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Abstract

Abstract

This dissertation deals with the application of carbon dioxide in its supercritical state. Initially, it was
used for the enzyme-assisted extraction of flavonoids from apple pomace. Furthermore, the unique
and opposite properties of supercritical carbon dioxide and ionic liquids were combined to use these
two neoteric solvents in catalysis. Thus, supercritical carbon dioxide was applied to the batch-wise and
continuous production of bio-based cyclic carbonates using supported ionic liquid phases (SILPs) as

heterogeneous catalysts.

At first, an enzyme-assisted supercritical carbon dioxide extraction of flavonoid aglycones from apple
pomace was developed. The commercially available enzyme mix snailase was employed for the
hydrolysis of the flavonoid glycosides to enable a facilitated subsequent supercritical fluid extraction
of the aglycones, with apolar carbon dioxide and a minimum amount of polar cosolvent. Ultimately, a
scalable simultaneous process was developed, showing high activity of snailase, even under

pressurized conditions with wet and dry apple pomace.

To expand the application of supercritical carbon dioxide to catalysis, a continuous-flow method for
the production of bio-based cyclic limonene carbonates, starting from limonene oxides and
supercritical carbon dioxide as reagent and sole solvent, was investigated, employing ionic liquids as
catalysts. For continuous flow, ionic liquids were physisorbed on silica as commonly used support.
After elaborate optimization in short-term experiments, the catalyst's long-term stability was

investigated for 48 h.

Furthermore, silicon oxycarbides were investigated as alternative supports to silica for SILPs. Silicon
oxycarbides and silicon oxycarbide-based SILPs were analyzed via infrared spectroscopy,
thermogravimetric analysis, nitrogen adsorption, microscopy, X-ray photoelectron spectroscopy, and
solvent adsorption. The application of silicon oxycarbide-based SILPs under batch-wise conditions
resulted in higher selectivities and yields for the production of limonene and linseed oil-derived cyclic
carbonates. Ultimately, macroporous monolithic silicon oxycarbide-based SILPs were successfully

applied to the continuous production of limonene carbonate.
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Kurzfassung

Kurzfassung

Diese Dissertation beschaftigt sich mit der Anwendung von Kohlenstoffdioxid im (berkritischen
Zustand. Zunachst wurde es fir die enzymunterstiitzte Extraktion von Flavonoiden aus Apfeltrester
verwendet. Des Weiteren wurden die einzigartigen und gegensatzlichen Eigenschaften von
superkritischem Kohlenstoffdioxid und ionischen Flissigkeiten kombiniert, um diese zwei modernen
Losungsmittel in der Katalyse zu verwenden. Demzufolge wurde superkritisches Kohlenstoffdioxid fur
die chargenweise und kontinuierliche Herstellung von biobasierten cyclischen Carbonaten unter
Verwendung von immobilisierten ionischen Flissigphasen (SILPs) als heterogene Katalysatoren

angewendet.

Zuallererst wurde die enzymunterstiitzte Gberkritische Kohlenstoffdioxidextraktion von
Flavonoidaglykonen aus Apfeltrester untersucht. Dabei wurde die kommerziell erhiltliche
Enzymmischung Snailase zur Hydrolyse der Flavonoidglykoside eingesetzt, um anschliefend eine
erleichterte lberkritische Fluidextraktion der Aglykone mit unpolarem Kohlenstoffdioxid und einer
geringen Menge an polarem Co-Losungsmittel zu ermdoglichen. AbschlieBend wurde ein skalierbarer
simultaner Prozess entwickelt, der eine hohe Aktivitat von Snailase selbst unter Druckbedingungen mit

feuchtem und trockenem Apfeltrester aufwies.

Um die Anwendung von superkritischem Kohlenstoffdioxid auf den Bereich der Katalyse auszuweiten,
wurde eine kontinuierliche Flussmethode zur Herstellung von biobasierten cyclischen
Limonencarbonaten aus Limonenoxiden und uberkritischem Kohlenstoffdioxid als Reagenz und
alleinigem Losungsmittel untersucht, wobei ionische Flissigkeiten als Katalysatoren eingesetzt
wurden. Fir den kontinuierlichen Fluss wurden die ionischen Fliissigkeiten auf Silica, einem haufig
verwendeten Tragermaterial, physisorbiert. Nach umfassender Optimierung in Kurzzeitversuchen

wurde die Langzeitstabilitat des Katalysators fiir einen Zeitraum von 48 Stunden untersucht.

Des Weiteren wurden Siliciumoxycarbide als alternative Tragermaterialien zu Silica fir SILPs
untersucht.  Siliciumoxycarbide  und  Siliciumoxycarbid-basierte ~ SILPs  wurden  mittels
Infrarotspektroskopie,  thermogravimetrischer  Analyse,  Stickstoffadsorption,  Mikroskopie,
Rontgenphotoelektronenspektroskopie und Losungsmitteladsorption analysiert. Die Anwendung von
Siliciumoxycarbid-basierten SILPs unter chargenweisen Bedingungen fiihrte zu erhéhten Selektivitdten
und Ausbeuten bei der Herstellung von cyclischen Carbonaten, die von Limonen und Leinsamendl
stammen. Schlielich wurden makropordése monolithische Siliciumoxycarbid-basierte SILPs erfolgreich

flr die kontinuierliche Produktion von Limonencarbonat eingesetzt.
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A List of Abbreviations

[Camim]Br 1-ethyl-3-methyl imidazolium bromide
[Camim]CI 1-ethyl-3-methyl imidazolium chloride
[C2mim]I 1-ethyl-3-methyl imidazolium iodide
[C2mim]X 1-ethyl-3-methyl imidazolium halide

[Comim]NTf,  1-ethyl-3-methyl imidazolium bistriflimide
[Camim]NTf,  1-butyl-3-methyl imidazolium bistriflimide
[Catma]NTf2 butyltrimethylammonium bistriflimide

[Cistma]NTf. = octadecyltrimethylammonium bistriflimide

C4-SiO2 silica modified with butyl chains

BET Brunauer-Emmett-Teller (surface area)

BJH Barret-Joyner- Halenda (pore size distribution)
CALB Candida antarctica lipase B

CDCls deuterated chloroform

CE capillary electrophoresis

DRIFTS diffuse reflectance infrared Fourier transform spectroscopy
DVB divinylbenzene

EA-SFE enzyme-assisted supercritical fluid extraction

ee enantiomeric excess

ESI electrospray ionization

EtOAc ethyl acetate

EtOH ethanol

FEG-SEM field emission gun — scanning electron microscopy
FRP-SiO> fluorous reverse phase silica

FTIR Fourier transform infrared spectroscopy

GC gas chromatography

GC/MS gas chromatography / mass spectrometry

HPLC high-performance liquid chromatography

ICP-OES inductively coupled plasma optical emission spectrometry
IL ionic liquid

IUPAC international union of pure and applied chemistry
J coupling constant (NMR)

LP light petroleum (boiling point 40 - 60 °C)

MeOH methanol

NMR nuclear magnetic resonance (spectroscopy)

Pc critical pressure
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PDC

PIL
poly-SILP
pH
ppm
PSO
PTFE
qTOF-MS
rom
scCO2
SCF
SFE
SILP
SiO2
SioC
TBAB
TBAC
TBAI
TBAX
t-BuOH
Te

TGA
UHPLC
uv
VBC

wt%

polymer-derived ceramic

polymerized ionic liquid

polymerized supported ionic liquid phase
quantity of hydrogen

parts per million

polysiloxane

polytetrafluorethylene (teflon)
quadrupole time of flight — mass spectrometry
revolutions per minute

supercritical carbon dioxide

supercritical fluid

supercritical fluid extraction

supported ionic liquid phase

silica

silicon oxycarbide

tetrabutylammonium bromide
tetrabutylammonium chloride
tetrabutylammonium iodide
tetrabutylammonium halide

tert-butanol

critical temperature

thermogravimetric analysis
ultra-high-performance liquid chromatography
ultraviolet

4-vinylbenzyl chloride

weight percent

chemical shift (NMR)
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Introduction

B Introduction

B.1 Supercritical Fluids

B.1.1 Definition of Supercritical Fluids

“A supercritical fluid is a compound, mixture, or element
above its critical pressure (pc) and critical temperature (T.)

but below the pressure required to condense it into a solid.”

Philip G. Jessop and Walter Leitner state this definition for supercritical fluids (SCFs) being a slight

modification of the definition from IUPAC:

“Supercritical fluid: The defined state of a compound, mixture, or element above its critical pressure

(bc) and critical temperature (T.).?

The fact that a supercritical fluid can also be transformed again to its solid state by further increasing
the pressure is often ignored, since required pressures are usually high but not impractically as shown

in Scheme 1.

1000.0
solid 570 MPa
100.0
= supercritical
o
Z
Q 10.0
5 U0 e
(7]
L7, ]
E supercritical point:
Q T.=31.0°C
1.0 p.=7.4MPa
0.1 T T T
-75 -25 25 75 125

temperature [°C]

Scheme 1: Phase diagram of carbon dioxide.
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B.1.2 Properties of Supercritical Fluids

Critical pressures and temperatures are substance-specific parameters, and the values for selected
compounds and elements are listed in Table 1. Furthermore, some additional properties that must be
considered regarding the feasibility of a process are shown. Wirth regard to organic reactions and
biomass extractions with supercritical fluids, it is worth mentioning that if the supercritical state can
only be reached at temperatures where organic matter starts to decompose due to limited thermal

stability, this particular supercritical fluid can be considered as not suitable.

Table 1: Critical pressures and temperatures of selected compounds and elements. Modified from reference3 4.

compound / element name T [°C] pc [MPa] other properties
CaH4 ethene 9.3 5.0 highly flammable
Xe xenon 16.6 5.8 expensive
CO; carbon dioxide 31.0 7.4 low polarity
CaHs ethane 32.2 4.9 highly flammable
N20 dinitrogen monoxide 36.5 7.2 oxidizing
CsHs propane 96.7 4.3 highly flammable
NH3 ammonia 132.5 11.3 toxic, corrosive
CaH1o n-butane 152.0 3.8 highly flammable
CsH12 n-pentane 196.6 3.4 highly flammable, high T
CsH7OH 1-propanol 235.2 4.8 highly flammable, high T.
CHsOH methanol 239.5 8.1 highly flammable, high T.
C2HsOH ethanol 242.9 6.4 highly flammable, high Tc
CeHe benzene 289.5 49 toxic, high Tc
C7Hs toluene 318.6 4.2 highly flammable, high T.
H.0 water 374.2 22.1 corrosive, high Tc

Above these critical pressure and temperature, the phase separation between the liquid and gaseous
phase disappears, resulting in unique properties. For example, supercritical fluids feature densities
between 0.1-1 g/cm3, which can be tuned by adjusting the pressure and temperature, making them
more “gas-like” or “liquid-like” regarding their solvation power, as shown in Scheme 2 for carbon
dioxide. From there, it is visible that higher pressures lead to higher densities and, thus, greater
solubilities. In contrast, higher temperatures lead to a decrease in density. However, the solubility of
compounds is not only dependent on the density of the supercritical fluid (decreases with
temperature) but also on the vapor pressure of the solute (increases with temperature). Thus, a

crossover pressure exists.
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Below this pressure, the solubility decreases with temperature since density is decreasing with

temperature. On the other hand, above the crossover pressure, the solubility increases due to a higher

volatility of the solute. Furthermore, below the critical temperature of carbon dioxide, the density

changes are negligible. Thus, tunability of the density and further the solubility is only possible in the

supercritical state.

12004 u v o | P

Density (kg/m?3)
2

Y
o
i

2004

~ Vapourization Curve

90 0
Temperature (°C)
=== Supercritical Boundary

© Critical Point

T T
150 180

Scheme 2: Influence of pressure and temperature on the density of supercritical carbon dioxide.>

Apart from the tunability of densities (0.1 — 1 g/cm?3), supercritical fluids also possess lower viscosities

(10* =107 Pa-s) and, thus, higher diffusivities (102 cm?/s) and no surface tension, compared with the

liquid state, which is beneficial in terms of mass transfer. These unique properties (Table 2)® make

supercritical fluids perfectly suitable for many applications, as shown in the next chapter.

Table 2: Typical physicochemical parameters of liquids, supercritical fluids, and gases. Modified from reference 6.

parameter liquid supercritical gas
density [g/cm?3] 1 0.1-1 103
viscosity [Pa-s] 1073 10%-10° 10°
diffusivity [cm?/s] 10° 103 10?
surface tension [dyn/cm] 20-50 0 0

10
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B.1.3 Historical and Current Applications of Supercritical Fluids

An early and very well-known application of supercritical fluids in industry is the synthesis of ammonia
(Te: 132.5 °C, pc: 11.3 MPa). However, this process might not be considered a typical application of
supercritical fluids, at first, because the employed temperatures (400-530 °C) are much higher than
the supercritical one. The process (Scheme 3), developed by Fritz Haber and Carl Bosch,’ is based on

Henry Le Chatelier’s patent and was further commercialized by BASF in 1913 .2

Fe - catalyst
Nz + 3 Hz > 2 NH3
10 - 35 MPa

400 - 530 °C

Scheme 3: Haber-Bosch synthesis of ammonia commercialized by BASF in 1913.

Today, the Haber-Bosch process can be considered one of the most energy-demanding and carbon
dioxide-emitting processes since natural gas (50%), oil (31%), or coal (19%) are used for the production
of hydrogen. Thereof, the methane-based processes showing the highest energy efficiency and lower
carbon emissions. In these processes, methane is converted via steam reforming to carbon monoxide
and hydrogen followed by a water-gas shift reaction to transform carbon monoxide and water into
carbon dioxide and hydrogen.® Nowadays, much effort is put into the investigation of alternatives to

the Haber-Bosch process, such as the electrochemical synthesis of ammonia.°

Apart from this historical example of the use of supercritical fluids, today, they are commonly applied
for various extraction processes,'* which will be discussed in the following chapters in more detail.

Further applications of supercritical fluids are summarized in Table 3.

11
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Table 3: Applications of supercritical fluids.

application supercritical fluid reference
supercritical drying of food scCO2 + EtOH 2
supercritical cleaning scCO: 13
impregantion of biocides into wood scCO2 + MeOH 14
impregnation of dyes in textiles scCO2 + H20/acetone/DMSO etc. 15

supercritical chromatography

(e.g., natural products, pharmaceuticals, forensics, scCO2 + MeOH/EtOH etc. 1
bioanalysis)
polymer synthesis scCO2 + H2O/EtOH g
synthesis of nanostructured materials scCO3, scH20, scCsH14, scC3H70H etc. 18
supercritical fluid extractions scCO2 + MeOH/EtOH see chapter B.2

Supercritical fluids are employed in supercritical drying, supercritical cleaning, and impregnation of
biocides into wood or dyes in textiles, and in the field of supercritical chromatography, e.g., for natural
products, pharmaceuticals, forensics or bioanalysis. Moreover, supercritical fluids are employed in the

synthesis of polymers or nanostructured materials.

Carbon dioxide is by far the most used supercritical fluid due to its relatively low and, for this reason,
technically easily reachable critical temperature (T.: 31.0 °C) and critical pressure (pc: 7.4 MPa)®
(Scheme 1). Furthermore, carbon dioxide is considered a non-toxic, non-flammable, and inexpensive
chemical, available from industrial processes, such as the synthesis of ammonia®, as discussed before,
or the production of cement.?® Moreover, carbon dioxide is a relatively inert chemical, which is
beneficial for many applications, such as extractions or chromatography. On the other hand, highly
active catalysts have to be developed in case carbon dioxide needs to be incorporated into a chemical

compound.

In this thesis, supercritical carbon dioxide was used for enzyme-assisted supercritical fluid extractions
and was also used as solvent and reagent to form cyclic carbonates, in batch mode and continuous

flow, using supported ionic liquids as heterogeneous catalysts.

12
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B.2 Supercritical Fluid Extractions

B.2.1 Supercritical Fluid Extractions on an Industrial Scale

The most famous supercritical fluid extraction on an industrial scale is the decaffeination of coffee with
the aid of supercritical carbon dioxide. In 1974, the recovery of caffeine from green coffee beans was
patented by Kurt Zosel.?! The actual application for the decaffeination of green coffee beans was

specified in a patent in 1981 again by Kurt Zosel.??

However, the first extraction of caffeine on an industrial scale was already implemented by Hag in
Germany and was later transferred to General Foods in the United States.! Dichloromethane was
employed in this process due to satisfactory extraction efficiency. Health risks, especially the
carcinogenicity of dichloromethane, led to the use of ethyl acetate as a less hazardous alternative to
dichloromethane. Nevertheless, ethyl acetate brought its own drawbacks into the process: the high

flammability and the flavor-changing fruity aroma, typical for many esters.?

Another alternative was brought up by the Swiss Water Process,?* where water as a sustainable and
nonhazardous solvent was employed for decaffeination. However, in this process, water has to be
enriched with all water-soluble solids found in green coffee except caffeine since water is not selective

for the extraction of caffeine and would result in a change of flavor of the decaffeinated coffee.?

With the development of the decaffeination process using supercritical carbon dioxide, an alternative
solvent was found that was nontoxic, nonflammable, selective, and, thus, did not affect the taste and

quality of coffee.®

decaffeination
+H,0 ! steaming : +CO, © scCO, extraction : .
- > (30 wt% water) P — (25 MPa, 90 °C) i = | decaffeinated beans

caffeine separation

-CO, J
. : evaporation © -H,0 .
caffeine + H;0 T 7 1 crystallization -

Scheme 4: Overview of the decaffeination process using supercritical carbon dioxide as extractant. Modified from

reference 23,
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As shown in Scheme 4, the extraction process starts from green, unroasted coffee beans, which get
swollen in water. Thus, extraction of caffeine with supercritical carbon dioxide is facilitated by
enhanced mass transfer. The carbon dioxide which is enriched with caffeine during the extraction exits
the extractor for further processing. After washing the caffeine/carbon dioxide mixture with water,
caffeine is mostly dissolved in water due to its better solubility in water, thus the caffeine-free carbon
dioxide is released and, subsequently, recycled. After concentration of the extract via evaporation,
caffeine can be crystallized and employed in the beverage industry or as an active pharmaceutical

ingredient.

