid compounds [120]. Polycyclic aro-
matic hydrocarbons (PAHs) and polycyclic aromatic sulfur heterocycles (PASHs)
are classes of PACs and have carcinogenic and mutagenic activities. Gas chromatog-
raphy is the preferred technique for the separation and determination of PACs [121].
Many of the PAHs and PASHs are structural isomers, and their chromatographic
separation is essential as they generate the samemass spectra. The structural isomers
can have different toxicities, and their separation is important for quantification.

PASHs are a dominant part of fossil fuel-based pollutants and coal tar. Their anal-
yses are mainly done by using moderate- to nonpolar columns in GC or GC × GC
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(5%-diphenyl/95%-dimethyl polysiloxane, 50%-diphenyl/50%-dimethyl polysilox-
ane, 14%-cyanopropyl/86%-polydimethylsiloxane, etc.). However, none of these
polysiloxane-based columns provide broad selectivities for the separation of isomers
within a homologous series [122]. Polysiloxane-based columns showed 38–56%
coelution during analyses of 119 PASHs [123]. However, the IL-based GC station-
ary phases performed better with 32–38% coelutions, and the SLB-IL111 column
was the best with 32% coelutions [123]. Separation and determination of ratios of
some target PASHs is important in environmental forensic studies to determine the
source and the extent of fossil fuel weathering. For example, ratios of 1-, 2-, 3-, and
4-methyldibenzothiophene (MeDBT) vary with petroleum source. 2- and 3-MeDBT
coelute on the polysiloxane-based stationary phases, while they can be baseline sep-
arated on the SLB-IL111 column [123]. IL columns also have advantages in the
separation of isomeric pairs of 1,3,7- and 3,4,7-trimethyldibenzothiophene, 6- and
8-methylbenzo[b]naphthol[1,2-d]thiophene, 2- and 9-methylbenzo[b]naphthol[1,2-
d]thiophene, and 4- and 7-methylbenzo[b]naphthol[2,1-d]thiophene compared to
siloxane columns [123].

The retention behavior of the PASHs is determined by the polarity and polarizabil-
ity of the analytes [123]. Polarizability is mainly dependent on the molecular geom-
etry. Linear PASHs (e.g., anthracene analogs) are more polarizable than condensed
PASHs (e.g., pyrene analogs) with the same number of rings [123]. The polarity is
dependent on the position of the sulfur atom. For example, PASHs with “protected”
sulfur in a bay-region (benzo[b]naphthol[2,1-d]thiophene) or by an alkyl group on
the adjacent carbon (6-methylbenzo[b]naphthol[1,2-d]thiophene) are less polar com-
pared to PASHs with an exposed sulfur (benzo[b]naphthol[1,2-d]thiophene) [123].
PASHswith higher polarizability and polarity showed higher retentionwith respect to
lowpolarizable andpolar PASHson all the columns. The relativelymore polar PASHs
(exposed sulfur) showed higher retention on the IL column compared to polysiloxane
columns [123]. The IL column SLB-IL60 showed increased separation space and
resolution for the separation of PASHs in the GC×GC applications compared to the
polysiloxane columns. InGC×GCapplications, IL columns provided increased sep-
aration of more polarizable PASHs compared to the polydimethylsiloxane columns
[123].

Polycyclic aromatic hydrocarbons (PAHs) are common environmental pollutants
derived from incomplete combustion of organic material. PAHs are toxic pollutants,
and they have mutagenic and carcinogenic activities. Most of the PAHs are structural
isomers, and their chromatographic separation is important for the quantitation of
individual isomers. A specially developed IL columnSLB-ILPAHwas recently intro-
duced for the effective separation of 22 PAHs. The SLB-ILPAH column consists of
1,12-di(tripropylphosphonium) dodecane bis(trifluoromethanesulfonyl)imide IL as
a stationary phase and the column dimensions are 20 m × 0.18 mm i.d., 0.05 μm df.
Structural isomers of “benzo-fluoranthene” and “dibenzo-pyrene” are difficult to sep-
arate on the other GC stationary phases but can be easily and rapidly separated using
a SLB-ILPAH column. When a non-commercialized IL [2mC3(mim)2][CTf3]2 con-
taining tris(trifluoromethanesulfonyl)methide [CTf3]– anion was used during PAH
analysis, an unusual selectivity in the separation of anthracene and phenanthrene was
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observed [23]. Anthracene eluted before phenanthrene on this IL column, while the
reverse elution order was observed on all other commercial GC stationary phases.

6.6 Characterization of Petroleum Samples

Ionic liquid columns have been effectively utilized for gas chromatographic analysis
of complex petroleum samples. The comparatively high thermal stability of IL-based
columns allows convenient elution of the heavy aromatic compounds in low-boiling
petrochemical samples. The very polar SLB-IL100 and SLB-IL111 columns were
successfully used for one-dimensional and comprehensive two-dimensional flow-
modulated GC analysis of aromatic hydrocarbons in gasoline, reformate, and fluid
catalytic cracking samples [124]. The effective selectivity of these polar columns
produced excellent fractionation of hydrocarbons from aromatic compounds in low-
boiling petroleum products. The combination of a SLB-IL111 column in the first
dimension and a 5% phenyl polydimethylsiloxane monolithic silica (PDMS) column
in the second dimension offered the best results for the individual determination of
C6–C11 aromatic hydrocarbons. As illustrated in Fig. 6.6, the C8–C11 aromatic
compounds, indene, and the methyl-indenes, as well as naphthalene and methyl-
naphthalenes, are group-separated employing the SLB-IL111 (1D) + HP-5MS (2D)
column series.

Fig. 6.6 Plot of flow-modulated GC × GC-FID analysis of gasoline sample on the SLB-IL 111
(1D) + HP-5MS (2D) column series. Reprinted with permission from Ref. [124]
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Analysis of alkyl phosphates is of utmost importance due to the problems they pose
in petroleum refining processes [125]. A relationship between molecular structure
and GC retention of alkyl phosphates was established by employing a series of ionic
liquid columns [126]. The dependence of elution order on separation temperature
for a homologous series of alkyl phosphates was observed on the three ionic liquid
columnswith highest polarities (i.e., SLB-IL82, SLB-IL100, and SLB-IL111). It was
found that at high temperatures, the elution orderwas reversedwith trioctyl phosphate
eluting before trihexyl phosphate.Moreover, a thermodynamicmodel was developed
to predict the interactions between alkyl phosphates and IL stationary phases. Sub-
sequently, the SLB-IL100 column was found to have the optimal selectivity for
separation of short-chain alkyl phosphates from petroleum hydrocarbons.

The SLB-IL59 column was utilized for high-temperature GC × GC separation of
high-boiling point species in heavy petroleum fractions [127, 128]. The IL59 column
provided enhanced separation between neutral and basic nitrogen-containing PACs
and provided quantitative distribution of acridines and carbazoles in heavy matrices
[127]. In addition, an unprecedented group-type separation of heavy sulfur species
including naphtheno-aromatic S-compounds family was achieved in vacuum gas oil
(VGO) using a SLB-IL59 column in reversed mode 2D GC [128].

Ionic liquid columns were evaluated for characterization of sulfur and nitrogen
compounds inBrazilian petroleumderivativeswith comprehensive 2DGC [129]. The
normal configuration comprised of the DB-5MS/IL59 provided the best orthogonal-
ity for separation of organic sulfur compounds (OSCs), while nitrogen compounds
were better fractioned using IL59/DB-5MS reversed mode. The matrix interference
that resulted from coelution of OSCs and PAHs was significantly eliminated by
using ionic liquid columns. Consequently, a higher number of sulfur compounds
was detected in comparison with the utilization of traditional stationary phases.

6.7 Water Analysis

The accurate quantification of water is one of the most ubiquitous yet important
analytical measurements worldwide [130]. Water content is measured at a broad
range of concentrations (from sub-ppm levels to above 99%) in a greater array of
matrices than any other analytes [131]. Measuring water is usually mandated by
regulatory agencies in certain products including foodstuffs, pharmaceuticals, and
other consumer products [132]. Given the fact that water is an omnipresent interfer-
ing constituent in hydrophilic samples, further challenges may be met in accurately
quantifying trace amounts ofmoisture [131]. Several analytical techniques have been
developed depending on the nature of the sample and the amount of moisture present
to effectively determine the water content. Accordingly, a widely used approach for
most sample types is highly desirable. Refractive index (RI) measurement, gravimet-
ric determination of water loss after drying (LOD), and Karl Fischer titration (KFT)
are the most recurrent methods for determination of water [130]. However, there are
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certain challenges with each approach. RI measurement requires a thermal pretreat-
ment step for the sample that leads to some loss of moisture content and therefore
inaccurate results [133]. Employing the LOD technique usually generates numbers
that are lower than the true water content of the samples [134]. While KFT has a
broad dynamic range, it can be troublesome for samples with low levels of water
[135, 136]. Expensive consumables, limited solubility of samples, reactive impuri-
ties, side reactions, and other matrix effects are frequent challenges associated with
using the KFT approach [137–140].

Gas chromatography is another approach for the determination of water content
in different matrices [24, 25, 130–132, 135, 141–145]. Traditionally, the combina-
tion of a packed column with a thermal conductivity detector (TCD) was used for
GC analysis of moisture. However, there were several problems, such as non-ideal
adsorption isotherms of water to the diatomaceous earth and various other supports
(e.g., molecular sieves) resulting in unsymmetrical poor peak shapes, bad response,
and even interference with other common analytes [146–150]. Also, employing cap-
illary columns coated with conventional stationary phases leads to film degradation
by repeated high temperature exposure to water [131]. The convenient quantitation
of water can be performed using water-compatible columns that eliminate all of the
concerns mentioned above.

The three triflate-based IL columns were recently made available commercially
by MilliporeSigma, under the trade name WatercolTM. The WatercolTM 1460 col-
umn is coated with tri-(tripropylphosphoniumhexanamido)trimethylamine trifluo-
romethanesulfonate, a trigonal phosphonium-based ionic liquid. The WatercolTM

1900 and WatercolTM 1910 columns are composed of dicationic imidazolium-based
ILs, connected with a polyethylene glycol spacer chain [24, 131]. The chemical
structures of the three IL stationary phases that were specifically designed for water
analysis are shown in Table 6.1.

The Watercol columns provide optimal selectivity in differentiating water from
a vast variety of polar and nonpolar compounds. They also produce water peaks of
good efficiency and symmetry to allow for proper integration and subsequent quan-
titation. The retention of water is lowest on the tricationic Watercol 1460 column
with the lowest polarity among water columns. This column is excellent for sepa-
ration of water in matrices with high-boiling point components. On the other hand,
while Watercol 1900 and Watercol 1910 columns have very close Kovats retention
indices for water, they provide slightly different selectivities in separating other com-
pounds. This selectivity difference primarily results from different substituents on
the imidazolium ring of the dicationic IL moieties [24].

TheWatercol 1910 column was used for determination of water in active pharma-
ceutical ingredients (APIs) as well as solid pharmaceutical products [25, 141]. Moni-
toring water content in pharmaceutical products is important due tomicrobial growth
in the formulation of drugs. In addition, physical and chemical stability of APIs is
significantly correlated to thewater content present in these compounds. The 1-ethyl-
3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([C2C1im][FAP]) IL
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was used as headspace solvent for dissolving solid samples. A barrier discharge ion-
ization detector (BID) was utilized for sensitive detection of trace water levels in
pharmaceutical products.

In addition, a rapid analysis (under 4 min) with high selectivity and resolution
of water and ethanol was obtained in consumer products using a Watercol 1910
column. The established method allowed measurement of both ethanol and water at
all concentrations without using any internal standard [132].

The Watercol columns were also used for the determination of trace water con-
tent in petroleum products [24]. Due to the complex matrices of petroleum and
petroleum-based products, it is usually difficult to analyze water content using tra-
ditional approaches. These samples contain many compounds tending to react with
iodine, which leads to inaccurate results by KFT. A fully automated protocol using
headspace GC along with the BID was developed to accurately quantify trace water
levels in 12 petroleum products. Figure 6.7 shows chromatograms of a typical anal-
ysis of water in CLP oil on the three Watercol columns. Using the choice of three
different IL columns enabled effective separation of the water peak from any inter-
fering compound. Depending on matrix composition, one column could be superior
to the others for specific samples.

Further applications of the IL-based Watercol 1910 column were investigated in
food samples to determine water levels in liquid sweeteners and honey [142, 143].
The use of headspace GC in combination with BID facilitated the accurate water
measurement in these samples. A similar method was utilized for examination of
varied and changing ethanol content in kombucha products [26]. Kombucha is a tra-
ditional fermented drink prepared by mixing tea and sugar with bacteria and yeast
[151]. Although kombucha producers claim that beverages are non-alcoholic [<0.5%
alcohol by volume (ABV)], it was found that the range of ethanol in these products

Fig. 6.7 a Analysis of CLP oil on the 30 m Watercol 1460 at 70 °C. b Chromatogram of CLP oil
on the 30 m Watercol 1900 at 70 °C. c Chromatogram of CLP oil at 150 °C on the 60 m Watercol
1910. Reprinted with permission from Ref. [24]



156 M. Talebi et al.

could be between 1.12 and 2.00% (v/v) [26]. The ethanol and other volatile com-
pounds were successfully separated using the Watercol 1910 IL column without any
change in column performance after 1200 injections. In fact, the chemical stability
ofWatercol columns allows long-term exposure to water in aqueous samples without
sacrificing column efficiency [132].

6.8 Conclusions

Ionic liquid columns have opened a new era in the field of GC separations. They
are the first new class of stationary phases in the last 40 years. The commercial
availability of IL-based columns with flexible selectivities and high thermal sta-
bilities has enabled more scientists to use them for separating complex samples,
such as fatty acid methyl esters, essential oils, chlorinated hydrocarbons, polycyclic
aromatic compounds, and related compounds. Specific IL stationary phases signifi-
cantly retain more-polar solutes compared with less-polar analytes. The highly polar
SLB-IL111 column also provides improved selectivity for the separation of cis and
transFAME isomers and other geometrical isomers.Water-compatibleGC stationary
phases based on ILs can be applied routinely for direct analysis of samples contain-
ing water as the main solvent, eliminating time-consuming sample preparation steps.
In addition, ionic liquid columns offer great orthogonality when incorporated in the
second dimension of two-dimensional gas chromatography. Overall, it is expected
that interest in ILs as GC stationary phases will continue to increase, thanks to the
combination of their exceptional polarity and the capacity to separate a broad array
of compounds.
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Chapter 7
Ionic Liquid–Liquid Chromatography:
A Novel Separation Method

Leslie Brown, Martyn J. Earle, Manuela A. Gilea, Natalia V. Plechkova
and Kenneth R. Seddon

Abstract There is a wide selection of ionic liquid/(water/organic solvents) biphasic
mixtures. These mixtures could be utilized for liquid–liquid extractions in coun-
tercurrent chromatography for the separation of organic, inorganic, and bio-based
materials. A customized countercurrent chromatography has been designed and con-
structed specifically to adapt to the more viscous character of ionic liquid-based sol-
vent systems to be used in a broad variety of separations (including transition metal
salts, arenes, alkenes, alkanes, bio-oils, and sugars).

Keywords Ionic liquid–liquid chromatography · IL-Prep™ · Liquid–liquid
extraction · Purification · Separations

7.1 Introduction

Liquid chromatography (LC) [1], particularly liquid–liquid chromatography (LLC)
and countercurrent chromatography (CCC) [2], with the latter considered to be a con-
tinuous, automated form of liquid–liquid separation, has continued to make progress
over the last 20 years. The industrial aspects have been discussed by Sutherland
et al. [3] and Berthod and Serge [4]. These LC techniques rely on the ability of
solutes to distribute themselves between two mutually immiscible liquid phases: a
mobile phase (MP) and a stationary phase (SP) [5]. Current LC techniques have
several drawbacks in terms of solubility, low scale of separation, the reactivity of
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solutes, and high costs of chromatography columns, partially due to their limited
lifetimes. In LLC, the range of solvent systems that can be considered includes a
narrow range of molecular solvents, such as water, methanol, ethanol, butanol, etha-
nenitrile, ethyl ethanoate, dichloromethane, trichloromethane, poly(ethylene) oxide
(PEO), and hexane, mixed in varying proportions to result in the formation of a
biphasic solvent system [6]. Additionally, if compounds are not soluble or react with
the stationary ormobile phase, they are unsuitable for LLC. From a safety standpoint,
the solvent systems can have high vapor pressures from the use of volatile organic
compounds (VOCs) [7]. This limitation is avoided with ionic liquids, which have
negligible vapor pressures [8].

In the last ten years, ionic liquids have become widely used in solvent extraction
[9, 10]. The potential of ionic liquids in both countercurrent chromatography (CCC)
[11] and centrifugal partition chromatography (CPC) [11, 12] has been evaluated
by Berthod and was found to have a number of problems [13]. The instrumentation
available at that time was not able to cope with high backpressures due to the high
viscosities of many ionic liquids. After this study, ionic liquids have been found to
be useful in separations in CCC and CPC by a number of authors [14a, b]. A custom-
designed countercurrent chromatography instrument was manufactured that allowed
ionic liquids to be used as the stationary phase or mobile phase [15]. This new type of
instrument was utilized for industrially relevant separations, including the separation
and isolation of transition metal salts, monosaccharides from disaccharides, alkanes
from aromatics, and the refining of essential oils [14a, 16].

7.2 Chromatographic Separations

Chromatography techniques operate through the distribution of analytes between
different phases (gas, liquid, solid). Figure 7.1 shows the various forms of liquid
chromatography.

For liquid–liquid chromatography, two immiscible liquids are used, and the sep-
arations are based on the distribution ratio of solutes between the two liquid solvents
[17].

7.3 Countercurrent Chromatography

There are various implementations of CCC that are in use [18], and these have been
applied in separations on a large scale [19]. HPCCC (high-performance counter-
current chromatography) [19] is one of the forms of the instrumentation available
currently. In CCC, the stationary andmobile phases usedmust be immiscible liquids.
The main principle on which a CCC instrument works involves one fluid mixing and
separating from a second fluid, often in a column or coiled pipe. This column com-
prises an open-ended tube coiled around a bobbin. In HPCCC, the bobbin is rotated
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Fig. 7.1 Distribution of analytes in different forms of liquid chromatography

in a double-axis gyratory motion (tracing out a cardioid), where the fluids undergo
varying acceleration forces which act on the column during each rotation (Fig. 7.2).
This causes the two immiscible stationary and mobile phases to go through mixing
and settling step per rotation of the machine. The coils are connected to the rest of the
CCC apparatus, without using rotating connectors and special seals, since no overall
rotation of the coil connections occurs. This is achieved by attaining planetarymotion
of the coils, as in Fig. 7.3 [20]. The head and tail of the pipe coils flex but do not
rotate. The coils of the machine are attached to the pumps and detector using flexi-
ble flying leads. The pioneer of modern CCC with the coil planet centrifuge [21] is

Fig. 7.2 Schematic of the J-type synchronous planetary motion centrifuge used in countercurrent
chromatography [20]
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Fig. 7.3 The external view of a Quattro chassis CCC instrument (or IL-PrepTM) instrument. For
HPCCC/HPLLC (high-performance liquid–liquid chromatography), solid supports are not used,
and therefore the coil cannot clog up and result in inefficiency or damage because of impurities.
If a new stationary phase is essential, more of the stationary phase is pumped in the instrument to
regain the functionality of the coil

undoubtedly Dr. Yoichiro Ito [18, 22]. His early research led to establishment of two
companies: PC Inc. (CCC) of Potomac, MD, and Pharmatech Research Corporation
(CCC) of Baltimore, MD, in the USA. The innovative Japanese Company, Sanki
Engineering Ltd., Kyoto, brought out a stacked-disc design of the CPC instrument
in the 1980s. As a result of this pioneering work, a resurgence of interest in CCC
and CPC developed, and since, have undergone further evolution and development.

The solvent systems used consist of a stationary phase, which is retained within
a helical coil wound around a drum, and a mobile phase. Through a combination of
hydrostatic and hydrodynamic forces generated as the drum rotates in a planetary
or solar motion around a shaft (Fig. 7.2), the stationary phase is held in place and
a mobile phase is pumped past the stationary phase [23]. In the J-type centrifuge
[24], the alternating acceleration forces cause regions of ballistic mixing and zones
of settling as the mobile phase passes by the stationary phase. This occurs typi-
cally at 400–4000 rpm, depending on the design and rotation speed of the rotor. For
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Fig. 7.4 Droplet type HPCPC or CPC where the mobile phase (green) is pumped through the
stationary phase (blue), which is held in place by centripetal forces

larger separations, droplet-type high-performance centrifugal partition chromatog-
raphy (HPCPC) systems are preferential and are based on the principle shown in
Fig. 7.4. The instruments based on this principle generally are used for larger scale
separations thanwith hydrodynamicHPLLC/HPCCCmachines, and can provide bet-
ter resolution of solutes for slow-settling biphasic eluents, for instance, for isolation
of bioactive compounds from anthocyanins [25].

For centrifugal partition chromatography, the separation occurs in a series of
chambers, where the stationary phase is retained by rotation around a single sun
axis. As the mobile phase is pumped through the stationary phase, solutes that have
a preference for the stationary phase are retained, and compounds with preferred
solubility in the mobile phase pass through. Also, in liquid–liquid chromatography,
far less solvent is used when compared to flash-chromatography or HPLC.

At the end of most chemical processes, a separation stage is required to produce
a pure product. The performance and number of the separation stages can strongly
affect the production costs for the industry. This problem is ubiquitous, across every
sector of the chemical industry, from smaller-scale pharmaceutical industry sepa-
rations to the large scales of the oil and gas industries. The ionic liquid-containing
solvent systems represent a significant technological advance in separation science
which: (1) is applicable to many liquids and solid separations, from the analytical
scale of a few mg to the industrial multi-kilo scale, and (2) perform separations that
cannot currently be achieved by any other technique [15, 26]. Given the millions of
potential ionic liquid phases, there are no conceptual constraints to the use of this
technique for any selected system.
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7.4 Ionic Liquids

Ionic liquids have some distinct advantages when compared to organic solvents [9c,
27]. Although they are salts, they have lowmelting points (conventionally < 100 °C),
or in some cases even below room temperature. They have interesting characteristics
in terms of solubility; they behave either like polar solvents (with the ability to dis-
solve a huge range of organic compounds, polymers, inorganic molecules, and salts)
[28] or like nonpolar solvents (dissolving molecules, such as hexane and benzene)
[10b]. Because ionic liquids are salts, most of them have negligible vapor pressure
[29] resulting in their non-flammability, hence ionic liquids were coined as “green
solvents”. However, cautionmust be applied here, as ionic liquids are not intrinsically
green, and some may be either toxic or non-biodegradable, or both [30].

