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Bio-based solvents - a sustainable solution?

Cornelia Tietz
ESIG, The European Solvents Industry Group, AISBL, Belliard 40, 1040 Brussels, Belgium
Sustainability is a hot topic and the requlatory aspects are still under full discussion. The presentation will provide the views,

understanding and contributions of ESIG, the European Solvents Industry Group and elaborate on the role of bio-solvents in
this respect.
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ReSolve: REnewable SOLVEnts with high performance in applications and improved toxicity profiles

Evelien Uitterhaegen
Bio Base Europe Pilot Plant, Rodenhuizekaai 1, 9042 Desteldonk (Gent), Belgium

Within the framework of the European ReSolve project (BBI-JU), a new generation of renewable solvents has been developed
which show an improved ecological and toxicological profile as well as high performance in challenging industrial applica-
tions. These green and safe solvents can thus present competitive and sustainable alternatives for conventional fossil-based
counterparts such as N-methyl-2-pyrrolidone (NMP) and toluene. Indeed, while the use of solvents with specific properties is
essential throughout the chemical industry, traditional such solvents are often toxic while their production, use and disposal
present a critical environmental burden. The ReSolve project successfully developed and scaled an efficient production process
for two biobased, non-hazardous solvents with the potential to replace toluene and NMP. In addition, their application perfor-
mance was evaluated at an industrial level, targets markets were identified, and a techno-economic assessment was per-
formed. One such newly developed solvent involves 2,2,5,5-tetramethyltetrahydrofuran (TMO), which has been identified as a
safer alternative to toluene with similar performance in coating applications and significantly cleaner production.

Bio Base Europe
Pilot Plant
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Cyrene™ as a bio-based alternative to meet environmental regulations

Maxime Lebeau
Merck Group - lldefonse Vandammestraat 5/7B, 1560 Hoeilaart, Belgium

E-mail: maxime.lebeau@merckgroup.com — vanda.branco@merckgroup.com

Cyrene™ (Dihydrolevoglucosenone) is a biobased dipolar, fully biodegradable waste product, safe for end-of-life disposal, de-
composing into C0, and H,0. It is an aprotic alternative to common solvents that are of environmental concern. Cyrene™ is an
alternative for many solvents classified by REACH as Substances of Very High Concern (SVHC), such as A~Methylpyrrolidone
(NMP) and A, A-Dimethylformamide (DMF). Cyrene™ has been applied in replacement of these reagents in some applications
and has demonstrating to exceed NMP's dispersive ability for graphene solutions due to its optimum polarity and high viscosi-
ty, creating larger and less defective graphene flakes. Cyrene™ its high viscosity allows it to excel in some applications such as

graphene dispersion, although high viscosity might not be ideal when compared to traditional solvents regarding synthesis.

2-Methyltetrahydrofuran (2-MeTHF) has been on the market for at least 40 years and is a well-established alternative for
ether solvents such as tetrahydrofuran (THF), which provides good water separation allowing for easier product recovery and
solvent recovery than THF. 2-MeTHF is made from renewable materials being derived from furfural. y-Valerolactone (GVL) has
become a novel green solvent in recent years, being used as an alternative for NMP and DMF for coupling reactions due to the
low toxicity and the ability to make the solvent in a green method from renewable resources. By blending Cyrene™ with these
two renewably derived green solvents, we have been able to produce two new Cyrene™ mixtures that have lower viscosity
which makes it easier for them to be used in automated processes while retaining the performance and product yields com-
pared using Cyrene™ for common reactions such as HATU amide coupling, Suzuki-Miyaura cross-coupling, sonogashira cross-

coupling and 2-pyridyl homocoupling.