Apart from coffee, tea is also decaffeinated using supercritical carbon dioxide, starting from tea
leaves.” Other applications of supercritical fluid extractions in food industry are the extraction of
bittering agents from hops? and the extraction of nutraceuticals, flavors, and essential oils from
different sources, such as spices or herbs.?”” 22 Moreover, supercritical fluid extraction is commonly
used in the pharmaceutical industry for the extraction of various bioactive compounds with
antioxidant, antiviral, antibacterial or anti-inflammatory properties. This part will be discussed in the

following chapter, where a selection of examples is provided (Table 4).

Furthermore, supercritical fluid extraction is commonly used in the oil industry, specifically in
deasphalting processes. The most famous process in this regard is the so-called ROSE process
(Residuum Qil Supercritical Extraction). Many modifications of the ROSE process exist which differ in
feedstock and used solvent.?® Depending on the process, solvents containing Cs — Cs are employed near
their supercritical conditions to separate the heavy fraction of the petroleum feedstock into
deasphalted oil, asphalt, and resins. Separation of metal-containing, highly viscous asphalt and resins
from the rest of the oil is crucial for ideal transport properties, suppression of equipment corrosion,
and low levels of catalyst coking in subsequent processes. Thus, the deasphalted oil is a perfect

feedstock, for example, for hydrocracking, lube oil blending or catalytic cracking.*®
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B.2.2 Supercritical Fluid Extraction of Bioactive Compounds

The extraction of bioactive compounds from various natural sources has gained a lot of interest in the
past years since these compounds feature several desirable properties, such as antimicrobial,
antibacterial, antiviral, antifungal, antioxidant, anti-inflammatory and antitumor.3! For this reason,
supercritical fluid extraction is applied in food industry and pharmaceutical industry.3? Furthermore,
different bioactive compounds, such as alkaloids, terpenoids, fatty acids, or phenolics, are of primary
interest due to their polarity and featured properties.’* A selection of bioactive compounds obtained

via supercritical fluid extraction is presented in Table 4.

Table 3 gives an overview of the range carbon dioxide applications. Carbon dioxide is the most used
supercritical fluid applied for extractions due to the aforementioned advantages of low toxicity and
low critical temperature, amongst others. The fact that the used solvent features no or low toxicity is
of high interest. For conventional extraction, remaining toxic solvent traces can be problematic when
the extracted products are applied as food additives, in cosmetics, or as pharmaceutical ingredients.
However, the final purification of desired products would be challenging. In the case of supercritical
carbon dioxide, it is entirely removed by simple pressure expansion, and no further purification of the
product is required. Furthermore, separated carbon dioxide can be recycled easily, which is especially

important for applications on an industrial scale.

Moreover, the low critical temperature of 31.0 °C of carbon dioxide is crucial since it allows extractions
at relatively low temperatures of 40-60 °C, thus preventing decomposition and loss of bioactivity
during the extraction process. Furthermore, usually relatively high pressures are applied because

density and, thus, solubility increases with higher pressures and leads to improved extraction yields.

The drawback of applying carbon dioxide as supercritical fluid for extraction is mainly its low polarity.
For this reason, the extraction of polar compounds, such as phenolics, can be rather challenging with
pure supercritical carbon dioxide. To circumvent this problem, small amounts of polar solvents,®*
typically alcohols or water, are usually added to enable and enhance the extraction of polar

compounds.

Another issue that has to be considered is that these compounds are often contained in a matrix and,
therefore, are not always easily accessible and extractable. The extraction can be facilitated by addition

of enzymes during the extraction process, which will be discussed in the following chapter.
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Table 4: Examples of supercritical fluid extractions of bioactive compounds from plant materials. Modified from

references 11.31,

compound temperature pressure
source solvent bioactivity reference
class [°c] [MPa]
; CO2
spearmint flavonoids 60 20 antioxidant 3
leaves +17% EtOH
CO2
blackberries  flavonoids +5-10% 40 - 60 15-25 antioxidant 3
EtOH/water
kth CO
seabuckthorn flavonoids 50 20 anti-inflammatory 35
leaves +20% EtOH
CO:
flavonoids, 0 antioxidative
hask.ap terpenes, +1-50v% 50 30 36
berries lipids EtOH antimicrobial
CO:
chinaberries fatty acids 50 30 antiviral 37
+30% EtOH
pink shrimp fatty acids, anti-obesity, 38
residues terpenes €02 60 30 hypolipidemic
black pepper terpenes COz 40 30 antioxidant 39
. CO: 30-80 15-25
Eupatorium . .
intermedium terpenes, antibacterial, 0
lyphenol ioxi
flower polyphenols Csljlz% 20 - 60 3-100 antioxidant
(subcritical)
lack
b ?ecavsezasge terpenes CO: 50 30 antitumor 4
sage leaves terpenes CO2 40 10-30 anti-inflammatory 42
CO2
industrial I pretreatment: antl-erfIar.r;mafcory, -
hemp cannabinoids [Cmim][OAC] or 70 20 anti-epileptic,
[Ch][OAC] in H20 anticonvulsive
(1:3)
CO:2
Id
peple\r/:s er alkaloids +5% EtOH or 40 - 60 15-25 antifungal a“
MeOH
CO2
periwinkle alkaloids 40 - 60 30 anticancer 45

+2-10% EtOH
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As shown before, many bioactive compounds are located in plants and more specifically in their cells

which are surrounded by cell walls to impart stability and protect against mechanical and osmotic

stress.*® The cell walls consist of robust networks of lignin, pectin, cellulose, and hemicelluloses

amongst others. Furthermore, some bioactive compounds such as phenolics are bound via hydrogen

bonds. The robustness of the cell wall and the additional interactions of the desired bioactive

compounds with the matrix making it challenging to extract them and, thus, leading to low extraction

efficiency.?

— Lignin
J  Pectin
Cellulose
@ Bioactive Compounds
ﬂ)“‘
Hemicelluloses
Bonds/interactions

Plant cell

Plant cell wall

&i ¥

Enzyme Assisted Extraction

L I SO ey
BRI,
el el

Supercritical Fluid Extraction

Plant

Scheme 5: Schematic representation of bioactive compounds located in the plant cell wall and released via enzyme-

assisted supercritical fluid extraction. Modified from reference 4.
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In a first step of the extraction process, the raw material is typically dried and ground to provide a high
surface area and to ensure an optimal diffusion and mass transport of supercritical fluid through the
matrix. A promising approach to further ensure this is the use of hydrolytic enzymes to distort and
deform the cell walls and, thereby, to enhance and enable the release of bioactive compounds by
cleaving the bonds between them and the matrix (Scheme 5). Thus, combining the enzyme-assisted
extraction with supercritical fluid extraction has the added benefit of the facilitated release of bioactive
compounds. Enzymatic hydrolysis and supercritical fluid extraction can either be performed separately
or simultaneously (Scheme 6). Whether a simultaneous process is possible, mostly depends on the
kind of enzyme, the water content, the employed cosolvent and the operating temperature and
pressure for supercritical fluid extraction, since the structure of enzymes can significantly change and

differ under such extreme conditions.*” 8

extracted
bioactive compounds

-

supercritical fluid S
extraction 6 B

e eow

..,/‘ N

9o
9

enzymatic pretreatment

. > N ' supercritical i ’ i
— 908g ' 90
90 2" o . ®

simultaneous enzyme-assisted supercritical fluid extraction £

Scheme 6: Subsequent and simultaneous enzyme-assisted supercritical fluid extraction process.

Apart from enzymes, also ionic liquids were found to be highly suitable for the dissolution of biomass.
In this regard, ionic liquids with basic and hydrogen bond acceptor properties were found to dissolve
for example cellulose, one of the most abundant biopolymers on earth. Thus, the extraction efficiency

is increased compared to the extraction with conventional solvents as shown in Scheme 7.4 >0
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Scheme 7: Comparison of conventional extraction and ionic liquid-based extraction of bioactive compounds from

biomass. Modified from reference °.

In this thesis, the enzyme-assisted extraction approach was combined with the benefits of supercritical
carbon dioxide extraction for the extraction of flavonoids from apple pomace. Although the field of
enzyme-assisted supercritical fluid extraction is a relatively new one, some examples already exist in
literature and are partly covered in a review by Patil et al.*’ from 2021. A summary of reviewed and

recently published examples is given in Table 5.

Nevertheless, supercritical carbon dioxide was also combined with ionic liquids and employed as
catalysts for the continuous production of bio-based cyclic carbonates; results are discussed in a

separate chapter.
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supercritical fluid extraction

entr source compound enzyme rocess type ref
Yy class y T p P yp
solvent
[°C] [MPa]
. 1. SFE
blackcurrant fatty acids, 2. enzymatic
1 tocopherols,  Viscozyme CO; 60 45 - enzy 51
pomace olyphenols treatment of
P residue
tocopherols, ' 1. SFE
id Viscozyme 2. ti
2 sea buckthorn  o_oor 2c19s CO2 20 10 enzymatic 32
phenolics, CeluStar treatment of
triterpenes residue
Kemzyme,
Alcalase, 1. enzymatic
lack Vi CO: :
3 black tea polyphenols Iscozyme, 45 30 treatment >3
leftover Pektinex, + 9% EtOH 5 SEE
acid
cellulase
flavonoids, CO;, 1. enzymatic
4 alfalfa leaves phenolic Kemzyme 68 21 treatment 54
acids +16% EtOH 2. SFE
flavonoids, CO;, 1. enzymatic
5 alfalfa leaves phenolic Kemzyme 50 22 treatment 55
acids +19% EtOH 2. SFE
acid
. cellulase, CO, 1. enzymatic
6 pomeirea:nate pgi?dc;“c Kemzyme, 55 30 treatment 56
P Pectinex, +9% EtOH 2. SFE
Alcalase
henolics Celluclast CO2 1. enzymatic
7 guarana seeds P . . 50 10 treatment 57
alkaloids Pectinex +50% EtOH 5 SEE
iement Celluclast, 1. enzymatic
8 tomato peels Ipcgo ene Novozyme, CO2 86 50 treatment 58
veop Viscozyme 2. SFE
phytosterols, 1. enzymatic
blue b Ical
9 Ial:mi s::;]s tocopherols, aeiiir?iize CO2 40 30 treatment >9
P fatty acids P 2. SFE
ickl Rapi CO2
10 pricily pear flavonoids ap!dasg 60 10 simultaneous 60
cactus maxi fruit 4 209% EtoH
11 black pepper essential oil a-amylase CO: 60 30 simultaneous 61
12 cardamon essential oil a-amylase CO2 50 20 simultaneous 62

20



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

DISSERTATION - PHILIPP MIKSOVSKY

Introduction

As shown in Table 5, different plant and waste materials have already been employed for enzyme-
assisted supercritical fluid extraction, such as leaves, peels, seeds, hulls, spicery, leftovers, and pomace.
Depending on the biomass and the chosen conditions, different compound classes, such as fatty acids,
alkaloids, essential oils, terpenes, but also more polar compounds, such as flavonoids or other
phenolics, can be extracted. In the case of the extraction of more polar compounds, ethanol was the

cosolvent of choice to increase the polarity of apolar carbon dioxide.

In the first examples (Table 5, entries 1-2), supercritical fluid extraction was performed with pure
carbon dioxide to extract apolar compounds, such as fatty acids and tocopherols. In a separate step,
the residue was treated with pressurized ethanol or directly employed in enzymatic extraction to
extract more polar compounds. However, in the majority of the examples the biomass is treated with
enzymes prior to supercritical fluid extraction to release the bioactive compounds by digestion of the
plant tissue (Table 5, entries 3-9). Nevertheless, three examples of simultaneous enzymatic treatment
and supercritical fluid extraction are also reported (Table 5, entry 10-12). In these cases, the enzyme
is applied under supercritical conditions, and a static extraction for a particular amount of time is

followed by a dynamic extraction with supercritical fluid and optionally cosolvent.

Extraction temperatures are generally in the lower range (20-86 °C) due to the thermal sensitivity of
bioactive compounds. Furthermore, the density of supercritical carbon dioxide and, thus, the solubility
decreases at higher temperatures (Scheme 2). However, density can be increased with pressure; for
this reason, enzyme-assisted extractions of bioactive compounds are performed usually at pressures

between 10-50 MPa.
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Scheme 8: Chosen flavonoid subgroups based on flavan's skeletal structure.

One important group of bioactive compounds are flavonoids, which were also extracted in the first
project of this thesis. Flavonoids were discovered in 1930 by Albert Szent-Gyérgyi® and were proposed

to be named “vitamin P” at first.

Today, more than 8000 different flavonoids are described.®* They are characterized by a skeletal
structure, the flavan, consisting of three connected rings (A, B, C). They are further divided into
subclasses dependent on the position of hydroxyl groups, carbonyl groups, and double bonds, as well
as if the C-ring is closed or if the flavonoid is present in its open-chained form, which is dependent on

the biosynthetic pathway.®* ¢ A selection of flavonoid subclasses is illustrated in Scheme 8.

Furthermore, most of the flavonoids in nature are present in their water soluble glycosylated form,®’
which makes them ideal candidates for enzyme-assisted extraction. The polarity of flavonoid aglycones

is lower, rendering them even more attractive for extraction with apolar carbon dioxide.
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B.3 Combination of lonic Liquids and Supercritical Carbon Dioxide

As shown before, ionic liquids can be employed for the distortion and deformation of biomass (Scheme
7) and therefore used to enhance the release of bioactive compounds further extracted with
supercritical carbon dioxide. These two neoteric solvents were further combined in catalytic processes

due to their fundamentally different properties as shown in Scheme 9.

...with
modifiers

HIGH

CO,-expanded solvents

Fluorous

Volatility T

LOW lonic Liquids

l:I— LOW Polarity HIGH —»

Scheme 9: Volatility and polarity of different solvent classes.58

On the one hand, supercritical carbon dioxide is highly volatile and apolar. The polarity can be further
increased by the addition of polar cosolvents, the modifiers, such as ethanol or methanol, being crucial
for extractions. On the other hand, ionic liquids have very low vapor pressures and show a much lower
polarity. These differences and the resulting solubility properties, described in chapter B.3.3, making
them ideal candidates for their combined application in catalysis. For this reason, a short introduction

to ionic liquids is given in the following before their use in catalytic processes is described.
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B.3.1 lonic Liquids and their Applications

lonic liquids are salts with glass-transition temperatures or melting points below 100 °C. They were
first described in literature in 1888 by Gabriel, who discovered ethanolammonium nitrate with a
melting point of 52-55 °C.%% 7% In 1914, Walden described ethylammonium nitrate with a melting point

of 12 °C, the most famous earliest example of a room temperature ionic liquid.”*

lonic liquids consist of specially shaped and bulky cations or bulky anions, which contribute to their
low melting points due to the low lattice energy, which has to be overcome to transfer the compound
to its liquid state. Furthermore, ionic liquids are often considered as sustainable solvents due to their
very low vapor pressures (e.g., 1-butyl-3-methyl imidazolium bistriflimide [Camim]NTf,: 1.2 Pa at 120
°C)’2 compared to commonly used organic solvents (e.g., acetone: 25 kPa at 20 °C)”® and their non-
flammability under ambient conditions. They also possess electric conductivity, a broad liquid range,
are primarily hydrophilic, and are known to be a highly tunable substance class in terms of their acidity,
basicity, melting point, hygroscopic properties, and miscibility, enabled by the combination of different

anions and cations.”””> Commonly used cations and anions are shown in Scheme 10.

( 3
IONIC LIQUIDS
common cations: common anions:
AN F
[\ : F F
y @ : Fpf >B”
- : CI~ Br~ I” P P
RN NR ITI+ /'T" : FIF FI
imidazolium pyridinium pyrrolidinium halides hexafluorophosphate tetrafluoroborate
R__.tR Q F i 9 o~
R, R R, R Ne” . )J\ Yk _ _
+ + S : o S
RN R | : o- F HO o
R R R : F
ammonium phosphonium sulfonium acetate 2,2,2-trifluoroacetate hydrogen sulfate
b J

Scheme 10: Common cations and anions used in ionic liquids.

Furthermore, ionic liquids are easy to prepare via protonation of the cation or via quaternization with
a haloalkane. An anion exchange can follow vig treatment with a Lewis acid or a metathesis reaction.”®
Different synthesis pathways, such as classical conventional heating and microwave irradiation,
ultrasound irradiation, or simultaneous ultrasound and microwave irradiation, are described in
literature.”® Nowadays, many ionic liquids are commercially available in large quantities, which renders
them also attractive for industrial applications.”” One of the most famous industrial applications of
ionic liquids is the BASIL process’ (Scheme 11), established in 2002 by BASF. It is employed for the
intermediate synthesis of diethoxy phenylphosphine starting from dichlorophenylphosphine and

ethanol and further converted to photoinitiators used in coatings and printing inks.
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previous process:

cl cl EtO OEt

N R.M_R
+ 2EtOH + 2 N — + 2 Vo
R R

~Np~

BASIL™ process:

cl___d | EtO\P/OEt I
N
N
+ 2EtOH + 2 _ + 2
W (VA
N H
melting point: 75 °C
(. J

Scheme 11: Development of the synthesis of diethoxy phenylphosphine with trialkylamine used as a base for the more

advanced BASIL™ process, where an ionic liquid acts as an acid scavenger.

In this reaction, hydrogen chloride is formed. Thus, an acid scavenger is required. Usually, tertiary
amines are used for this purpose to form the corresponding ammonium salt. In many cases, a non-
stirrable slurry is formed, leading to limited heat transfer and highly viscous solutions. Alternatively,
higher amounts of solvent were required, followed by the necessity to separate the product via
filtration. This problem was circumvented by using 1-methylimidazole instead of a trialkylamine, which
formed 1-methyl imidazolium chloride during the reaction with hydrogen chloride. The formed protic
salt has a melting point of 75 °C, thus making reaction temperatures of 80 °C possible without the need
for solvent. Furthermore, a liquid-liquid biphasic reaction is ongoing since the product and ionic liquid
are non-miscible and can be easily separated after the reaction. Moreover, the ionic liquid can be easily

recycled by deprotonation using sodium hydroxide.

Besides the BASIL™ process, ionic liquids are used for many other industrial applications, such as
entrainers for extractive distillation, as catalysts, e.g., for the cleavage of ethers, for fluorination or for
oligomerization processes, as electrolytes for electropolishing and electroplating, as antistatic

additives for cleaning fluids, as liquid support for gas storage, and as stabilizers for pigment pastes.”’