Currently, ionic liquids are used in different areas of chemistry and chemical
engineering and in a number of industrial processes mainly due to their “designer”
properties. Ionic liquids can be tuned by the choice of the anion and cation allowing
them to be optimized for a particular application. An example of design is to vary
the structure of an ionic liquid such that it phase-separates from the compound of
interest, making product isolation straightforward [31]. Another approach is to make
their building blocks (cation or the anion, or both) either acidic or basic (either Lewis
or Brønsted) [32]. In this way, the ionic liquid–liquid interactions and distribution
ratios can be modified and tuned to a particular end use [33].

A serious problem of ionic liquids is their high viscosities, especially for their
application in chromatography [34]. However, this disadvantage can be overcome
by specially designing and constructing CCC machines to eliminate pressure bottle-
necks. Examples of the machinery suitable for ionic liquid–liquid chromatography
(ILLC) from AECS-QuikPrep Ltd. (Fig. 7.3) can be found elsewhere [15, 26]. The
aim in ILLC research is to develop a generic methodology for separation of practi-
cally all soluble organic and inorganic target compounds. The techniques used are
based on the principles of conventional HPLLC, CCC, CPC, HPCCC, or HPCPC
[35]. Given that industry uses several hundred organic solvents, and it is estimated
that there are more than one million simple ionic liquids attainable, the permutations
of possible mobile and stationary phases are immense [36]. In contrast, conventional
LLC only uses about ten different molecular solvents, which are mixed in various
proportions to produce biphasic systems.

7.5 Ionic Liquid–Liquid Chromatography (ILLC)

For ILLC, with a J-type centrifuge, the instrument that is applied must be able to
withstand high working pressures (minimum 50 bar) for extended periods of time.
For this reason, the coils are made from either stainless steel or, in the case of highly
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corrosive compounds (concentrated acids/bases), titanium, or polytetrafluoroethy-
lene (PTFE). Additionally, the centrifuge must be capable of running at up to 50 °C,
which can dramatically improve the ILLC separation performance [15, 26].

The inherent tunability (“designer solvents”) of ionic liquids allows control over
their physicochemical properties: viscosity, hydrophobicity, hydrophilicity, density,
and corrosivity. Moreover, and of vital importance, the distribution ratios of a solute
between an ionic liquid phase and a second phase (either an organic solvent or
another ionic liquid) can be controlled. Indeed, ionic liquids can dissolve materials
which are conventionally considered to be insoluble, such as kerogens [37]. As
will be demonstrated here, this versatility will enable a generic methodology for a
wide range of potential separations to be developed, especially the ones that were
previously thought to be difficult to implement, for instance, bio-polymers, proteins,
saccharides, polysaccharides, metal salts, and petrochemicals. Moreover, the ionic
liquids are easily recyclable and can be used for multiple separations, which justifies
the initial higher costs of using ionic liquid media.

To some extent, the early publications stating that ionic liquids could not be easily
utilized with CCC and CPC [13] may have held back the development of ionic liquid
solvent systems in CCC and CPC. AECS-QuikPrep Ltd./Quattro CCC (UK), in col-
laboration initially with the QUILL Research Centre within the Queen’s University
of Belfast (UK), were able to successfully employ biphasic ionic liquid-based sol-
vent systems in CCC [14a]. Here, ionic liquid-based solvent systems were utilized
in the separation of a mixture of CoCl2, NiCl2, and CuCl2, the separation of two
monosaccharides form a disaccharide, and the extraction of cumene from hexane
[14a]. By the use of a hexane/ionic liquid solvent system, the separation of hydro-
carbons from oxygenated hydrocarbons in vetiver oil was achieved [16]. In addition,
ionic liquid solvent systems have been studied in the countercurrent chromatographic
separation of nonpolar lipids [38]. Cao et al. have used dilute solutions of ionic liq-
uids in CCC in the determination of Alternaria mycotoxins and the determination
of chlorophenols in red wine [14b, 39]. Also, four patents have been published on
the use of ionic liquids in CCC solvent systems in general [15], in bio-organic [26b],
in organic [26a], and in inorganic separations [26c]. Two examples of chiral sepa-
rations by CCC are in the use of solutions of chiral salts [40] (similar to an ionic
liquid), derived from cinchona alkaloid, in the separation of N-(3,5-dinitrobenzoyl)-
(±)-leucine (Fig. 7.5). Similarly, cyclodextrin and a chiral copper complex have been
used in the enantioseparation of naringenin (Fig. 7.5) by CCC [41].

7.6 ILLC and ILLE Instrumentation

The Quattro IL-Prep™ ILLC instrument that we are using at QUILL (Fig. 7.6)
incorporates four coils, as shown in Table 7.1 and Fig. 7.7, and has been tested
for several separations, in order to evaluate the effectiveness of ILLC for various
mixtures. Here, we concentrate on four examples of ionic liquid biphasic systems
based on two or three components.
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(right) [41]

Fig. 7.6 The outside view of the four coils and PTFEflying leads installed in the IL-Prep instrument
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Table 7.1 Details of the J-type centrifuge coils installed in the IL-Prep ILLC instrument

Coil number Bore (mm) Length (m) Number of turns Capacity (cm3) L/D ratio

1 1.0 13.35 26 12 13,350

2 2.1 36.02 76 133 16,000

3 1.0 39.89 78 34 39,890

4 3.7 23.83 52 236 6440

Fig. 7.7 The phase retention
curves within the coils for a
4:1:1 mixture of water/ethyl
ethanoate/and [P6 6 6 14][Cl],
respectively, at 35 °C and
865 rpm
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7.7 ILLC Separations

A range of separations using ionic liquid-containing solvent systems has been carried
out to illustrate the versatility of ILLC methodology. Three example separations
include separation of inorganic transition metal salts, separation of monosaccharides
from disaccharides, and separation of low-polarity bio-organic molecules.

7.7.1 Transition Metal Separations

Copper(II), nickel(II), and cobalt(II) salts can be separated from each other using a
number of techniques. Examples include a nine-stage process [42] involving solvent
extraction and electro-refining or a five-stage continuous process involving the ionic
liquid trihexyltetradecylphosphonium chloride [P6 6 6 14][Cl] [43]. Chromatographic
separation of nickel(II) and cobalt(II) chloride was achieved by means of anion-
exchange chromatography [44], TLC [45], HPLC of stilbene complexes [46], the
use of amino acid chelates [47], micellar electrokinetic chromatography [48], the
use of a guar-based chelating ion-exchange resin chromatography [49], and the use
of a supported dibenzyl sulfoxide solution on silica [50].
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Copper(II), nickel(II), and cobalt(II) chloride salts in aqueous solution can be
separated from each other using ILLC. The solvent system used for the stationary
phase was based on [P6 6 6 14][Cl], which is a viscous, hydrophobic ionic liquid, with
added ethyl ethanoate to reduce the viscosity of the ionic phase. Other co-solvents,
such as dichloromethane, propanone, or butanol, were also found to be effective.
Typically, the scale of the separation was 0.5–6.0 g (at ca. 0.6–7.0 M concentration)
on coil 2 and 2–10 g on coil 4 (see Table 7.1 for details).

In order to achieve an effective separation of the aqueous salts, it is necessary to
prepare the coilswith a biphasic solvent system (degassed) consisting of [P6 6 6 14][Cl]
(250 cm3), ethyl ethanoate (125–250 cm3), and pure water (1000 cm3). The ionic
phase contains the majority of the ethyl ethanoate and forms the upper liquid layer.
The aqueous phase contains a small amount of ethyl ethanoate, but no ionic liquid
(<0.5mol%)was detected by 1HNMR spectroscopy [51]. Formost chromatographic
separations, it is necessary to obtain a phase retention curve for the two phases used
in the separation. This shows how much stationary phase remains in the coils as the
mobile-phase flow rate is increased, for a given temperature and instrument rotation
rate. The performance of the four coils was tested using water, [P6 6 6 14][Cl], and
ethyl ethanoate (4:1:1 ratio) solvent system at 35 °C, and the phase retention for the
four coils shown in Table 7.1 was determined (Fig. 7.7).

In order to obtain the phase retention curve, the coils were initially pumped full
of the stationary ionic liquid phase. The coil’s rotation rate was set to 865 rpm,
and the flow rate versus stationary phase retention curves were measured at a range
of flow rates ranging from 0.5 to 31.5 cm3 min−1. The stationary phase retention
curve for the four coils is shown in Fig. 7.7. This experiment was carried out in the
apparatus shown in Fig. 7.8. The amount of stationary phase remaining in the coil
was calculated by measuring changes in the position of the mobile stationary phase
boundary in a graduated measuring cylinder (see Fig. 7.7), where its variation can

Fig. 7.8 The configuration of the IL-Prep instrument for metal separations and phase retention
studies
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be used to calculate phase volumes in the coil. A dead volume of 4.0 cm3 must be
taken into account, and the ratio of the phase volumes is accurate to ±0.5%.

In Fig. 7.7, it can be seen that there are considerable differences between the
behavior of the two phases in the four coils. The rate of loss of ionic liquid stationary
phase is dependent on both the coil diameter and length. For example, coils 1 and
3 have the same internal diameter but have completely different phase retention
curves (Fig. 7.7). This observation indicates that the stationary phase is not evenly
distributed in the coil during operation, and is concentrated at the head of the coil.

Ionic liquids are significantly more viscous than solvents conventionally used
in CCC. This results in greater pressure drop due to the connecting pipework and
the coils. Additionally, this affects the design of the coils, which were made from
stainless steel rather than the more conventional PTFE tubing [52]. As a result, the
IL-Prep machine is able to operate at pressures of up to 70 bar and allows the use
of high flow rates. The pressures encountered during the measurement of the phase
retention curves in Fig. 7.7 are shown in Fig. 7.9. In the smaller coil 2, surface, film,
and interfacial tension effects become more prominent. For good separations, the
instrument should be operated in the plateau region, which in Fig. 7.7 corresponds to
0.5–2.5 cm3 min−1 for coil 4, but for coil 2 this stable region is much smaller. These
conditions need to be optimized for every combination of mobile and stationary
phases, and it is important to collect the ionic liquid lost from the coil so that it can
be recycled.

ILLC allows the direct single-step chromatographic separation of these metal(II)
salts on a preparative scale with high sample loadings, under neutral conditions, and
without complex chelating agents. When [M(H2O)6]Cl2 salts (M= Co, Ni, Cu) [53]
are mixed with the biphasic water/[P6 6 6 14][Cl]/ethyl ethanoate (4:1:1 v/v/v) solvent
system (Fig. 7.10) [54], the metals distribute themselves as shown in Table 7.2 [14a].
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Fig. 7.9 The mobile phase operating pressures encountered during the experiment to determine
the phase retention curves in Fig. 7.7, for the water/[P6 6 6 14][Cl]/ethyl ethanoate (4:1:1) solvent
system with water as the mobile phase. Error = ±1.4 bar (20 psi)
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Aqueous Phase

Ionic Phase 

Fig. 7.10 A photograph of nickel(II) chloride (left), cobalt(II) chloride (center), and copper(II)
chloride (right) dissolved in a water/[P6 6 6 14][Cl]/ethyl ethanoate (4:1:1 v/v/v) biphasic solvent
system. The upper phase is the ionic liquid [P6 6 6 14][Cl]/ethyl ethanoate mixture and the lower
phase is water saturated with ethyl ethanoate (7.6 wt%)

Table 7.2 The distribution ratios of the metal(II) chloride complexes in the biphasic
water/[P6 6 6 14][Cl]/ethyl ethanoate (4:1:1 v/v/v) solvent system

Metal Temp. (°C) Peak maximum (min) DR from ILLC
separation

DR from UV-Vis
spectrometer

Ni 30 23.5 0.31 0.2

Co 30 29.5 0.62 0.6

Cu 30 56.8 2.22 2.2

Ni 40 20.8 0.16 0.2

Co 40 29.8 0.66 0.6

Cu 40 55.3 2.07 2.1

DR = Distribution Ratio

The metals are presumed to exist as the tetrahedral [MCl4]2− complexes in the ionic
phase (Fig. 7.11) [55].

The separation was carried out at 30 and 40 °C and is shown in Fig. 7.12. A
partial separation was obtained with the cobalt(II) chloride peak overlapping the
start of the copper peak and the end of the nickel peak. At 40 °C, the performance
of the separation improved, and the separation time was reduced from 68 to 61 min.
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Cl+ 4 Cl-
+ 6 H2O
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Fig. 7.11 The behavior of metal(II) chloride complexes (Co, Ni, or Cu) in the biphasic
water/[P6 6 6 14][Cl]/ethyl ethanoate (4:1:1 v/v/v) solvent system
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at 30 °C (dotted lines) and 40 °C (solid lines) eluted on coil 2, showing the normalized absorption
of the metal halide salts where aqueous NiCl2 = 100 (equal areas under each curve). Error=±2%
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The peak shape of the eluting copper(II) chloride is triangular and is showing anti-
Langmuirian behavior [56]. This is thought to be due to the nickel(II) and cobalt(II)
complexes affecting the phase equilibria of the copper(II) chloride complexes, and
the time taken for the multistage change from the hydrated metal complex in the
water phase to the tetrachlorometalate(II) complex in the ionic phase.

7.7.2 Separation of Saccharides

The separation of saccharides has been investigated using various chromatographic
methodologies [57] but is not used industrially because the separation costs are too
high [58]. There are several HPLC methods for saccharide separation that can be
used on the analytical scale [59]. Preparative-scale HPLC separations of saccharides
are possible [60], such as with a PL-Hi-Plex Ca 300 × 25 mm HPLC column with
a water eluent, but these methods suffer from the problem of small sample sizes
[61]. The use of CCC for separations of saccharides using aqueous biphasic solvent
systems, such as aqueous salt/ethanol systems, or an ethanenitrile/1.0 M NaCl(aq)
(5:4) solvent system has been carried out [62], but it was only tested on 2 mg scale.

The ionic liquid-based solvent system [C4C1im][Cl]/(3.0 M aqueous K2[HPO4],
1:1 v/v) was used in the separation of sucrose (distribution ratio (DR)= 0.90), from
either fructose (DR = 0.22) or glucose (DR = 0.26) (see Fig. 7.13 for stationary
phase retention curve). All three saccharides are optically active, so polarimetry was
used to measure the saccharide concentration in the fractions eluted from the coil
and is shown in Fig. 7.14.
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Fig. 7.13 The variation of % stationary phase (ionic liquid containing) retention plotted against
the mobile phase (aqueous phosphate) flow rate for the [C4mim][Cl]/(K2[HPO4]–H2O; 3.0 M; 1:1)
two-phase solvent system at 30 °C (dashed green line), 40 °C (dotted light blue line), and 45 °C
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Fig. 7.14 The separation of glucose (red solid line) and fructose (blue solid line) from sucrose by
ILLC using the [C4C1im][Cl]/(3.0 M aqueous K2[HPO4], 1:1 v/v biphasic solvent system at 45 °C,
on coil 2). The stationary phase retention curve for the solvent system is shown in Fig. 7.13 solid
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The complete separation of glucose or fructose from sucrose was achieved on a
1.00 g scale (500 mg of monosaccharide+ 500 mg of sucrose). A similar saccharide
separation by Shinomiya and Ito was carried out on a 2.5 mg scale on a 34 cm3

coil [62]. Using the IL-Prep instrument with an ionic liquid system, on the 133 cm3

coil (Table 7.1) [14b], 500 mg quantities of saccharides could be separated. This
gives a much-increased degree of process intensification (or space-time yield) of
50 times and shows what could be achieved with ionic liquid-containing solvent
systems. Commercially, the separation of fructose or glucose from sucrose is carried
out with crystallization methodologies, since chromatographic techniques are not
economically viable [63]. However, ILLC technology can be used successfully on
high-value saccharides and polysaccharides [26b].

7.7.3 Separation of Vetiver Oil

Vetiver oil is used in the perfume industry [64] and is extracted from the roots of
Chrysopogon zizanioides [65] by azeotropic (or steam) distillation [66]. Annually,
worldwide vetiver oil production is approximately 250 tons [67]. Of the 300+ chemi-
cal components of vetiver oil, compounds of interest to the fragrance industry include
polycyclic alkenes, such as α- and δ-cadinene, and polycyclic alcohols, such as khusi-
mol [68]. The separation of vetiver oil into each individual compound is not feasible;
however, a separation of vetiver oil into classes of sesquiterpenes can be carried out
by ILLC (Fig. 7.15).

The ILLC separation of vetiver oil into alkene sesquiterpenes (Fig. 7.16) and oxy-
genated sesquiterpenes was carried out using the [C12C1im][NTf2]/hexane solvent
system [16, 33]. The ionic liquid is insoluble in the hexane mobile phase, but hexane
is soluble in the [C12C1im][NTf2]. The solutes are eluted from the coil dissolved in
hexane, which are easily recovered by evaporation or distillation of the hexane from
the sesquiterpenes that elute from the coil.

GCMS analysis of the fractions in the fraction collector revealed that they were
separated into two main classes [69]. The fractions in the T6–T25 range contained
sesquiterpene cyclic alkeneswith the formulaC15H24 or C15H26 [69b]. Five examples
of the isolated alkenes include γ-muurolene, α-cadinene, humulene, β-vetivenene,

H

H

H

H

γ-Muurolene α-Cadinene β-Vetivenene δ-SelineneHumulene

Fig. 7.15 Five literature examples of alkenes present in vetiver oil and five GCMS software-
identified compounds found in tubes 6–29 in the ILLC separation of vetiver oil [68]
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Fig. 7.16 The GC response for four fractions (T9, T19, T29, and T39, where T = tube num-
ber) for the ILLC separation of vetiver oil with a hexane/[C12C1im][NTf2] two-phase solvent
system with hexane as the mobile phase. GCMS analyses of T6 to T25 contain C15 hydrocarbon
sesquiterpenes (polycyclic alkenes) and tubes over number 26 contain predominately oxygenated
C15 sesquiterpenes [16]

and δ-selinene which are shown in Fig. 7.15. From fraction T26 onwards, the com-
pounds isolated weremostly oxygenated hydrocarbons, such as ethers, epoxides, and
alcohols, eluting in order of increasing distribution ratio. The chemical formulas of
these oxygenated products were C15H24O and C15H26O based on GCMS analysis.

7.7.4 Purification of Lentinan

The first commercial application of the ionic liquid-CCC/CPC process has come
about due to the ability of ionic liquids to solubilize bio-polymers without dena-
turing them. This has allowed the direct purification of a very complex mixture
of saccharides and polysaccharides contained within hot water extracts of shiitake
mushrooms. The product (lentinan)was isolated in its biologically active form,which
is a triple-helix 1,3-1,6-β-glucan polysaccharide. It should be noted that lentinan is
easily denatured in hot water or in DMSO solution [70]. The ionic liquid-CCC/CPC
process uses a 2.5 M K2[HPO4]/[C4C1im][Cl] solvent system with [C4C1im][Cl]
as the mobile phase and allows lentinan to be isolated in high yield while retain-
ing its full bioactivity in treating cancer [26b]. The isolation of the products from
ionic liquids (particularly with an ionic liquid-containing mobile phase) can be very
straightforward. In the case of the lentinan, the addition of ethanol to the solution
of lentinan in the [C4C1im][Cl]/H2O mobile phase resulted in the precipitation of
colorless lentinan. The [C4C1im][Cl], used in lentinan separation, was recycled by
filtration of an ethanol solution of [C4C1im][Cl] through charcoal and silica followed
by recovery of the ethanol.
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7.8 Solvent Engineering and Ionic Liquid–Liquid
Chromatography

The chemical structure of ionic liquids can be designed to give a particular set of
physicochemical properties, which can be optimized for a particular end use [9c].
Factors, such as viscosity, hydrophobicity, hydrophilicity, density, acidity or basic-
ity, surface or interfacial tensions, and corrosivity, can be adjusted, which permits
considerable control over phase behavior and therefore separation performance. The
distribution ratios of compounds between an ionic liquid-containing phase and a sec-
ond immiscible phase (which may be either water, an organic solvent, or other ionic
liquid) can be manipulated by altering the chemical makeup of the ionic liquid. For
example, if a solute, dissolved in a two-phase hexane-ionic liquid solvent system has
a solubility that is too low in the ionic liquid phase, then the structure of the ionic
liquid cation or anion can be changed to increase the solubility in the ionic phase.
The use of longer alkyl chains attached to the charged parts of the anion or cation can
be used to improve solubility in the ionic phase. This great flexibility makes ILLC
a general-purpose separation technology, useful for the separations of a very wide
range of compounds including compounds that were previously thought to be too
difficult to separate. We call this approach solvent engineering, a complement to the
chemical engineering required in the design of ILLC instrumentation.

7.9 Conclusions

The use of molecular solvents as biphasic eluents has been shown to be excellent
for a huge variety of applications in laboratory-scale preparations of up to a kilo or
multi-kilo targets. However, the complexity of molecular-solvent biphasic eluents
with three, four, or on occasion five solvents becomes less favored in larger-scale
processes. For these larger-scale process applications of 10s of kilos to many tons per
annum, the unique properties of ionic liquids can provide many advantages, which
we have discussed. This can make the additional effort of developing ionic liquid
eluents well worthwhile. The use of ionic liquids in countercurrent chromatography
instruments was initially found to be problematic due to high backpressures and
consequently low mobile-phase flow rates. With careful design of the fluid flow
paths and by eliminating pressure bottlenecks, this problem has now been solved.
Currently, there are very few papers in the literature describing the use of solvent
systems containing a high percentage of ionic liquids in CCC or LLC. Control over
the structure and design of ionic liquids and ionic liquid-containing solvent systems
(solvent engineering) has enabled us to select or alter solute distribution ratios of
solutes that are to be separated.

The testing of these new ionic liquid solvent systems was performed in a custom-
designed ILLC instrument capable of operating with higher viscosity solvent sys-
tems and at considerably higher backpressures (70 bar) than are usually found in
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conventional CCC and LLC instruments. The ILLC equipment uses coils that are
made from stainless steel (rather than PTFE/poly(vinyl alcohol) (PVA)), and the
main pressure bottlenecks in the solvent flow pathways have been removed [15].
ILLC has been found to be a very versatile separation technology and allows a very
wide range of separations to be performed. Examples include the direct separation
of metal(II) salts, saccharides, polysaccharides, triglycerides, petrochemicals, and
terpenes [14b, 16, 38].

By the modification of the structure and therefore properties of ionic liquids,
they can be designed or selected for use in any given separation. The viscosity,
density, density difference, interfacial tension, and relative solubility of solutes can
all be adjusted through alterations to the structure of the ionic liquid anion or cation.
Hence, ILLC allows the separation of practically any soluble mixture, provided that
a suitable two-phase solvent system can be designed or found. ILLC can, therefore,
be described as using “designer solvents for designer separations”. Whilst this area
of research is still relatively new, ILLC has the potential to allow separations to be
carried out which are currently considered to be either too difficult or too expensive
to perform on a large scale. Compounds that are thought to be too insoluble or too
immiscible with biphasic molecular solvent systems can now be separated by ILLC.
An example of this is with the purification of lentinan [26b], in which the scale of
the separation was boosted from the tens of milligrams [71] to the gram scale, using
a similar-sized apparatus. With larger capacity ILLC instruments, including CPC
instruments, much larger scale separations can be achieved.