MERRCK
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Cyrene™: Delivering New Solvents from Biomass at Scale

Jason E. Camp

Chief Technology Officer
Circa Sustainable Chemicals Ltd - 1 Hassacarr Close, Dunnington, York, YO19 5 SN, United Kingdom

E-mail: jason.camp@circa-group.com
Website: https;//circa-group.com/

Circa Group is producing advanced bio-based chemicals from waste biomass through its proprietary Furacell™ process. Our
expanding portfolio of products includes flavours, bio-polymers, and bio-solvents. Our flagship product, Cyrene™is an alterna-
tive to traditional polar aprotic solvents that is produced in one step from the platform chemical levoglucosenone. By creating
renewable chemicals from cellulose, Circa is demonstrating that safer sustainable bio-based chemicals can meet the needs of
the market with enhanced performance while being safer for the environment and the people that use them. The scale-up of
our technology and approach to displacing meaningful volumes of petroleum-based chemicals in both emerging and estab-
lished applications will be presented.
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For recent articles, reviews and overviews about Cyrene™, see:

1. Organic synthesis (fine chemicals): Camp, J. E. ChemSusChem 2018, 77 3048-3055.

2. Electronics / batteries: (a) Pan, K, Fan, Y., Leng, T.; Li, J.; Xin, Z.; Xin, Z;; Zhang, J.; Hao, L., Gallop, J.; Novoselov, K. S,
Hu, Z. Nature Comm. 2018, 9 5197. (b) Zhou, H.; Pei, B.; Fan, Q.; Xin, F.; Whittingham, M. J. Flectrochem. Soc. 2021, 768,
040536.

3 Polymers: (a) German, L, Cuevas, J. M..Cobos, R.; Pérez-Alvarez, L., Vilas-Viela, J. LRSC Adv.2021,11,19070. (b) Grune,
C.; Thamm, J.; Werz, Q. ; Fischer, D. J Pharma. Sci 2021, 770, 959. (c) Mohsenpour, S. ; Leaper, S. ; Shokri, J. ; Alberto,

M.: Gorgojo, P. J Membrane Sci. 2022, 641119924,
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The Circa Renewable Chemistry Institute (CRCI)

James H Clark and Rob E McElroy
CRCI, Green Chemistry Centre of Excellence , University of York, YO105DD, UK

The Circa Renewable Chemistry Institute (CRCI) has been established at the Green Chemistry Centre of Excellence at the Uni-
versity if York (UK). The CRCI builds on the 8 year collaboration between the University and the Circa Group which has led to
the discovery, development and now commercialisation of the bio-based solvent Cyrene ™ as well as a number of other break-
throughs in renewable chemistry.

The CRCl is a new industry-facing innovation hub that will carry out cutting edge research to support the development of more
sustainable solvents and other products. This will include supporting customer and market applications for Circa's portfolio of
renewable, bio-based products based on the platform chemical levoglucosenone (LGO).

Of course, developing great products like Cyrene™ is just the beginning - the transition to renewable chemistry requires an
open collaborative environment where peers can problem solve and break through barriers together. There are commercial
and reputational rewards for the early adopters and we invite them to be part of CRCI's work.

In this talk we will tell the “Cyrene™ story” from idea to commercial product. We will describe the CRCI structure and vision
including the opportunity for collaboration with 3 parties. We will also look at some of the emerging areas in Cyrene™-
related solvent chemistry including the surprisingly complex but potentially very useful Cyrene™-Water systems and the sim-
ple Cyrene™ derivatives, “Cygnets” that offer a wide range of properties crucially extending the range and mix of solvation
parameters.

Circa
Renewable

Chemistry
Institute
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TMO (2,2,5,5-Tetramethyloxolane), the Toluene Replacement

Fergal Byrne
Addible, Barrington House, 41 - 45 Yarm Lane, Stockton-On-Tees, England, TS18 3EA

Sustainable Solvent Selection is a hot area of research, and it is desperately needed throughout the chemical industry as more
and more traditional solvents come under ever increasing legislative strain. An example of such a solvent is toluene; it is toxic
to reproduction and is already restricted by REACH to below 0.1% in spray paints and adhesives that are supplied to the general
public. Toluene is volatile and non-polar, and is a "workhorse" solvent that can be used in many applications. Finding greener
alternatives that are volatile and non-polar has been difficult.

Originally discovered at the Green Chemistry Centre of Excellence at the University of York and then developed through the
highly successful EU project “Resolve”, TMO (2,2,5,5-tetramethyloxolane) is a novel green solvent designed to replace toluene.
Solvent design, modelling and screening steps were carried out to identify potential candidates with suitable properties to
replace toluene. Volatility, flammability, melting point, greenness and cost were all key criteria which were considered. Some
ester and ketone solvents were found to fit most criteria, but only TMO could balance all desired properties.