Besides the industrial applications of ionic liquids, they have gained much interest in different fields of
research and development, visible in the increasing numbers of publications entered in SciFinder; from
up to 90 publications per year in the 1990s to around 8000 publications per year in the past five years

(2018-2022, keyword “ionic liquid”). A summary of their applications is illustrated in Scheme 12.
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extractions
- biomass extraction
- metal recovery

synthesis
- as catalysts
- as solvents

gas treatment
- gas separation
- gas capture

applications of
ionic liquids

analytical chemistry
- stationary phases
(GC, HPLC)
- electrolytes (CE)

additives
- lubricants
- corrosion inhibitors

electrochemistry
- batteries
- supercapacitors

Scheme 12: Summary of applications of ionic liquids.

As shown in Scheme 12, ionic liquids are applied in extraction processes, in synthesis, in analytical

chemistry, in electrochemistry, as additives and in industry.

For this thesis, the application of ionic liquids in organic synthesis is of primary interest, more
specifically, their application as heterogeneous catalysts, where the ionic liquid is either immobilized

on a solid support or is polymerized.
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B.3.2 Supported lonic Liquids as Heterogeneous Catalysts

lonic liquids are extensively used in homogeneous catalysis. However, their application in biphasic ionic
liquid—liquid systems can be limited by mass transfer problems if diffusion rates are low.”® This problem
can be circumvented by immobilizing a thin film of ionic liquids on, primarily, inorganic or polymer-
based porous supports to prepare supported ionic liquids, which have gained much interest in the past

years.® Their use is not limited to catalysis®®” but they are also applied to, e.g., gas purification and

88-91 92-94

storage as well as metal recovery.

In catalysis, supported ionic liquids combine the previously mentioned advantageous properties of
ionic liquids, such as their very low vapor pressure, non-flammability and tunability in terms of
solubility, basicity, acidity, and (catalytic) activity, by simple variation of anions and cations, with the
advantages arising from heterogeneous systems, such as the improved mass transfer compared to
liquid-liquid biphasic systems. Furthermore, heterogeneous catalyst systems benefit from easier

recovery and recycling as well as the easy feasibility for the application in continuous flow processes.*

There are numerous classes of supported ionic liquids used in the field of catalysis described in

literature.®% % A brief selection is illustrated in Scheme 13.

supported ionic liquid phase (SILP) polymerized supported ionic liquid phase (poly-SILP)

- @ p
Fh O
+ ?+ 117;‘\_.@ ..'%7@
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P~ - @
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+) = A (+ WO

O=+)—@ +)~—
support

physisorption
attached via capillary forces, hydrogen bonds, electrostatic interactions
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chemisorption, polymerization
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@"~+ %Gj N 4’“1(-;‘,,'"
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support support

polymerization
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chemisorption
attached via single or multiple covalent bonds

Scheme 13: Selection of different classes of supported ionic liquids applied as heterogeneous catalysts.
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As shown in Scheme 13, the ionic liquid is either attached to the solid support via capillary forces,
hydrogen bonds, electrostatic interactions, or covalent bonding in case of supported ionic liquid phases
(SILPs). Furthermore, either the ionic liquid can be catalytically active by itself, or a catalyst, such as a
metal-organic compound or an enzyme, can be dissolved in the ionic liquid phase. % 7% Apart from
these classic supported ionic liquid phases (SILPs), other versions of supported ionic liquids exist, such
as polymerized supported ionic liquid phases (poly-SILPs),*> 1 where ionic liquid monomers are

attached covalently to a solid support and polymerized.

X-
— OH
™ e
X H/N\//
Si Si
| /7 \ |
0/0\0 NVN\/\OH 0/0\0 SILP

silica > silica
=

X-
MeO)sSi X +
(MeO); |\/\/// H/N\?N‘R

- Si
(MeO);Si X = PORN
OH OH OH \/\/Ng/N\R oo o SILP
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.
. e
Nwe
(MeO);Si__~__SH
N

Si X~
VRN —\
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i

Scheme 14: Covalent binding of imidazolium-based ionic liquids to silica as solid support (X = halide).

In general, covalent binding of ionic liquid to the solid supports occurs in most cases via a silane

101 100

linker,™" if the surface contains hydroxy groups, or via a sulfur linker,* if the surface is equipped with
a thiol functionality (Scheme 14) . Supports for (polymerized) supported ionic liquid phases (SILP, poly-
SILP) are mainly based on silica, but also other inorganic oxides, carbides, polymers, or bio-based

materials are employed. A brief selection of used supports is presented in Table 6.
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Table 6: Selection of supports for (polymerized) supported ionic liquid phases (SILP, poly-SILP).

support type of SILP reference
silica-60, silica-100 SILP (physisorption) 93,101-103
97,98, 101, 104,
silica-60, silica-100, SBA-15 SILP (chemisorption) o5
silica-60, SBA-15 poly-SILP 93,100, 106
calcined silica SILP (physisorption) 107,108
magnesium/calcium oxide silicates SILP (chemisorption) 109
silicon carbide SILP (physisorption) 110
polyethylene SILP (chemisorption) 1
polystyrene SILP (chemisorption) 112
v-alumina SILP (physisorption) 113,114
carbon nanotubes SILP (chemisorption) 115-118
Fe30a4 nanoparticle SILP (chemisorption) 119,120
chitosan SILP (chemisorption) 121

Polymeric ionic liquids (PILs) represent the class of heterogeneous ionic liquid-based catalysts where
no support is required. In these systems, ionic liquid-based monomers are polymerized.?* 123
Polymeric ionic liquids (PILs) are prepared mainly by radical polymerization of ionic liquid-containing
monomers, employing primarily AIBN as a radical starter. However, examples with photoinitiators such
as benzoin ethyl ether have also been reported.!”* As shown in Table 7, different imidazolium-,
ammonium- and phosphonium-based precursors can be polymerized, and, e.g., styrene,
divinylbenzene, or acrylonitrile are used as spacers and additional crosslinkers.*** % |onic liquid-based
monomers can contain one double bond to obtain linear polymers, but also examples with two

polymerizable ends are known in literature.'® Furthermore, different chain lengths, as well as different

anions, are described for ionic liquid-based monomers.
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Table 7: Examples of ionic liquid-based monomers for the synthesis of polymeric ionic liquids (PILs).

cation R= anion reference
(
N
&W C2-Cis Br, HCOs', PFe 123-127
N+
R

L\

Br 124

\
R Cy, Co, C4, Cs Br, I', BEs 100, 123, 127

C1-Ca Cl, BFs, OTf, NTfy 128

C1-Ca Cl, BFs, OTf, NTfy 128

o =

o—0

The differences between ionic liquids and supercritical carbon dioxide render supported ionic liquids
very attractive for the application as heterogeneous catalysts in supercritical carbon dioxide. lonic
liquids feature very high vapor pressures and high polarities, whereas supercritical carbon dioxide is
characterized by high volatility and low polarity. Furthermore, supercritical carbon dioxide is known to
be highly soluble in ionic liquid, but the ionic liquid itself rarely dissolves in supercritical carbon dioxide,
which is beneficial if solutes need to be extracted from an ionic-liquid phase using supercritical carbon
dioxide.’® On the other hand, this difference in solubility also leads to the suppression of leaching of
ionic liquid from the solid support, which is advantageous for continuous flow-application where
leaching can be problematic.2® This unique behavior of ionic liquid / supercritical carbon dioxide

systems will be discussed in more detail in the following chapter.
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B.3.3 Behavior of lonic Liquids and Carbon Dioxide under High-Pressure Conditions

As discussed in previous chapters, ionic liquids are widely used as solvents and, mainly due to their
very low vapor pressure, are often considered as sustainable solvents. Thus, recovery of solutes from
ionic liquids after reactions is highly interesting. Volatile solutes can be recovered by evaporation or
distillation. Non-volatile or thermally labile but polar solutes can be recovered via extraction with
water, in case the ionic liquid is hydrophobic. For water-miscible ionic liquids, apolar extractants are
required. Unlike, e.g., hexane or heptane, which are unfavorable from a sustainable chemistry point
of view, (supercritical) carbon dioxide is a well-studied alternative.*

The system [Csamim]PFs in carbon dioxide is one of the most studied due to the very high solubility of
carbon dioxide in this particular ionic liquid that is also easy to synthesize.’** 3! Brennecke et al.*** 133
observed an increase in solubility of ionic liquid with higher pressures (up to 9.3 MPa) and a slight
decrease in solubility with higher temperatures (40-60 °C). Furthermore, the influence of water was
investigated. Due to the low solubility of water in carbon dioxide and vice versa, a decrease of solubility
of carbon dioxide in [Csmim]PF¢ saturated with water (2.3 wt%) was observed compared to dried
samples (0.54 vs. 0.13 mole fraction CO,, at 5.7 MPa, at 40 °C). Moreover, the formation of carboxylic
acid from water and carbon dioxide and the accompanied decrease in pH value were suggested as
possible reasons for the difference in solubility behavior. Studies of the influence of different cations
and anions ([C4mim]PFg = [Csmim]PF¢ = [Csmim]BF4 > [N-bupy]BFs> [Camim]NOs > [C;mim]EtSO,4 at 9.3
MPa) showed that ionic liquids containing fluorinated anions exhibit a higher solubilizing capacity for

carbon dioxide due to the hydrophilic nature of their fluorine substituents.

Moreover, Peters et al. 13 compared the solubility of carbon dioxide in [C;mim]PFsand [Csmim]PFs and
observed that the solubility is much lower in [C;cmim]PFe (approximately 0.6 mole fraction of CO,at 9.6
MPa) than in [Camim]PFs (approximately 0.6 mole fraction of CO; at 1.0 MPa). This was primarily
attributed to the increased bulkiness of the butyl chain compared to the ethyl chain and, thus, the
higher density of [Comim]PFs. Furthermore, the solubility of ionic liquid in carbon dioxide was
investigated, by preparing a mixture of a low amount of [C;mim]PFe (0.3 mol%) in carbon dioxide (99.7
mol%). Measurements were further performed under supercritical conditions of carbon dioxide (40-
90 °C, up to 10 MPa). No ionic liquid was detected in the supercritical carbon dioxide, demonstrating
the suitability of supercritical carbon dioxide for the extraction of organic solutes without cross-

contamination with ionic liquids.
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One of the first studies of extraction of low volatile solutes from ionic liquids with supercritical carbon
dioxide was carried out by Brennecke and coworkers®3! using naphthalene as a model substrate in a
[Camim]PFs / carbon dioxide system. They were able to extract naphthalene with high recoveries of
94-96% at supercritical conditions (40 °C, 13.8 MPa) without detectable contamination of the extract
with ionic liquid. Studies of the [Camim]PFs / carbon dioxide system were further expanded to other
organic solutes, such as aniline, anisole, benzoic acid, or 1,4-butanediol, always resulting in recoveries

higher than 95%.1%

Based on these excellent extraction properties of different solutes from ionic liquids, a combined ionic
liquid and supercritical carbon dioxide extraction of cannabinoids from industrial hemp was recently
developed in our group.®® Therein, different ionic liquids, namely [C;mim]OAc, [Ch]OAc, and
[C;mim]DMP, were chosen for pretreatment of the biomass and subsequent supercritical extraction.
Especially acetate anions are known to enhance the dissolution of cellulose,*3 thus leading to a better
penetration of supercritical carbon dioxide into the plant tissue and further resulting in higher yields
than using other anions, such as dimethylphosphate (DMP). Furthermore, the addition of water leads
to a decrease in the viscosity of the ionic liquids and a decrease in solubility of cannabinoids in the

ionic liquid-water phase and, therefore, a further increase in extraction yield.

Cross-contamination can become an issue if the addition of (organic) cosolvents to supercritical carbon
dioxide becomes necessary to increase the solvation power of the supercritical carbon dioxide phase.
Wu et al.®” 138 reported the influence of n-hexane, acetone, and ethanol on the solubility of
[Camim]PFsin carbon dioxide at 40-55 °C and 12-15 MPa. The solubility of the chosen ionic liquid in
pure carbon dioxide of 3.2:107 mole fraction (40 °C, 15 MPa) was determined. While n-hexane shows
no effect on the solubility of the ionic liquid in supercritical carbon dioxide, the solubility increases
significantly when 10 mol% of acetone or ethanol is added, as shown in Scheme 15. Furthermore, it is
evident that solubility increases with pressure and dipole moment of the solvent (hexane < ethanol <

acetone), whereas the influence of temperature is negligible.
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Scheme 15: Solubility of [Csmim]PFs (X3) in solvent/carbon dioxide mixtures (X;).137

The solubility of ionic liquid in supercritical carbon dioxide in the presence of organic solvents is of
crucial importance, especially when supported ionic liquids are employed as heterogeneous catalysts,
in batch or continuous-flow reactions. Leaching of ionic liquid over time can be an issue for the long-
term stability of the heterogenous systems, which is more probable if the ionic liquid is physisorbed

and not chemically bound to the porous support material 2

High-pressure continuous flow set-ups and examples of supported ionic liquids employed as
heterogeneous catalysts in supercritical environment are presented in the following chapters. Further,
the impact of catalyst leaching on the long-term stability of the chosen reaction systems is

demonstrated.
B.3.4 Equipment for Continuous-Flow Reactions in Supercritical Fluids

There are different in-house constructed or modified commercial equipment currently available for
continuous reactions, which are suitable for the high pressures required to reach the supercritical
state,10% 139 140 A gystem originally developed for supercritical fluid extraction by Jasco (Jasco
Corporation, Tokyo, Japan)®2'% was used for the projects herein presented. It was modified by
exchanging the extraction vessels with empty HPLC columns, which were used as cartridges for

powdered heterogeneous catalysts or impregnated monoliths.

A general set-up used for continuous reactions in supercritical fluids based on Poliakoff et al. and our
experience has been described in the litereture.}?? 41 142 Carbon dioxide is delivered from a gas
cylinder with an ascending pipe. Since carbon dioxide cannot be pumped easily at room temperature

due to its high compressibility, it has to be cooled using e.g., cooled pump heads, where a cooling
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agent, delivered by a chiller, can circulate. Liquid substrates are delivered by HPLC pumps, either in
neat form or mixed with solvent. Alternatively, gaseous starting materials can be delivered via mass-
flow controllers. Static mixers or simple t- or v-pieces can be used to ensure complete mixing of starting

materials and solvents before they enter the reactor unit.

Catalysts, in most cases ionic liquids and metal-organic species or enzymes, can be employed as a
homogeneous mixture through which substrates and supercritical fluid are bubbled.’*® Herein, the
focus will be on the employment of heterogeneous systems, where the catalyst is immobilized on a
solid support and can be filled into a tube reactor (Scheme 16). For analysis, techniques such as gas

145 can be

chromatography*** or UV-Vis (with diode-array detectors) coupled with mass spectrometry
employed online. The products can also be analyzed off-line after their collection and the release of

carbon dioxide.

3) co,
I 6) 7
.
Favavavavay ~ i
5) D:D
4) favavavavas
8)

Scheme 16: Schematic representation of a set-up employed for heterogeneous catalysis in supercritical fluids.
(1) carbon dioxide cylinder, (2) substrate (+ solvent), (3) carbon dioxide pump, (4) substrate pump, (5) mixer, (6) tubular

reactor in oven, (7) back-pressure regulator, (8) product collector

Continuous reactions catalyzed by supported ionic liquids using supercritical fluids, either as solvent
or reactant, are presented in the following chapter. In these cases, metal-organic species, enzymes, or
solely the ionic liquid acted as catalytically active species. These reactions are partly covered in a 2015

review by Garcia-Verdugo et al. ** and further presented in the following chapter.
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B.3.5 Continuous Reactions: Supported lonic Liquids and Supercritical Fluids

The adsorption of ionic liquid on a porous solid support combines the advantageous properties of ionic
liquid-based homogeneous systems with them of heterogenous ones, for examples higher mass
transfer, easier recyclability and the simpler application in continuous flow. Different examples with
supercritical carbon dioxide as solvent or reactant and supported ionic liquids as catalysts employed

in continuous flow are summarized in the following.