There can be no doubt that having been a Cinderella project for many decades,
CCC/CPC is now maturing into not only a valuable laboratory preparative technique
but also into a pilot and large-scale process technique [25, 72]. Instrumentation has
been developed capable of laboratory, pilot, and large-scale process applications
with both standard biphasic solvents and ionic liquid biphasic solvents [15, 26b].
Similarly, ionic liquid research and technology has moved from an electrochemical
curiosity in the 1980s to a new scientific discipline in its own right, and it is being
deployed in industry on process scales [9b, 73].

The full potential of combining both ionic liquid and countercurrent chromatog-
raphy technologies is beginning to be realized. This union massively increases the
potential number of solvent systems available inCCC separations, and concomitantly
leads to a greater understanding of ionic liquid phase behavior that can be applied
to separations that were once not thought possible on a large scale. Liquid–liquid
CCC/CPC research has been carried out by many non-ionic liquid specialists, and
they have expressed concern to AECS-QuikPrep Ltd. that certain ionic liquids can
degrade various chemical structures and compounds. As in the case with lentinan,
there are a vast number of options for the choice of ionic liquids and usuallymany can
be found that do not react with or denature compounds being separated. Ionic liquids
once purchased off-the-shelf or custom-synthesized can be recycled and cleaned up
at minimal cost [74].

Peptides, proteins, monoclonal antibodies (mAb’s), enzymes, bioactive com-
pounds, precious metals, actinides, and lanthanides are all ideal candidates for ionic
liquid-CCC/CPC separation processes, as all are high value but can be potentially
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difficult to purify cost-effectively from their starting crude matrices. Ionic liquid-
CCC/CPC/CCE/CPE science and research are likely going to be driven by commer-
cial applications rather than in the academic arenas. Research groups are already in
place in the USA and Europe to develop the processes necessary for very large-scale
process applications.
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Chapter 8
Commercial Production of Ionic Liquids

Thomas J. S. Schubert

Abstract By 2019, a large number of different ionic liquids (ILs) had been syn-
thesized. There is a large uncertainty about the correct number, but there must be
at least a couple thousand different ones described in the scientific literature and a
similar number in labs of chemical companies. To synthesize ionic liquids, numer-
ous organic and inorganic compounds can be used and combined. A major goal of
chemists who are designing novel ionic liquids is to predict ionic compounds that
may be liquid at room temperature (or are at least liquid below a melting point of
100 °C, which is the common definition for ILs). A lot of experience is necessary to
avoid the synthesis of too many substances that do not have sufficient properties. It is
also possible to use efficient physico-chemical tools to design ionic liquids, such as
the “molecular volume approach” released by Krossing et al. in 2007 [1]. Using this
method, it was possible to predict fundamental data, such as melting points, viscosi-
ties, conductivities, and densities, which matched very well with experimental data.
As a consequence, over the past two decades ionic liquids became indeed “designer
solvents” but also “designer electrolytes” and “designer (functional)materials.” Pow-
erful tools combined with experience made it possible after more than 20 years of
intensive research in many fields for ionic liquids to become industrially important
products. As a consequence, the importance of methods for the commercial pro-
duction became more and more relevant. This overview for understandable reasons
cannot be complete because the producers of ionic liquids are surely using numerous
lab secrets and non-published information for their processes. Thus, in this chapter,
the most prominently known production methods are summarized.
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8.1 General Aspects of Ionic Liquids Production Methods

8.1.1 Aspects of Purity

For many R&D-related purposes, researchers will typically—for quite understand-
able reasons—use the highest available quality. In physical chemistry and electro-
chemistry, it is often essential for many reasons to operate with the highest available
purity. Nevertheless, early investigations of published data about melting points or
viscosities of common ionic liquids led to some viscosity deviations of more than
30% depending on the source of the material. In addition, in our own labs, we
had a couple of surprises when ionic liquids for some customers were synthesized.
In one case, triethylsulfonium bis(trifluoromethylsulfonyl)imide ([S2 2 2][TFSI] or
[S2 2 2][NTf2]) was described in the literature as a room-temperature ionic liquid,
and it also appeared as a liquid after bottling it. However, during transport to the
customer, it became a solid, and it never became liquid again at room temperature.
The reason for the highermelting point was a higher purity because impurities reduce
the melting point. As one can imagine, it led to a customer complaint, since they
expected to receive a liquid material.

In another case, a very common ionic liquid [C1C6im][Cl] was described in the
literature to be a liquid at room temperature. When it was synthesized in a 25 kg
batch size following an advanced synthesis protocol (in terms of purification of the
corresponding starting materials), it had a nearly colorless appearance. During the
work-up, after removing the solvent, it surprisingly crystallized overnight causing a
lot of trouble to remove it from the reaction vessel.

If someone needs commercial quantities of an ionic liquid, it is essential that the
customer has a clear understanding with the producer what quality is required or
what quality is sufficient for the application. This is an important question because
any additional purification step in general increases the production costs.

8.1.2 Aspects of Price

The price often determines the scope of applications. This is of importance, especially
if an ionic liquid-based technology is in competition with established technologies,
where typically a high cost pressure exists. A lower sensitivity to the cost of the IL
can be observed in fields where an ionic liquid is part of a system or process creating
a completely novel field of application (“disruptive technologies”).

In order to save valuable time in applied science and evenmore in corporate R&D,
it could be useful to consider the following questions before starting experiments for
implementing a proof of concept of an ionic liquid-based technology:

I. Added value: Is there really an added value?

Look at the product through the eyes of a user of your technology.
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II. “Life-Cycle-Costing”: Are the costs for the complete lifetime of a technology
lower?

This question is of interest if processes are involved. Can the operating costs for
a process combined with energy savings and/or lower disposal costs, and so forth,
justify higher costs for the ionic liquid?

III. Regulatory issues: Can your technology replace a risky or hazardous
process?

The search for novel compounds can become important because of regulatory issues.
Well-known examples include replacements for perfluorooctylsulfonic acid and its
derivatives or replacing metals, such as cadmium or chromium. In some cases, there
are exemptions if a more environmentally friendly and/or less toxic solution does
not exist.

IV. Would you be willing to pay the price for this novel technology?

Put yourself in the user’s shoes and ask if it is worth it to pay the price for your
technology. It can be beneficial to convince people in your own personal environment
first. If you can answer at least one of these questions with “yes,” then you should
proceed!

8.1.3 The Aspect of Ionic Liquids as “Green Solvents”:
Toxicity and Environmental Impact

Originally, ionic liquids were often called “green solvents,” namely because of their
low volatility. Since in principle, a broad variety of organic and inorganic materials
can be combined, this label is of course problematic. In fact, some ionic liquids can
be green, but some of them can be toxic or nonbiodegradable or even persistent and
bio-accumulative. As a consequence, each ionic liquid has to undergo the region-
specific test protocols as soon as it becomes a commercial product (e.g., REACH is
the European Regulation on Registration, Evaluation, Authorization, and Restriction
of Chemicals aimed at protecting human health and the environment).

Unfortunately, the assumption that the combination of a cation, which is known
to be nontoxic in one compound, with an anion, which is known to be nontoxic in
another compound, necessarily yields a nontoxic compound is not valid. Thus, each
novel combination of cation and anion must be tested separately.
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8.2 Methods for the Commercial Production of Ionic
Liquids

From the thousands of ionic liquids reported in the literature over the past two
decades, only a few percent (less than 50) have become commercially relevant. In
addition, because of their complexity, it is not possible to include all methods within
this chapter.

8.2.1 Purification of Starting Materials

Asmentioned in Sect. 8.1.1, to achieve sufficient quality for ionic liquids, it is neces-
sary to work with the highest quality startingmaterials. Once a reaction is completed,
it is typically difficult and cost-intensive to remove all nonvolatile impurities from the
ionic liquid because of its ultra-low vapor pressure. As a consequence, it is essential
to work with purified starting materials with a purity greater than 98%.

8.2.1.1 Purifications of Amines and N-Heterocycles

By far, most ionic liquids are based on nitrogen-containing cations, such as ammo-
nium, pyrrolidinium, pyridinium, and imidazolium being the most prominent. Most
of these materials show a tendency to react with CO2 in the air to form carbonates.
Thus, to achieve the best results, those impurities can be removed by distillation
over potassium hydroxide. Since amines and in particular N-heterocycles often have
high boiling points, the distillation should typically be operated under reduced pres-
sure. To avoid any further contamination with CO2, the use of an inert atmosphere
is beneficial.

8.2.1.2 Purifications of Alkyl Halides

Many alkyl halides typically contain stabilizers, such as hydroquinone, that can be
removed easily by stirring with 5–10 vol.% concentrated sulfuric acid. After settling,
a dark liquid can be separated.

8.2.1.3 Purification of Inorganic Salts

Most of the inorganic salts (sodium, potassium, and ammonium cations and hexafluo-
rophosphate, tetrafluoroborate, and bis(trifluoromethylsulfonyl)imide anions) can be
used without any further purification. If higher purities are needed, recrystallization
or zone melting are the methods of choice.
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8.2.1.4 Purification of Solvents

For many synthesis protocols, the use of solvents is beneficial. Typical solvents are
dichloromethane, ethylacetate, acetonitrile, or methanol. To achieve the best ionic
liquid quality, it is required to operate with starting materials having the highest
commercially available purity or to purify them by following common purification
protocols.

8.2.2 Industrial Relevant Types of Reactions

It is difficult to draw a line where industrially relevant production starts and lab
scale ends; this depends on each application. The smallest batches we produce for
commercial purposes are in the range of 5 kg. So, for purposes of this book, lab scale
means below 5 kg, and commercial scale is 5 kg and above.

In the following, the most important examples of reactions are described.

8.2.2.1 Alkylation Reactions

Intermediate Ionic Liquids

To produce ionic liquid intermediates, numerous alkylating agents can be used.Many
ionic intermediates may also fall under the common definition of an ionic liquid.
Those ionic intermediates, such as [C1C4im][Cl], can be converted in a second step,
typically via an anion-exchange reaction, into other ionic liquids.

The most important commercially relevant intermediates are chlorides, bromides,
methylsulfates, hydroxides, and methylcarbonates.

Ionic Liquids Generated by Alkylation

In some cases, an industrially relevant ionic liquid can be directly synthesized by
alkylation. This is the case if the leaving group of the alkylating agent also becomes
the “final” anion. Good examples are [C1C2im][OTf] and [C1C2im][C2SO4].

Quaternization of Amines and Derivatives

The quaternization of amines and N-heterocycles is by far the most important and
most frequently used synthesis in the field of ionic liquids. For this synthesis in
particular, alkyl halides are used, but of course other alkylating agents, such as
dialkylsulfates or alkyl triflates, just to name a few, can be used as well. The most
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important issue for achieving good results is to purify all starting materials before
the quaternization reaction is performed, as described in Sect. 8.2.1.

At lab scale (<5 kg), reactions are typically described in the literature as being
carried out in glass flasks equipped with a reflux condenser. To achieve the best
results, it is beneficial to use the Schlenk technique to exclude oxygen and moisture
as much as possible because N-heterocycles have the tendency to form colored side
products in the presence of oxygen.

Less often, quaternization reactions are performed in autoclaves, though the
advantages of this type of technique are generally underestimated. The reaction rates
and purity are typically much higher because there is a reduced tendency for side
reactions to occur.

At commercial scale (>5 kg), three different reaction setups are feasible.
The first setup uses larger reflux reactors (up to 100 L reaction volume), operated

at atmospheric pressure for reactions having a sufficient reaction rate. Consider the
alkylation of 1-methylimidazole with 1-bromobutane. It takes approximately 10 h
at 40 °C for completion of the reaction, while it takes three weeks at 55 °C for the
higher homologue 1-chlorobutane. Because of this long reaction time, the latter case
is better performed under pressure using an autoclave, leading to higher reaction
rates.

The second setup uses larger autoclaves. While lab autoclaves can typically be
operated up to pressures of 200 bar, at a larger scale of 1 metric ton, 10 bar is the
upper pressure limit. The scale-up of reactions performed in autoclaves is not trivial.
Since some alkylation reactions often have a strong tendency to show an autocatalytic
acceleration of the reaction rate, important reaction parameters must be determined,
such as the temperature dependence of the reaction rate, the reaction enthalpy, and
the activation energy. By monitoring these important parameters on a smaller scale,
it is possible to scale up to a higher reaction volume.

The third setup, which so far is not well-established in organic synthesis and
generally underestimated, is the use of continuous-flow microreaction technology.
For example, an amine (including nitrogen-containing heterocycles) and an alkylat-
ing agent are continuously taken from separate reservoirs, and each is pumped at
elevated pressures (approximately 5–10 bar) into a microreactor. To achieve these
pressures, high-performance liquid chromatography (HPLC) pumps can provide the
best results. Both starting materials are mixed within a mixer having a reaction-
specific, tailor-made geometry. After the mixing process, the reaction mixture has
to remain at a specific reaction temperature until the reaction is complete. In some
cases, product and starting materials may form a 2-phase system, leading to decel-
eration of the reaction rate. If such a 2-phase system occurs, the use of a so-called
split-and-recombine mixer often leads to good results. Take for instance, the syn-
thesis of 1-butyl-3-methylimidazolium bromide, the use of this technique leads to
superior results if operated at elevated temperature and pressure (Fig. 8.1).
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Fig. 8.1 (a) Glass reactors, batch size, 20 kg (© IOLITEC, 2019). (b) Stainless steel reactor,
batch size 1 metric ton, operating pressure up to 10 bar (© IOLITEC, 2019). (c) Continuous-flow
microreaction technology, 50 kg per day (© IOLITEC, 2019)

Alkylation of Phosphine Derivatives

At the present time, phosphonium-based ionic liquids are underrepresented in the
scientific literature compared with imidazolium-based ionic liquids. Phosphonium-
based salts (many of them are commonly defined as ionic liquids) are used in com-
mercial processes, such as phase-transfer catalysts or as process chemicals in the pro-
duction of semiconductors. Consequently, these materials are already produced on a
commercial scale, but the corresponding knowledge is often not publicly available.
For example, substances of the type PR3R′-Cl (R is butyl or hexyl; R′ is hexyl, octyl,
decyl, or dodecyl) can be synthesized in autoclaves from pyrophoric trialkylphos-
phine and the corresponding alkyl halide in acetonitrile or toluene under an inert
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atmosphere. This dangerous operation requires a lot of experience. Even traces of
oxygen lead to the formation of phosphine oxides as side products.

8.2.2.2 Anion Metathesis

The anion metathesis, which should not be confused with ring-closing metathesis, is
a type of reaction where the anion of an intermediate (as defined in Sect. 8.2.2.1) is
replaced by a different anion. It is important to differentiate whether a hydrophobic
or a hydrophilic ionic liquid is formed as a product.

The better the anion metathesis works, the higher the lattice energy of the cor-
responding waste salt, such as sodium chloride or lithium bromide. In case of a
hydrophobic product, these highly water-soluble side products can be easily sepa-
rated from the product-containing phase by extraction or separation. Depending on
each product, a small amount of cross-contamination by the reaction-specific waste
salts occurs that can be reduced to values below 10 ppm by washing the product with
deionized water.

The situation is different for hydrophilic ionic liquids. In this case, both interme-
diate and product ionic liquids as well as the waste salt are soluble in water, so that
it is not possible to separate the product from the waste salt by phase separation.
Consequently, it is necessary to choose an organic solvent that dissolves the target
ionic liquid sufficiently but has only a poor tendency to dissolve the waste salt. For
this purpose, polar aprotic solvents with low boiling points give good results, but
the best solvent must be identified for each case. Nevertheless, the halide content of
hydrophilic ionic liquids produced by using anion metathesis is in nearly all cases
higher than that for hydrophobic ionic liquids because of the comparably high sol-
ubility of waste salts in the product phase. Therefore, to achieve low halide content
for hydrophilic ionic liquids, further purification is necessary (see Sect. 8.3).

An alternative method for performing an anion metathesis is the use of ion-
exchange resins. This method has not been applied to the commercial production
of ionic liquids, but has, if automated, a significant potential because it is of inter-
est for synthesizing hydrophilic ionic liquids. Furthermore, it is also a very good
approach for preparing hydroxide-based ionic liquids, which can be used as inter-
mediates and transferred into a broad variety of ionic liquids by a simple acid–base
reaction.

8.2.2.3 Acid–Base Reactions

Acid–base reactions are another commonly used type of synthesis for commercially
relevant ionic liquids.
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Ionic Liquids Formed by Brønsted Acids and Bases

Historically, Brønsted acid–base reactions were the first type of reactions leading
to ionic liquids, such as Walden’s “red oil” ethylammonium nitrate. In this case,
ionic liquids can be generated by a simple proton transfer from a Brønsted acid to a
Brønsted base. To form stable ionic liquids, the difference in the pKa values of the
acid and base should be above 10, otherwise the temperature-dependent equilibrium
between the starting materials and product will shift more and more to the side of the
starting materials. By this type of reaction, commercially relevant ammonium-based
ionic liquids, such as ethylammonium nitrate and formate, are prepared on a larger
scale [2].

Ionic Liquids Formed by Lewis Acids and Bases

In addition toBrønsted-type reactions, Lewis acid–base reactions are also of technical
relevance for the synthesis of tetrachloroaluminate-based ionic liquids, which are
used in catalysis [3] as well as for electrodeposition of metals [4]. In terms of safety,
these reactions are extremely challenging. The addition of a Lewis acid, such as
AlCl3, must be made in small portions under adequate stirring to avoid hot spots
or overheating. Furthermore, it is important to exclude even traces of water, since
AlCl3 reacts violently and produces toxic and corrosive HCl. This can be avoided by
performing the complete process under an inert atmosphere.

Creating Anions via Reactive Intermediates

Some ionic liquids can be produced by reactions of reactive ionic intermediates,
which form neutral, nonionic side products during the reaction. One of the major
advantages of this route is that it is halogen-free. A disadvantage is the fact that
the solvent (often water or methanol) has to be removed by using time-consuming
vacuum technology.

Quaternary phosphonium, ammonium, numerous types of N-heterocycles, and
R,R′,R′′-imidazolium hydroxides (R,R′,R′′ is H or -alkyl) can be converted into
numerous types of ionic liquids with alternative anions just by neutralization with
acetates, triflates, or hydrogen sulfates, just to name a few. Some less important
approaches involve hydroxide-based ionic liquids being synthesized from halide-
based ionic liquids via ion-exchange resins (Sect. 8.2.2.2). In this context, it is worth
noting that an aqueous solution of 1,3-dialkylimidazolium hydroxide, which is of
particular commercial interest, is only stable up to concentrations of approximately
5–10 wt%. At higher concentrations, the C2 position is deprotonated to form the cor-
responding carbenes, which typically undergo further reactions, such as dimerization
(Scheme 8.1).

An elegant route is to synthesize (methyl) carbonate-based ionic liquids
(CBILS©), which are typically provided as 30 wt% solutions in methanol. They
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Scheme 8.1 Synthesizing ionic liquids using hydroxides as intermediates
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Scheme 8.2 CBILS© technology, for more information see also: www.proionic.com

are useful intermediates for introducing an anion through the reaction of an acid
with the methylcarbonate anion. A new ionic liquid is formed, while methanol and
CO2 are formed as side products (Scheme 8.2).

8.2.2.4 Other Types of Reactions

Synthesis of Heterocycles

Ionic liquids based on nitrogen-containing heterocycles, such as imidazolium, pyri-
dinium, and pyrrolidinium, dominate the scientific literature in terms of the number
of publications. The 1-methyl derivatives of these heterocycles are commercially
available on larger scale, while longer chain lengths are only available for the mid or
lab scale. Consequently, if there is an increasing demand, especially for chain lengths

http://www.proionic.com
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Scheme 8.3 Strategies to synthesize heterocycles: (1) Debus reaction [5], (2) Radziszewski reac-
tion [6], (3) deprotonation/alkylation of the heterocycle, (4) synthesis of 1-methylimidazoles by
Arduengo et al. [7]

larger than methyl, they have to be synthesized on a larger scale. In principle, this
can be achieved by two different approaches. The first one is to perform a cyclization
reaction. Unfortunately, the yields of these reactions are sometimes comparably low.
In addition to that, the starting materials are sometimes expensive or are only avail-
able in small quantities. Therefore, in terms of costs, it may be easier and cheaper to
alkylate the corresponding deprotonated heterocycle (Scheme 8.3).

Task-Specific ILs (TSILs)

The beautiful concept of task-specific ionic liquids (TSILs) was introduced by Davis
in 2001 [8]. This effort led to numerous novel ionic liquids, but though they sometimes
have unique properties, it has not been reported that they have been produced on a
relevant commercial scale. In principle, a plethora of organic reactions can be applied
to create ionic liquids having functionalized groups in their side chains, but because
of the complexity of this issue, it is not possible to consider them in detail.
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8.2.3 Purification of Ionic Liquids

As mentioned in Sect. 8.2.1, once an ionic liquid is synthesized, its purification is
often challenging. Nevertheless, there are methods available, but they may require a
significant effort.

8.2.3.1 Removing Typical Ionic Impurities

Extraction

For hydrophobic ionic liquids, it is relatively easy to remove ionic impurities, such as
inorganic salts, using the anion-exchange process and washing with purified water.
The halide content of thewater determines the quality of each ionic liquid.Depending
on the specific water uptake of each hydrophobic ionic liquid at a given temperature,
water must be removed at reduced pressure after the washing procedure (see also
Sect. 8.2.3.2).

Removing ionic impurities from hydrophilic ionic liquids is of enormous interest,
but it is generally difficult to achieve since washing with water is of course not
an option. In our company (IOLITEC), many different approaches are currently
under investigation at the lab scale, but until they are evaluated in terms of potential
submission of intellectual rights, it is not possible to report on them.

On a larger scale, extraction processes that can be continuously operated are of
interest. In our own labs, we investigated the potential of counterflow extraction for
hydrophobic ionic liquids with the result that it becomes feasible on larger scale
when compared to batch extraction as shown in Fig. 8.2, which is in principle just a
larger version of a separatory funnel.

Another option, which can be operated continuously, is mixer–settler systems,
which are commonly used in mineral processing.

Recrystallization

If a product is not a room-temperature ionic liquid or an ionic liquid intermediate,
recrystallization and zone melting are useful purifications methods. For any kind of
recrystallization, a suitable solvent must be identified for each ionic liquid. In terms
of costs, this method should be avoided if possible, since it suffers from a significant
yield loss and extra cost associated with solvents and drying.