While TMO is currently petroleum-derived, it is produced from readily available and potentially renewable feedstocks, acetone
and methane, and we aim for TMO to be 100% bio-based in the coming years. Unlike other traditional ethers, TMO does not
possess protons at the a-position to the oxygen of the ether. This results in major implications in oxidative conditions com-
pared to ethers such as diethyl ether and tetrahydrofuran. The potential to form hazardous peroxides, even in the absense of
inhibitors, is eliminated during storage or use, and chain transfer is no longer and issue when TMO is used as a solvent in radi-
cally-initiated polymerisations. Interestingly, the only other molecule which shares this unusual ether structure is eucalyptol, a
terpene used in many fragrances and cosmetics. TMO even has a terpene-like smell, likely due to the similar ether structure.

TMO's boiling point (112 °C), melting point (<-90 °(Q), density (0.802 g ml-1), auto-ignition temperature (417 °C) and lower ex-
plosion limit (0.9%) are remarkably comparable to those of toluene, and again, in contrast to traditional ethers. It can be used
in many applications where toluene is currently used, such as cleaning, esterifications, amidation, polycondensation, radical-
initiated polymerisations, and many more, due to its solvent property profile. TMO has been tested in a selection of in vitro
toxicity tests, in which it shows no obvious signs of genotoxic behavior. Finally, at the end of its lifetime, TMO has been been
shown to break down in the atmosphere into innocuous products and more slowly than toluene, indicating that TMO is a less
problematic VOC that toluene.
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Functional Bio-Solvent blends: ASTROBIO™ case studies

Mirko Zago*
TLiberty Chemicals S.r.L, 21010 Arsago Seprio (Varese), Italy.
2 IndBiotech lab, Department of Biotechnology and Biosciences, University of Milano Bicocca, 20126 Milan, Italy.

E-mail: zago@astrobiosolvent.com

ASTROBIO™ green solvents are bio-based blends designed and marketed by Liberty Chemicals S.r.L. (Italy). ASTROBIO™ solvents
are able to replace some of the most wide spread and fossil-based solvents in many industrial applications. Since 2006 Liberty
Chemicals is helping the transition of companies from a polluting chemistry, based on the refining of fossil resources, to a
green chemistry, based on the conscious use and enhancement of renewable resources. We are living in a transition phase,
where an increasing number of bio-based molecules are available, but singularly they often show some technical limitation.
We can provide solutions to this kind of problems. During the presentation you'll learn how our products are designed and
some of the most successful case histories we collected in our experience.

Keywords: bulk chemicals, ASTROBIO™ solvents, bio-based, sustainability, renewables .
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The Ten Principles of Green Sample Preparation and a Metric to Evaluate Greenness

Elia Psillakis

School of Chemical and Environmental Engineering, Technical University of Crete, Greece

Green Analytical Chemistry (GAC) has been formulated in twelve principles, serving as guidelines for greening analytical meth-
ods. Among these, the first one suggested applying direct analytical techniques to avoid sample preparation, assumed to exac-
erbate the environmental, health, and safety issues associated with chemical analyses. This principle is commonly misinter-
preted and creates the false impression that omitting the sample preparation step is a green approach, fully neglecting the
“green” technological aspects and advances in the field. Sample preparation remains a key step in the analytical process. In
this direction, (re)defining sample preparation within the context of Green Chemistry and GAC to address sustainability issues
and promote the practice of Green Sample Preparation (GSP) is of crucial importance. Herein, the ten principles of GSP are pro-
posed with the aim of establishing a road map toward the development of overall greener analytical methodologies [1]. Con-
trary to the GAC approach that focuses on the measurement step, the ten GSP principles give prominence to sample prepara-
tion and connect it to the sampling and measurement steps. Paramount aspects for greening sample preparation and their
interconnections are identified and discussed. These include the use of safe solvents/reagents and materials that are renewa-
ble, recycled and reusable, minimization of waste and energy demand, speed, miniaturization, procedure simplification/
automation, and operator's safety. Further, the importance of applying green metrics for assessing the greenness of sample
preparation methods is highlighted, and AGREEprep, the first tool dedicated to sample preparation step greenness assess-
ment, is presented. The proposed metric tool predicts as well as detects aspects that could be improved for greening the criti-
cal step of sample preparation. Green sample preparation is sample preparation. It is not a new subdiscipline of sample prepa-
ration but a guiding principle that promotes sustainable development through the adoption of environmentally benign sample
preparation procedures.