B.3.5.1 Metal-Organic Species as Catalysts

scCO;, (85 mL/min)

o Hz (10 mL/min) N o
/ONO/ 40 °C, 12 MPa, 10 h /ONO/

(o] catalyst:
Rh-QUINAPHOS @ SiO; / [Comim]NTf,

. quant. conversion
0.01 mL/min 99% ee

[Comim]NTf, Rh-QUINAPHOS

support: dehydroxylated silica-100

long-term stability (65 h): for 10 h: quant. conversion, 99% ee
after 10 h: quant. conversion, 70-75 % ee

with silica-based water scavanger: 98% ee over 30 h

Scheme 17: Continuous rhodium-catalyzed enantioselective hydrogenation in scCO,.146: 147

Leitner et al.**® performed an enantioselective hydrogenation of dimethyl itaconate in continuous
flow, employing a chiral rhodium complex with QUINAPHOS ligands, immobilized on dehydroxylated
silical-100 with 1-ethyl-3-methylimidazolium bistriflimide ([C;mim]NTf,) as ionic liquid (Scheme 17).
The flow of carbon dioxide was set to 85 mL/min, the flow of hydrogen was set to 10 mL/min, and both
were delivered via mass-flow controllers. The reaction was carried out in supercritical carbon dioxide
at 40 °C and 12 MPa. Enantioselective hydrogenation resulted in full conversion over 65 h and > 99%
ee for 10 h. After 10 h, enantioselectivity dropped to 70-75% ee, which was ascribed to a partial
decomposition of the QUINAPHOS ligand over time. The unfavorable influence of water on the long-
term stability of the catalyst, when silica-based supports are used for immobilization of the metal-
organic species, was further demonstrated in a follow-up project.** Therein, a water scavenger based

on dehydroxylated silica was employed and resulted in 98% ee over 30 h on stream.
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s¢CO; (80 mL/min)
H, (20 mL/min)
JL 60 °C, 12 MPa, 48 h /L
F3C OAc F3C OAc
catalyst:
Rh-Xyl-QUINAPHOS @ SiO, / [Cmim]NT¥, : 90%;onversion

- o ee

0.005 mL/min

NTf3 O
Xyl
\N/%NV\ o /P‘Rh‘P:XyI BF;
\—/ [0 BEASN
[Comim]NTF, Xyl-QUINAPHOS

support: dehydroxylated silica-100

long-term stability (233 h): for 130 h: > 89% conversion, 79-83% ee
after 130 h: 64-73% conversion, 80-84 % ee

leaching (metal): negligible metal contamination of product (determined via ICP-OES)

\ J

Scheme 18: Continuous rhodium-catalyzed enantioselective hydrogenation in scCO,.148

Leitner and Francio et al.}*® also reported the continuous hydrogenation of 1-(trifluoromethyl)vinyl
acetate employing slightly different Xyl-QUINAPHOS ligands for rhodium catalyst, which was
immobilized on dehydroxylated silica coated with 1-ethyl-3-methylimidazolium bistriflimide
([C2mim]NTf, ) (Scheme 18). For the first 130 h on stream, conversions of > 89% and 79-83% ee were
achieved. Flow rates were doubled, resulting in a reduction of residence time and, consequently, lower
conversions of around 70%, whereas enantiomeric excess remained stable and reached a maximum
when flow rates were set again to the initial values after 211 h on stream. Furthermore, just negligible
amounts of leached metal catalyst were detected via inductively coupled plasma optical emission
spectrometry (ICP-OES). Especially enantiomeric excess could be improved in this particular
hydrogenation. In this regard, it was shown in the next example that different supports can drastically

change the performance of a hydrogenation.
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( N
0 scCO, (80 or 160 mL/min) (o]
N )J\ H, (18 or 36 mL/min) N ¥ )J\
JC N 50 °C, 15 MPa, 90 h JC N
N > N
F Z catalyst: F =
in toluene (0.18 ) RM-QUINAPHOS @ FRP-SI0; / [CmimINTF, oot conversion
0.037 or 0.074 mL/min >99% ee
ionic liquid:

[Comim]NTf, Rh-QUINAPHOS

support: fluorous reverse phase silica

long-term stability (90 h): quant. conversion, > 99% ee
hydrophilic support: no deactivation of catalyst with triethoxyperfluorooctylsilane modified silica (FRP-SiO5)

leaching (metal): below limit of detection (1 ppm)

Scheme 19: Further developments in the continuous rhodium-catalyzed enantioselective hydrogenation in scCO,.14°

Based on the developed rhodium-QUINAPHOS supported system, Francio and Leitner et al.1*° (Scheme
19) investigated the continuous-flow hydrogenation of an heteroaromatic enamide, known as a key
intermediate of an active pharmaceutical ingredient (API). Toluene was found to be a suitable
cosolvent in order to enable the synthesis of nonvolatile and poorly soluble substrates in pure
supercritical carbon dioxide. Furthermore, hydrophobic fluorous reverse-phase silica, prepared by
modification of the surface with triethoxy perfluorooctylsilane, replaced the previously used
dehydroxylated silica as support and resulted in a stabilization of conversion over time. Quantitative
conversion and > 99% ee for a period of 90 h were achieved. Furthermore, no leaching of the metal

catalyst was observed, which is also required for the long-term stability of the system.
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1 s¢C0O, (0.1 mL/min)

200 °C, 8 MPa, 1h
+  Zcoome > P
cOOMe

base:
VBC/DVB polymer / imidazolium acetate
catalyst:
Pd @ VBC/DVB polymer / imidazolium moiety

0.01 mL/min 80% vyield

supported base: metal-organic catalyst:

F55|\)
o< > W O< > N Pd-spF,
&/‘\ﬁ\ OAc™ @\

support: 4-vinylbenzylbenzyl chloride (VBC)/divinylbenzene (DVB) copolymer

use of supported bases: pure product obtained (no contamination with salts)

Scheme 20: Continuous palladium-catalyzed Heck reaction in scCO,.150

Luis et al.**® performed a Heck reaction in continuous flow using supercritical carbon dioxide as the
sole solvent. They started from iodobenzene and methyl acrylate and employed polymer-supported
imidazolium-based palladium catalyst for the C-C coupling (Scheme 20). Supported imidazolium
acetate was used as a base to avoid contamination of the product with formed salt, as this was
observed when triethylamine was used as a base. The reaction was performed at 8 MPa and 200 °C
and resulted in a constant 80% yield for 1 h. After 1 h, the conversion dropped significantly. The
ongoing consumption of the base was assumed to be the reason. Furthermore, it was stated that
optimization will push the process to quantitative yields, whereas no further purification of the product

will be necessary, which is beneficial in terms of sustainable chemistry.
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B.3.5.2 Enzymes as Catalysts

o .
scCO; (1 mL/min) )k/
@\)Oi + /\OJ\/ 50 °C, 10 MPa, 4 h ©\/(_)\
. lyst:
5 ul/min cata )
(4.24 M solution of alcohol in reagent) CALB @ C4-5i0-[C4tma]NTF, up to 48% yield
>99.9% ee
ionic liquid: enzyme:

\N+/\/\ . . .
e | Candida antarctica lipase B
NTf3
[C4tma]Nsz CALB

"AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAL
support: silica modified with butyl chains (C4-SiO5)

support: performance highly dependent on modification of support (alkyl [C2-C1g], amino, nitrile, carboxylic)

ionic liquid: best performance with [C4tma]NTf, coating (vs. [(Cg)sma]NTf; and uncoated support)

Scheme 21: Continuous lipase-catalyzed kinetic resolution in scCO,.15!

Iborra et al.»> immobilized Candida antarctica lipase B (CALB) on different silica supports modified
with different side chains (alkyl, amino, nitrile, carboxylic) to investigate the influence of different
supports on the activity of enzyme employed to the kinetic resolution of 1-phenyl ethanol in ionic
liquid / supercritical carbon dioxide systems (Scheme 21). Enzyme immobilized on butyl-modified silica
coated with butyltrimethylammonium bistriflimide ([Cstma]NTf.) resulted in the highest yields up to
48%, representing an almost full conversion of the desired enantiomer (max. 50%) and > 99.9% ee.
Furthermore, it was shown that functionalization of silica had a clear positive impact on the reaction
performance, since enzyme supported on non-functionalized silica coated with ionic liquid showed
very low activity. Moreover, reactions were carried out at moderate temperatures of 50 °C, at 10 MPa,
but high enough to reach the supercritical state of carbon dioxide, demonstrating once again the

advantage of reaching the supercritical state at low temperatures.
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acid catalyst:

zeolithe / [C4tma]NTf; ©\/(')i

(o] to
OH scCO; (1 mL/min) )J\/
. /\OJK/ 50 °C, 10 MPa, 6 h ©\/9\
biocatalyst:
6 umol/min CALB @ acrylic resin / [C4tma]NTf, t0 98% vield
up to 98% yie
(1/2 mol/mol solution of alcohol in reagent) > 97% ee
biocatalyst: acidic catalyst:
>N+/\/\ Candida antarctica lipase B >N+/\/\
| NTF; (immobilized) | NTF;
[C4tma]NTf, Novozyme 435 [C4tma]NTf,

S\N\N\NNNNNNNNNNNNNNNNNNAN VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV
support: acrylic resin from Novozyme 435 support: zeolite CBV400 (Si:Al = 2.5)

major challange: compatibility of biocatalyst and acid catalyst, solved with the use of zeolithes

long-term stability: no significant loss in yield and enantiomeric excess over 14 days

Scheme 22: Continuous lipase-catalyzed dynamic kinetic resolution in scC0O,.152

As a next step, the dynamic enzymatic kinetic resolution of 1-phenyl ethanol was reported by Iborra et
al.*> 153 (Scheme 22). For this purpose, 1-phenyl ethanol had to be racemized by continuously
employing an acidic catalyst. Herein, the major challenge was the compatibility of biocatalyst and
acidic catalyst to avoid deactivation of enzyme over time. This should be limited by the application of
the SILP concept, whereas a minimum interaction of both heterogeneous catalytic systems should be
guaranteed compared to a homogeneous system. However, a first attempt, where a mixture of
immobilized biocatalyst Novozym 435 and benzenesulfonic acid-modified silica was used, resulted in
a rapid loss of activity. In a second attempt, heterogeneous acid catalyst was placed on two ends of
the catalyst cartridge, and biocatalyst was located in the middle. All three catalytically active zones
were separated using glass wool. This attempt resulted in yields up to 75% and 91-98% ee.’ In a
follow-up project (Scheme 22), ionic liquid-coated zeolites featuring a decreased acidity compared to
benzenesulfonic acid-modified silica were found to be suitable for the successful resolution without
the need to separate the two catalysts from each other. Yields of 98% and 97% ee were achieved,

showing excellent long-term stability over 14 days.!*?
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's N
acidic catalyst:
zeolite / [C4tma]NTf, ©\/C')i
o] ’ Q
OH 5¢cCO; (1 mL/min) )K/
+ /\OJK/ 50 °C, 10 MPa, 4 h ©\/c_)\
biocatalyst:
X CALB @ Merrifield resin / imidazolium chloride
10.6 pmol/min up to 92% yield
(1/1 mol/mol solution of alcohol in reagent) 99.9% ee
biocatalyst: acidic catalyst:
Q<i>j o _ S
N Candida antarctica lipase B P |
N NTF;
N N+\/\/
supported imidazolium chloride CALB [Catma]NTF;
VaVaAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV
support: Merrifield resin support: zeolite CB811-E (Si:Al = 75)
acidic catalyst: screening of different zeolites led to an excellent enantiomeric excess (99.9% ee) in a "one-pot" approach
|\ J

Scheme 23: Further improvement of the continuous lipase-catalyzed dynamic kinetic resolution in scCO,.15*

Luis et al.** also reported ionic-liquid modified Merrifield resins for the immobilization of Candida
antarctica lipase B applied for the dynamic enzymatic kinetic resolution of 1-phenyl ethanol (Scheme
23). Imidazolium chloride-based ionic liquids were chemisorbed on Merrifield resins with different
amounts of divinyl benzene as crosslinker to demonstrate the impact of porosity of support on the
catalytic activity. Macroporous supports were preferred in terms of yield and enantioselectivity.
Furthermore, zeolite coated with butyltrimethylammonium bistriflimide ([Cstma]NTf,) was employed
as acidic catalyst for continuous racemization of the alcohol. This reaction system resulted in yields of

92% and again in excellent enantioselectivities of > 99.9% ee.
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o
scC0O;(0.1-3.5 mL/min)
o HO 80 °C,10 MPa, 10 h \)J\o
)K/ ¥ >
Z>o | catalyst:
CALB @ VBC/DVB-imidazolium chloride |

0.04 mL/min up to 93% yield
(1 M in hexane) > 99.9% selectivity

Introduction

ionic liquid: enzyme:
cr-
N
"
&/NW

supported imidazolium chloride CALB

Candida antarctica lipase B

support: 4-vinylbenzylbenzyl chloride (VBC)/divinylbenzene (DVB) copolymer

support: VBC/DVB supports outperformed modified silica and other copolymers

Scheme 24: Continuous lipase-catalyzed production of citronellyl propionate in scC0O,.155

Instead of polymeric beads based on Merrifield resin, Iborra et al.*>® reported macroporous monolithic
imidazolium-supported polymers where the enzyme was adsorbed and applied for the production of
citronellyl propionate, a terpene ester used as flavor and fragrance (Scheme 24). Candida antarctica
lipase B was employed as a biocatalyst, and butylimidazolium chloride-based ionic liquid was
immobilized on vinylbenzylchloride—divinylbenzene copolymers and outperformed 2-hydroxyethyl
methacrylate—ethylene dimethacrylate polymers and butyl-modified silica. Reactions were performed

at 80 °C and 10 MPa and resulted in yields of up to 93% and selectivity higher than 99.9%.
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scCO; (1 mL/min)

°‘>_/° 5 45 °C, 18 MPa, 6 h _ )
> )7 ( 7

74 catalyst:
CALB @ Merrifield resin / imidazolium bistriflimide

10.2 pmol/min up to 95% yield

ionic liquid: enzyme:

N Candida antarctica lipase B
CyoHa1

supported imidazolium bistriflimide CALB

support: Merrifield resin beads (commercially available VBC/DVB copolymers)

recycling: 85% yield after 45 cycles of 4-8 h

tert-butanol: crucial to avoid poisoning of enzyme by glycerol

Scheme 25: Continuous lipase-catalyzed biodiesel production in scCO,.15¢

Luis et al.’® established an enzyme-catalyzed continuous methanolysis for the production of methyl
oleate (biodiesel) in supercritical carbon dioxide starting from triolein (Scheme 25). Enzyme Candida
antarctica lipase B (CALB) was immobilized on divinylbenzene-polystyrol polymeric matrices of
different porosity, prepared from commercially available Merrifield resins, where 1-decyl-2-
methylimidazolium-based ionic liquids were chemisorbed. Reactions were performed at relatively
moderate temperatures of 45 °C at 18 MPa, nevertheless, reaching the supercritical state of carbon
dioxide and yielding up to 95% of product. Furthermore, this system showed good stability of 85% yield
after 45 cycles of 4-8 h. Additionally, tert-butanol as co-solvent in supercritical carbon dioxide turned
out to be crucial to avoid poisoning of the enzyme over time by the blockage of catalytically-active

sites by glycerol formed during the reaction.
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support: acrylic resin from Novozyme 435

addition of tert-butanol: decreased viscosity of substrate
increased solubility of product in apolar scCO,

recycling: no loss in activity over 9 cycles (6 h) of operation

Scheme 26: Continuous lipase-catalyzed production of omega-3 monoacylglycerides in scC0O,.157

Lozano et al.** investigated a continuous two-step synthesis of omega-3 monoacylglycerides, starting
from fish oil or linseed oil dissolved in tert-butanol in order to reduce the viscosity and facilitate mass
transfer (Scheme 26). In a first step, the immobilized enzyme Candida antarctica lipase B was
employed for transesterification, and in a second step, the solketal moieties were hydrolyzed
employing zeolites as solid acid catalysts. While no cosolvent was employed for the transesterification
(1%t step), a mixture of water and tert-butanol was used for the hydrolysis (2" step) in order to
guarantee the transport of hydrophilic fatty acid solketal ester intermediate in apolar supercritical
carbon dioxide phase, without blocking the reactor during the reaction. Yields of more than 95%

monoglyceride were achieved in 9 cycles of operation for a period of 6 h.
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long-term stability (48 h): for 8 h: up to 90% yield
after 8 h: drop to approx. 20% yield
36% overall yield

chemisorbed ionic liquid: constant output over 48 h (overall yield: 38%)

Scheme 27: Continuous imidazolium bromide-catalyzed production of propylene carbonate in scCO,.1°!

In our group, Schréder et al.l®® investigated the continuous production of propylene carbonate
employing silica-supported 1-ethyl-3-methylimidazolium bromide ([Ccmim]Br) as the sole catalyst

without the need for additional catalysts, such as enzymes or metals (Scheme 27).

Additionally, supercritical dioxide acted in this case not only as solvent (together with hexane) but also
as a reactant, since carbon dioxide had to be incorporated into propylene oxide to form propylene
carbonate. Two different catalyst-immobilization approaches were studied; for the first approach,
[C;mim]Br was simply physisorbed on silica. This catalytic system resulted in a maximum yield of
around 90% for 8 h but led to a rapid decrease due to leaching of ionic liquid from the support and the
deposition of formed by-products, such as oligomers and polymers, on the catalytically-active surface.
This process was triggered by free hydroxyl groups on the surface of silica and led to an overall yield
of 36% over 48 h. For this reason, imidazolium bromide based ionic liquids were chemisorbed on silica
using the free hydroxyl groups as an attachment point for a silane linker. With this approach, a constant

output of 38% of pure propylene carbonate over a period of 48 h was achieved.

This publication served as the basis for the continuous flow-related projects presented in this thesis,
where neat starting material and supercritical carbon dioxide as sole solvent were employed to
prevent catalyst leaching in the production of bio-based cyclic carbonates. Furthermore, alternative

support materials were studied to achieve selective conversion to cyclic carbonates.
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C Aim of this Thesis

Supercritical carbon dioxide is well established for the application as solvent for supercritical fluid
extractions. Many bioactive compounds of different classes such as flavonoids, terpenes, lipids, fatty
acids, cannabinoids, and alkaloids were extracted from various sources. To enhance the release of
bioactive compounds from plant material, hydrolytic enzymes can be employed for the distortion and

deformation of the matrix to enhance the release of bioactive compounds.

This thesis, dealing with biomass valorization, focuses on the development of an enzyme-assisted
supercritical carbon dioxide extraction process employing the enzyme mix snailase for the deformation
of the plant matrix of apple pomace and the hydrolysis of the contained polar flavonoid glycosides to
less polar flavonoid aglycones to facilitate their extraction process. Finally, this work aims for a

simultaneous process of the enzymatic hydrolysis and the supercritical fluid extraction.

Due to contrary solubility properties of supercritical carbon dioxide and ionic liquids, a highly tunable
compound class, these two neoteric solvents were combined in heterogeneous catalytic processes for
the continuous production of bio-based cyclic carbonates using supercritical carbon dioxide as reagent
and sole solvent. Supported ionic liquids were employed as heterogeneous catalyst. A focus was
further put on the investigation and development of different support materials to achieve higher

yields and selectivities.

flavonoid
glycoside
extracted
flavonoid aglycones
SUPERCRITICAL
CARBON DIOXIDE
(0]
(0]
R—

bio-based epoxides cyclic carbonates

Scheme 28: Aim of this thesis - Application of supercritical dioxide in biomass valorization and in continuous flow.
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D Enzyme-Assisted Supercritical Fluid Extraction of Flavonoids from Apple
Pomace (Malus x domestica)

Enzyme assisted-supercritical fluid extraction has been employed on different plant materials to
facilitate or even enable the extraction of bioactive compounds by the digestion and deformation of
plant tissue.’’” Bioactive compounds, such as flavonoids,®® feature, for example, antioxidative,
antiaging, cardioprotective, or anti-inflammatory effects and are, therefore, applied in the
pharmaceutical and food industry as well as in cosmetics. Many flavonoids remain in apple pomace
after juice, jam, cider, or vinegar production,®® but apple pomace has never been employed for

enzyme-assisted supercritical fluid extraction to the best of our knowledge.