Zone Melting

Zone melting is a process that is typically applied in purifications of semiconductors
to produce ultrapure silicon. It is an alternative to recrystallization and can thus



8 Commercial Production of Ionic Liquids 203

Fig. 8.2 Pilot production using a counterflow extraction column (© IOLITEC, 2019)

be applied for the purification of similar ionic liquids. Though so far it has not
been applied on an industrial scale, it is an interesting and cost-effective purification
method.

8.2.3.2 Removing Water and Organic Solvents

Solvents with low boiling points, such as water and organic solvents, can be removed
by distillation at reduced pressure. Since ionic liquids are good solvents for numerous
types of solids including adsorptionmedia, such asSiO2 or zeolites, adsorptiondrying
techniques are not favored.

On the lab scale, rotary evaporators are commonly used for pre-drying and operate
at pressures of 0.1–0.5 bar. To meet higher specifications by reducing the amount of
solvents, a higher vacuum of (1–5) × 10−3 bar has to be applied and can be achieved
by using oil pumps.

In principle, these steps can also be applied to the mid-scale (1–50 kg), but on
a scale of 50 kg and above, larger rotary evaporators, which so far can only be
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operated in batch mode, have to be replaced by alternative methods that can be
operated continuously.

In terms of process time, the removal of solvents is the bottleneck in commercial
production of ionic liquids.Otherwise, every synthesis procedure and anypurification
step can be performed faster. Consequently, developments for the optimization of
production processes are currently concentrating on faster drying processes, which
are typically achieved by generating larger surfaces of the medium.

One method that can be operated continuously is a thin-film evaporator. This
device is typically built up of two columns forming a double wall. A heat-transfer
fluid circulates between the inner and outer walls for controlling temperature. The
inner column is operated at reduced pressure. At its surface, the product phase is
poured continuously from the top to the bottom, and it is spread, for example, by
rotating stainless steel paddles to generate a thin film as shown in Figs. 8.3 and 8.4.

By this operation, the surface of the product phase, having an interphase with the
vacuum, is enlarged significantly resulting in an enhanced mass transport from the
product phase into the gaseous phase.

An important point is that for effective industrial drying of ionic liquids there
are no “off-the-shelf” solutions. New techniques other than thin-film evaporators are
currently under investigation.

Fig. 8.3 Schematic of
falling-film evaporator with
rotating paddles ionic liquid 

containing 
low-boiling
impurities 

thin film 

ionic 
liquid 

vacuum 

paddle 
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Fig. 8.4 Laboratory
falling-film evaporator (©
IOLITEC, 2019)

8.2.3.3 Removing Unreacted Amines and Heterocycles

Generally, removing polar starting materials having high boiling points must be
avoided. While solvents and many alkylating agents can be removed by distilla-
tion under reduced pressure, unreacted amines and heterocycles show a strong ten-
dency to remain within the ionic liquid phase. Consequently, it is easier to perform
each synthesis process in a way that a reaction of these compounds is nearly 100%
complete.

8.3 Outlook

Though ionic liquids have already made their way into commercial processes and
applications, they will have the chance to enter even more fields if the prices drop
significantly. In many cases, ionic liquid producers see themselves faced with a
“chicken-and-egg problem,” in other words, if there is more demand the prices drop,
but on the other side there is more demand only if the prices drop.
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8.3.1 Enhanced Production Technologies

One key to the success of ionic liquid technologies is the development of production
processes that are optimized for the specific challenges of their production. A unique
class of materials also needs unique production and especially purification technolo-
gies. As mentioned in Sect. 8.2.3.2, if fast and cost-effective processes are available,
the prices of ionic liquids will drop significantly. For the lower ton scale, signifi-
cant advancements for alkylation reactions were made by replacing batch processes
with continuous-flow technology. In addition, if further progress can be made for
extraction and drying processes, it will definitely reduce time and therefore cost for
implementing and commercializing ionic liquids for numerous other technologies.

8.3.2 Starting Materials

In terms of commercialization of ionic liquids, a detailed analysis of the availability
ofmaterials is important. Thismeans that each startingmaterial should be fragmented
into its initial raw materials available from natural feedstocks. This analysis leads
to a clear picture of the raw materials on which each ionic liquid is dependent, the
sustainability for the production of each ionic liquid, and where future bottlenecks
may appear.

It is quite obvious that a higher demand for ionic liquids will also
affect prices of relevant starting materials. If we take the price for lithium
bis(trifluoromethylsulfonyl)imide as an example, in 2003, the price was approxi-
mately three times higher than today—just because of the fact that themarket demand
increased. If a producer moves its production from the scale of 1 ton to the scale of
100 tons, the percentage of personnel costs remains nearly the same, but at 100 times
higher batch size. In addition, the prices for these specific starting materials also
decrease. In conclusion, the economy of scale surely works for ionic liquids.

8.3.3 “Green Solvents” and Life Cycle Analysis (LCA)

Ionic liquids were often called “green solvents,” which is a dangerous descriptor,
since in terms of general toxicity not all of them are necessarily “green.” In this
context, it is important to point out that a fair balance must also consider the potential
of each compound to reduce CO2 emissions or to save raw materials by replacing or
enhancing existing technologies. Once this information is assembled, the important
CO2 footprint can be determined. In viewof the firstmajor industrial applications, life
cycle analyses were investigated for a couple of manufacturing processes. Because
of the fact that such knowledge typically is the property of companies, it has been
reported only in few cases [9].
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If the non-negligible success of ionic liquids is to be extended to other fields,
manufacturers must support the scientific community not only with technical data
but also with information from life cycle analysis (LCA) on their CO2 footprint and
their overall environmental impact. This will give researchers motivation and also
arguments to justify and to promote their work in the future.

8.4 Conclusions

In the world of chemistry, ionic liquids are today not a footnote anymore. Never-
theless, if we look back to the predictions made in the years 2000–2005 concerning
their future role, many of them have not been fulfilled. On the other hand, several
smaller applications not foreseen earlier are now being developed.

Therefore, typical production capacity today is producing on a scale from kilo-
grams to a few metric tons—but not more, and the technologies described in this
chapter are optimized for handling such amounts. It is also obvious that an overview
of commercial production methods cannot be complete at this point because most
manufacturers will not give a detailed insight into their procedures.

From a personal point of view, we are currently witnessing a number of appli-
cations under development. The question is—will ionic liquids become a major
technology with significant increases in production volumes or will ionic liquids
only be used at small scale in niche applications?

Sometimes the answer will be influenced by price, sometimes the decision will
be influenced by people who are in a position to explain to the decision makers the
added value, and in a few cases regulatory issues will lead to the use of ionic liquids
in new markets. Let’s wait and see!
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Chapter 9
Natural Fiber Welding

Luke M. Haverhals, David P. Durkin and Paul C. Trulove

Abstract Ionic liquid-based (IL-based) manufacturing has the potential to revolu-
tionize the materials industry and disrupt overdependence on petroleum-based plas-
tics. Nature provides amazing materials at large scale; however, scalable techniques
to mold and shape biomaterials have not existed at scale. Natural Fiber Welding, Inc.
(NFW) has developed commercially viable processes and patent-protected materials
that are scalable to meet modern challenges while reducing pollution and emis-
sions. This chapter discusses a number of demonstrations that are being scaled for
global markets as well as reviews several examples of new functionalities that can be
achieved. Practical applications that create composites from waste textiles and new
indigo dye processes are discussed. Examples of “exotic” materials that perform
catalytic waste-water treatment and wearable energy storage are also reviewed. In
all cases, NFW is able to make natural materials, such as cotton and silk, perform
in new and unexpected ways. Prospects for scaling commercial applications are also
discussed.With economically viable methods to reclaim, recycle, and reuse IL-based
solvents, the future looks extremely bright. In the near future, industry-relevant com-
plex natural composites will be produced at cost points that compete with incumbent
synthetic plastics. This new way of manufacturing has significant potential to reduce
emissions, eliminate pollution, and bring new circularity into, for example, the textile
industry.

Keywords Biodegradable · Biomass · Cotton · Natural composites · Sustainability

9.1 Introduction

Ionic liquid-based solvents offer revolutionary opportunities to design and manu-
facture high-performance composites. Natural Fiber Welding, Inc. (NFW), located
in Peoria, IL, USA, is developing an extremely flexible and powerful fabrication
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platform [1, 2] that has its roots in the discoveries of IL efficacy towards biopoly-
mers—notably by Swatloski and Rogers [3], as well as Trulove, DeLong, and Mantz
[4]. NFW is peerless as it develops efficient manufacturing processes for high-
performance composite materials using abundant natural materials while preserving
complex structures that are unique to natural materials [5–7]. Using tunable IL-based
chemistries, NFW is pioneering fast, scalable fabrication processes that solve sys-
temic problems within large industries. For example, NFW has patented processes
that achieve zero-waste indigo dyeingwhile simultaneously recycling “waste“ cotton
fiber into denim fabrics [8]. In this chapter, we will discuss several examples of how
fabrication through welding fiber fills important manufacturing gaps and is poised to
provide renewable, biodegradable naturalmaterials that outperform petroleum-based
plastic incumbents across many types of applications.

It is well known and documented that petroleum-based synthetics are simulta-
neously wonderful and terrible [9]. This is particularly obvious within the textile
industry where, during the past 60+ years, humanity has become increasingly reliant
on petroleum-based synthetic plastics [10]. Presently, the textile industry uses around
100 billion pounds of polyester annually, which represents about two-thirds of the
tonnage of all textiles. Innovation around polyester has been rapid because this poly-
mer can be extruded into a variety of form factors (“formats”) that are desirable
for both manufacturers and end-users. Unfortunately, polyester is not biodegradable.
Polyester fibers, both virgin and recycled, break loose from fabrics while being worn
and during laundering. Recent studies have shown that asmany as 100million pounds
of polyester microfiber are released into watersheds each year by more than one bil-
lion washing machines currently in operation around the globe [10, 11]. The rate
synthetic plastic microfibers are released from textiles, tires, packaging, etc., contin-
ues to increase, and data suggest there may be more tonnage of non-biodegradable
plastics in the oceans than fish by 2050 [10]. Compounding these problems is the
fact that synthetics, such as polyester, absorb and concentrate toxins, such as micro-
cystins [12]. Biologists are now documenting that many species of aquatic life that
form the base of the food chain are consuming and concentrating toxin-laden plastics
sometimes with detrimental effects [13–16]. Plastic microfiber pollution has been
discovered in seafood [17], sea salt [18], and tap water [19] samples from around
the world. Whereas microplastics in facial cleaners have been banned due to their
known deleterious effects, microplastics from synthetic textiles is a more entrenched
problem due to the scale of the textile industry [10].

Of course, there are explicable reasons why synthetic plastics have displacedmar-
ket share from natural materials, such as cotton. The combination of performance
and availability are the chief reasons synthetics have taken market share from cot-
ton. For example, whereas cotton fabrics are produced from relatively short staple
fibers, synthetics can be extruded to produce continuous filaments. Filament “format”
morphologies are advantageous both from the standpoint of production efficiency
(e.g., compatible with warp knitting) and performance (e.g., strength and durability
even when fabrics are sheer). As demand for textiles has increased in the past few
decades, synthetics produced from relatively inexpensive feedstocks have filled the
gap. Despite the increasing usage of synthetics, global demand for, and ultimate
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production of cotton has actually grown (but at a much slower growth rate than syn-
thetics). Despite limitations of short staple fibers, cotton continues to be valuable
because it is generally considered to be very comfortable and does not generally pick
up bad odors, a significant customer complaint about polyester textiles.

Presently, about 59 billion pounds of cotton fiber are grown annually on 33million
hectares of farmland [20]. For context, around 700million hectares of grain are grown
each year globally [21]. Cotton is a relatively high-value crop, and cotton prices
are directly proportional to the length of fibers. Cotton agriculture is poised to be
substantially more valuable as nutritious edible gossypol-free cotton seed varieties
become available [22, 23]. Today, significant fractions of virgin cotton fibers are
too short to be effectively spun into yarns that are knit or woven into fabrics. These
short fibers are removed at great aggregate cost and utilized for applications, such
as rags and Q-tips. While cotton fabrics can be mechanically broken down back
into reusable fiber, both post-industrial and post-consumer recycled cotton fibers
exhibit significantly reduced length, thus greatly lowering their value and utility.
Small amounts of short mechanically recycled fibers can be blended into (re)spun
yarns, but this often requires either long staple virgin fibers and/or synthetic fiber
tows in order to make the yarns suitable (e.g., strong enough) for efficient fabric
construction. Intimately blended yarns composed of polyester mixed with cotton
fibers are particularly difficult to recycle [10].

9.2 The Gap—Lack of Sustainable + Scalable Textile
Manufacturing

It is well understood that the textile industry needs a revolution both of materials
and fabrication techniques to continue to support billions of consumers—let alone
to grow as new wealth enables larger populations to participate in the global econ-
omy. “Cradle to Cradle” and “Circular” are terms that presently receivemuch-needed
consideration [24–26]. Unfortunately, to date, there have been few scalable techno-
logical solutions that can meaningfully engage calls for action at global scales. It has
been suggested that biotechnology and so-called “biofabrication” techniques might
offer new circularity; however, these platforms are and will continue to be extremely
limited from the perspective of delivering relevant performance with meaningful unit
economics that can be scaled [27]. Simply put, sustainable materials manufacturing
must be scalable (e.g., unit economics that produces materials at low single-digit
dollars per pound or less) to meaningfully address global plastic pollution from the
world’s largest industries (e.g., textiles). Technologies that cannot deliver scalable
economics are simply not credible “answers” to address global sustainability issues.

Manufactured cellulose fibers are the most notable existing scalable technologies
that promote greater circularity. Both the viscose and Lyocell processes produce
regenerated cellulose fibers at cost-competitive price points and have been scaled
to around 10 billion pounds of combined annual production [28]. However, the



214 L. M. Haverhals et al.

viscose process produces significant waste, and both processes require relatively pure
cellulose pulp inputs. These types of processes fully denature and dissolve the starting
cellulosic materials. In addition to causing confusion over the source of cellulose
[29] and traceability (e.g., “sustainable” bamboo versus “sustainable” beechwood or
eucalyptus), full dissolution often results in deleterious materials properties [30] that
have limited the breadth of adoption. Lastly, the ability to functionalizemanufactured
cellulose and to create complex (multi-material) composites is limited.

Life processes produce remarkably diverse composite materials that cannot be
easily produced by any other means at a relevant scale. For example, similar to the
annular growth rings of trees, cotton fibers exhibit daily growth rings. These ring
structures reveal exquisitely controlled orientation of cellulose microstructures that
enables cotton to exhibit wet strength that is important for durability during launder-
ing of fabrics. Full dissolution of these structures destroys native order and structure.
Upon regeneration, entropy dictates that complex microstructures are not remade.
Loss of structure often yields suboptimal consequences and includes lack of wet
strength for rayon (viscose) [30]. Cotton is the primary plant-based fiber produced
for textiles today, but it is just one of many fibers that can be produced in overwhelm-
ing abundance by sustainable agriculture. Flax (linen), jute, kapok (Ceibapentandra),
bamboo, ramie, kenaf, industrial hemp, etc. are all examples of plant-based fibers that
can grow in different climates and exhibit diverse microstructures and useful macro-
morphologies. Likewise, various differentiated types of animal-basedmaterials, such
as leather, wool, silk, and chitin (e.g., purified from shrimp and crab shells), have
important utility within higher price sectors of the textile industry. In particular, the
abundance of cellulosic fibers is practically inexhaustible with estimates approach-
ing 100 gigatons of global annual production of cellulose biopolymers alone [31,
32]. The 100 billion pounds of staple and filament polyester fiber produced and uti-
lized annually represents just ~0.045 gigatons, and thus, a tiny ~0.00045 fraction
compared to the estimated annual cellulose production by life processes [33]. Of
course, plants harness sunlight to produce these wondrously diverse materials while
sequestering carbon dioxide. Natural systems are well balanced and have evolved to
thrive with 100s of gigatons of cellulose and lignocellulose fibers in various stages
of growth and decomposition (in all forms of biodegradable macro and “microfiber“
formats) within global ecosystems. This global system essentially constitutes the
original cradle-to-cradle materials manufacturing technology on earth. So long as
natural fibers, such as cotton, are not treated with toxic chemistries (e.g., fluorinated
water repellants), it is clear that sustainably grown, biodegradable, biopolymer-based
fibers are sufficiently abundant and circular to drive the global materials economy
for textiles and beyond, as shown in Fig. 9.1.
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Fig. 9.1 The size of circles (for linen, silk, wool, biosynthetic cellulose, cotton, polyester, nylon,
acrylic, and spandex, respectively) represents the tonnage of materials used by the global textile
industry per year. Polyester is themost used at 100 billion pounds annually. The dotted line “gigaton”
arcs represent the 100% and 1% of annual cellulose production by life on earth per year. The filled
dotted line circle, “available waste cotton“, represents the approximate aggregate amount of cotton
waste that is available for recycling

9.3 Filling the Gap—Sustainable + Scalable Fabrication
Technologies

To be “sustainable”, new technologies must also be scalable to address global issues.
Outside of legislation, market forces demand that biodegradable products outper-
form nonbiodegradable synthetic incumbents in order to displace them. That is to
say, biodegradable materials must exhibit superior value relative to synthetics for
broadest adoption. NFW’s fabrication technologies can be viewed as a new hub that
synergistically unifies the diversity and availability of natural materials with exist-
ing scaled industrial infrastructure and techniques. NFW is demonstrating scalable
cost-effective ways to produce high-performance materials by leveraging abundant
natural inputs. This is significant because there are few technological alternatives to,
for example, meaningfully address global issues, such as plasticmicrofiber pollution.

NFW is developing an extremely tunable, automated fabrication platform that
fills important manufacturing gaps that exist within the textile, paper, and compos-
ites industries. NFW uses proprietary closed-loop processes that leverage abundant
sustainably sourced natural materials in ways that can cut manufacturing costs rel-
ative to conventional approaches. Instead of full dissolution and full denaturation
of natural substrates, natural polymers are swelled and are mobilized only at fiber
surfaces. This greatly reduces chemistry costs while preserving native structures and
extending key intermolecular associations (e.g., hydrogen bonding) between neigh-
boring fibers, as shown in Fig. 9.2. This approach effectively enables short fibers to
act like long fibers and has immediate utility to recycling and even upcycling existing
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Fig. 9.2 Images show natural fibers, cotton (top) and silk (bottom), respectively, before (at left)
and after (at right) transformation. The cartoons in the center detail the basic concept of extending
hydrogen-bonding networks by controllably adding and then removing (and recycling) IL-based
chemistries to yield robust composites. Figure is the journal cover art from Haverhals et al. [1]

natural materials (e.g., upcycling short cotton fiber to create new high-performance
textiles).

NFW enables “low”-utility (lower cost) agricultural fibers to find new service
in applications that typically require higher cost fiber. In addition, NFW produces
biodegradable composites that can be and do more because different natural materi-
als can be combined to create unique hierarchies of structure that are not possible to
produce by any othermeans.Bypreserving key structures of biopolymerswhile intro-
ducing new types of macroscopic “formats” (morphologies), substrates can be tuned
to perform “super-natural” functions that go far beyond what natural and biosyn-
thetic materials can achieve on their own. For example, growing and/or entrapping
nanomaterials within welded fiber enables fabrics to span wide sets of properties
from intrinsically safe antibacterial properties and resistance to flame spread, to
conductivity, and to catalytic activity for water treatment applications.
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9.4 Functional “Welded” Composites

Previous research publications have detailed some of the basic operating principles
for “vanilla” welding processes. (Here we use “vanilla” to describe processes that
impart beneficial morphological modifications to natural fiber substrates.) For the
past few years, NFW has been further inventing, refining, and scaling platforms that
will have global impacts across large markets. NFW is particularly focused on the
ways in which fabrication processes can be extended and do more for the textile
industry. For example, NFW has developed and patented “indigo flavors” of welding
processes that not only increase the utility of short cotton fibers by accessing new
morphologies, but indigo dyeing can be simultaneously accomplished with a zero-
waste closed-loop operation [8]. The remainder of this chapter will be devoted to
detailing several examples that show platform breadth and diversity of applications.

9.4.1 Furniture from Waste Textiles

Billions of pounds of textiles are discarded annually. Much of this waste goes to
landfills, and, unfortunately, too often textile waste is improperly disposed of and
compounds the problems of the release of nonbiodegradable plastic microfibers into
the environment. NFW has demonstrated products that convert waste fabrics (e.g.,
waste denim) into functional composites that can have a second life as building
materials for furniture, as shown in Fig. 9.3.

Fig. 9.3 A natural fiber-welded composite tabletop created from waste denim. The tabletop is
smooth (physically) but displays visual depth from the “welded” cut scrap and seams of the original
denim garments. Image courtesy of turnstone®, a Steelcase brand
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The composite tabletop shown in Fig. 9.3 is made only of scrap denimwithout any
glues or resins. Instead, cotton fibers have been fused by the extension of hydrogen-
bonding networks to span neighboring cotton fibers. The basic process begins when
a controlled amount of IL-based solvent is applied to the substrate. The materials are
heated, pressed, and then IL-based solvents, which enable tunable physical changes
to the substrate, are recovered and recycled for reuse.After drying, the final composite
is found to have properties similar towood. The fabrication process that produced this
denim composite is immune to the fact that some of the denim scraps can contain
spandex and polyester. In fact, synthetic fibers are safely encapsulated within the
composite. Aswithwood,welded composites can be painted or coatedwith varnishes
that createwater-repellant surfaces. The tabletop shown has had a naturalwax applied
for water resistance.

9.4.2 Waterless Indigo Dye Processes

Traditional ring dye processes are designed to be accomplished in water. As shown in
Fig. 9.4, indigo is reduced to the water-soluble leucoindigo anion, which is yellow in
color. Cotton is subsequently dipped into aqueous solutions containing leucoindigo.
By controlling ionic strength, pH, time of dip(s), type of washing and rinsing, et
cetera, unique versions of the so-called “ring dye” effect are obtained.

Indigo dyeing is accomplished at a massive scale and is the backbone of the nearly
$60 billion per year denim industry. It is well documented that indigo dye processes
tend to consume large quantities of water. Although newly developed foam dye
processes consume less water, water-based indigo dye processes often use large
amounts of reducing agents to produce the water-soluble anion (leucoindigo). These
reducing agents along with surfactants and other chemicals used during rinsing steps
create a toxic effluent that is often released into the environment.

NFW’s proprietary platform is able to produce ring dyed effects using a zero-
waste (closed-loop) approach, as shown in Fig. 9.5 [8]. Instead of designing pro-
cesses around the chemical properties of water, IL-based solvents are tuned to take
indigo dye in its molecular form (not derivatized). This eliminates the need for harsh
reducing agents and eliminates both the costs of chemistry and the costs of cleaning
chemistry out of wastewater streams. Moreover, ring dye effects are controlled by

Fig. 9.4 Scheme of the indigo dye process for denim production
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Fig. 9.5 Schematic of a prototype closed-loop indigo dye range built by NFW

adjustments of IL-based solvents and improve process control. All of these advan-
tages are accomplished while polymers are controllably swelled by control of other
relevant process conditions. This has the effect of simultaneously creating mor-
phological effects within yarns that improve their evenness, strength, and abrasion
resistance.