Acknowledgements

This article is based upon work from the IUPAC project No 2021-015-2-500 “Greenness of official standard sample preparation
methods” and work from the Sample Preparation Study Group and Network, supported by the Division of Analytical Chemistry
of the European Chemical Society.
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Solvent selection in API synthesis

Elina Tienari
Fermion Oy/Orion Oyj

The presentation describes which issues R&D chemists face when selecting solvents for an industrial APl manufacturing
process. In addition to process functionality and economic factors, the requirements concerning environment, health and safe-
ty have become more stringent. Nevertheless replacing the traditional organic solvents with sustainable ones is not always
easy. In addition in the last years recycling, reuse and analytics of solvents have become more demanding because of N-
nitrosamines.
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Synthesis, structure and solvent properties of self-organised ionic liquids

John M. Slattery and Duncan W. Bruce
Department of Chemistry, University of York, Heslington, York, YO10 5DD, UK

lonic liquids (ILs) are salts with low melting temperatures, often below room temperature.! They have an unusual combination
of properties, which includes very low vapour pressures, the ability to dissolve a range of compounds of differing polarity and
their intrinsic conductivity. In recent years they have been shown to be useful in a range of applications, but their use as alter-
native solvents for synthesis, catalysis, extractions and many more has been a key area of interest.
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ILs have been shown to self-organise across a range of length scales in both the bulk liquid and at the gas-liquid interface.
After many years of study, the processes leading to this are now better understood and to some extent can be predicted/
controlled, giving us the ability to design IL solvents with particular bulk or surface structures and properties. In principle, this
will allow control of the solvent micro-environment around solutes, the mass transport of gasses into/out of the liquid and
other properties that will enable ILs to achieve their potential as designer solvents. This talk will give a broad overview of our
contributions, as part of a wider collaborative network, to the synthesis, characterisation and understanding of self-organised
ILs.> Some perspectives on the potential future applications of these liquids will also be discussed.

References

' T. Welton, Chem. Rev, 1999, 99, 2071-2083.

2 R Hayes, G. G. Warr and R. Atkin, Chem. Rev, 2015, 115, 6357-6426.
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Biorefining with low-cost ionic liquids: chemicals, fuels and economics

Jason Hallett
Lixea LTD

E-mail: jason@lixea.co

lonic liquids (ILs) have proven to be highly tunable ‘designer solvents’ capable of a wide range of exciting chemistries. Howev-
er, industrial application at large scale is hampered by high solvent cost. This cost is, however, a tunable feature of the solvent
itself - provided the ion selection is handled with a careful eye aimed at limiting synthetic complexity. Lowering the solvent
cost will increase the attractive opportunities of ILs for bulk processing of lower cost end products - including such applica-
tions as biofuels.

One of the key challenges in biorefining is the initial separation or deconstruction of lignocellulosic feedstock into separate
components. ILs offer unique advantages in this area, due to their unusual thermochemical properties. However, there are seri-
ous concerns about the economic viability of their use due to the very high cost of most ionic liquids (> €50/kg).

We have overcome this by redesigning the IL based deconstruction process to use low-cost, acidic ILs for lignin dissolution
rather than cellulose dissolution, yielding filterable cellulose and a dissolved lignin for precipitation or conversion to high-
value chemicals. We have found that processability of the cellulose is high and lignin recoveries near quantitative.