SCC02 + cosolvent

5cCO, extraction without enzyme

enzyme

extract

34
hydrolysis d‘i:z% \
. I [
flavonoid { >‘ \
glycoside =
flavonoid  sugar
aglycone moiety

simultaneous process with enzyme % extract

7
4

Scheme 29: Supercritical fluid extraction of flavonoids from apple pomace and enzyme-assisted supercritical fluid
extractions in a subsequent and a simultaneous process.
An enzyme-assisted supercritical carbon dioxide extraction of flavonoids from apple pomace was
investigated and compared to a supercritical carbon dioxide extraction without enzyme of dried and
milled biomass (Scheme 29). This study focused on the four most prominent flavonoid glycosides in
apple pomace and the enzymatic hydrolysis products, the flavonoid aglycones quercetin, kaempferol,
phloretin, and 3-hydroxyphloretin. For successful enzymatic hydrolysis, the commercially available
enzyme mix snailase was employed. Optimization of enzymatic hydrolysis focused on the influence of
the amount of snailase, pre-treatment of apple pomace, and the time for enzymatic hydrolysis. After
lyophilization of hydrolyzed samples, they were transferred into a flow reactor for subsequent
supercritical fluid extraction, where the amount and kind of polar cosolvent, as well as the time for the
extraction, were investigated. Ultimately, the enzymatic hydrolysis and supercritical fluid extraction
were performed in a one-pot, simultaneous process, which demonstrated the potential of snailase for

a scalable process under pressurized conditions with dry and milled but also wet apple pomace.
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In the following, the below-mentioned publication is presented:

Miksovsky, P.; Kornpointner, C.; Parandeh, Z.; Goessinger, M.; Bica-Schroder, K.; Halbwirth, H.,
Enzyme-Assisted Supercritical Fluid Extraction of Flavonoids from Apple Pomace (Malus x domestica).

ChemSusChem 2023, https://doi.org/10.1002/cssc.202301094.

As a main author, together with Christoph Kornpointner, | contributed to the investigation,
conceptualization, methodology, visualization, writing of the original draft, and review of the

manuscript.
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Abstract: Herein an enzyme-assisted supercritical fluid extraction (EA-
SFE) was developed using the enzyme mix snailase to obtain flavonols
and dihydrochalcones, subgroups of flavonoids, from globally abundant
waste product apple pomace. Snailase, a commercially available mix of
20—30 enzymes, was successfully used to remove the sugar moieties
from quercetin glycosides, kaempferol glycosides, phloridzin and 3-
hydroxyphloridzin. The resulting flavonoid aglycones quercetin,
kaempferol, phloretin and 3-hydroxyphloretin were extracted using
supercritical carbon dioxide (scCO) and minimum amounts of polar
cosolvents. A sequential process of enzymatic hydrolysis and
supercritical fluid extraction was developed, and the influence of the
amount of snailase, pre-treatment of apple pomace, the time for
enzymatic hydrolysis, the amount and type of cosolvent and the time
for extraction, was studied. This revealed that even small amounts of
snailase (0.25%) provide a successful cleavage of sugar moieties up to
96% after 2 h of enzymatic hydrolysis followed by supercritical fluid
extraction with small amounts of methanol as cosolvent, leading up to
90% of the total extraction yields after 1 h extraction time. Ultimately, a
simultaneous process of EA-SFE successfully demonstrates the
potential of snailase in scalable scCO, extraction processes for dry and
wet apple pomace with satisfactory enzyme activity, even under
pressurized conditions.

Introduction

Recent studies!'! revealed the potential of the relatively new field of
enzyme-assisted supercritical fluid extraction (EA-SFE) of various
bioactive compounds from different plant materials, such as
leaves!'® 2 (Medicago sativa), peels® (Punica granatum, Ananas
comosus, Solanum lycopersicum), seeds!"™ 4 (Paullinia cupana,

Hippophae rhamnoides L., Decaisnea insignis, Vitis vinifera L.),
hulls®! (Fagopyrum escalentum), cladodes!®! (Opuntia fiscus-indica
(L.) Miller), spicery (Piper nigrum,  Elettaria cardamomum),
leftoversl® (Camellia sinensis) and pomacel* 9 (Ribes nigrum,
Hippophae rhamnoides L.). The enzymes a-amylase, cellulase,
pectinase, protease and xylanolytic enzyme, as well as
commercially available enzyme mixtures Alcalase®, Celluclast®,
CeluStar®, Flavourzyme®, Kemzyme®, Novozyme®, Pectinex®,
Rapidase Maxi Fruit® and Viscozyme® were all employed with the
same goal: the digestion and deformation of plant tissue, namely
the polysaccharide network!'®l, constructed from cellulose,
hemicellulose, lignin and pectin, in order to enable, facilitate or even
improve the release of various valuable bioactive compounds for
further supercritical fluid extraction (SFE) due to an enhanced
penetration of supercritical fluid into the plant material.['%

In context of the extraction of valuable bioactive compounds from
plant material, flavonoids!'"! are well known as polyphenolic and
therefore antioxidative secondary plant metabolites. They exhibit
antiaging effects!'?, are anti-inflammatory!'®l, cardioprotectivel'¥,
immunomodulatory!® and feature antivirall''® '8 antibacteriall'”]
and antifungall'® activities. For these reasons, flavonoids are
commonly applied in cosmetics, the food industry and the
pharmaceutical sector.

Flavonoids mostly appear in their glycosylated form in naturel',
increasing their polarity, and thus their water solubility. In contrast,
nonpolar supercritical carbon dioxide is primarily suitable for the
extraction of compounds with lower polarity such as the
corresponding aglycons which furthermore exhibit an increase in
antioxidant capacity.?%

Recently snailase was reported as a promising tool for the efficient
enzymatic hydrolysis of flavonoid glycosides from plant extracts?',
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resulting in a decrease of their polarity and thus facilitating
supercritical carbon dioxide extraction. Snailase, obtained from the
digestive tracts of snails (genus Limax)®??, is a mixture of 20—30
enzymes used for hydrolysis and digestion purposes and contains
for instance, cellulase, invertase, polygalacturonase, hemicellulose,
protease and pectinase!??l,

Flavonoid glycosides of seven subclasses, namely aurones,
chalcones, dihydroflavonols, flavanones, flavones, flavonols and
isoflavones, from nine flower and leaf extracts were efficiently
hydrolyzed. The hydrolysis by snailase led to highest yields of all
investigated flavonoids, independently of type of plant and
flavonoid, when compared with other enzymes (cellobiase,
cellulase, B-glucosidase or pectinase) and acidic hydrolysis.?']
Concerning waste valorization, many valuable flavonoids in apples,
with worldwide production increasing from 83 Mt/year to 93 Mt/year
(2017—2021)24, remain in the pomace after juice, cider, jam and
vinegar productiont?l.

A) Supercritical Fluid Extraction (SFE) of Flavonoid Glycosides

_f 9<

scCO, + cosolvent

?¢se

fIavonoud glvc05|des
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Currently, apple pomace, a mixture of seeds, skin, flesh and stem,
is used for further fermentation to ethanol® butanoll?”,
hydrogen'?®l, pectinl®®, acrylic acid®'l, propionic acid*® and vitamin
B121%%, to name a few, but is also subjected to numerous extraction
techniques such as enzyme-assisted®!,  microwavel*?,
ultrasound®2>: 331 radiofrequency-assisted® or supercritical fluid
extractions(®®).

Sole enzyme assisted extractions (EAE) feature the previously
mentioned benefits of digestion and deformation of plant tissue,
which facilitates the extraction of target compounds due to a better
solvent penetration. However, plant tissue, enzyme and products
are not separated and thus increasing the effort for further
purification and solvent recycling. This can be circumvented by
combining the enzymatic treatment with supercritical fluid
extraction using supercritical carbon dioxide as extractant.

plant tissue
of apples

, flavonoid glycosides

Mecllvaine buffer flavonoid aglycones

< enzyme: snailase glycose moieties

B) Sequential Process: Enzyme-Assisted Supercritical Fluid Extraction of Flavonoid Aglycones

XA

snailase in buffer

o’

1) enzymatic digestion and deformation of plant tissue

- o
lyophilization - T

s¢CO, + cosolvent

less polar flavonoid aglycones

3) supercritical fluid extraction of flavonoid aglycones

2) enzymatic hydrolysis of glycosides to less polar aglycones

C) Simultaneous Process: Enzyme-Assisted Supercritical Fluid Extraction of Flavonoid Aglycones

o +

snailase in buffer

5¢CO, + cosolvent

less polar flavonoid aglycones

1) enzymatic digestion and deformation of plant tissue

2) enzymatic hydrolysis of glycosides to less polar aglycones

3) supercritical fluid extraction of flavonoid aglycones

Figure 1: Scheme of different SFE techniques carried out in this work: A) Supercritical fluid extraction of flavonoid glycosides 2a-d from enzymatically untreated apple
pomace. B) Enhancement of snailase-assisted supercritical fluid extraction of less polar flavonoid aglycones 1a-d conducted in a sequential manner. C) Development
of a simultaneous process for the snailase-assisted supercritical fluid extraction of flavonoid aglycones 1a-d from apple pomace.
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Carbon dioxide is simply separated by expansion directly after the
extraction process. Furthermore, it is an abundant chemical with
a relatively low critical temperature (31 °C) and critical pressure
(7.38 MPa)i®8l, featuring favorable properties in terms of toxicity
and flammability. Thus, it is an ideal replacement for organic
solvents being used for conventional extractions. Furthermore, no
remaining solvent traces are present in the extracts due to simple
gas-liquid separation via expansion of carbon dioxide after
extraction, which is in turn a crucial factor in cosmetics, food and
pharmaceutical industries.

Moreover, the polarity of supercritical carbon dioxide can be tuned
by the addition of small amounts of polar sustainable
cosolvents®’], such as ethanol or methanol, in order to enhance
the extraction performance.

To the best of our knowledge, snailase with its high efficiency for
enzymatic hydrolysis of flavonoid glycosides in combination with

10.1002/cssc.202301094

WILEY . vcH

apple pomace as valuable waste material, has never been
employed for enzyme-assisted supercritical fluid extraction.

In this work (Figure 1) we present the enhancement of an
enzyme-assisted supercritical carbon dioxide extraction of less
polar flavonoid aglycones (kaempferol 1a, quercetin 1b, phloretin
1c and 3-hydroxyphloretin 1d) from globally abundant apple
pomace using snailase for the digestion of plant tissue to facilitate
the penetration of carbon dioxide in the matrix!'%, and to hydrolyze
polar flavonoid glycosides 2a-d to less polar flavonoid aglycones
1a-d. Ultimately, a simultaneous process for enzymatic hydrolysis
and supercritical fluid extraction was developed under the

considerations of pressure- and pH-dependent enzyme activity®,

revealing the potential for an up-scaled industrial process for
various waste materials in the future.

R=H R=H or D-glycose moiety R=H

kaempferol 1a kaempferol glycosides 2a :

-

R=H or D-glycose moiety

quercetin 1b  quercetin glycosides 2b

R=H R=2'-0-D-glycose R=H R=2'-0-D-glycose

: phloretin 1c phloridzin 2c

* 3-hydroxyphloretin 1d  3-hydroxyphloridzin 2d

J

Figure 2: Most abundant flavonoids extracted from apple pomace (cultivar Topaz) in this work: Flavonoid aglycones 1a-d obtained via enzymatic hydrolysis of
flavonoid glycosides 2a-d and supercritical fluid extraction. Quantification was performed via high-performance liquid chromatography (HPLC).

Results and Discussion

The Way to a Simultaneous Snailase-Assisted
Supercritical Fluid Extraction: Overview of the Concept

As illustrated in Figure 1, this work is separated in three main
parts: A) The supercritical fluid extraction of primarily flavonoid
glycosides 2a-d from apple pomace, B) the enhancement of
enzymatic hydrolysis and supercritical fluid extraction of primarily
flavonoid aglycones from apple pomace in a sequential process,
and ultimately, C) the simultaneous enzyme-assisted supercritical
fluid extraction of primarily flavonoid aglycones from apple
pomace.

Initial supercritical fluid extractions of flavonoid glycosides 2a-d
(Figure 1A) show the limitations of extracting polar glycosylated
compounds with nonpolar supercritical carbon dioxide compared
to their aglycone species 1a-d. The penetration depth of carbon
dioxide into the plant tissue, and thus the efficiency of the
extraction is limited due to the fact that the bioactive compounds
are embedded into a robust matrix, the plant tissue.l'? For this
reason, the enzyme mix snailase was introduced to the extraction
process to digest the apple pomace and to enzymatically
hydrolyze the targeted flavonoid glycosides before supercritical
fluid extraction. This sequential process is depicted in Figure 1B.
With the aid of snailase, it was possible to enzymatically digest
and deform the plant tissue in order to enhance the supercritical
fluid extraction due to an easier penetration!'® of carbon dioxide,

and therefore, a facilitated release of flavonoids. At the same time,
the polar flavonoid glycosides were enzymatically hydrolyzed to
less polar flavonoid aglycones, improving the extractability with
nonpolar supercritical carbon dioxide containing small amounts of
polar cosolvent. Furthermore, the separation of water-soluble
snailase, plant tissue, flavonoid glycosides and the remaining
sugar moieties is triggered. However, we mainly focused on
studying the ratio of glycosides 2a-d to aglycones 1a-d, as well
as the total yields under different conditions. An energy
demanding and interruptive lyophilization step was necessary in
the sequential process, because a flow extraction vessel (Figure
S1, (6)) was used for supercritical fluid extraction.

For this reason, a simultaneous process (Figure 1C) for EA-SFE
was carried out after investigating the influence of the amount of
snailase, grinding the apple pomace, the time of hydrolysis and
the influence of cosolvent. For this purpose, enzymatic hydrolysis,
digestion of plant tissue and supercritical fluid extraction were
performed at the same time in a batch extraction vessel without
lyophilizing the enzymatically treated apple pomace beforehand.
The successful application of enzyme during the simultaneous
process revealed the potential of using snailase under
pressurized conditions and the influence of pH-lowering
supercritical carbon dioxide in a scalable industrial process.
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A) Supercritical Fluid Extractions of Flavonoid
Glycosides 2a-d from Enzymatically Untreated Apple
Pomace

We commenced our studies with the supercritical carbon dioxide
extraction of flavonoids from enzymatically untreated, dried and
ground apple pomace using ethanol as polar cosolvent (Figure
3). The cultivar Topaz®, which is commonly less susceptible to
scab and therefore popular in organic orchards, was chosen as
feed material, due to favorable flavonoid concentrations
compared with other apple varieties found by preliminary
conventional ethanolic extraction. Quantification via HPLC
revealed that flavonols (2a-b) and dihydrochalcones (2c-d) are
the predominant flavonoid glycosides present in apple pomace
(Figure 2).

For the initial supercritical carbon dioxide extractions, dried and
ground apple pomace was loaded into a flow extraction vessel
(Figure S1, (6)). Extraction conditions were modified according to
literaturel*®l. Ethanol as a polar and sustainable organic
cosolvent®™! was required for extraction since preliminary
extractions with pure supercritical carbon dioxide were not
feasible.

0.8
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R\ flavonoid glycosides 2a-d
V) total

0.6

¥
[=]
g
= NN\
: \
3 0.4 -
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©
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Figure 3: Results (umol/g) of SFE of enzymatically untreated apple pomace:
Conditions for SFE: 3.0 g apple pomace (dried and ground), 2 mL/min total flow,
5—20 v% EtOH, 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate
and results are reported as mean values.

Table 1: Composition of flavonoid glycosides and aglycones in % in extracts
obtained by SFE illustrated in Figure 3.

5v% EtOH (SFE) 10 v% EtOH (SFE) 20 v% EtOH (SFE)

1a-d 28% 2% 1%

2a-d 72% 98% 99%
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The results of supercritical fluid extraction of enzymatically
untreated apple pomace (Figure 3) revealed that 5 v% of ethanol
as cosolvent result in the extraction of a negligibly small amount
of flavonoid glycosides 2a-d (< 0.01 pmol/g). Yields increased
with higher amounts of cosolvent, achieving 0.21 pumol/g with
10 v% EtOH and reaching 0.48 pmol/g at 20 v% EtOH. In total,
one kaempferol glycoside 2a (2%), five quercetin glycosides 2b
(84%), phloridzin 2¢ (12%) and 3-hydroxyphloridzin 2d (1%) were
detected. Additionally, without enzymatic treatment, a small
amount of < 1% of the extract (Table 1) referred to quercetin 1b,
the most abundant flavonoid aglycone in apple pomace found
after performing snailase-assisted supercritical fluid extractions.
On the other hand, 0.82 umol/g of flavonoid glycosides 2a-d
(flavonoid aglycones 1a-d: 0.01 pmol/g) were achieved with
conventional ethanolic extraction, indicating the importance of the
efficient enzymatic hydrolysis of flavonoid glycosides by
snailasel®'l. In particular, releasing hydrolyzed less polar flavonoid
aglycones 1a-d from enzymatically digested plant tissue allows to
use nonpolar, non-flammable and non-toxic carbon dioxide with a
minimum amount of sustainable organic cosolvent due to a
facilitated penetration of extractant into the matrix.'% Hence, the
consumption of volatile organic solvents and the consecutive
evaporation can be minimized, while yields can be improved by
snailase-assisted supercritical fluid extraction.

B) Enhancement of Snailase-Assisted Supercritical
Carbon Dioxide Extraction of Flavonoids from Apple
Pomace

To investigate the influence of enzymatic pre-treatment, the
following optimization of EA-SFE was carried out in a sequential
manner in order to exclude a pressure dependent activity of
snailase, as well as the pH-lowering influence of carbon dioxide
on the activity of enzymel*®. Thus, the enzymatically treated
samples were lyophilized and loaded into a flow extraction vessel
for subsequent supercritical carbon dioxide extraction. For
enzymatic hydrolysis, snailase buffer (0—20%) and dried apple
pomace were suspended in Mcllvaine buffer and shaken for
variable times (0.5 h, 1 h, 2 h) in an incubator at 37 °C.
Supercritical fluid extractions were carried out as described in
chapter A for untreated apple pomace (Figure 3; 2 mL/min total
flow, 20 v% EtOH, 60 °C, 25 MPa, 2 h).

Our previous study®" revealed that the optimized temperature
and pH-value for snailase-assisted hydrolysis of flavonoids are T
= 37 °C and pH = 5.5. Thus, we focused on studying other
parameters (chapter B1—3) relevant for extracting supercritically
herein, namely, the amount of snailase to digest the plant material
and hydrolyze the flavonoid glycosides (Figure 4), the relevance
of grinding the dried biomass (Table 3, Figure S2), as well as the
incubation time for enzymatic hydrolysis (Figure 5). In a last step,
the optimal amount and type of cosolvent were investigated
(Figure 6).
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Figure 4: Results (umol/g) of varying the amount of snailase for EA-SFE. Conditions for enzymatic hydrolysis: 3 g apple pomace (dried and ground), snailase (0—
20%, 0—3.0 g/15 mL), 15 mL 0.1 M Mcllvaine buffer (pH = 5.5), shaken for 1 h (37 °C, 180 rpm), lyophilized for 48 h; conditions for SFE: 2 mL/min total flow, 20
v% EtOH, 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate and results are reported as mean values. Sna: Snailase.