Figure 9.5 details a prototype machine that transforms conventional yarns into
welded composites. Cotton yarn substrates (far right) feed into an apparatus that
applies a controlled amount of IL-based solvents. The yarn substrates continue to
feed into the process zone where temperature, atmosphere, and other conditions are
precisely controlled. Yarn continues tomatriculate into the reconstitution zonewhere
IL-based solvents are recovered and then recycled. After the washing (reconstitution)
step, the wet yarnmoves through a drier and is collected andwound onto packages (at
far left). The “welded” yarn is now ready to be converted into fabrics either by knitting
or weaving. Welded yarns are typically stronger and finer than their conventional
counterparts. In particular, increases in strength are beneficial for subsequent fabric
conversion steps as well as the performance of fabrics. NFW is in the process of
building much larger scale versions of the apparatus shown in Fig. 9.5 and plans to
begin selling selected Welded CottonTM yarn and fabric products in 2020.
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9.4.3 Catalytic Wastewater Treatment

In addition to entrapping sub-nanometer dye molecules, fabrication processes have
also been demonstrated that incorporate nanometer-sized functional materials [34,
35]. The image in Fig. 9.6 as well as data plotted in Fig. 9.7 demonstrate how nature-
based composites can offer peerless advantages over plastics. Natural fibers, such as
linen (in Fig. 9.6) and bamboo, were modified to contain Pd-based catalytic nanopar-
ticles. These catalysts nucleated and grewwithin the natural fiber support resulting in
well-dispersed nanoparticles throughout the biopolymer matrix. Moreover, because
catalysts were encased in matrices that still enabled access to water and solution,
they remained active to perform nitrate reduction. In addition, the catalysts were
contained within a robust composite that was simple at the end of life to recover,
regenerate, and recycle the precious metal catalysts.

Figure 9.7 shows selected data from a series of nitrate reduction tests using a
natural fiber-welded Pd-Cu catalyst reactor. The data in Fig. 9.7a and Table 9.1 show
that the activity of the catalysts in welded fiber composites were comparable to the

Fig. 9.6 Scanning electron microscopy (left) and transmission electron microscopy (center, right)
of a linen “precursor” substrate modified with entrapped Pd-Cu nanoparticle catalysts. Data adapted
from Durkin et al. [35]

Fig. 9.7 At left (a) is a (not normalized) plot of nitrate reduction kinetics for a welded fiber
composite and a powder catalyst (slurry in solution). At right (b) is a plot of calculated rate constants
for the welded fiber composite during 114 h of nitrate reduction tests. Data adapted from Durkin
et al. [35]
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Table 9.1 Data that
normalizes the leftmost plot
in Fig. 9.7

Material type Catalyst loading
(g L−1)

Reaction rate
(L g−1 h−1)

Catalyst powder 0.5 2.2 (±0.2) × 10−2

Welded fiber 0.265 2.2 (±0.05) × 10−2

A catalyst-containing welded fiber substrate was found to have a
similar rate constant as catalyst powder alone (not entrapped).

activity of catalysts dispersed in powder slurries. Of course, nanoparticle slurries
are extremely difficult to recover. Figure 9.7b shows the performance of welded
fiber composites across a series of tests. Test 1 is an initial nitrate reduction test
(with hydrogen sparging). After test 1, the composite was exposed to air and upon
test 2, no reactivity was observed following sparging the catalyst with hydrogen at
room temperature. However, the catalyst within the composite was restored after heat
treatment of 105 °C under nitrogen and hydrogen, each for 2 h, respectively. Tests
3–7 were conducted after the catalyst regeneration step. The catalyst reduced nitrate
for 14 h per day for 5 consecutive days. Between tests 3–7, the catalyst was rinsed
with water and stored at 60 °C in air. After test 7, the regenerative heat treatment
of 105 °C under nitrogen and hydrogen, each for 2 h, respectively, was performed
again. Test 8 shows the catalyst performance following this second regeneration. In
all tests, pseudo-first-order rate constants were normalized to catalyst loading and
calculated as the mass of catalyst in the total volume of the reaction solution. The
data demonstrate the unique advantages of using tunable fiber welding processes to
entrap catalysts within the natural fiber (linen) composite.

In a second study on Pd-based nanoparticles, we produced amore reactive, robust,
and sustainable catalyst for water treatment created through welding of lignocellu-
lose-supported palladium-indium (Pd-In) nanoparticles onto linen yarns [34]. Again,
the Pd-In catalysts were synthesized to preserve the lignocellulose and yielded small
(5–10 nm), near-spherical crystalline nanoparticles of Pd-In alloy, and a uniform
Pd-In metal composition throughout the fibers. Nitrate reduction tests identified the
existence of an optimum Pd-In catalyst composition for maximum reactivity; the
most reactive Pd-In catalyst was 10 times more reactive than the best performing
Pd-Cu system, as shown in Figs. 9.6 and 9.7. Nitrate reduction tests and X-ray pho-
toelectron spectroscopy depth profiling of aged Pd-In catalysts showed that they
remained stable and lost no reactivity during extended storage in air at room tem-
perature. Next, the optimized Pd-In catalyst was fiber-welded onto linen yarns using
a novel, scalable fabrication process that controlled catalyst loading and delivered
a Pd-In catalyst coating onto the yarn surface. These fiber-welded Pd-In catalyst
yarns were integrated into a novel water treatment reactor and evaluated for four
months and more than 180 h of nitrate reduction tests in ultrapure water, as shown
in Fig. 9.8a. During this evaluation, the fiber-welded catalysts maintained their reac-
tivity with negligible metal leaching due to the robust integration of the catalyst into
the support. When tested in raw or (partially) treated drinking water and wastew-
ater, the fiber-welded catalysts were robust and stable, and their performance was
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Fig. 9.8 Nitrate reduction
performance of fiber-welded
Pd-In catalyst yarn (a) in
ultrapure water, as well as
water matrices from the
Frederick P. Griffith Jr. Water
Treatment Plant (GWP)
(using source water from the
Occoquan reservoir, VA) and
the Broad Run Water
Reclamation Facility
(BRWRF), and (b) before
and after 24 h activation in
ultrapure water with H2/CO2
bubbling. Following
activation, testing occurred
over 5 consecutive days in
the ultrapure water matrix.
Data adapted from Durkin
et al. [34]

not significantly impacted by constituents in the complex waters (e.g., alkalinity and
organic matter), as shown in Fig. 9.8b. This research demonstrated an innovative,
scalable approach for designing and implementing robust, sustainable lignocellu-
lose-supported catalysts with enhanced reactivity capable of water purification in
complex water chemistries.

9.4.4 Energy Storage in Wearable Textiles

The electronic textiles (e-textiles, sometimes also called “smart textiles”) market is
expected to gain relevance in industry sectors ranging from healthcare and fitness to
automotive, home goods, and military/defense [36]. It has been estimated that the
e-textile industry will grow to greater than $5 billion per year by 2022 [37]. For
these projections to become reality, a new “toolbox” of manufacturing techniques
will be necessary to create and integrate appropriate functionalities (e.g., sensors,
communications, et cetera) into textiles. NFW is building versatile tools necessary
to drive new innovation within the e-textile industry.

Energy storage is an e-textile application that is accomplished with welded fiber
composites that contain micron size-regime functional materials [38, 39]. In Fig. 9.9,
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Fig. 9.9 Scanning electron microscopy of composite supercapacitor yarns. Cotton fibers (a) are
controllably fused with high surface-area carbon (b) that becomes entrapped. A stainless-steel
current collector (c) is plied with the welded fiber construct to create the composite yarn (d and
e) that is capable of storing charge. Figure is data from Jost et al. [38]

high-surface area capacitive carbon materials are shown entrapped within cotton-
based composite yarns. These composite yarns were pliedwith stainless-steel current
collectors and subsequently coated with a flexible polymer electrolyte. The result
was a flexible yarn-based supercapacitor that was able to be knit into fabrics, as
shown in Fig. 9.10. In this seminal 2015 study, the capacitance of the yarns produced
topped out at 37 mF cm−1 and was one of the highest values for carbon-based
yarns ever reported. NFW has recently substantially improved on these results and
with processes capable of mass production of energy storage yarns. As the e-textile
and other textile submarkets develop, NFW is demonstrating value with general-
purpose processes that deliver both “practical” and “exotic” performance that can be
custom-tuned.

9.5 Conclusions

The development of commercially available ILs is a key factor that is enabling new
tunable processes that produce robust, functional composites using natural materials.
When necessary, IL-based solvents can be tuned to enable processes that are tolerant
of, and even work synergistically with, synthetic materials. Of course, complete
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Fig. 9.10 Images of supercapacitor yarns knit into a fabric (a, c). The fabric was shown to be
sufficiently stretchable (b) due to the flexibility of the composite yarn (d). Figure is data from Jost
et al. [38]

biodegradability is lost for any composite that contains nonbiodegradable plastics,
so applications must be thoughtfully considered. At the same time, fiber welding
fabrication techniques can be utilized to incorporate functional materials at many
different size regimes, ranging from molecular species to nano- and micron-sized
particles. A wide range of functionalities can be imparted to natural fiber substrates.
Natural materials are generally more complex than can be replicated synthetically. In
particular, plants (utilizing photosynthesis) create a diversity of complex materials in
abundance with unit economics that are extremely favorable. IL-based chemistries
can be specifically tuned to preserve key natural hierarchical structures. NFW is
poised to be a disruptive force in largemarkets by unlocking the potential of plentiful,
high-performance natural materials to displace nonbiodegradable synthetic plastics.
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Chapter 10
Development of New Cellulosic Fibers
and Composites Using Ionic Liquid
Technology

Frank Hermanutz, Marc Philip Vocht and Michael R. Buchmeiser

Abstract One of the most important applications of ionic liquids (ILs) is their use
as a solvent for natural polymers. In particular, solutions of cellulose, chitosan, and
chitin in ILs are used for the production of fibers, coatings, composites, and new
materials. The initiation of this new field of research was triggered by the publica-
tion of Swatloski et al., which reported in 2002 for the first time the solubility of
cellulose in ILs. Numerous papers have been devoted to the search for new solvents
for cellulose and for scientific and industrial applications. Depending on the appli-
cation of the IL, it is necessary to compromise between the ecological (toxicity) and
the economic parameters (cost of the IL). This chapter discusses the scope of this
approach and the limits in the practical application of ILs for the dissolution of cel-
lulose, a natural polymer. The rational choice of ILs for use in particular processes,
the features of dissolution methods for natural polymers (including cellulose, chitin,
and fibroin), and the preparation of blends from the solutions of polymers with ILs
are discussed.

Keywords Biopolymers · Cellulosic blend fibers · All-cellulose composites ·
Recycling · Super-microfibers

10.1 Introduction

Cellulose is the most abundant biopolymer and consists of a linear chain of β-
(1 → 4) linked D-glucose repeat units [1]. Cellulose has many attractive phys-
ical properties, such as thermal and chemical stability, biocompatibility, and
biodegradability [2]. The intra- and intermolecular hydrogen-bonding interac-
tions between the individual polysaccharide chains result in a semi-crystalline

F. Hermanutz (B) · M. P. Vocht · M. R. Buchmeiser
German Institutes of Textile and Fiber Research (DITF), Körschtalstr. 26,
73770 Denkendorf, Germany
e-mail: Frank.Hermanutz@ditf.de

M. R. Buchmeiser
Institute of Polymer Chemistry (IPOC), University of Stuttgart, Pfaffenwaldring 55, 70569
Stuttgart, Germany

© Springer Nature Switzerland AG 2020
M. B. Shiflett (ed.), Commercial Applications of Ionic Liquids, Green Chemistry
and Sustainable Technology, https://doi.org/10.1007/978-3-030-35245-5_10

227

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35245-5_10&domain=pdf
mailto:Frank.Hermanutz@ditf.de
https://doi.org/10.1007/978-3-030-35245-5_10


228 F. Hermanutz et al.

polymer with both highly structured crystalline and amorphous regions. One
of the most remarkable properties of cellulose is the insolubility in water as
well as in most organic solvents [3]. The challenge in dissolving cellulose is
to destroy the strong hydrogen bonds. Nevertheless, there are some solvent
systems for cellulose described in the literature, such as N-methylmorpholine-
N-oxide (NMMO), N,N-dimethylacetamide/lithium chloride (DMAc/LiCl), N,N-
dimethylsulfoxide/tetrabutylammonium fluoride (DMSO/TBAF), and several ionic
liquids (ILs) [4–8]. For industrial applications, NMMO is now the most common
direct solvent system for cellulose and the correspondingNMMO/cellulose solutions
are used for spinning cellulosic fibers. In the so-called Lyocell process, NMMO is
used at concentrations between 10 and 14 wt%. The spinning dope has to be stabi-
lized by additives, like isopropyl gallate, to prevent side reactions [9, 10]. By spinning
through an air gap prior to coagulation in an aqueous bath, high stretch ratios can
be realised, leading to high orientation of the cellulose chains. After drying, long
and thin crystallites are formed, which align along the fiber axis in a highly ori-
ented manner. Consequently, there is little lateral interaction between the individual
macrofibrils, which, in the wet state, leads to a high tendency to fibrillation [9]. How-
ever, due to the economic and ecological drawbacks of both processes with regard
to the dissolution and processing of cellulose, more efficient and environmentally
friendly solvents are required [9].

Since Swatloski et al. discovered the ability of some ILs to dissolve cellulose,
a new research field opened up and new possibilities to process cellulose are now
imaginable [7]. This so-called IL-technology is an economically and environmentally
friendly alternative process due to thermal and chemical stability, non-flammable
nature, and miscibility with many other solvent systems of ILs. Besides the spinning
of cellulosic fibers, this technology also offers new ways for the preparation of
cellulose-based composites, coatings, and the chemical modification of cellulose
[11–16].

10.2 Selection of Ionic Liquids

10.2.1 Ionic Liquids and Green Chemistry

ILs are salts in the liquid state and were first described by Walden [17]. Ionic liquids
consist of a cation and an anion like “normal” salts. However, in contrast to these,
ILs have melting points below 100 °C, and ILs with melting points below 25 °C, so-
called room-temperature ionic liquids (RTILs), are known as well [18–22]. The low
melting points of such ILs are a result of the selection of cation and anion [23–27].

A key feature of ILs is that their physical properties can be tailored by the selec-
tion of ions and substituents on the cations (R-group) [18]. Thus, their solubility in
organic solvents and water can be controlled by the nature of the R-group [28, 29].
However, themiscibility of ILs with polar and non-polar solvents also depends on the
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Fig. 10.1 Structural variations in ILs reproduced from Seddon et al., © IUPAC, 2000 [29]

anion [30]. For example, the miscibility of imidazolium-based ILs with water largely
depends on the nature of the anion. 1-Butyl-3-methylimidazolium-based ([C4C1im]+)
ILs in combination with more hydrophobic anions, like [PF6]–, [(CF3SO2)2N]–, or
[C(CN)3]–, are often immiscible with water at room temperature, while in combina-
tion with hydrophilic anions, such as [Cl]–, [CF3SO3]−, or [BF4]−, they are miscible
with water. An overview of common ions of ILs is given in Fig. 10.1.

The structure of the cation in ILs can be varied substantially; the most
common IL cations are imidazolium-, pyridinium-, tetraalkylammonium-, and
tetraalkylphosphonium-based [29]. However, many other structural motifs also exist
[29, 31–33]. In addition to their low melting points, ILs also have some other char-
acteristic properties, such as a low vapor pressure, ionic conductivity, and thermal
stability up to 450 °C [19, 26, 27, 29, 33–35]. The toxicity of many ILs is known;
consequently, a tailored selection of ILs can be made for a given process [36–39].
Generally, for industrial use, any IL selected for cellulose dissolution and processing
has to match specific economic and ecological criteria to create a sustainable pro-
cess. Thus, the IL should be easily accessible, recyclable in large amounts (>99.5%),
possess the lowest possible toxicity, have a lowmelting point, have literally no vapor
pressure, have a low propensity to side reactions, and an excellent dissolution capa-
bility for different celluloses [40]. Luckily, due to the large structural diversity of ILs,
the physical, chemical, and physiological properties can be adjusted. For example, by
varying the anion, the dissolution behavior for cellulose can be influenced. The toxi-
city can be purposely reduced by varying the alkyl chain length in the cation or anion
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[15, 41, 42]. Once IL-technology-based processes comply with the above conditions,
a significant step toward Green Chemistry in cellulose-processing technology can be
realized [43, 44].

10.2.2 Ionic Liquids as Solvents for Cellulose

Swatloski et al. used imidazolium-based ILs like [C4C1im]+ with different anions,
such as [Cl]−, [Br]−, and [SCN]− [7].Depending on the temperature and IL, solutions
containing up to 25wt%cellulosewere realized. Since then, there has been a dramatic
rise in interest in dissolving cellulose in ILs for both scientific and industrial appli-
cations. So far, the most common ILs used for the processing of cellulose are based
on imidazolium-derived cations [27, 45–59]. A summary of different imidazolium-
based ILs and the solubility of cellulose within these ILs is given in Table 10.1 [60,
61]. A selection of non-imidazolium-based ILs is given in Table 10.2.

However, despite the vast number of ILs available, the only ILs of interest are
those in which cellulose possesses a sufficient solubility. It is therefore of interest
to understand how the solubility of cellulose depends on the structure of the IL
and the mechanism for the dissolution of cellulose in ILs. Disappointingly, both the
mechanism and the connection between IL structure and solubility of cellulose are
still not fully understood in detail [58, 67]. Indeed, the high ionic strength of the
ILs interrupts the inter- and intra-molecular hydrogen-bonding-based interactions
in cellulose chains [50, 67–69]. Some studies show that the nature of the anion
is responsible for the dissolution of cellulose. However, it has also been shown
that the structure of the cation especially influences the solvation process [69–72].
Additionally, the degree of polymerization (DP) of the cellulose is a factor in the
dissolution process [73].

10.3 Cellulosic Fiber Spinning Using IL-Technology

The most important and also oldest process used in the manufacturing of cellulosic
fibers is the viscose process outlined in Fig. 10.2. In contrast to the Lyocell process,
this process involves activation of pulp in aqueous sodium hydroxide solution fol-
lowed by reaction with CS2 to form a cellulose xanthate. After dissolution in alkaline
solution, the cellulose xanthate is spun into a sulfuric acid bath. Along with other
auxiliaries (e.g., carbon disulfide, sodium hydroxide, sulfuric acid, and zinc sulfate),
a significant volume of fresh water is required and amounts to approximately one
ton of water per kg of cellulosic fiber produced [74]. Also, the cellulose concentra-
tion in solution is limited to a range of 8–10 wt%, which is critical in terms of the
environmental effects caused by the process [9, 75–77].
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Fig. 10.2 Process principles in regenerated cellulose fiber spinning technologies

In contrast, the IL approach generates a new type of cellulosic fibers [7–9, 63]. As
in the Lyocell process, cellulose is directly dissolved in an appropriate IL and spun
into a water-based coagulation bath without any other auxiliaries. Notably, these
IL-based spinning dopes can either be processed by wet spinning or by dry-jet wet
spinning, allowing for a modification of the fiber properties according to the desired
application. Parameters, such as crystallinity, the degree of polymerization, as well
as the stabilizing influence of hydrogen bonds, strongly influence the mechanical
properties of fibers [9, 78]. Due to the low vapor pressure, low flammability, low
reactivity, and good recyclability of selected ILs, [63] the IL-technology offers envi-
ronmental and process safety advantages over conventional processes, for example,
in fiber production [48, 72, 79–86].

In addition, the cellulose concentration in an IL-based spinning dope can be
increased up to 16.5 wt%, for example, by using [C4C1im][Cl] [87]. An appro-
priate IL-system, [C2C1im][Ace], was proposed for the wet spinning of cellulose
including details on the rheology of the spinning dopes, characterization of the
fiber, and recycling of ILs [63]. Hermanutz et al. reported that a [C2C1im][Ace]-
based spinning dope (12 wt%) was stable up to 120 °C providing flexible process
parameters for fiber property adjustments. Apart from several ILs of the imidazolium
family, a spinning process based on the so-called Ioncell process, which uses 1,5-
diazabicyclo[4.3.0]non-5-ene acetate ([DBNH][Ace]), was developed by Sixta and
co-workers [66, 88–92]. Important parameters, like the influence of pulp source,
degree of polymerization, mass distribution, as well as process parameters, like the
draw ratio, air gap size, and temperature of the coagulation bath, were studied [90,
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Table 10.3 Mechanical properties of cellulosic fibers spun from different ILs

Process Solvent σ a

(cN/tex)
σ a

(MPa)
Ea

(GPa)
εb

a

(%)
References

IL-based [(allyl)C1im][Cl] – 74 – 17 [83]

IL-based [C4C1im][Ace] 44–49 – – 13–16 [48]

IL-based [C4C1im][Cl] 53 – – 13 [48]

IL-based [C2C1im][Ace] – 198 13 3 [84]

IL-based [C2C1im][Ace] 46 – – 11 [48]

IL-based [C2C1im][Ace] 12–35 – – 8–24 [85]

IL-based [C2C1im][Cl] 53 – – 13 [48]

IL-based [C2C1im][O2PO2O2] – 216–305 15–22 5 [86]

IL-based [C2C1im][O2PO2O2] – 305–660 22–41 5–7 [72]

IL-based [C2C1im][O2C8] 17–31 250–460 15–29 6–13 [82, 94]

IL-based [C2C1im][O2C8] 15–40 230–600 15–30 4–6 [10, 94]

Ioncell [DBNH][Ace] 28–48 354–784 9.5–33 9–21 [66, 90–93]

Lyocell NMMO 40–44 – – 13–17 [9, 48, 79]

Viscose Derivatization 20–25 – 7 18–23 [9, 66, 79]

aσ = tensile strength; E = Young’s modulus; εb = elongation at break

92]. Furthermore, Ma et al. reported using recycled cellulose waste materials for
Ioncell-based fiber production [93]. Compared to industrially produced cellulose
fibers, the mechanical properties of the IL-based are similar to those of the Lyocell
fibers. A summary of the mechanical properties of the IL-based cellulosic fibers is
given in Table 10.3.

Apart from standard spinning, IL-technology opens new possibilities, like the in-
situ chemical modification of cellulose in the course of the spinning process and the
preparation of super-microfiber filaments [82, 87, 95, 96]. The processing of in-situ
modified cellulose fibers is a good way to reduce waste and cut down on the overall
number of process steps.