We use a range of ‘protic’ ILs, the family typically used in IL industrial processes, because their simple acid-base chemistry re-
sults in a simple and cheap synthesis, with a cost (< €1/kg) similar to common organic solvents such as acetone or toluene. This
presentation will discuss how ionic liquids can be ‘tuned’ to control cost structure of the final solvent, and what implications
this will have for the chemical processes involved. The impact of the solvent on large-scale applications, such as biomass pre-
treatment, will be discussed, with a focus on performance and process considerations such as how the ILs maintain solvent
stability under long-term processing conditions, that they can be recovered and continue to exhibit very good performance
after multiple reuses. These properties highlight that the ILs have the flexibility to be useful for a variety of downstream
chemical processing techniques, and for use in other applications as well.
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Deep Eutectic solvents as medium for improved industrial processes

Kathy Elst
VITO

Roughly one decade ago, a special class of deep eutectic solvents based on natural compounds was identified to be a very
promising medium for green technology. Whereas sugars, aminoacids and organic acids typically are solid at room tempera-
ture, it was discovered that when combined in a particular molar fraction, the melting point of the mixture is highly depressed,
resulting in a liquid at room temperature and rendering them suitable to be used in a variety of processes. Since then,this class
of designers solvents, called Naturally Deep Eutectic Solvents (NADES) have attracted large interest in various fields

Contrary to the more traditional ionic liquids, NADES are easy to produce by mixing the basic constituents. These are often
available from fermentation or from food processing by-products, providing in this way a more benign and sustainable alter-
native.

In this presentation, two very different examples will be discussed where NADES solvents can be of added value. One relates to
the extraction of algae to obtain high added value compounds of biobased origin. The other example relates to the decontami-
nation of plastic waste to allow its re-use and enhance carbon circularity. These examples show the wide versatility of this
new class of designer solvents.
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Natural deep eutectic solvents: “You see it, when you understand it”

R.Verpoorte' Y. Dai®, Y.H. Choi', and G.J. Witkamp*

" Natural Products Laboratory, IBL, Leiden University
?|nstitute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Nanxiaojie 16, Dongzhimennei Ave, 100700 Beijing, China
3Biological and Environmental Sciences and Engineering Division, King Abdullah University of Science and Technology (KAUST), Saudi Arabia

Through NMR-base metabolomics we found that in all kind of extracts of microbial, mammalian and plant cells certain organic
bases, organic acids, amino acids, sugars and sugar alcohol occur in relatively large amounts. Much larger in fact than expected
on the basis of these compounds being intermediates in primary metabolism. Their ubiguitous occurrence gave us the thought
that they must have a function. Based on this our first hypothesis was the possibility of ionic liquids formed by the organic
bases like choline and betaine with organic acid like malic acid. The first experiments confirmed this. Further studies resulted
in finding that various combinations of the mentioned compounds do give deep eutectic solvents, i.e. mixing these solid crys-
talline compounds in certain molar ratios results in liquids at room temperature. More than 150 combinations now have been
characterized. We named them Natural Deep Eutectic Solvents (NADES). They can be divided into the following groups:

Organic bases with organic acids: ionic liquids

Organic bases with neutral compounds like poly alcohols and sugars

Organic acids with neutral compounds like poly alcohols and sugars
Amino acids with neutral compounds like poly alcohols and sugars
Mixtures of neutral compounds like poly alcohols and sugars

By 'HNMR it was shown that the NADES components are strongly bound via H-bonding, in some cases H,0 is part of these lig-
uid crystal-like structures. The NMR also shows that with dilution with water gradually the interaction between the com-
pounds disappears. NADES are excellent solvents for medium polar compounds, such as most secondary metabolites. In our
view biosynthesis of poorly water soluble compounds occurs in NADES, e.g. attached to cellular membranes, where the polar
charged head groups of the membrane lipids act as anchors for NADES in which enzymes and intermediates are dissolved. Also
the ER and vesicles could be formed by metastable systems of lipids and NADES. The occurrence of NADES in certain seeds
could be proven by NOESY experiments with fully C labeled seeds. All ingredients for NADES are found in resurrection plants,
lichen etc. Also in drought or cold resistant plants typical NADES ingredients are found to be present. In terms of application
the NADES are excellent solvents for both small molecules and macromolecules (proteins, polysaccharides, DNA, etc.) in which
the compounds show better solubility and stability than in the currently used organic solvents. NADES thus are of interest as
non-toxic, non-explosive, sustainable green solvents for many industrial applications. In cosmetics the introduction of NADES
for making novel products has been very successful as the NADES add new possibilities for natural solvents for making plant
extracts. Also in food NADES will find applications, in fact honey is a NADES. In traditional Chinese medicine frying medicinal
plant materials with honey is applied, it was shown that the biological activity of the end product is modified.
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