Table 2: Composition of flavonoid glycosides and aglycones in % in the extracts obtained by EA-SFE illustrated in Figure 4.

0%Sha 0.1%Sna 0.25%Sna 0.5%Sha 1%Sha 5%Sna 10%Sna 20%Sna
1a-d 5% 75% 88% 93% 94% 94% 87% 90%
2a-d 95% 25% 12% 7% 6% 6% 13% 10%

B1) Influence of Amount of Snailase and Relevance of
Grinding Apple Pomace

As shown in Figure 4, when incubating apple pomace with
enzyme-free buffer (0%Sna), low amounts of flavonoid aglycones
1a-d (0.01 pmol/g), already present in the untreated raw material
(Table 1), were extracted. Thereby demonstrating that an
increase in total yields, in particular of flavonoid aglycones 1a-d,
correlates with the addition of snailase. Variation of the enzyme
amount (Figure 4) revealed that no more than 0.1 % of snailase
lead to a high enzymatic hydrolysis yield of 75% (Table 2). This
resulted in yields of 0.35 umol/g of flavonoid aglycones 1a-d and
improved the total yields up to 0.47 umol/g when compared to the
enzyme-free experiment (0.27 umol/g, 0%Sna).

A further increase of snailase in buffer up to 0.25%, 0.5% and 1%
resulted in an efficient removal of sugar moieties demonstrated
by the content of flavonoid glycosides 2a-d ranging from 6—12%
in the extracts (Table 2). In these cases, comparable yields of
0.45—0.49 umol/g of flavonoid aglycones 1a-d (p < 0.05) were
obtained, whereas only 0.03—0.06 umol/g of flavonoid glycosides
2a-d remained present.

In contrast, higher amounts of enzyme of 5—20% (Figure 4,
5%Sna, 10%Sna, 20%Sna) showed no further improvement in
enzymatic hydrolysis as shown in Table 2. In addition, total yields
of flavonoids decreased significantly to 0.34 pmol/g and lower,
when applying 5—20% snailase for enzyme-assisted supercritical
fluid extraction (p < 0.05).

This data indicates that higher concentrations (0.25—1%) of the
digestive enzyme snailase leads, in accordance to its assigned

role in nature, to a better release of bioactive compounds from the
plant matrix and therefore to higher extraction yields, due to better
solubility and accessibility of the targeted flavonoid aglycones in
scCO.. However, excessive amounts of enzyme (> 5%) seem to
reduce flavonoid aglycone yields by further metabolizing the
flavonoid aglycones. Further identification of these products
proved to be difficult since, although snailase was already used
for the hydrolysis of pure flavonoid glycosides to aglycones 2':41],
further metabolism products were not studied so far.

Table 3:Influence of grinding the apple pomace before enzymatic hydrolysis
and supercritical fluid extraction on the yields of flavonoid glycosides and
aglycones in umol/g as well as the relative composition in %.[ Pictures of
ground and unground apple pomace are shown in Figure S2.

flavonoid flavonoid total
aglycones 1a-d glycosides 2a-d [umol/g]
[umol/g] [umol/g] umeolig
ground 0.47 0.038 0.51
+0.04 (93%) +0.003 (7%) +0.04
unground 0.26 0.19 0.46
+0.04 (58%) +0.04 (42%) +0.07

[a] Drying was performed at 60 °C for 48 h and grinding was carried out with a
cutting mill using a 2 mm sieve. Conditions for enzymatic hydrolysis: 3 g apple
pomace (dried; ground (average particle diameter: 0.3 + 0.2 mm, Figure S2) or
unground (average particle diameter: 11 = 3 mm, Figure S2), snailase (0.5%,
0.075 g/15 mL), 15 mL 0.1 M Mcllvaine buffer (pH = 5.5), shaken for 1 h (37 °C,
180 rpm), lyophilized for 48 h; conditions for SFE: 2 mL/min total flow, 20 v%
EtOH, 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate and results
are reported as mean values.
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As a next step, we investigated if grinding the apple pomace has
an impact on the efficiency of hydrolysis and supercritical fluid
extraction. As shown in Table 3, the relative content of flavonoid
aglycones 1a-d increased from 58% (0.26 pmol/g) to 93%
(0.47 umol/g) when ground apple pomace was used. This
indicates that the greater surface area has a beneficial effect on
the efficiency of enzymatic hydrolysis. In contrast, the total
amount of extracted flavonoid glycosides 2a-d and flavonoid
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aglycones 1a-d were comparable for both experiments,
demonstrating that there is no significant influence of the grinding
process on the efficiency of supercritical fluid extraction (p < 0.05).
Further experiments were conducted with ground apple pomace
and 0.25%, 0.5% and 1% of snailase, since these amounts
resulted in an efficient cleavage of sugar moieties of 88—94%,
which corresponds to the yields of flavonoid aglycones 1a-d of
0.45—0.49 pmol/g gained SFE (Figure 4).
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Figure 5: Results (umol/g) of EA-SFE performed for 0.5 h (A), 1 h (B) and 2 h (C). Conditions for enzymatic hydrolysis: 3 g apple pomace (dried and ground),
snailase (0.25—1%, 0.037—0.15 g/15 mL), 15 mL 0.1 M Mcllvaine buffer (pH = 5.5), shaken for 0.5 h, 1 h or 2 h (37 °C, 180 rpm), lyophilized for 48 h; conditions
for SFE: 2 mL/min total flow, 20 v% EtOH, 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate and results are reported as mean values. Sna: Snailase.

Table 4: Composition of flavonoid glycosides and aglycones in % in extracts obtained by EA-SFE illustrated in Figure 5A-C.

(A) (B) ©
0.25%Sna 0.5%Sna 1%Sna 0.25%Sna 0.5%Sna 1%Sna 0.25%Sna 0.5%Sna 1%Sna
0.5h 0.5h 0.5h 1h 1h 1h 2h 2h 2h
1a-d 64% 83% 85% 88% 93% 94% 96% 93% 96%
2a-d 36% 17% 15% 12% 7% 6% 4% 7% 4%

B2) Influence of Incubation Time During Enzymatic
Hydrolysis

After investigating the amount of snailase (Figure 4) with a fixed
reaction time of 1 h we extended our optimization studies by
varying the time of enzymatic hydrolysis between 0.5—2 h
(Figure 5A-C). Reducing the incubation time from 1 h to 0.5 h
(Figure 5A) resulted, in case of 0.25% snailase (Figure 5C,
0.25%Sna_0.5h), in an threefold increase of flavonoid glycosides
2a-d to 0.15 pmol/g (36% of the total composition). Thus, to a less
efficient hydrolysis. Comparable behavior can be seen, when
using 0.5% or 1% snailase buffer for 30 min (Table 4). In addition,
no difference between the total yields of the conducted
experiments at 30 min and 60 min for the three tested amounts of
snailase can be reported (p < 0.05).

On the other hand, doubling the time to 2 h (Figure 5C) improved
the efficiency of enzymatic hydrolysis arising in an increase of
flavonoid aglycones 1a-d of up to 96% when using 0.25% or 1%
of snailase. Thus, leading to a better hydrolysis yield compared
with the experiments performed for 1h or 30 min. Due to

comparable yields at 2h between the three tested amounts of
enzyme, the lower amounts of snailase (0.25-0.5%) and thus, the
less expensive alternative was chosen for further experiments.

In addition to a more complete cleavage of flavonoid glycosides
2a-d to their aglycones when performing enzymatic-assisted
supercritical fluid extraction for 2 h (Figure 5C), the extension of
time led, in case of 0.25% snailase, to significantly higher yields
of flavonoid aglycones 1a-d of 0.58 pmol/g, when compared to its
respective one-hour experiment (p < 0.05). This can be explained
by the improved digestion of cell walls in plant tissue, and thus
leading to a better release of flavonoid glycosides 2a-d for
subsequent enzymatic cleavage.

The screening of time was not further extended to longer
incubation times than 2h, because the total yields were not
significantly improving between 1 h and 2 h (p < 0.05). Thus, no
further improvement of the release of flavonoids by enzymatic
digestion could be expected.
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Figure 6: Results (umol/g) of EA-SFE using ethanol (A) and methanol (B) as cosolvents of flavonoid aglycones 1a-d. Furthermore, results applying the optimum
conditions for the sequential process (OPTIMUM — 0.25% snailase, 2 h incubation time, 20 v% MeOH) are illustrated (B). Conditions for enzymatic hydrolysis: 3 g
apple pomace (dried and ground), snailase (0.5%, 0.075 g/15 mL; optimum conditions: 0.25%, 0.037 g/15 mL), 15 mL Mcllvaine buffer (pH = 5.5), shaken for 1 h
(finally optimized conditions: 2 h) (37 °C, 180 rpm), lyophilized for 48 h; conditions for SFE: 2 mL/min total flow, 5-20 v% EtOH or MeOH (optimum conditions: 20
v% MeOH), 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate and results are reported as mean values

Table 5: Composition of flavonoid glycosides and aglycones in % in extracts obtained by EA-SFE illustrated in Figure 6A-B.

(A)

(B)

5 v% EtOH 10 v% EtOH 20 v% EtOH 5 v% MeOH 10 v% MeOH 20 v% MeOH OPTIMUM
1a-d 100% 95% 93% 100% 96% 92% 96%
2a-d 0% 5% 7% 0% 4% 8% 4%

B3) Influence of Type and Amount of Cosolvent

In parallel to the screening of the incubation time, the influence of
the amount of polar cosolvents for supercritical fluid extractions,
namely ethanol and methanol was investigated, using 0.5% of
snailase for enzymatic hydrolysis (Figure 6).

While the influence of pressure and temperature on SFE of
flavonoids from plant material is described in literature, less data
exists on the influence of different organic cosolvents[®% 402,42 For
instance, water as cosolvent was not suitable for our process due
to the expectable contamination of extract with water-soluble
enzyme. These studies additionally revealed that temperatures
up to 60—80 °C result in optimal extraction yields of flavonoids,
but higher temperatures tend to degrade selected flavonoids. In
addition, higher pressures of 25—30 MPa have been reported to
be beneficial for extraction yields.

As illustrated in Figure 6, the total amount of extracted flavonoid
aglycones 1a-d and flavonoid glycosides 2a-d increased with
higher amounts of cosolvent, independently of applying ethanol
or methanol. However, even at low amounts of cosolvent of 5 v%,
substantial amounts of 0.15—0.16 umol/g of flavonoid aglycones
1a-d without detected traces of flavonoid glycosides were
extracted. This result underlines the digestion power of snailase
(0.5% of snailase, 0.075 g snailase /15 mL Mcllvaine buffer) since
5 v% cosolvent turned out to be unfeasible when using
enzymatically untreated apple pomace for sole supercritical fluid

extraction (Figure 3). It is noteworthy, that with 5 v% of cosolvent
no flavonoid glycosides 2a-d were extracted due to their higher
polarity, thus providing the additional benefit of separating
flavonoid glycosides 2a-d from their respective flavonoid
aglycones 1a-d.

Furthermore, it was shown that the yields increased with 10—20
v% of cosolvent. The yields of flavonoid aglycones 1a-d were
slightly higher with methanol (Figure 6B, 10v%: 0.48 umol/g;
20v%: 0.52 pmol/g) compared with ethanol (Figure 6A, 10v%:
0.41 umol/g; 20v%: 0.47 pumol/g), due to the higher polarity of
cosolvent.

Ultimately, the optimum conditions of all performed screenings
(Figure 6B, OPTIMUM: 0.25% of snailase, 0.037 g snailase /15
mL Mcllvaine buffer, ground apple pomace, , 2 h of enzymatic
hydrolysis; 20 v% MeOH as cosolvent) were combined and
resulted in an efficient sugar moiety removal of flavonoid
glycosides 2a-d and a beneficial digestion of cell walls in the plant
material, even with a small amount of snailase. Thus, enabling a
successful supercritical fluid extraction with a minimum amount of
organic cosolvent. The extract obtained under optimized
conditions (Table 6) contained 74% of quercetin 1b, 12% of 3-
hydroxyphloretin 1d, 9% of phloretin 1¢ and 2% of kaempferol 1a.
In total, 96% of the flavonoid composition is assigned to the
desired flavonoid aglycones 1a-d. The unconverted flavonoid
glycosides 2a-d primarily contained quercetin glycoside 2b with a
relative content of 3% in the extract.
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Moreover, 90% of the quantified compounds were extracted in the
first hour, while the remaining 10% contain: 7% of quercetin 1b
and 1% of 3-hydroxyphloretin 1d, whereas the amounts of the
aglycones kaempferol 1a and phloretin 1c, as well as the
flavonoid glycosides 2b and 2d, were below 1% or not detected
as in case of kaempferol glycoside 2a and phloridzin 2c. This time
dependent extraction does not only offer the potential for
separating different flavonoids, but additionally allows a reduction
of time, depending on the targeted flavonoids. Thus, the overall
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consumption of resources (e.g., organic solvent, carbon dioxide,
electrical power) can be further minimized.

The yields of flavonoids achieved by the initial supercritical fluid
extraction of untreated apple pomace (Figure 3) were
successfully improved by enzymatic hydrolysis of glycoside
moieties. This underlines the importance of lower polarity of
flavonoid aglycones 1a-d by enzymatic hydrolysis and the
improved release of flavonoids by enzymatic digestion and
deformation of the cell walls.

Table 6: Results (umol/g) of the snailase-assisted supercritical carbon dioxide extraction of flavonoid aglycones 1a-d and flavonoid glycosides 2a-d from apple
pomace applying the optimum conditions for the sequential process (Figure 6B - OPTIMUM).1a

Yields after supercritical fluid extraction [pmol/g]

type of flavonoid
1st hour (fraction 1)

2nd hour (fraction 2) total

kaempferol 1a 0.0139 + 0.0003 2% 0.0011 + 0.0001 <1% 0.0150 + 0.0003 2%

quercetin 1b 0.47 £0.02 66% 0.051 +0.001 7% 0.52 £0.02 74%

phloretin 1c 0.056 + 0.003 8% 0.0043 +0.0002 <1% 0.060 + 0.003 9%
3-hydroxyphloretin 1d 0.074 +0.006 1% 0.0083 + 0.0004 1% 0.082 + 0.006 12%

total amount of flavonoid aglycones 1a-d 0.61+0.02 87% 0.0650 + 0.0009 9% 0.68 +0.02 96%
kaempferol glycoside 2a 0.0007 + 0.0001 <1% n.d. 0% 0.0007 + 0.0001 <1%
quercetin glycosides 2b 0.019 £ 0.002 3% 0.0049 £ 0.0002 <1% 0.024 £ 0.002 3%
phloridzin 2¢ 0.0014 + 0.0001 <1% n.d. 0% 0.0014 +0.0001 <1%
3-hydroxyphloridzin 2d 0.00156 + 0.00005 <1% 0.0009 + 0.0002 <1% 0.0025 + 0.0002 <1%

total amount of flavonoid glycosides 2a-d 0.022 + 0.002 3% 0.0058 + 0.0002 <1% 0.028 +0.002 4%
total amounts 0.63 £ 0.03 90% 0.0708 + 0.0008 10% 0.70 £ 0.03 100%

[a] Conditions for enzymatic hydrolysis: 3 g apple pomace (dried and ground), snailase (0.25%, 0.037 g/15 mL), 15 mL Mcllvaine buffer (pH = 5.5), shaken for 2 h
(37 °C, 180 rpm), lyophilized for 48 h; conditions for SFE: 2 mL/min total flow, 20 v% MeOH, 60 °C, 25 MPa, 2 h. Experiments were performed in triplicate and

results are reported as mean values. n.d. = not detected.

C) Simultaneous Enzyme-Assisted Supercritical Fluid
Extraction of Flavonoids

So far, enzymatic hydrolysis and supercritical fluid extraction were
carried out sequentially, performing hydrolysis followed by
lyophilization of the enzymatically treated apple pomace before
subsequent SFE.

Ultimately, we applied the optimized conditions (Figure 6B) to a
simultaneous process in a batch extraction vessel to provide an
alternative and future perspective for a scalable industrial process
(Figure 7).

For this reason, the following experiments (Table 7), were carried
out in a batch extraction vessel in order to avoid the energy
demanding lyophilization process. In accordance with the
optimized conditions, a mixture of dried and ground apple pomace
as well as snailase in Mcllvaine buffer (0.25%) was loaded into
the batch extraction vessel and stirred for 2 h without pressurizing
the system in a first attempt (entry 1).

Yields of 0.25 pmol/g of flavonoid aglycones 1a-d were achieved
after two hours of supercritical fluid extraction (total flow: 5
mL/min)“3! with 20 v% of MeOH.

Successively (entry 2), wet biomass (15 g; approx. 80% of water)
was applied to circumvent the initial drying and grinding process
of apple pomace. Enzymatic hydrolysis and supercritical fluid

extraction were carried out under the same conditions and
resulted in yields of 0.08 umol/g of flavonoid aglycones 1a-d. The
decrease in yield for wet apple pomace, as well as the uncomplete
hydrolysis can be attributed to stirring issues of the voluminous
wet biomass.
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Figure 7: Schematic representation of the SFE set-up for the simultaneous
process. (1) carbon dioxide cylinder with ascending pipe; (2) cosolvent supply;
(3) HPLC pump; (4) hand operated valve; (5) t-piece; (6) oven with heating coil;
(7) magnetic stirrer; (8) batch extraction vessel; (9) back-pressure regulator;
(10) gas-liquid separator; (11) product collector
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Ultimately, a simultaneous process for enzymatic hydrolysis
(0.25% snailase) and supercritical fluid extraction was conducted
(entry 3 and entry 4) for 4 h with a minimum amount of cosolvent
(5 v% of MeOH or EtOH), thus pushing the process to the
exclusive extraction of flavonoid aglycones 1a-d (Figure 6) as
much as possible. The selective extraction of less polar flavonoid
aglycones 1a-d is of crucial importance for the simultaneous
process since the polar flavonoid glycosides 2a-d have to remain
in the batch extraction vessel in order to serve permanently as
feed substance for enzymatic hydrolysis. The obtained yields of
0.07 umol/g to 0.09 umol/g of flavonoid aglycones 1a-d with
MeOH or EtOH as cosolvents (entry 3 and entry 4) demonstrate
the high potential of the simultaneous process for the efficient
enzyme assisted extraction of valuable flavonoids from apple
pomace without lyophilizing the sample in between. In addition, a
small amount of snailase (0.25%) was sufficient under
pressurized conditions and the pH-lowering effect of scCO; to
extract the desired compounds. Additionally, no further separation
of flavonoid aglycones 1a-d from enzyme is required, as the
water-soluble snailase remains in the reactor, thus rendering the
process superior to solvent-based conventional extraction
techniques.