10.3.1 Spinning Super-Microfibers Using IL-Technology

Super-microfibers prepared in an IL-technology-based process can be used for new
textile applications and products. Applications for filters and cleaning products are of
special interest. By using cellulose IL-based spinning dopes, it is possible to spin fil-
aments with finenesses down to 0.2 dtex1. Notably, such fineness for cellulosic fibers
cannot be achieved by any conventional filament spinning processes [87]. Spinning
fibers of such finenesses in a direct filament spinning process was made possible by

1dtex (deci-tex) is the linear density measured in grams per 10 km yarn.
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newly developed spinnerets with hole diameters down to 20 μm. These new kinds
of spinnerets were manufactured using laser drilling technology. Laser-drilled spin-
nerets with up to 1500 holes have been realized [97]. Different hole geometries were
tested, and it was found that spinneret holes with smaller exit diameters than diam-
eters at the drilling entrance are the best geometry for wet spinning of cellulosic
super-microfibers, as shown in Fig. 10.3.

Super-microfibers are characterized by their extremely high surface area to fiber
diameter ratio, as illustrated in Fig. 10.4. This is a huge advantage of super-
microfibers <5 μm in diameter, corresponding to a fineness <0.5 dtex, compared
to microfibers having fiber diameters between 5 to 9 μm. Based on the high fiber
surface, these cellulosic super-microfibers have a silky touch and are characterized
by high water absorption; however, there are even more technical opportunities. Cel-
lulosic super-microfibers are an important precursor for carbon fibers if superfine
carbon fibers (CFs) with diameters down to 2 μm are required. Furthermore, it is
remarkable that IL-derived super-microfibers show virtually no fibrillation compared
to their “standard” diameter analogues, Fig. 10.5, since the stress-induced orientation
is adjustable [97].

(b) 2 µm(a) 20 µm

(d) 40 µm(c) 40 µm

Fig. 10.3 Scanning electron micrograph (SEM) pictures of (a) the exit of a spinneret hole drilled
into a Au–Pt alloy and (b) detailed picture of the bore rim. The average drilling diameter (exit) of
the spinning nozzle is 25.4 μm. (c) SEM pictures of positive conical cross-sectional polishes from
the drilling channels made out of stainless steel and (d) made of an Au–Pt alloy. Adapted with
permission from dfv-Fachverlag [87]
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Fig. 10.4 Ratio of the surface area to fiber diameter of super-microfibers, microfibers, and natural
fibers. Adapted with permission from dfv-Fachverlag [87]

4 µm 2 µm

Fig. 10.5 SEM pictures of cellulose super-microfibers. Adapted with permission from dfv-
Fachverlag [87]

10.3.2 Ionic Liquid Technology for the Wet Spinning
of Cellulose/Polymer Blends

IL-technology offers opportunities to produce new cellulosic fibers blended
with other polymers, like aramides, poly(acrylonitrile) (PAN), aromatic
poly(sulfonamide)s (PSA), chitin, and lignin [98–103]. In fact, the blending of cel-
lulose with fiber polymers in a primary spinning process using ILs offers a unique
opportunity to develop fiber/materials that combine the advantages of a renewable
raw material and the possibility of tailor-made fiber properties for both textile and
technical applications. For example, cellulose/PSA-blended fibers show improved
flame-retardant properties, while cellulose/PAN-blended fibers can be used as a CF
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precursor [98, 102]. Finally, substitution of expensive PAN fibers by the cheaper cel-
lulose asCFprecursors could reduce process costs forCFs [98].Among the numerous
possibilities, the processing of cellulose/chitin and cellulose/chitosan blends from
ILs especially stands out since chitin is the second-most abundant polymer in nature.
Reviews about chitin and chitosan polymers, addressing their solubility, fiber forma-
tion, properties, and applications, have been provided by Silva et al., Pillai et al., and
Rinaudo [104–106]. Different applications in the medical field, like chitin sutures,
have been reported. Chitin itself is chemically stable, is biodegradable, and has the
most appealing properties, such as the acceleration of wound healing and the sup-
pression of tumor cell growth. It is remarkable that the IL-technology enables a direct
fiber spinning process of chitin. This new research field is based on the wet spinning
process because chitin decomposes beforemelting. A list of different ILs having high
potential for dissolution and wet spinning of chitin was provided by Walther et al.
Among the ILs tested, [C2C1im][O2C3] and [C2C1im][O2C4] were found the most
promising for chitin. Chitin concentrations up to 14 wt% could be realised, which is
high enough for technical conversion [107]. Special chemically purified chitin with
purification steps to remove minerals and proteins was used in their study. Alterna-
tively, Qin et al. used [C2C1im][Ace] for the extraction and dissolution process using
microwave irradiation heating for a much faster dissolution process. Purified, high
molecular-weight chitin powderwas obtained and directly spun into fibers [108, 109].
In addition to standard wet spinning, chitin was also electrospun into fibers [110].
In contrast, NaOH/urea was used as a solvent by Huang et al. for the preparation of
chitin fibers and nonwovens [111]. This product showed better wound healing than
traditional materials based on the inherent antibacterial properties and the ability to
regulate inflammatory mediators of chitin. Chitosan produced by deacetylation is
more soluble in ILs than chitin. However, it can also be processed from acetic acid.
The use of IL for the processing of chitosan is not necessarily required as is the case
for chitin and cellulose. Toskas et al. produced pure microfibers on an industrial scale
using 8.5 wt% chitosan dissolved in acidic acid. These fibers were recently tested
as medical products [112, 113]. Studies by Pillai et al. have shown that the dry–wet
spinning of chitin in acetic acid results in highly deacetylated products [104]. This
polymer-analogous reaction can be avoided by using ILs. For the preparation of
spinning dopes, it is important that the solubility of chitin increases with increasing
hydrogen-bond acceptance properties of the IL and also depends on the dissolution
temperature [114]. Notably, it was found that pure chitin fibers are brittle due to the
high crystallinity of chitin [108]. This issue can be improved by blending chitin with
cellulose.Up to now, there are some cellulose/chitin blendmaterials, likemembranes,
films, and even multifilament fibers, described in the literature [100, 115, 116].
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Fig. 10.6 SEM pictures of cellulose/chitin blend fiber spun from [C2C1im][O2C3]. Adapted with
permission from Elsevier [100]

10.3.2.1 Chitin/Cellulose and Chitosan/Cellulose Fiber Blends

Cellulose/chitin blend fibers were manufactured byMundsinger et al. using ILs. The
focuswas to apply recyclable and non-deacylating types of ILs to retain chitin proper-
ties [100]. Chitin and cellulose were dissolved in 1-ethyl-3-methylimidazolium pro-
pionate, [C2C1im][O2C3]. Stable spinning dopes were achieved without any phase
separation tendency in the applied temperature range. Cellulose/chitin fiber blends
were spun containing up to 25 wt% chitin, as shown in Fig. 10.6. Multifilament
fibers were produced by a continuous wet spinning process. Walther et al. found that
[C2C1im][O2C3] dissolves cellulose/chitin mixtures better than dialkylimidazolium
acetates or halides [107].

Silva et al. used 1-allyl-3-methylimidazolium bromide for the processing of chitin
and chitosan [106]. Solutions of chitin and chitosan have also been used for the
preparation of gels, coatings, and films [117]. For the development of new polymer
materials, blends of biopolymers, cellulose, and chitosan are promising systems
because the reactivity of chitosan is more versatile due to the presence of NH2 groups
[118]. Another way to improve the properties of the cellulose is to blend cellulose
with two biopolymers. Interactions between cellulose and chitosan are shown to be
attractive, as confirmed by Holmberg et al. [119]. The production of chitosan fibers
using 1,3-dialkylimidazolium-based ILs solvents with different anions, like [Cl]–,
[ClCH2COO]−, and [Ace]–, is possible [120]. It has also been reported that the
blending of cellulose with chitosan is possible with the aid of a mixture of glycine
hydrochloride and [C4C1im][Cl] [121]. Such fibers show higher tensile strength
and reduced elongation at break. Finally, Stefanescu et al. chose [C4C1im][Ace] for
producing chitosan/cellulose blend fibers [122].
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10.4 Preparation of All-Cellulose Composites Using
IL-Technology

Fiber-reinforced plastics (FRPs) are important materials for lightweight construc-
tion and are progressively replacing traditional materials. The properties of compos-
ites [9] depend on the matrix, the reinforcing fiber, and the matrix–fiber interface
[123]. The matrix provides partial mechanical strength and works as a binder for the
reinforcing fibrous phase. Due to their good mechanical properties and availability,
cellulose fibers are intensively used in bio-composites and natural fiber-reinforced
plastics (NFRPs) [124–126]. Several duroplastic or thermoplastic polymers, includ-
ing poly(vinyl chloride), poly(ethylene), epoxides, and polyurethanes, have been
used as matrices. Flax, hemp, cotton, among others are used as reinforcing fibers
[124, 127]. Generally, the adhesion at the interface between a hydrophobic polymer
matrix and a hydrophilic natural fiber is very weak [77, 127]. As a consequence,
mechanical strength, stiffness, and impact strength of the respective composites are
low, and the reinforcement potential of the fiber, for example, cellulose is only used
to a small extent. To overcome this drawback, all-cellulose composites (ACCs) were
first discussed as easily recyclable and biodegradable composites in 2004 [128, 129].
Due to an increased environmental awareness and increasingly restrictive legisla-
tive rules, the demand for recyclable and sustainable composites strongly increased
over the last few years [130]. Nishino et al. used a 3 wt% solution of cellulose in
N,N-dimethylacetamide (DMAc) containing 8 wt% LiCl as a matrix solution [128].
Ramie fibers were aligned parallel and impregnated with the cellulose solution under
reduced pressure. After 12 h, the fiber-reinforced cellulose gel was washed with
methanol to extract LiCl and DMAc to form the final composite. This manufacturing
process is a two-step process, as shown in Fig. 10.7. An alternative process [9] in
which the fiber surface is partially dissolved by a solvent system to form the matrix
in situ is referred to as a one-step process [131].

There are different routes for the preparation of ACCs with derivatizing and non-
derivatizing solvent systems described in the literature, such asDMAc/LiCl,NMMO,

Fig. 10.7 Schematic of a one-step and b two-step all-cellulose composite preparation
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Table 10.4 Overview over unidirectional (UD), bidirectional (BD), and isotropic (ISO) all-
cellulose composites prepared by one-step processes

Cellulose
source for
matrix and
reinforcement

Solvent system Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Elongation
(%)

References

Microcrystalline
cellulose (ISO)

DMAc/LiCl 58–105 3.2–6.9 2.5–3.3 [142]

Microcrystalline
cellulose (ISO)

[(allyl)C1im][Cl] 34–135 3.6–8.1 0.7–6.2 [143]

Canola straw
microfiber
sheets (ISO)

[C4C1im][Cl] 208 20 9.8 [144]

Microcrystalline
cellulose (ISO)

[C4C1im][Cl] 90–124 7–10.8 1.8–2 [145]

Filter paper
(ISO)

[C4C1im][Cl] 15–90 1.8–5.7 2–4 [145]

Rayon (BD) [C4C1im][Cl] 65–91 1.1–4.1 [146]

Lyocell fabric [C4C1im][Cl] 32–48 0.25–1.75 17–25 [147]

Jute fabric [C4C1im][Cl] 22–28 0.24–0.3 24–37 [148]

Cotton cloth [C2C1im][Ace]/methanol 35–65 [149]

Hemp thread
(UD)

[C2C1im][Ace] 28–31 0.45–7.2 11–15.4 [150]

sodium hydroxide/urea (NaOH/urea), and ILs. A summary is provided in Tables 10.4
and 10.5 [132–136]. There are few alternative solvent systems known as well, like
various molten salt hydrates, dinitrogen tetroxide/dimethylformamide (N2O4/DMF),
and dimethylsulfoxide/tetrabutylammonium fluoride (DMSO/TBAF) [15, 129, 137–
139]. However, toxicity, slow dissolution rates, limited dissolution capacity, and
non-recyclability prevent most of these solvents from being used on an industrial
scale. By contrast, some ILs offer high cellulose dissolution rates. ILs are also easy
to reuse and safer to handle [47, 140]. Another benefit of an IL-based process is
the easy coagulation of the pre-composite, which can be easily done in water. The
water/IL mixture can be separated from the composite, worked up, and the IL can
be reused as a matrix solvent again. Like in the spinning process, the use of different
ILs is possible. For example, [C4C1im][Cl] was used by Zhao et al. to prepare ACCs
based on filter paper and rice husks [141].

Huber et al. used two different types of commercially available, cellulose-based
textiles, for example, linen flax and rayon (Cordenka 700) as ACC precursor
material [135]. They prepared composites by using a one-step process based on
[C4C1im][Ace] as the solvent. In their study, they concluded that man-made cellu-
losic fibers are preferable to natural fibers, since the rayon fibers dissolved more
efficiently in the IL. Indeed, Lindman et al. showed that the higher crystallinity of
cellulosic material has a significant influence on the dissolution rate [152]. Since
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Table 10.5 Overview over unidirectional (UD), bidirectional (BD), and isotropic (ISO) all-
cellulose composites prepared by two-step processes

Cellulose
source
reinforcement

Cellulose
source
matrix

Solvent
system

Fiber
fraction
(vol%)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Elongation
(%)

References

Ramie fiber
(UD)

Wood
pulp

DMAc/LiCl 80 480 4 [128]

Hemp fiber
(ISO)

Cellulose
powder

NMMO 40 28.9 1.8 20.8 [134]

Whiskers
(ISO)

Cotton
linter
pulps

NaOH/Urea 20 117 5.9 [151]

Rice husks
(ISO)

Filter
paper

[C4C1im][Cl] 40 58 1.7 5.7 [141]

Rice husks
(ISO)

Filter
paper

[C4C1im][Cl] 60 56 2.9 2.7 [141]

Rayon (BD) Sappi
pulp

[C2C1im][Cl] 73–81 45–75 1.6–2.3 3.8–16.7 [77]

Rayon (UD) Sappi
pulp

[C2C1im][Cl] 76 144 3.6 14 [77]

the linen fibers had a crystallinity of 81%, the dissolution of those fibers is slower
than the dissolution of the man-made fibers having 42% crystallinity. A lower crys-
tallinity of the fiber also leads to a better matrix–fiber interface in the final ACCs and
is also reflected in the mechanical properties. Thus, rayon-based ACCs had twice
the tensile strength (70 MPa) of the linen-based ones (36 MPa). Beside the proper-
ties of the fibers, the mechanical properties of the ACCs can be influenced by using
different preparation parameters, like temperature, dissolving time, and cellulose
concentration in the matrix solution. Dormanns et al. used a regenerated cellulose
fiber (Cordenka 700) in the form of a fabric and [C4C1im][Ace] as the solvent [153].
A single-step process was used for the manufacture of their ACCs with a fiber frac-
tion of 93 vol% using a reinforcing fiber for the formation of the matrix by partial
dissolution. They reported Young’s moduli up to 7.0 GPa.

Despite these most attractive properties in a one-step process, there is the disad-
vantage that the high-quality reinforcingfiber is oftenweakened by partial dissolution
in the IL during ACC formation. In view of this impediment, an IL-based, two-step
method can be applied, in which an IL is used as the pre-matrix solvent, as shown in
Fig. 10.7. In such an approach, Spörl et al. used different concentrations of cellulose
(3, 6, and 8 wt%) in [C2C1im][Ace] [77]. Dormanns et al. used rayon-based tire
cord (Cordenka 700) as reinforcement material and reported mechanical properties
for the final ACCs fiber fractions of 73–81 vol%. In this approach, the amount of
expensive reinforcingmaterial could be significantly reduced by using less expensive
pulp material. Generally, the cellulose concentration in the pre-matrix solution has
two different effects on the final composite. On one hand, with increasing concen-
tration, the viscosity of the solution increases, which hinders the solution’s flow and
its ability to embrace the single filaments of the fiber bundle. On the other hand, a
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Fig. 10.8 SEM micrographs of an ACC. Adapted with permission from WILEY-VCH [77]

higher cellulose concentration in the IL solution reduces the fiber volume fraction.
Thus, the strength and modulus of the composite should decrease with increasing
cellulose concentration in the matrix precursor.

The two-step process offers access to well-defined ACCs with the opportunity to
modify the fiber content over a large range by variation of the solution concentration
or layer thickness of the matrix precursor. Due to the excellent fiber–matrix interac-
tion, ACCs prepared by this approach showed mechanical properties comparable to
those of thermoplastic short cut glass fiber-reinforced plastics, as shown in Fig. 10.8.
Notably, the partial dissolution of the fiber surfaces is significantly affected by the
preparation time, temperature, and the matrix solution.

The dissolution of the fibers depends on the cellulose concentration in the pre-
matrix solution, the temperature, and the process time [77, 136–138, 147–150]. Due
to the different partial dissolution of the fibers, the mechanical properties of the
composites change. For example, a high temperature of the IL of 80 °C during
processing decreases the tensile strength, elongation, and Young’s modulus with
increasing dwell time of the pre-composite. This can be explained by the fact that
the IL is able to dissolve the reinforcement fibers, which will ultimately result in
decreasing mechanical properties. Successful recycling of ACCs was demonstrated
by reusing the ACC for matrix preparation several times [77]. Minor changes were
observed in the polydispersity index (PDI) and degree of polymerization (DP) upon
recycling of the material, as shown in Table 10.6.

However, themechanical properties of the composite remained constant over three
recycling steps, as shown in Table 10.7.

10.5 IL-Technology-Derived Cellulosic Fibers as Carbon
Fiber Precursors

Carbon fibers (CFs) are described as fibers containing at least 92% carbon obtained
by the controlled pyrolysis of polymeric precursor fibers, like poly(acrylonitrile)
(PAN), pitch, lignin, or cellulose [154–156]. CFs generally have low densities around
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Table 10.6 DPvisc, Mn, and polydispersity index (PDI) of the recycled composite materials
compared to the starting materials

Material DPvisc Mn (g/mol) PDI

Reinforcing fiber 620 ± 10 48,000 5.7

Pulp for matrix 580 ± 10 16,000 12.1

Pulp regenerated from IL 520 ± 10 19,000 7.2

Composite 470 ± 20 30,000 4.3

Composite, regenerated from IL 490 ± 10 25,000 4.7

Composite 1st recycle 520 ± 15 33,000 4.8

Composite 1st recycle, regenerated from IL 470 ± 10 17,000 6.0

Composite 2nd recycle 500 ± 15 30,000 5.1

Composite 2nd recycle, regenerated from IL 480 ± 10 18,000 5.7

Composite 3rd recycle 500 ± 10 34,000 4.1

Composite 3rd recycle, regenerated from IL 460 ± 10 15,000 5.9

Reproduced with permission from WILEY-VCH [77]

Table 10.7 Mechanical properties of the original and recycled ACCs

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Elongation
(%)

Flexural
modulus
(GPa)

Charpy
impact
strength
(kJ/m2)

Composite 53 ± 3 2.0 ± 0.04 12.7 ± 0.9 4.1 ± 1.0 70 ± 15

Composite
1st recycle

57 ± 3 1.7 ± 0.10 13.9 ± 2.4 6.3 ± 0.7 65 ± 3

Composite
2nd recycle

41 ± 5 2.0 ± 0.15 14.7 ± 3.7 6.0 ± 0.4 64 ± 2

Composite
3rd recycle

50 ± 2 2.4 ± 0.10 6.9 ± 0.8 7.8 ± 0.1 66 ± 3

Reproduced with permission from WILEY-VCH [77]

1.85 g cm−3 paired with excellent tensile properties, good thermal and electrical
conductivities, high thermal and chemical stabilities, and excellent creep resistance
[157]. The first carbon fibers were made from natural cellulose fibers by Edison
as carbon filaments in electric lamps in 1880 [158]. Almost 80 years later, Union
Carbide applied a process for CFs made from rayon [159, 160]. Shortly after this,
in 1965, carbon fibers with a tensile strength of 1.25 GPa and a Young’s modulus
of 170 GPa were commercially available from Union Carbide. The production of
these high-modulus CFs was based on a post-carbonization hot stretching process at
2800 °C developed by Bacon and Schalamon [161]. Despite major research activity
on cellulosic precursors in the 1950–1970s, research in this field was abandoned due
to disadvantages, such as high production costs at low carbon yields and the much
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more promising results with PAN-based CF. However, today, cellulose-based CF
precursors have again evoked interest [94, 155, 162–164].

Naturally grown cellulose fibers are not suitable for the production of CFs due
to fiber morphology inhomogeneities and impurities, like proteins and lignin. The
porous structure leads to high brittleness after carbonization [94]. Well-defined fila-
mentfiber dimensions andhigh-purity cellulosicfibers canbeproducedby theviscose
or Lyocell process and by IL-technology processes. When processed as continuous
multi-filaments, they are considered and used as promising precursors. However, dur-
ing carbonization, the total mass lossmight be up to 90%due to degradation reactions
and the formation of volatile carbon-containing compounds. The maximum theoret-
ical carbon yield in the carbonization of cellulose is 44.4 wt% corresponding to the
formal loss of five molecules of water per anhydroglucose repeat unit (AGU). Strate-
gies have been developed to achieve high-performanceCFswith higher carbonization
yields of 25–38 wt%. These strategies include low heating rates during pyrolysis up
to 400 °C [159, 165, 166], oxidative pretreatment, [167–171], and application of
carbonization aids, including catalysts, like ammonium phosphates or sulfates, for
dehydration, as shown in Fig. 10.9 [170, 172–182]. An overview of cellulose-based
CFs is found in numerous books and reviews [155, 157, 168, 183–186].

So far, IL-technology-based cellulosic fibers and cellulosic blended fibers as pre-
cursor materials for CFs have been prepared by several research groups [82, 94, 164].
Byrne et al. showed that themechanical andmorphological properties of the resulting
CFs were directly influenced by the physical properties of the precursor [164]. Spörl
et al. successfully increased the carbon yield up to 35–38 wt% by using cellulosic
derivate (cellulose tosylate/phosphate) precursor fibers spunwith IL-technology [82].
Another study used cellulose/lignin blends dissolved in [C2C1im][Ace] as spinning
dope for blended fibers as CF precursor material. Nonetheless, the CF can be based

Fig. 10.9 TGA curves of cellulosic fibers treated with ATS (ammonium tosylate) (1 wt% S, green),
ammonium dihydrogen phosphate (ADHP) (1 wt% P, blue), and untreated fibers (black) [187].
Adapted with permission from Lenzinger Berichte
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on IL-cellulose fibers due to the low space-time yield andmechanical properties with
PAN-based CF [82, 155]. However, CF properties still have to be improved to some
extent. Once tensile strengths >2.5 GPa and Young’s moduli >200 GPa have been
reached, PAN-based carbon fibers could be substituted stepwise by this ecologically
and economically amended alternative.

10.6 Conclusions

The examples in this chapter have summarized the processing of cellulose using
IL-technology, which is a promising research field with great potential for industrial
applications. Numerous ILs are available for the dissolution of cellulose match-
ing all requirements for technical conversion. Spinning cellulosic fibers based on
the IL-technology is close to industrial conversion; the basics have been developed
and ongoing pressure to develop environmentally friendly technology will rapidly
increase the interest in this technology.

Based on the flexibility of the IL-based processing of cellulose, there is more
interest in developing cellulose-based materials, like ACCs and super-microfibers.
Likewise, ACCs can be used in lightweight construction. In addition to this, the
exploration of a new class of cellulose-based carbon fibers is made possible by
IL-derived cellulosic fibers.
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Chapter 11
Toward Industrialization of Ionic Liquids

Roland S. Kalb

Abstract By the end of 2018, more than 80,000 scientific papers were published,
and 17,000 patent applications were filed on ionic liquids. The field experienced
an archetypal hype cycle, with inflated expectations followed by a period of disil-
lusionment, and is now on an upward slope of enlightenment. While there are no
massive-scale applications of ionic liquids today, and the market remains behind
the mid-term forecasts, there are many indications that ionic liquids will become
a commercial success story. This chapter summarizes critical statements collected
by surveying 25 academic and industrial leaders. Recent market developments are
discussed and evaluated, including 57 ionic liquid applications that have been com-
mercialized or are being developed on a pilot scale as of 2019. By comparison, there
were only 13 commercial and pilot applications in 2008. In conclusion, the author is
confident that the fieldwill soon reachmaturity and ionic liquidswill entermegatrend
mass markets.

Keywords Commercialized ionic liquid applications · Emerging technologies ·
Future of ionic liquids · Gartner® hype cycle · Implemented ionic liquid
applications

11.1 Introduction

The use of high-temperature molten salts dates back to the Shang Dynasty (sixteenth
to eleventh century B.C.), and in the second century B.C., the ancient Chinese com-
mercialized melts of alkali nitrates and chromates for surface modifications (e.g.,
hardening and corrosion protection) of bronze handcrafted weapons [1]. In the mod-
ern world, high-temperature molten salts have been used for more than two centuries,
and generations of chemists and engineers have developed a multitude of industrial
processes described elsewhere [2, 3]. With the discovery of the first representative
low-temperature molten salt by Paul Walden in 1914 [4], a new class of molten
salts would be named ionic liquids by Bockris [5] in 1955. From the late 1950s to
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Fig. 11.1 Typical phases of
a Gartner® hype cycle [7, 8]

ILs at present

the 1990s, an incrementally increasing annual number of papers and patents were
reported. Around the year 2000, there was a rapid, and at times exponential growth
that continued until recently. By the end of 2018, more than 80,000 scientific papers
were published and 17,000 patent families were filed [6] in a cross-sectional field of
highly diverse applications.

As expected with almost any emerging technology, much of the ionic liq-
uid field experienced a typical hype cycle [7] leading to increasingly unrealistic
expectations until approximately 2010. The technology “peak” was followed by a
phase of frustration and corporate withdrawal from committed strategic investments
(Fig. 11.1).

This phase of disillusionment forced both academia and industry to focus on
longer-term, mandatory activities involving ionic liquids for future technologies.
At present, the field has just passed the trough of disillusionment, and a very few
percent of applications have reached market adoption, which will steepen the slope
of enlightenment. It is anticipated that the first massive applications of ionic liquids
will appear in the next few years.

11.2 Ionic Liquid Market Growth

We tend to overestimate the effect of a technology in the short run and underestimate the
effect in the long run.

Amara’s law [9]

As of 2019, nomass applications of ionic liquids have emerged, despite enthusias-
tic expectations and cross-sectional applicability in the key industrial sectors includ-
ing analytics, biotechnology, chemicals and chemical reactions, electrochemistry,
energy, engineering liquids, food technology, materials, medical, metal finishing,
separations, solvents, performance additives, and pharmaceuticals. An examination
of publication statistics and market data for semiconductors and nanoparticles, two



11 Toward Industrialization of Ionic Liquids 263

Fig. 11.2 Number of publications and patents found in SciFinder™ database, for the term “ionic
liquids” versus other technologies. Compound annual growth rates (CAGR) shown for 2004–2018

technologies that have recently enteredmassmarkets,mayhelp explain the seemingly
disjointed situation of ionic liquids.

Figure 11.2 compares total annual journal publications and patents for the concept
search terms ionic liquids,molten salts, and nanoparticles [6]. The search results are
presented in a non-cumulative plot; for example, ionic liquids hits in 2012 did not
include ionic liquids hits from any previous year(s).

The term molten salts resulted in a slow, yet constant growth of publications and
patents over the years 1952–2018 and had an initialization period of approximately
25 years between the significant increase in the number of publications and the
increase in patents. The compound annual growth rate (CAGR) of patent applica-
tions for molten salts was approximately 10% over the past 15 years and increased
notably over the last 5 years, indicating a type of renaissance formodern applications.
Between the years 1952–2004, the CAGR for molten salts was only in the range of
5.5%. Analyzing the curves for nanoparticles and ionic liquids, a completely dif-
ferent picture emerges; both technologies show significantly shorter initialization
periods and exponential annual growth rates. The CAGRs over the last 15 years for
nanoparticle patents are 16% and that of ionic liquid patents is 21%. The graph
shows a peak for the former in 2017, possibly indicating the beginning of market
saturation. Curve shapes for nanoparticle and ionic liquid patents both indicate rapid
research and development within a variety of application fields and are typical initial
growth phases for cross-sectional technologies.
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Compound annual growth rates of patent applications show strong positive cor-
relations with increased private R&D funding, venture capital, and—most impor-
tantly—market growth. In fact, CAGRs are one of the key indicators used by stock
exchange analysts and governments to predict market trends [10, 11]. This correla-
tion is entirely plausible considering that patents are a mandatory requirement for
the economic exploitation of technologies and can be used to measure the market’s
ability to transfer scientific results into applied technologies. Technological growth is
compounded by the development of applied technologies, which increase intellectual
property (IP) developments, creating more patents.

Figures 11.3 and 11.4 illustrate the strong correlation between annual growth rates
of patent applications and global revenue for the technology examples of semiconduc-
tor and nanoparticles. The CAGR and revenue curves are roughly congruent to each
other. This trend is observed in other high-tech products (e.g., Teflon® [14]and lasers
[15]).

A market study published by the Helmut Kaiser Consultancy [16] expected the
accessible global annual ionic liquid market to rise from 300 million US dollars in
2012 to 3.4 billion US dollars in 2020. This increase represents a CAGR of 35% and
is very close to the CAGR for ionic liquid patents for the years 2002–2012 (34%),
as shown in Fig. 11.2. Another recent survey, published by the renowned market
research firm Frost & Sullivan, expects the accessible ionic liquid market to rise
from 1.3 billion US dollars in 2015 to 2.8 billion US dollars in 2020, with a CAGR
of 16.3% [17]. While encouraging, the aforementioned CAGR figures disagree with
market surveys published by others (e.g., Grand View Research [18] and Markets
and Markets [19]), which forecast the global ionic liquid market to reach only 62.3
millionUS dollars in 2025 (CAGR10%) and 39.6millionUS dollars in 2021 (CAGR
9.2%).

Fig. 11.3 Number of publications and patents (non-cumulative) found in SciFinder™ database,
using search term “semiconductor patents” (CAGR 1987–2013 8.9%) versus “annual global
semiconductor revenue” of the top 20 companies [12] (CAGR 2004–2013 8.0%)
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Fig. 11.4 Number of publications and patents (non-cumulative) found in SciFinder™ database,
using search term “nanoparticles patents” (CAGR 2004–2013 21.7%) versus “annual global
nanoparticle revenue” [13] (CAGR 2004–2013 22.6%)

How can the deviation between the predictions be explained? The analyses and
methods used by Helmut Kaiser and Frost & Sullivan predict growth rates based
on “accessible” volume for existing ionic liquid technologies and are estimated by
approximating 1.5%market penetration of the corresponding global applicationmar-
kets. In contrast, Grand View Research and Markets and Markets reports use the
ionic liquid volume “actually sold” globally, which was obtained from data deliv-
ered by ionic liquid manufactures and suppliers. The latter method provides a more
realistic annual global volume of several hundreds of tons and was certainly less
than 1000 tons in 2017. By comparing all market predictions, it can be stated that
the currently served ionic liquid market represents only 1–2% of the poten-
tially accessible market. The growth of ionic liquid patent applications, as shown
in Fig. 11.2, indicates a correspondingly steep market growth because markets are
largely unexploited at the present time. These findings reflect the commercializa-
tion challenges of ionic liquid technologies resulting from diverse commercialization
barriers to be overcome in the future. While these challenges pose a seemingly “nat-
ural” process for emerging technologies, there is obvious market potential for ionic
liquids.

11.3 Commercialized Applications to Date

The large number of ionic liquid patent applications (~17,000 cumulative in 2018)
is an optimistic sign toward dissuaded commercial attention, especially in light of
the key market indicators as described above. So, when will significant commercial
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applications come for ionic liquids? The answer is: Commercial applications already
exist, they increase every year, and they are here to stay!

Table 11.1 shows a list of carefully selected, industrially implemented ionic liquid
applications. By nature of themeans bywhich this informationwas collected [20], the
list cannot be complete, and there are thus additional unpublished and/or confiden-
tial applications. It is beyond the scope of this chapter to describe the chemical and
technical details of each of these applications, and for more information, the reader
is referred to relevant literature [21–32], Web pages, and electronic documents of the
cited companies, as well as other chapters of this book. The listed implementations
are summarized by the general role the ionic liquid plays in each application and have
proven successful within the processing limits of technical effectiveness, robustness,
life cycle, safety, and environmental impact. In spite of the rather high prices of
ionic liquids, the ionic liquid/application pairs have proven competitive within cap-
ital expense (CAPEX) and operating expense (OPEX) budgets and remain clearly
attractive to management and investors.

The unusual solvation properties of several ionic liquids are used as activating
solvents, for example, to highly activate hydrochloric acid and replace phosgene for
chlorination of alcohols at BASF (“nucleophilic HCl”) and for the dimerization of
butenes to octanes, that are ultimately used to manufacture plasticizers at Axens (the
“Difasol™” process).

Implemented uses of ionic liquids as catalysts include petroleum refinery alky-
lations with strong Lewis-acidic, chloroaluminate-based ionic liquids, applied by
Chevron Honeywell UOP (see Chap. 2) and PetroChina.

Since 2002, BASF has used ionic liquids at the commercial scale as auxiliaries to
operate the well-known BASIL™ process; the ionic liquids act as acid-scavenging
agents during the production of alkoxyphenylphosphines. In contrast to the conven-
tional use of triethylamine to synthesize alkoxyphenylphosphines, which results in
the formation of solids, an ionic liquid phase is formed that can be more easily sep-
arated. Additionally, BASF is currently using ionic liquids as entrainer components
for azeotropic distillation at the pilot scale.

Ionic liquids are also used as performance additives in commercial products.
For example, polymers made by BASF, Evonik, and 3M exploit the antistatic prop-
erties of the ionic liquids. Antistatic fluids are used to clean sensitive and high-value
surfaces and also to prevent the formation of solid residues in process spray nozzles
(IoLiTec/Wandres). Clariant utilizes a SCILL catalyst (supported catalyst with ionic
liquid layer) for the selective hydrogenation of downstream commercial products,
such as 1,3-butadiene, propyne, and acetylene [33–35]. Here, the ionic liquid layer
modifies the catalytic sites of a heterogeneous solid-supported catalyst in a ligand-
like manner. The specific solubility of localized feedstocks and products in the ionic
liquid film adjusts their concentrations at the active center causing a crucial modi-
fication to the reaction path. Additional performance additives are used for diverse
applications at IoLiTec, including ionic liquids for CO2 separation and protein stabi-
lization at pilot scale. In the latter application, the solvent’s unique properties allow
for higher temperatures to be tolerated by the proteins, and thus, better crystalliza-
tion can be achieved. IoLiTec also utilizes ionic liquids as chemical dispersants at
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Table 11.1 Implemented ionic liquid applications by March 2019 (pilot or commercial)
No. Ionic liquid isÖ Company Process / Application Status
1 Activating solvent Axens Olefin dimerization (Difasol process) Pilot
2 Activating solvent BASF Chlorination (nucleophilic HCl) Comm.
3 Auxiliary BASF Acid scavenging (BASILô  process ) Comm.
4 Auxiliary BASF Azeotrope cleavage by extractive distillation Pilot
5 Catalyst Chevron / honeywell UOP Alkylation (ISOALKYô  technology) Pilot**
6 Catalyst PetroChina Alkylation (Ionikylation process) Comm.
7 Electrolyte C-Tech Innovation Aluminum electroplating Pilot
8 Electrolyte G24 power Dye sensitized solar cell Comm.
9 Electrolyte H.Glass Dye sensitized solar cell Pilot
10 Electrolyte IoLiTec Aluminum electroplating Pilot
11 Electrolyte IoLiTec Electrochromic windows Pilot
12 Electrolyte IoLiTec Sensor-electrolyte Comm.
13 Electrolyte Nante nergy  Zink-air battery Comm.
14 Electrolyte Nohms Lithium ion battery Comm.
15 Electrolyte Novasina Gas sensor Comm.
16 Electrolyte Panasonic Supercapacitor Comm.
17 Electrolyte Pionics Lithium ion battery Pilot
18 Electrolyte Scionix Metal plating and polishing Pilot
19 Electrolyte Xtalic Nanostructured aluminum-alloy plating (XTALIUMô ) Pilot*
20 Electrolyte Zapgo Supercapacitor (Carbon-Ionô  technology) Pilot*
21 Intermediate Proionic Carbonate based IL synthesis (CBILSÆ process) Comm.
22 Lubricant Kļ ber lubrication Electroconductive lubrication Comm.
23 Lubricant Proionic Gas compression Comm.
24 Operating fluid

Operating fluid
Operating fluid
Operating fluid
Operating fluid
Operating fluid

BASF / evonik Absorption cooling Pilot
25 Evonik Dehumidification Pilot
26 Comm.
27

Linde / flowserve Gas compression ("Ionic Compressor")
Mettop / proionic High temperature metallurgical cooling (ILTEC) Comm.

28 Proionic Hydraulics for high temperature environment Pilot
29 Proionic Open sorption air condition Pilot
30 Performance additive

Performance additive
Performance additive
Performance additive
Performance additive
Performance additive
Performance additive
Performance additive

3M Antistatic polymers Comm
31 BASF Antistatic polymers Comm.
32 Clariant Selective hydrogenation (SCILL Catalyst) Comm.
33 Evonik Antistatic polymers Comm.
34 IoLiTec CO2-separation Pilot
35 IoLiTec Dispersing agent Comm.
36 IoLiTec Optical brightener Comm.
37 IoLiTec Protein stabilization Pilot
38 Performance additive Wandres / IoLiTec Cleaning fluid Comm.
39 Process chemical IoLiTec Purification of materials for display technologies Pilot
40 Reagent Petronas Mercury removal from natural gas (HycaPureô ) Comm.
41 Solvent Arkema Fluorination Comm.
42 Solvent BASF Cellulose processing and reshaping Pilot
43 Solvent Chrysalix technologies Softwood and agricultural waste deconstruction Pilot
44 Solvent Clariant Water-gas shift reaction (SILP catalyst) Pilot
45 Solvent C-Tech Innovation Recovering high-value polymers from waste Pilot
46 Solvent Evonik Hydroformylation of C3/C4 feed  (SILP catalyst) Pilot
47 Solvent IoLiTec Synthesis of alcohols Pilot
48 Solvent IoLiTec Synthesis of inorganic materials Comm.
49 Solvent Joint BioEnergy Institute One pot pretreatment-saccharification switchgrass Pilot
50 Solvent Mari Signum Chitin extraction from shell fish Pilot
51 Solvent Metsae spring Staple fiber from wood-based paper pulp Pilot*
52 Solvent Natural fiber welding Natural composites by fiber welding Comm.
53 Solvent Versum materials Storage of hazardous gases (Gasguardô  techn.) Comm.
54 Solvent & additive IoLiTec Redox-flow-electrolyte Pilot
55 Solvent & reagent IoLiTec Gas purification Pilot
56 Stationary phase Supelco Gas chromatography column Comm.
57 Visualization reagent Hitachi high-tech Scanning electron microscopy (HILEMÆ IL 1000) Comm.
* Commercial in 2019; **Commercial in 2020

*Commercial in 2019; **Commercial in 2020
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the commercial scale, as optical brighteners in display applications, and as process
chemicals for the purification of electronic display materials.

Due to their high electrochemical stability, negligible vapor pressure and flamma-
bility, and tunable solvation properties for the dissolution of electrochemically active
species, a large number of implemented ionic liquid applications involve elec-
trolytes. Several companies use ionic liquids on the pilot scale for electroplating and
electropolishing metals, such as aluminum (IoLiTec, Scionix, C-Tech Innovation).
Another company, Xtalic, relies on ionic liquids for the production of nanostructured
aluminum alloys and plans to commercialize the process in 2019. Many electrolyte
applications are energy-related, such as dye-sensitized solar cells (G24 Power, H.
Glass), lithium-ion batteries (NOHMs, Pionics), zinc–air batteries (NantEnergy), or
supercapacitors (Panasonic, ZapGo). Other applications include electrolytes for gas
sensors (IoLiTec, Novasina) and electrochromic windows (IoLiTec). Even though
most of the applications are quite expensive due to the very high purity requirements
and the fluorine chemistry costs of the anion, ionic liquids electrolytes are compet-
itive due to the significantly increased performance and safety. The higher added
value of the final industrial and consumer end products is justified.

Despite the hundreds of papers and patent applications in the field of ionic liq-
uid lubricants that can be found in literature—many of them attributing excellent
tribological properties—there are only two niche products on the market. Klüber
Lubrication offers electro-conductive lubricants that prevent electro-erosion in roller
bearings, and proionic produces a lubricant for high-pressure gas compression.
Both applications are commercialized. This finding seems to reflect the compet-
itiveness of the commercial lubricant sector, especially when considering state-of-
the-art lubricants with specialized functional applications. Moreover, lubricant R&D
is sophisticated and expensive, and many critical parameters are met largely by
empiricism.

Six engineering applications have been implemented using ionic liquids as oper-
ating fluids. New working pairs based on ionic liquids and water or alcohols are
operated by Evonik (under a BASF license) at the pilot level for absorption chillers
or heat pumps. The fluids show less corrosion, lower toxicity, lower flammability,
and no crystallization compared to conventional working pairs (e.g., based on LiBr
and water). This technology was invented and originally developed by IoLiTec, and
in 2014, a patent application was filed by BASF. Ionic liquids for ILDAC applica-
tions (ionic liquid desiccant air conditioning), with water being the refrigerant, were
developed at proionic and were piloted in the multi-100 kg scale. This process places
the ionic liquid in direct contact with breathable air and is, therefore, an open sorption
process. In addition to similar advantages over conventional systems, as described
above for absorption chillers, the desiccant air-conditioning system requires low-
ered energy input. A comparable ILDAC system was developed at the pilot stage by
Evonik.

The first implementation of an engineering ionic liquid is the well-known “ionic
compressor” invented by Linde and proionic in 2005 and commercialized by Linde
and Flowserve in a joint venture. This compressor uses an ionic liquid piston and
sealing systems for the high compression of, for example, hydrogen gas or natural
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gas for fueling stations and is one of the guiding examples for disruptive innovations
based on the unique properties of ionic liquids. The combined properties of spar-
ingly soluble compressed gases with very low compressibility, high thermal stability,
and negligible vapor pressures of ionic liquids were key phenomena to realize this
technology.

Another extraordinary industrial application of ionic liquids is their use in cooling
high-temperature metallurgical devices, a technology developed jointly by proionic
and Mettop and commercialized by Mettop as ILTEC Technology in 2014. Working
together with the SMS Group, a world leader in metallurgical plant construction
and mechanical engineering, the ILTEC process has been running successfully since
2016 at several industrial sites. Special ionic liquids are used as coolants and have
negligible reactivity with molten metals and slags. The ionic liquids are far supe-
rior to the previous state-of-the-art cooling medium for metallurgical devices, water,
which can cause catastrophic explosions if the cooling device becomes compro-
mised. By developing these ionic liquid cooling media, it is now possible to redesign
metallurgical aggregates (e.g., furnaces, lances, tap holes, or off-gas systems) and
cross the heretofore forbidden line of cooling underneath the bath level of metal
melts. It is also possible to retrofit ionic liquid cooling media into existing plants.
In addition to their inherent safety, these ionic liquids operate at much higher tem-
peratures as compared to water, making it possible to recover energy, for example,
by Rankine cycle processes. With knowledge gathered during the development of
high-temperature metallurgical cooling applications, proionic currently operates a
pilot project of non-flammable hydraulic systems for the use in high-temperature
environments.

Another major field is the utilization of ionic liquids as solvents; no less than
15 implemented applications can be found in Table 11.1. Arkema commercialized
a process for the liquid fluorination of saturated or unsaturated compounds bearing
C–Cl groups via a catalyzed reaction with hydrogen fluoride in certain ionic liquids.
The water-gas shift reaction is active at the pilot stage at Clariant. By the use of a
SILP catalyst (supported ionic liquid phase [36]), the reaction can be performed at
“ultra-low” temperatures [37, 38], and trace amounts of carbon monoxide can be
removed from the water gas. Another SILP-based application with superior perfor-
mance is operated at Evonik at the pilot scale. The process uses ionic liquids for
the hydroformylation of C3/C4 feedstock to yield the corresponding aldehydes [39].
Other chemical reactions with ionic liquids include the commercial synthesis of inor-
ganic materials with defined particle size and a pilot-scale reaction for the synthesis
of alcohols, both performed by IoLiTec.

The outstanding solvation properties of ionic liquids are used in the so-called
HiPerPol process for the recovery of high-value polymers fromwaste. This recycling
process is underway at the pilot scale at C-Tech Innovation and uses post-industrial
composite packaging waste as feedstock; for example, the separation of heavy metal
additives from recovered PVC produces high-quality polymer powders [40].

A remarkable property of highly coordinating ionic liquids (e.g., 1,3-
dialkylimidazolium acetates, chlorides, or dialkylphosphates) is their ability to dis-
solve biomass by hydrogen-bond donor–acceptor interactions. Dissolution occurs
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rapidly, under very mild conditions, while maintaining the structural integrity of the
biopolymers [41]. This attractive finding is reflected by approximately 1500 publica-
tions and 300 patent applications published to date [42] and a number of implemented
applications. The U.S. Department of Energy’s Joint BioEnergy Institute (JBEI), a
scientific partnership led by the Lawrence Berkeley National Laboratory, currently
pilots a one-pot, wash-free process for the ionic liquid pretreatment and saccharifi-
cation of switchgrass, one of the leading potential biofuel feedstocks [43]. The novel
process incorporates amino acid-based ionic liquids and realizes 85–95% glucose
yields. This process represents a major step toward an integrated biorefinery in which
sugars are extracted from biomass and directly converted into fuels in a single vessel.