Table 7: Results (umol/g) of EA-SFE employing the batch extraction vessel.

flavonoid flavonoid

aglycones lycosides total
ontr process 9 ¥a- d aly 2a-d amounts
y parameter
[umol/g] [umol/g] [umol/g]
sequentiall@

1 20 v% MeOH 0.25 0.09 0.34
dried pomace +0.02 +0.07 +0.05

sequentiall@

2 20 v% MeOH 0.08 0.07 0.15

wet pomace +0.04 +0.02 +0.06
simultaneous!

3 5 v% MeOH 0.07 0.02 0.09
dried pomace +0.04 +0.02 +0.05
simultaneous!

4 5 vo% EtOH 0.09 0.004 0.09

+0.07 +0.003 +0.07

dried pomace

[a] Conditions: 3 g dried and ground or 15 g wet apple pomace (approx. 80%
water), snailase (0.25%, 0.037 g/15 mL), 15 mL 0.1 M Mcllvaine buffer (pH =
5.5), stirred for 2 h at 37 °C in the batch extraction vessel; subsequent SFE with
a total flow of 5 mL/min with 20 v% MeOH at 60 °C and 25 MPa for 2 h. [b]
Conditions for the simultaneous process: 3 g apple pomace (dried and ground),
snailase (0.25%, 0.037 g/15 mL), 15 mL Mcllvaine buffer (pH=5.5), stirred at
60 °C in the batch extraction vessel, simultaneous SFE with a total flow of 5
mL/min with 5 v% MeOH or EtOH at 60 °C and 25 MPa for 4 h. Experiments
were performed in triplicate and results are reported as mean values.

Conclusion

We investigated the sequential and simultaneous snailase-
assisted supercritical carbon dioxide extraction of enzymatically
hydrolyzed flavonoid aglycones 1a-d (kaempferol 1a, quercetin
1b, phloretin 1¢ and 3-hydroxyphloretin 1d) and their glycosides
2a-d from apple pomace. After initial SFE of primarily polar
flavonoid glycosides 2a-d from enzymatically untreated apple
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pomace, snailase was employed in order to facilitate and enhance
the extraction via deformation and digestion of plant tissue. Thus,
increasing extraction yields due to the improved access and
increased penetration depth of carbon dioxide into the pre-treated
apple pomace. Flavonoid glycosides were hydrolyzed efficiently
by snailase to their less polar flavonoid aglycones, enhancing the
extractability with nonpolar supercritical carbon dioxide. After
hydrolysis, quercetin 1b has been identified as the predominant
flavonoid aglycone in the extracts. Optimization showed that a
small amount of enzyme (0.25% of snailase) is feasible for
cleaving sugar moieties efficiently, which additionally, resulted in
a further increase of extraction yields.

Moreover, the effect of grinding the apple pomace, the time of
hydrolysis and the influence of cosolvents as well as extraction
time during SFE were studied. Firstly, the results reveal that
grinding is beneficial due to a greater surface area, leading to
higher amounts of aglycones in the extracts. Secondly, two hours
of enzymatic hydrolysis, in dependence of the amount of enzyme,
result in an efficient hydrolysis of up to 96%. Thirdly, one hour of
extraction is sufficient to obtain more than 90% of the targeted
flavonoids for the optimized process. Finally, EA-SFE with 20 v%
methanol as cosolvent led the highest extraction yields of
flavonoid aglycones 1a-d of 0.68 pmol/g.

Ultimately, the outstanding effect of the sole extraction of low
polar flavonoid aglycones 1a-d and thus the separation from feed
glycosides 2a-d with 5 v% of cosolvent was used for a
simultaneous process combining enzymatic hydrolysis and
supercritical carbon dioxide extraction, avoiding a process
interruption by a lyophilization step. Furthermore, it was shown
that enzymatic hydrolysis and supercritical carbon dioxide
extraction can be successfully performed with dry but also wet
apple pomace, avoiding further drying and milling. These
experiments showed the potential for a scalable industrial process
for snailase-assisted supercritical fluid extraction of flavonoids
from apple pomace in the future. Moreover, the novel enzyme-
assisted supercritical fluid extraction strategy developed herein is
not limited to apple pomace as raw material, since the enzyme
mix snailase and supercritical fluid extraction can be employed to
numerous other plant materials.

Experimental Section

Biomass and Enzyme

Topaz apples were cultivated in Austria, 3400 Klosterneuburg. In
total, 20 kg of apples were washed, sorted, crushed using a
centrifugal grinder (Voran, 4632 Pichl bei Wels, Austria) and
pressed with a hydraulic press (40 L, Speidel Tank- und
Behalterbau GmbH, 72131 Ofterdingen, Germany). The pomace
was dried in a drying cabinet (11 m2, Kreuzmayr, 4702 Wallern an
der Trattnach, Austria) at 65° C for 16 hours. The aw values of the
pomace were determined (Novasina, LabTouch-aw, Zeller, 6845
Hohenems, Austria) (aw value: wet: 0.977, aw value dry: 0.349).
Dry apple pomace was further ground with a Fritsch Universal
Pulverisette 19 cutting mill (Oberstein, Germany) using a 2 mm
sieve and stored in a desiccator over silica gel drying agent.
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Lyophilized snailase was purchased from Abbexa Limited (Art. No.

abx082089).

Conventional Extraction

Conventional extraction was carried out with 15 mL of ethanol and
1 g of dried and ground apple pomace, the suspension was stirred
at room temperature for 2 h.

Supercritical Fluid Extraction

Superecritical fluid extraction was carried out with an SFE-device
from Jasco (Jasco Cooperation, Tokyo, Japan). Carbon dioxide
(Messer Austria GmbH, > 99.995% purity, ascension pipe) was
introduced by two HPLC pumps (PU-2086PIus), pump heads
were cooled to -7 °C with a recirculating cooler (CF 40, JULABO
GmbH). HPLC grade cosolvents were introduced by another
HPLC pump (PU-2089Plus) and a t-piece served as a mixer. The
samples for supercritical fluid extraction were loaded into a flow
extraction vessel (high pressure vessel EV-2-10, Jasco
Cooperation, Tokyo, Japan, 10 mL volume, 130 mm length, 10
mm ID, 32 mm OD, material SU316L, PEEK seals, 2 um filter)
and heated up in a column oven (CO-2060Plus; maximum
temperature: 80 °C) to 60 °C. Pressure was released by a back-
pressure regulator (BP-2080Plus, temperature set to 60 °C) and
extracts were collected via a product collector (SCF-Vch-Bp) in
40 mL vials. All devices were connected with 1/16” stainless steel
tubing (VICI Pre-Cut Tube-Kit, 1/16" OD x 0.030"/0.75mm ID, 5-
100 cm length, material 316SS).

Supercritical Fluid Extraction of Flavonoid Glycosides
2a-d from Enzymatically Untreated Apple Pomace (Part
A)

Supercritical fluid extraction was carried out according to a
modified procedure gleaned from literature*°a,

For SFE, 3.0 g of dried and ground, but enzymatically untreated
apple pomace, was loaded into the flow extraction vessel,
pressurized to 25 MPa and heated up to 60 °C. The total flow of
carbon dioxide and cosolvent was set to 2 mL/min (5—20 v%
EtOH). Supercritical fluid extraction was carried out for 2 h,
extracts were collected in 40 mL glass vials (1 h / fraction) and
were further analyzed via HPLC (see chapter below).
Experiments were performed in triplicate.

Sequential Enzymatic Hydrolysis and Supercritical Fluid
Extraction of Flavonoid Aglycones 1a-d (Part B)

Snailase (e.g. 0.25%, 0.037 g / 15 mL buffer) and 3.0 g of dried
apple pomace were suspended in 15 mL 0.1M Mcllvaine buffer
(for 200 mL buffer: 3.60 g NaoHPO. 2 H»O, 0.80 g (+)-sodium L-
ascorbate, adjustment of pH value to 5.5 with citric acid of a
concentration of 0.6 g/mL). For enzymatic hydrolysis®'l, the
suspension was shaken at 180 rpm in an incubator (B. Braun
Biotech International, Certomat BS-1) at 37 °C for 0.5 h, 1 h or
2 h. After incubation, the samples were shock frozen with liquid
nitrogen and lyophilized (Flexi-Dry MP) for 48 h. The lyophilized
samples were cooled and crushed in a mortar with liquid nitrogen
and loaded into the flow extraction vessel. The vessel was
pressurized to 25 MPa and heated up to 60 °C. The total flow of
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carbon dioxide and cosolvent (5—20 v% EtOH or MeOH) was set
to 2 mL/min. Supercritical fluid extraction was carried out for 2 h,
the extracts were collected in 40 mL glass vials (1 h per fraction)
and were further analyzed via HPLC. Experiments were
performed in triplicate.

Simultaneous Enzymatic Hydrolysis and Supercritical
Fluid Extraction of Flavonoid Aglycones 1a-d (Part C,
Table 7, Entry 3 and Entry 4)

Buffer with snailase and apple pomace was prepared as
described before, however, in a batch extraction vessel (EV-3,
Jasco Cooperation, Tokyo, Japan, 40 mL volume) with 0.5 g glass
wool on top of the solution. The vessel was pressurized to 25 MPa
and heated up to 60 °C using a magnetic stirrer (Figure 7). The
total flow of carbon dioxide and cosolvent (5 v% MeOH or EtOH)
was set to 5 mL/min in accordance to a previous project*?l, where
the batch extraction vessel was used for SFE. Supercritical fluid
extraction was carried out for 4 h, the extracts were collected in
40 mL glass vials (2 h per fraction) and were further analyzed via
HPLC. Experiments were performed in triplicate.

Quantification via HPLC

For quantification, extracts were diluted with cosolvent (EtOH or
MeOH) to 5 mL (5 v% cosolvent used for SFE) or 25 mL (10—20
V% cosolvent used for SFE). An aliquot of 200 uL was further
diluted with 100 pL mobile phase (0.1 v% formic acid in
acetonitrile) and centrifuged, 80 uL of the supernatant was used
for HPLC measurements (4 pL injection volume). Quantification
was carried out with a Dionex UltiMate RSLC System equipped
with a Dionex AcclaimTM RSLC 120 C18 column (2.2 pm, 120 A,
2.1 x 150 mm, Bonded Silica Products: no. 01425071) and a
DAD-3000RS Photodiode Array Detector (Thermo Scientific,
Germany). The temperature oven was heated up to 25 °C, and
the flow rate was set to 0.2 mL/min. The following gradient of 0.1
v% formic acid in H>O (A) and 0.1 v% formic acid in acetonitrile
(B) was used for elution: 4 min equilibration at 7.5 v% (B), 22 min
to 53 v% (B), 5 min to 95 v% (B), 5 min at 95 v% (B), 1 minto 7.5
v% (B) and 2 min at 7.5 v% (B). Calibration and quantification for
flavonols 1a-b and 2a-b were performed with quercetin 1b (299%,
Extrasynthese, France) and for dihydrochalcones 1c-d and 2c-d
with phloretin 1c  (299%, SigmaAldrich, USA). Additional
information for the calibration is given in the supplement material
(Figure S3, Table S2).

Identification of Flavonoids via UHPLC-ESI-qTOF-MS

The method was adapted from literaturel®' 44, Flavonoids were
identified using a 1290 Infinity Il LC System equipped with a
ZORBAX Eclipse Plus C18 Rapid Resolution HD (1.8 ym, 2.1 x
150 mm) which was connected to a G7117C diode array detector
and a 6545 LC/Q-TOF (Agilent, USA) with a Dual Agilent Jet
Stream ESI ion source. Flow rate was set to 0.3 ml/min, the
column oven was heated up to 35 °C. Mobile phase was used
with the following gradients: 1 min at 5 v% (B), 4 min from 5 to 15
v% (B), 6 min to 53 v% (B), 4 min to 100 v% (B), 6.5 min at 100
v% (B), 0.5 min to 5 v%, and post run 4 min at 5 v% (B). The
wavelength during analysis was set to 290 nm. All solvents were
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of LC-MS grade. Mass spectrums were recorded in ESI-negative
mode between m/z 100 and 1,000 Da (scan rate: 2 spectra/s)
after a 5 min solvent cut. The mass spectrometer operated at the
following conditions: gas temp.: 350 °C, gas flow: 10 I/min,
nebulizer: 40 psig, sheathgas temp.: 350 °C, sheathgas flow: 12
L/min, VCap: 3.5 kV, nozzle: 0 V fragmentor: 180 V, skimmer: 75
V, octopoleRFpeak: 600 V.

Characterization of flavonoids was carried out by comparing
retention times, substance specific UV absorbance as well as
mass spectrometric data (molecular ion, fragments). Further
details are provided in Table S1.

Statistical Analysis

Statistical tests were performed with OriginPro 2021b. For
experiments conducted in triplicate, one-way ANOVA tests were
carried out at significance level of 0.05 followed by Tukey's
honestly significant difference (HSD) post-hoc tests.
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Continuous Formation of Limonene Carbonates in Supercritical Carbon Dioxide

E Continuous Formation of Limonene Carbonates in Supercritical Carbon
Dioxide

Nowadays, cyclic carbonates are produced in bulk quantities driven by the demand for their
applications, for example, as electrolyte solutions in lithium-ion batteries or as building blocks for non-
isocyanate polyhydroxyurethanes.’ % However, they are mostly based on crude oil. Limonene, with
an annual production of 43 Mt in 2020,%! serves as an ideal bio-based feedstock to circumvent the use
of a limited feedstock. Various metal catalysts and ionic liquids as co-catalysts have been studied for
the batch-wise production of limonene carbonates, but only tetrabutylammonium halides were

applied as single catalysts for the batch-wise production of limonene carbonates.!62176
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Lo}
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Scheme 30: Continuous formation of cyclic imonene carbonates in supercritical carbon dioxide catalyzed by

tetrabutylammonium chloride immobilized on silica, serving as a supported ionic liquid phase (SILP) catalyst.

This project dealt with the continuous formation of cyclic limonene carbonates in supercritical carbon
dioxide as reagent and sole solvent, starting from diastereomeric mixtures of limonene oxide and
limonene dioxide as bio-based substrates (Scheme 30). After a screening of ammonium halides and
imidazolium halides as homogeneous catalysts in batch mode, the best-performing catalyst,
tetrabutylammonium chloride, was immobilized on silica. The heterogeneous SILP catalyst was
characterized by nitrogen adsorption, diffuse reflectance infrared Fourier transform spectroscopy, and
thermogravimetric analysis and served as heterogeneous SILP catalyst in continuous flow. After
optimization of temperature, pressure, flow rates, and catalyst loading, the long-term stability was

further investigated for a period of 48 h.

61



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

DISSERTATION - PHILIPP MIKSOVSKY

Continuous Formation of Limonene Carbonates in Supercritical Carbon Dioxide

In the following, the below-mentioned publication is presented:

Miksovsky, P.; Horn, E. N.; Naghdi, S.; Eder, D.; Schnurch, M.; Bica-Schroder, K., Continuous
Formation of Limonene Carbonates in Supercritical Carbon Dioxide. Org Process Res Dev 2022, 26 (10),

2799-2810. https://doi.org/10.1021/acs.oprd.2c00143.

As the first author, | contributed to the investigation, conceptualization, methodology, visualization,

writing of the original draft, and review of the manuscript.

62


https://doi.org/10.1021/acs.oprd.2c00143

Downloaded via TU WIEN on December 11, 2023 at 13:11:13 (UTC).

° ° . . See https://pubs,acs. hari idelines for opti h legjti 1 lished articles, ..
M 3ibliothek, De approbierts o R S e B R b h e A e e BB oK Vsugbar.
Your knowledge hub

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

He®
pubs.acs.org/OPRD

Continuous Formation of Limonene Carbonates in Supercritical
Carbon Dioxide

Philipp Miksovsky, Elias N. Horn, Shaghayegh Naghdi, Dominik Eder, Michael Schniirch,
and Katharina Bica-Schroder™

Cite This: Org. Process Res. Dev. 2022, 26, 2799-2810 Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: We present a continuous flow method for the conversion of bioderived limonene oxide and limonene dioxide to
limonene carbonates using carbon dioxide in its supercritical state as a reagent and sole solvent. Various ammonium- and
imidazolium-based ionic liquids were initially investigated in batch mode. For applying the best-performing and selective catalyst
tetrabutylammonium chloride in continuous flow, the ionic liquid was physisorbed on mesoporous silica. In addition to the analysis
of surface area and pore size distribution of the best-performing supported ionic liquid phase (SILP) catalysts via nitrogen
physisorption, SILPs were characterized by diffuse reflectance infrared Fourier transform spectroscopy and thermogravimetric
analysis and served as heterogeneous catalysts in continuous flow. Initially, the continuous flow conversion was optimized in short-
term experiments resulting in the desired constant product outputs. Under these conditions, the long-term behavior of the SILP
system was studied for a period of 48 h; no leaching of catalyst from the supporting material was observed in the case of limonene
oxide and resulted in a yield of 16%. For limonene dioxide, just traces of leached catalysts were detected after reducing the catalyst
loading from 30 to 1S wt %, thus enabling a constant product output in 17% yield over time.

KEYWORDS: continuous flow chemistry, supercritical carbon dioxide, supported ionic liquid phase, bioderived cyclic carbonates,
tetrabutylammonium halide, ethyl methyl imidazolium halide

Bl INTRODUCTION In general, for the production of cyclic carbonates, derived
from CO, and epoxide, various catalytic systems on inorganic

bases like metal complexes, metal oxides, and alkali metal

attention in the past years in order to reduce the dependence ) g 3 .
. o 1,2 . . halides as well as organic catalysts like organic bases, hydrogen
on crude oil as limited feed stock.”” In this context, cyclic - _ 4 )
donors, or ionic liquids were investigated in the past

carbonates with an increasing annual production provoked by 19—21

I R . years.
applications as electrolytes in lithium ion batteries as well as . .