A prominent patent by inventors Swatloski, Rogers, andHolbrey, held byTheUni-
versity of Alabama [44] and licensed by BASF, pioneered the technical processing
of cellulose for fiber spinning. Metsä Spring, an innovation company of the Finnish
Metsä Group, developed an ionic liquid-based process for spinning of staple fiber
from wood-based paper pulp, a lower-quality feedstock. The Metsä process will be
commercialized in 2019. Both applications described above dissolve biopolymers
(e.g., cellulose) in the bulk phase and reshape the biopolymer by coagulation pro-
cesses using anti-solvents (e.g., water). Due to the large volumes of biomass and ionic
liquids used, these processes are very cost-sensitive, and, therefore, the recycling
rate of ionic liquid is critical for commercial success. Typically, the concentration of
biopolymer does not exceed 10–20 weight %.

Natural fiber welding (NFW) has a completely different approach. By partially
dissolving or swelling naturally produced polymers (e.g., cotton, wool, or silk) and
subsequently coagulating the fiber, the yarn product exhibits properties of natural and
synthetic fibers. This revolutionary process can be used to produce novel composites
(e.g., by welding different biopolymers together, modifying surface characteristics,
and/or recycling textiles, like denim). The highly improved mechanical properties
of the resulting yarn simplify the entire textile production process. Improved prop-
erties streamline weaving, knitting, warp knitting, or felting and have the poten-
tial to redefine portions of the textile economy. For more details on this process,
see Chap. 9.

Another revolutionary process, operated by Mari Signum currently at the pilot
scale, is the extraction of chitin from shellfish. Chitin is the planet’s second most
abundant polysaccharide, after cellulose, and is found in the exoskeletons of arthro-
pods (e.g., crustaceans and insects) as well as in fungi. Though chitin is a valuable
raw material, millions of tons of shrimp shell waste are produced globally per year
and dumped in landfills. Chitin has unique properties that have the potential to replace
traditional petrochemical plastics and to transformfiltration, agriculture, animal feed,
cosmetic, packaging, textile, and medical industries. Mari Signum has successfully
implemented ionic liquids as effective, yet gentle solvents for chitin utilization at the
technical scale and has thus become the vanguard for a new, chitin-based economy.
For more details, see Chap. 4.

Chrysalix Technologies is a spin-out company from the Imperial College Lon-
don developing an innovative biomass fractionation process for the supply of raw
materials to produce biofuels and sustainable platform chemicals. Softwood and
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agricultural by-products are used as feedstocks for the replacement of petroleum.
Low-cost protic ionic liquids feed the proprietary BioFlex process, which fraction-
ates cellulose, hemicellulose, and lignin. By-products as well as heavymetals present
in feedstock (e.g., construction wood waste) can be recovered.

VersumMaterials, a spin-off of Air Products, applies ionic liquids for the storage
of hazardous gases used in the electronic industry in their GASGUARD® technol-
ogy. For example, BF3, PH3, or AsH3 are complexed with ionic liquids, such as
[Cnmim][BF4], [Cnmim][Cu2Cl3], and [Cnmim][Cu2Br3], by Lewis acid–base inter-
actions using sub-atmospheric pressure. The technology circumvents the need for
conventional steel cylinders and high-pressure storage conditions. The desired gases
are released by applying mild temperatures or vacuum in a safe and controllable
manner.

IoLiTec is currently piloting bromide-based ionic liquids as solvents and addi-
tives in a redox flow electrolyte for zinc–bromine batteries. Here, the bromide anion
complexes bromine to form tribromide and reduces self-discharge and vapor pressure
within the system [23]. IoLiTec is also testing ionic liquids as solvents and reagents
for the purification of biogas in a pilot-scale project.

Supelco commercialized the use of ionic liquids as a stationary phase in gas chro-
matography columns showing high to extremely high polarity, unmatched thermal
and chemical stability, low bleed, and unique selectivity (see Chap. 6). PETRONAS
operates the first commercial application of the SILP technology [36] to remove
mercury from natural gas. The chlorocuprate(II) ionic liquid reagent is immobilized
on a solid silica support and effectively removes elemental, organic, and inorganic
mercury with an expected service life up to three times greater than conventional
sorbents. The technology was developed in cooperation with Clariant and QUILL
and commercialized in 2014 [45] (see also Chap. 3). Hitachi High-Tech uses ionic
liquids as visualization reagents for scanning electron microscopy (SEM). By coat-
ing samples—including biological specimens—with a thin layer of a hydrophilic
ionic liquid, observation in the SEM proceeds efficiently without the need for prior
preparation or fixation. Sample visualization is facilitated by the negligible vapor
pressure, electrical conductivity, and polarity of the ionic liquids. The product was
commercialized under the label HILEM® IL 1000.

Finally, proionic, one of the leading manufacturers of ionic liquids worldwide,
commercialized its proprietary Carbonate Based Ionic Liquid Synthesis (CBILS®) in
2003. CBILS® is one of the most advanced commercialized processes for a “green”
industrial production of high-purity ionic liquids, and proionic has reached an annual
production capacity in the 100 metric ton range. This entirely halide-free, and virtu-
ally waste-free, production route [46, 47] uses carbonic acid esters as quaternization
reagents forming ionic liquid key-intermediates with ammonium-, phosphonium-,
imidazolium-, pyrrolidinium-, or morpholinium-type cations and methylcarbonate
anions. The ionic liquid methylcarbonates are true platform chemicals, which can
easily be converted into final products upon a facile hydrolytic reactionwithBrønsted
acids or ammonium salts. The conjugate base of the Brønsted acid or the ammonium
salt anion becomes the anion of the ionic liquid final product. CBILS® chemistry
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overcomes most drawbacks associated with conventional ionic liquid syntheses and
minimizes the use of noxious chemicals.

In 2008, M. Maase reported 13 implemented applications of ionic liquids [25].
Today’s 57 implemented applications show a strong increase in commercialization
efforts and offer optimism for future development of ionic liquid markets.

11.4 A Survey on Some Common Statements About Ionic
Liquids

Despite the encouraging increase in commercial ionic liquid applications, there are
still no mass applications, and producers of ionic liquids agree that today’s market
is considerably smaller than anticipated 15 years ago. In this context, statements
like “ionic liquids are too expensive” or “at the end of the day, ionic liquids have
disappointing performance” might be heard in discussions behind closed doors. Are
these and other statements true, and do they explain the slowgrowth of the ionic liquid
market? To shed light on public opinion, the author performed a survey among 25
academic and industrial leaders in the field of ionic liquids, asking them to rate the
following statements on a Likert scale.

1. Today, commercially available ionic liquids fully meet the technical require-
ments of the industry.

2. Ionic liquids are much too expensive in general.
3. Regulatory requirements are getting more and more strict and expensive.
4. Today, there is no reliable supply of ionic liquids in larger ton scale.
5. The intellectual property rights landscape got very complicated in the last

decades, and the large number of patents is a roadblock for the breakthrough of
ionic liquids.

6. There is low willingness of enterprises to take risks, especially of large, stock-
listed ones.

7. Material compatibility with ionic liquids is challenging.
8. “Hardware is struggling, software is surging”: Until today, there was no suf-

ficiently substantial investment in ionic liquid technology in order to “think
big.”

9. Ionic liquids have passed a hype and are getting mature now; as with any cross-
technological breakthrough, this process takes a long time until substantial
adoption.

10. There is only a low number of convincing, in particular disruptive value
propositions.

11. Ionic liquids are too viscous for most applications.
12. Ionic liquids disappoint in their performance, and they were just overestimated.
13. Most ionic liquids are safer and greener than their molecular counterparts.
14. Though there is a lot of research in ionic liquids, the fraction of strategic, applied

research still is way too small.
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15. There is a growing number of successful implementations in industry today, but
most are not visible to the public.

16. Ionic liquids are too difficult in handling, operation, and recycling.
17. Ionic liquids have the potential to revolutionize the world.

Figure 11.5 summarizes the results of the survey. Though more than 60% of the
survey participants agreed that ionic liquids “meet the technical requirements of
the industry” (statement 1), only 26% of participants totally or mostly agree with
this statement. Industry has not yet fully defined appropriate technical specifications
and standards (e.g., purity, electrochemical stability, rheology, and corrosion) to
implement ionic liquids [48]. During discussions regarding technical requirements,
several participants stated that the overall quality of commercial ionic liquids has
increased over the years, but individual batch quality remains a fluctuating problem.
Some participants believe that today’s ionic liquids are kind of “old fashioned,” and
new structures are needed.

Fig. 11.5 Survey on some common ionic liquid statements
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More than 80% of the participants believe that “ionic liquids are too expensive
in general” (statement 2), but only 40% totally or mostly agree, and 9% totally
disagree. This result reflects a broad distribution of opinions and is focused on the
term “too expensive.” Because chemical value-chain competition always depends on
the intended application of the final product, pricing of intermediates or components
frequently invites prejudice. However, it is important to recognize the broad range
of both well-established and other commercially available specialty chemicals were
once at a higher price point than ionic liquids are today. Currently, ionic liquids
cannot compete with low-price commodity chemicals, and most probably never will,
but economies of scale can dramatically lower price points. Figure 11.6 shows the
price decrease with scaled production of two standard aprotic ionic liquids, both
composed of the 1,3-dialkylimidazolium cation. Ionic liquid production at low costs
and large volumes frequently causes a chicken-and-egg problem, which makes high-
risk investments so important. In fact, the total cost of ownership should be considered
when discussing chemical price points. The ionic liquid may be more expensive per
kilogram, but a process could require less volume if it is more effective than the state
of the art. Ionic liquids may have a longer life cycle, may lead to lower operation
costs, may be easier to recycle, and so on. Or the ionic liquid can be applied as an
additive or in a thin layer, for example, in a SILP design [36]—to show the desired
effect.

In general, there is certainly a demand for lower cost, hydrophobic ionic liq-
uids. However, there are current examples of hydrophobic ionic liquids that are
economically competitive for particular applications. Persuading conservative indus-
tries requires a fundamental change made possible by (1) superior ionic liquid per-
formance, (2) competitive pricing based on calculations showing the total cost of
ownership, and (3) instinctively visualizing new business opportunities. In order to
argue against long-established technologies, being too conservative contains risk as
well!

More than 90% of the participants think that “regulatory requirements are getting
more and more strict and expensive” (statement 3). Without any doubt, stronger

[C2MIM]+[BF4]- [C2MIM]+[Ace]-

Fig. 11.6 Price trend of some ionic liquids produced with proionic’s CBILS® process [46, 47]
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chemical regulations, like REACH in Europe and TSCA in the USA, make our world
safer [49, 50]; however, this safety comes at a price. For example, the typical REACH
direct costs required to register new chemicals in the 1–10 metric tons per year (tpy)
is at least 66,000 US dollars, increases to 330,000 US dollars when stepping up to the
10–100 tpy range, and at least another 1,100,000 US dollars for 100–1000 tpy. There
are other significant costs that can arise from higher safety standards (e.g., packaging,
transport, and storage), not only for ionic liquids, but for all new chemicals. These
costs directly affect profit margins, especially for smaller companies.

Slightlymore than the half of the participants agree that “there is no reliable supply
of ionic liquids on the ton (or greater) scale” (statement 4). Opinions on this topic
are well-distributed: 22%mostly or totally agree and 35% totally or mostly disagree.
In reality, a reliable supply of ionic liquids at any commercial scale is available
today. As with any other chemical on the market, when a quote is requested, lead
times and possible regulatory affairs are considered, and delivery is guaranteed by
a couple of established medium-sized manufacturers, like IoLiTec or proionic. The
latter produce at two- to three-digit ton scale per year, and big players, like BASF,
Evonik, or Merck, will increase their activities again as soon as demand emerges for
significantly larger volumes.

The statement “The IPR landscape got very complicated in the last decades”
(statement 5) resulted in an equal distribution of responses. Undoubtedly, there is
a steadily increasing number of patent applications in the world [51] with average
annual growth rates between 4 and 5% and reaching 25% in China. In the early days
of the “ionic liquid gold rush,” a large number of patent applications with broad
claims and questionable quality emerged. This led to decreased activity in the field.
Many of these patent applications took a long time before they were dropped, but
some are still active. This problem will soon solve itself due to patent expiration. In
the meantime, it seems to the author that patent office reviewers have become more
critical in their evaluation of ionic liquid patents, thus forcing applicants to be more
specific in their claims.

“Is there lowwillingness of large, especially stock-listed enterprises to take risks”
(statement 6)? More than 90% of the participants agree with this statement and
almost 75% mostly to totally agree, which aligns with the personal experience of
the author. This is clearly the result of a shareholder-value economy driven by large
corporations, whereby it is difficult to enforce risky strategic decisions against the
will of the shareholders. Therefore, it is expected that major future breakthroughs in
the field of ionic liquids will come from small companies.

Almost 60% of the participants disagree that “material compatibility with ionic
liquids is challenging” (statement 7), but 40% are not completely convinced. Mate-
rial compatibility of new compounds has always been a challenge for the chemical
industry; for example, general costs of corrosion are 3–4% of the GDP of industrial-
ized countries per year, which equals about 2.5 trillion US dollars globally [52]. Ionic
liquids represent a special case; they are a large class of new liquid salts, with very
different chemistries than molecular solvents and salt solutions. In this respect, all
direct corrosion comparisons between ionic liquids and inorganic salts fall short and
are not meaningful at all. There exists a practically endless number of combinations
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of cations and anions to make different ionic liquids for a variety of product and pro-
cess parameters. The published knowledge we have today is insufficient, and there
remains a lot of work to be done in the future for applied researchers. However, to
the best knowledge of the author including unpublished results from our laboratory,
there are already a large number of standard ionic liquids and materials that show
excellent general compatibility. While all applications will always be evaluated on
a case-by-case basis, solutions have been determined for the majority of material
compatibility problems to date.

“Hardware is struggling; software is surging”: Until today, there was no suf-
ficiently substantial investment in ionic liquid technology in order to “think big”
(statement 8). Only 8.7% of the participants totally or mostly disagree with this
statement, about 70% agree, and more than 50% totally or mostly agree. This sup-
ports the opinion of the author; not nearly enough investment has been made in ionic
liquids. In order to fully exploit the potential of ionic liquids (e.g., in giving the
world access to biomass in a way that it has never been accessed before, commit-
ting to total substitution of fossil oil, and solving the pressing problem of replacing
non-degradable plastics from the planet [53, 54]), more strategic investment must be
made in promising ionic liquid technologies.

Of course, this is not meant to undervalue the millions of dollars that have been
invested in ionic liquids to date. However, these investments have supported single
applications and not mass applications of globally strategic importance. To achieve
the latter, investors and governments might have to invest hundreds of millions of
dollars to really move forward. While 100 million U.S. dollars seems to be a lot
of money, it is on par with the amount earned by companies like Apple, Microsoft,
Shell, or Volkswagen within a few hours [55] and equals only 6 ppm (0.0006%) of
the GDP of the European Union [56]. Instead of smartphone apps, this planet needs
more investment in hardware!

“Ionic liquids have passed a hype and are getting mature now; as with any cross-
technological breakthrough, this process takes a long time until substantial adoption”
(statement 9). As to be expected, 100% of the participants agreed with this statement
and almost 70% agreed mostly to totally. This indicates that the change in expecta-
tions from unrealistic to realistic has taken place over the last decade. The party is
over; let’s do the real work now!

The evaluation of statement 10: “There are only a low number of convincing,
in particular disruptive value propositions” was surprisingly distributed among all
possible ratings with 56% agreement and 44% disagreement. On the one hand, it is
the nature of disruptive technologies to be rare. On the other hand, the ratings show
that almost half of the participants think that there is still a lot of remaining potential
in the field of ionic liquids.

It frequently can be heard that “ionic liquids are too viscous” (statement 11).While
64% of the participants disagree with this, only 32% disagree totally to mostly,
and 60% of participants rather disagree or rather agree. It seems the statement is
understood by participants as being oversimplified, but there is a grain of truth in it.
It is a fact that compared to classical organic solvents, viscosities of ionic liquids are
1–3 orders of magnitude higher. As such, applications which depend on these low
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viscosities will prevent the successful use of ionic liquids. In practice, these cases are
rather rare, and as with material compatibility, there are numerous options to find a
solution or workaround. For example, viscosity can be most often decreased by the
addition of sometimes small amounts of co-solvents, increasing temperature, making
eutectic mixtures of ionic liquids, changing process parameters, or process design in
order to increase mass transport. The latter can be achieved by increasing interfacial
surface area by high-shear mixing, ultrasonication, use of continuous-flow reactors,
coating of porous supports with the ionic liquid, and so on.

Only 18% of the participants mostly or rather agree, and none totally agree that
“ionic liquids disappoint in their performance and were just overestimated” (state-
ment 12). This result again indicates that the overhyped expectations have been over-
come and are understood nowadays in a historical context and from a much more
mature perspective. It is well-accepted today that ionic liquids are a key-enabling
technology for a broad range of application fields.

Are “most ionic liquids safer and greener than theirmolecular counterparts” (state-
ment 13)? Although 70% of the participants agreed with this statement, approxi-
mately 50% rather agreed. There is a trend, but not a strong consent. The market-
ing of ionic liquids in the early days as being “green solvents” was another over-
generalization, which probably has done more harm than good to the field [57].
Meghna Dilip writes in a paper [58] that: “claims of ‘green-ness’…rest mainly on
[ionic liquids] ability to serve as non-volatile and non-flammable alternatives to tra-
ditional molecular solvents … it is increasingly apparent that no single property
other than melting point (inherent in the definition of this class of compounds) can
be used to describe the entire class of compounds…. one can no longer classify them
unequivocally as green but one can definitely not dismiss ionic liquids as un-green.”
Based on, for example, life-cycle analysis and application, a particular ionic liquid
could be called “green” in one application but determined to be “un-green” in another.
Clearly, there is a number of sustainable energy applications (e.g., energy storage,
CO2 capture, and biomass utilization) where ionic liquids play a key-enabling role.
Many molecular fluids used every day, like gasoline fuel or engine oil, are classified
as substantially more dangerous and environmentally harmful than most ionic liq-
uids, for example, after GHS-CLP (United Nations’ Globally Harmonized System
of Classification and Labelling of Chemicals).

“The fraction of strategic, applied research still is way too small” (statement 14) is
agreed upon by 74% of the participants. Here, 52% mostly to totally agree, and only
9%mostly or totally disagree. The point emerging from this response aligns with the
impression one gathers fromvisiting diverse international conferences year after year.
Most of the presentations have been, and still are, very focused on basic research.
While basic research is critically valuable and important for the field, scientists can
miss the chance to apply their work, sometimes even when the application is clearly
evident. Understandably, dialkylimidazolium cations and bistriflamide anions are
often the best candidates for studying physicochemical properties of ionic liquids,
but it is of great strategic importance to work on new ionic liquid structures (e.g.,
those that are cheaper and greener).
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There is a lot of potential in simple quaternary ammonium-based, protic ionic liq-
uids and ionic liquid mixtures. Any of which could be an economical game changer
for a multitude of applications. For all structures, there is need for much more fun-
damental data on material compatibility, thermal and chemical long-term stability
under application conditions, toxicity of degradation products, recycling and dis-
posal, product and by-product separation, safety, health, environmental impact, and
so on. In order to move forward to mass applications of ionic liquids, a substantial
increase in strategic applied research funding would better enable the industry to
succeed, and the money earned could be reinvested in third-party funds needed by
academia. To address those specific problems, the industry could reciprocate through
a more open approach to academia.

More than 90% of the participants agree that “there is a growing number of
successful implementations in industry today, but most are not visible to the public”
(statement 15). Everyone working in the field of commercial ionic liquids knows
this to be true to some degree, yet very difficult to overcome. Regardless of the IPR
situation, public visibility for the field of ionic liquids would be of great value and
could provide indirect returns to the industry.

“Ionic liquids are too difficult in handling, operation, and recycling” (statement
16). Only 4.5% of the participants mostly or totally agree with this statement, while
73% disagree. This statement is understood by the participants to be in line with
the overgeneralizations, like ionic liquids being too viscous or incompatible with
materials. Again, if problems arise there are many options to find a solution or
workaround to succeed.

“Do ionic liquids have the potential to revolutionize the world” (statement 17)?
This rather pointed statement was surprisingly agreed upon by almost 80% of the
participants, with 22%mostly and 39% totally agreeing. Only 17%mostly or totally
disagreed. Obviously, any opinion about this statement will be based upon more
personal belief than hard facts, but there are some strong indications. How ionic
liquids may have significant influence on future technologies is of global importance.
For example, the unique solvation properties of ionic liquidswhen applied to biomass
have never before seen resultswhen compared to traditional solvents. These solvation
phenomena have the potential to impact megatrends in neo-ecology (e.g., green
tech, zero emission, reuse–reduce–recycle, urban mining, post-carbon society, and
smart buildings) and health (e.g., drug delivery, drug formulation, drug extraction,
and artificial skin). The supreme electrochemical properties combined with safety
aspects, like non-flammability and impact on neo-ecology (e.g., sustainable energy,
e-mobility, energy grids, and smart buildings). In addition to this, the negligible
volatility of ionic liquids and the degrees of freedom allowing the introduction of
several functionalities in parallel via modification and combination of cations and
anions should not be underestimated.
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11.5 The Future

Though the market for ionic liquids was well below the expectations in the last
decade, there is an increasing number of encouraging trends. Most impressive is the
57 implemented ionic liquid applications known to date, which is a clear improve-
ment compared to 13 in 2008. Implemented applications with a potential for mass
applications are now a reality, and convincing examples can be found in this book.
Market studies by renowned consultancies estimate the market penetration in the
range of 1–2% of the accessible market; this highlights the huge growth potential
for future industrial applications—including mass applications. The continuously
growing number of annual patent applications, with a compound annual growth rate
of 21% over the last 15 years, is another strong key indicator. This is especially
impressive when considering that these patent applications cover a broad range of
cross-sectional fields. A recent paper was published by patent attorneys of Mathys
& Squire LLP, London, [59] entitled “Ionic liquids—The beginning of the end or
the end of the beginning? A look at the life of ionic liquids through patent claims.”
The authors reached the same conclusion as this chapter’s author; there will be an
optimistic future for ionic liquids, and “this is very much the end of the beginning
regarding ionic liquid technologies, and not the beginning of the end.”

In total, the publication data and survey data clearly reveal that ionic liquids will
continue to cross the frontier from laboratory experiments to implemented tech-
nologies. Without doubt, ambitious developments will lead to mass applications,
resulting in annual value creation of multibillion US dollars. The toolbox of ionic
liquids is established and ready, what remains lies in the power of imagination, inven-
tive genius, committed investors, public awareness, and open-minded industries to
show that the best is yet to come for the commercialization of ionic liquids.
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