: . 1 For cyclic limonene carbonates, various metal catalysts based
aprotic polar solvents or monomeric building blocks for

: 22,23 24 .25 26 :
L . . on aluminum, lanthanum,” iron,™ cobalt,” scandium and
polyurethanes are compounds of scientific as well as industrial Y 628 . 7
; 34 o . . . yttrium,”" and calcium”” were studied. Additionally, examples
interest.” Suitable renewable starting materials for cyclic . 1 .129 .. 1. .1730-35
. . 15-9 10 1.1 10 with tungstate ionic liquids™ and ionic liquids are
carbonates are oils and fatty acid,””" terpenes  like limonene . . L T,
Nt iy . published. In various publications, ionic liquids were used as
and carvone, and furfural derivatives.” Additionally, limonene 23-26,36,37 .
. . 1o . co-catalysts. >’ However, only tetrabutyl ammonium
is a feedstock of high potential displayed in a global market of . C . .
. L ) halide-based ionic liquids were studied as single catalysts for
approximately 314 million US$ in 2020 and a global annual
production of 43 Mt of limonene."”

the production of limonene mono- and biscarbonates.
One of the most important synthetic strategies for the

In combination with supercritical CO, (scCO,, T.: 31.0 °C,
. 38 . . a }
synthesis of cyclic carbonates is the catalytic coupling of pe 738 MPa), ™ ionic liquids show a particular property of
epoxides with carbon dioxide (CO,)."* CO, is a widely and

high value. The high solubility of scCO, in ionic liquids®’
commonly used raw material of high abundance. Considering

makes ionic liquids ideal candidates as reaction media in
combination with scCO, for catalytic processes being favorable

CO, as a greenhouse gas, it is additionally of general interest to > yuc p &

develop techniques for CO, valorization. CO, not only is

over the use of stochiometric amounts of reactants with regard
nowadays used as a C1 building block for the synthesis of bulk

to considerations of sustainability.*”*" In contrast, ionic liquids
show extremely low solubility in scCO,, thus rendering them
chemicals like methanol or formic acid but is also increasingly Y A Y &
used for the production of higher value chemicals. However,

apart from the advantageous properties of being non-
flammable and non-toxic, the high stability and therefore low
reactivity of CO, pose a challenge for the development of
suitable catalytic systems. This challenge was accepted by the
scientific community as well as the industry being reflected in
reviews of the past years.'* ™"’

The use of bioderived chemicals has attracted increasing
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Figure 1. Catalysts: ammonium- and imidazolium-based ionic liquids served as homogeneous catalysts (left), and SILPs, where the ionic liquid was
physisorbed on mesoporous silica, were applied as heterogeneous catalysts (right).

attractive for immobilized catalytic phases in heterogeneous
catalysis,**~** where leaching of the catalyst from the
supporting material can be an issue.*’ Further studies on the
solubility of scCO, in ionic liquids and vice versa are
summarized in the stated publications.**’

For the immobilization of ionic liquids toward continuous
flow processes, supported ionic liquid phases (SILPs) are a
well-known and widely used concept for catalytic and
numerous other applications.”**” An SILP material contains
a thin film of ionic liquid on the supporting material, e.g.,
mesoporous silica, which offers a high surface area that is
advantageous for catalytic processes and is able to overcome
mass transfer limitations due to short diffusion lengths in the
thin film.>® Such mass transfer limitations can be an issue in
batch mode conversions, where mostly homogeneous catalytic
systems are used.

In contrast to batch mode conversions of CO,, in
continuous flow chemistry, even higher pressures can be
applied under safe conditions. While reactions with normal
CO, gas cylinders in batch are typically limited to feed
pressures of 5 MPa, continuous conversions can be safely
realized with pressures up to 50 MPa. In addition, flow
chemistry offers a higher level of automation as well as linear
scalability.>'

Regarding the synthesis of cyclic carbonates, only a few
examples of flow conversions are literature-known and
summarized in a recent published review.’> In this context,
our group published in 2018 the synthesis of propylene
carbonate under supercritical conditions in continuous flow.**

In this paper, we went one step further to a more complex,
less reactive, and thus more challenging but also bioderived
substrate and presented an optimized long-term conversion of
bioderived limonene oxide and limonene dioxide to limonene
carbonates in continuous flow. Supercritical carbon dioxide act
as a reagent and sole solvent. Easily producible heterogeneous
SILP catalysts were applied.

B RESULTS AND DISCUSSION

Selection of Catalysts: lonic Liquids and SILPs. So far,
Morikawa et al.,***! Miilhaupt et al,>*7*" and Hintermair et

2800

al.*® dealt with the formation of cyclic carbonates starting from
limonene oxides using tetrabutylammonium halides as sole
catalysts but only under batch conditions. Based on these
publications, we chose tetrabutylammonium-based halides
(TBAC 1, TBAB 2, and TBAI 3) for catalyst screening in
batch mode followed by application in continuous flow. In
addition, 1-ethyl-3-methyl imidazolium halides ([C,mim]Cl 4,
[C,mim]Br §, and [C,mim]I 6) were investigated based on
our experience in continuous flow conversion of propylene
oxide.”® An overview of used catalysts is shown in Figure 1.

For the continuous production of limonene carbonates in
heterogeneous mode, SILP catalysts (SILP 1 and 2, see Figure
1) were prepared according to a general procedure,” where
the supporting material and ionic liquid was suspended and
dissolved in dichloromethane and shaken for 1 h. After
removal of the solvent, a SILP with a thin physisorbed film of
ionic liquid on mesoporous silica-60 was obtained. The high
surface area of the catalytically active material enables an ideal
mass transfer,’® which can be an issue in homogeneous
catalysis, especially if no solvent is used, which is, on the other
side, desirable with regard to sustainable chemistry.

Batch Conversion of Limonene Oxides: Catalyst
Screening and Optimization. We commenced our
investigation by screening catalysts and optimizing the
synthesis of limonene carbonates 8 in batch mode (Figures 2
and 4).

batch mode
catalysts: 1-6 and SILP 1-2

oA

0 scCO; (5 MPainitial pressure)
100°C,20h o
continuous flow
2 catalyst: SILP 1 (loading: 10 - 40 wt%) H
P scCO,(6-20 MPa, 0.99 - 3.99 mL/min) /\

substrate 7a: 0.01- 0.02 mL/min

diastereomeric mixture 80°C-150°C,12h

(cis/trans = 44/56)
7a 8a

diastereomeric mixture

Figure 2. Limonene oxide 7a: catalyst screening in batch mode
followed by the development and optimization of the continuous flow
process using heterogeneous SILP catalysts.
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Table 1. Limonene Oxide 7a: Results of Catalyst Screening in Batch Mode

conversion of isomer 7a (NMR) [%]

yield of 8a (NMR) [%]“

entry catalyst cis
1 TBAC 1 43 (60%)
2 TBAB 2 47

3 TBAI 3 25

4 [C,mim]Cl 4 17

S [C,mim]Br § 6

6 [C,mim]I 6 11

7¢ TBAC 1 + silica gel 60 48

8¢ TBAB 2 + silica gel 60 71

9° TBAI 3 + silica gel 60 69
10° [C,mim]Cl 4 + silica gel 60 12
11°¢ [C,mim]Br § + silica gel 60 37
12°¢ [Comim]I 6 + silica gel 60 75

13 SILP 1 (20 wt % TBAC 1) 44
14 SILP 2 (20 wt % TBAB 2) 50

trans sum sum
94 (100%) 72 (83%) 68 (57°, 507)
76 63 56 (329)
35 31 12 (7
19 18 2
17 13 6
11 11 0
84 68 46
71 71 29
70 70 29
22 17 7
30 33 11
49 61 10
78 63 62
63 57 33

“Conditions: S MPa CO, (gaseous, initial pressure), S mmol limonene oxide 7a (cis/trans = 43/57), 10 mol % catalyst 1—6, 13 mg of naphthalene
(internal standard), 100 °C, 20 h. Further information about the calculations of NMR vyields are summarized in the Supplementary Information
(ESI Figure S12 and Formulas S1—S6). bConversions after 70 h. “Isolated yield after column chromatography. “Published values from ref 30
(conditions according to table note a except CO, pressure [a lower CO, pressure of 3 MPa and dry ice were used]). “Conditions according to table
note a, 10 mol % catalyst 1—6 (20 wt %), and silica gel 60 (80 wt %).

Initially, we focused on the conversion of limonene oxide 7a
(Figure 2) due to a simple analysis of diastereomeric product
mixtures. For the determination of yields, NMR spectroscopy
with naphthalene as the internal standard was used.”

As shown in Table 1, during the screening of tetrabuty-
lammonium and 1-ethyl-3-methylimidazolium halides 1—6 in
batch mode, tetrabutylammonium chloride (TBAC 1) turned
out to be the most selective and highest-yielding catalyst for
the conversion of diastereomeric mixture (cis/trans = 44/56)
of limonene oxide 7a to the corresponding limonene carbonate
8a (entry 1). Furthermore, no byproducts were formed, as
proven by NMR and GC/MS measurements.

As already shown by kinetic studies in the literature,” an
increase in pressure of CO, from 3 to S MPa led to higher
yields up to 24% as in the case of TBAB 2 (entry 2).
Nevertheless, compared to TBAC 1 (entry 1), TBAB 2 (entry
2) showed a slight decrease in yield and selectivity. The order
of reactivity of CI~ > Br™ > I” is in accordance to the expected
nucleophilicity of halides in polar aprotic reaction environ-
ments (entries 1—3). The imidazolium-based ionic liquids 4—6
were found to be catalytically less or even inactive (entries 4—
6). This is in contrast to our previous studies, where
imidazolium-based catalysts where identified as more suit-
able.”® Regarding steric effects, the sterically more demanding
cis isomer of limonene oxide 7a showed in all cases a lower
conversion than the trans isomer. After 20 h, TBAC 1 (entry
1) resulted in a conversion of 94% of the trans isomer and 43%
of the cis isomer (in total 72%) and an overall yield of
carbonate 8a of 68%. Purification via column chromatography
resulted in 57% isolated yield. Furthermore, after 70 h at 100
°C, the cis isomer showed 60% conversion, whereas the trans
isomer indicated full conversion.

For the screening of the catalysts in the presence of silica
without immobilization (entries 7—12), TBAC 1 (entry 7) and
TBAB 2 (entry 8) showed a lower yield and lower selectivity.
For TBAI 3 (entry 9) and the imidazolium-based catalysts 4—6
(entries 10—12), the yields increased slightly; nevertheless, the
selectivities remained in the lower range.

2801

The catalyst screening of supported ionic liquid phases
(SILP 1 and SILP 2) of ammonium-based ionic liquids 1—2
physisorbed on silica resulted in the same order regarding the
catalytic activity than in homogeneous mode (entries 13 and
14). SILP 1 (entry 13) with immobilized TBAC 1 gave again
the highest yield and selective conversion to the desired
carbonate 8a.

Recycling studies of SILP 1 (see ESI Table S3) revealed that
the yield decreased from 62 to 50% after the first recycling step
and leveled at 25% after the fourth cycle. SILP 2 was recyclable
for three times (see ESI Table S3) without a significant change
in yield from 31 to 29%; after the fourth cycle, the yield slowly
decreased from 29 to 23%. Nevertheless, the yield as well as
selectivity (entries 13 and 14) was generally lower compared to
SILP 1. For this reason, SILP 1 was used for further studies.

As a general side reaction in the presence of silica, the ring
opening of the epoxide™ to limonene diol, catalyzed by the
acidic hydroxy groups of silica and residual water in the silica,
has to be considered. The influence of water was proven by the
addition of 10 wt % of water (entry S2) to the reaction mixture
where 20% of limonene diol was formed according to GC/MS.
In batch mode using SILP 1 (entry 13) as the catalyst, $% of
limonene diol was formed according to GC/MS. However, the
diol was no longer formed in continuous flow, which can be
explained by a shorter interaction of the substrate and
supported catalyst in continuous flow than in batch mode.

Further studies on the optimization of the SILP system (see
ESI Table S2) revealed that the free hydroxy groups of silica
had a beneficial effect on the reaction. Upon comparing the
yields of non-calcined with calcined silica, a 17% lower yield in
the case of calcined silica was obtained (entries S11 and S12).
This synergistic effect of surface hydroxy groups of supporting
materials and ionic liquids in connection with the synthesis of
cyclic carbonates is also described in the literature.” >’

Furthermore, a decrease in catalyst loading (entries S7—S9)
from 20 to 15 or 10 wt % resulted in a drop of yield, and an
increase in catalyst loading to 40 wt % (entry S10) gave only a
minor increase in yield from 62 to 68%, which can be
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Figure 3. Different catalyst loadings of SILP 1: a decrease in surface hydroxy groups (3750 cm™") while increasing the loadings was observed.
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Figure 4. Limonene dioxide 7b: catalyst screening in batch mode followed by the development and optimization of the continuous flow process

using heterogeneous SILP catalysts.

explained by a fully covered surface and less hydroxy groups
that exhibit the mentioned synergistic effect.>>>°

The decrease in hydroxy groups on the surface of the
material while increasing the catalyst loading from 10 to 40 wt
% was also shown by DRIFT spectroscopy, where the band at
3750 cm™" corresponds to the surface hydroxy groups. Apart
from that, bands at around 2900 and 1550 cm™ represent the
CH and CC vibrations of TBAC 1 (Figure 3), respectively.

The catalyst loadings were also confirmed by TGA
measurements (see ESI Figures S5 and S7), where the mass
loss of the SILP materials during heating up from 25 to 450 °C
with a rate of 5 °C/min was detected. The initial mass loss at
around 100 °C was caused by adsorbed water in the SILP
material.

Finally, 20 wt % catalyst loading as ideal conditions was
chosen for further studies in continuous flow.

Based on our results of limonene oxide 7a and the work of
Miilhaupt et al.’® we further expanded our research towards
the batch conversion of limonene dioxide 7b in homogeneous
and heterogeneous mode with ammonium based ionic liquids
as catalysts (Figure 4). For this reason, we selected TBAC 1,
TBAB 2, and SILP 1 as catalysts as they showed the highest

2802

activity in the case of limonene oxide 7a (Table 1, entries 1, 2,
and 13).

Yields were determined via GC using octane as the internal
standard since NMR analysis was not suitable due to the
formation of four diastereomers of epoxycarbonate 8b and two
diastereomers of biscarbonate 8c leading to overlapping
signals.

In the case of all tested catalysts TBAC 1, TBAB 2, and
SILP 1 (Table 2), limonene dioxide 7b was fully converted to
carbonate 8b or 8c. TBAC 1 showed again the best
performance regarding yield and selectivity (entry 15).

Using TBAC 1 (entry 15) as a homogeneous catalyst, a total
yield of 99% was obtained after 20 h at 120 °C; hence, 30% of
epoxycarbonate 8b and 69% of biscarbonate 8¢ were formed.
Additionally, full conversion to biscarbonate 8c was observed
after 67 h at 120 °C.

As a side reaction in heterogeneous catalysis with SILP 1
(entry 17), the formation of limonene diol via acid ring
opening™* of up to 13% was observed (verified via GC/MS).
Nevertheless, the diol was not formed in continuous flow
experiments for reasons already discussed for limonene oxide
7a.
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Table 2. Limonene Dioxide 7b: Results of Catalyst
Screening in Batch Mode

vield (GC) [%]

sum

entry catalyst 8b 8c (8b + 8c)

1S TBAC 1 30 (26°) 69 (66”) 99 (92°)
16 TBAB2 44 35 79
17 SILP 1 (20 wt % TBAC 1) 36 40 76

“Conditions: S MPa CO, (gaseous, initial pressure), 1.07 mmol
limonene dioxide 7b, 10 mol % catalysts 1 and 2, 120 °C, 20 h.
Further information regarding the determination of GC yields is
shown in the Supplementary Information (ESI Figures S17 and S18).
bIsolated yield after column chromatography.

With this SILP system and determination of yields via GC in
hand, several continuous flow experiments were conducted in
the following.

Continuous Flow Conversion of Bioderived Limo-
nene Oxides to Various Limonene Carbonates. General
Setup for Continuous Flow Reactions. All continuous flow
reactions were performed with the following reaction setup
shown in Figure 5. A CO, cylinder with an ascending pipe
served as the gas supply, CO, was pumped through the system
with an HPLC pump. A glass vial, filled with the corresponding
limonene oxide 7a or 7b, served as the substrate supply and
was pumped through the system with an HPLC pump.
Experiments with flow rates down to 0.01 mL/min were
performed since lower flow rates are not recommended for
reasons of accuracy of the used HPLC pumps.

As already discussed for the batch mode, no co-solvent was
used, which is advantageous with regard to sustainability and
leaching of the catalyst, especially in long-term experiments.
CO, and the substrate were mixed before entering a
thermostated unit where the catalyst cartridge filled with
SILP materials was located. In the case of temperatures higher
than 80 °C, the substrate/scCO, mixture was preheated in a
coil to 80 °C before entering a second heating unit where the
catalyst cartridge could be heated up to 150 °C. Catalyst
cartridges of two different lengths were used (150 and 250
mm) during optimization, resulting in different catalyst input
(1.34 and 2.22 g of SILP material). In order to perform
reactions at different pressures, a back-pressure regulator was
involved in the system. After passing the gas—liquid separator,
the product was collected as a mixture of carbonates 8 and
unreacted starting material 7 excluding any byproduct, as

verified by NMR and GC/MS measurements. Further
technical details of the setup are provided in the Materials
and Methods section.

Conversion and yields of the sampled product 8 were
determined in the case of limonene oxide 7a via NMR
analysis®® (internal standard: naphthalene) and in the case of
limonene dioxide 7b via GC (internal standard: octane) as
described above. Further information on the determination of
yields are given in the Supplementary Information (ESI
sections 4.1 and S5.1). Leaching of ionic liquid from the
supporting material was quantified via "H-NMR spectroscopy
using naphthalene as the internal standard.

Continuous Flow Conversion of Limonene Oxide 7a. As
shown in Figure 2, the optimization of the continuous flow
conversion of limonene oxide 7a to limonene carbonate 8a
included variation of flow rates for the substrate and CO,,
catalyst loading on the SILP material, pressure, and temper-
ature.

Following the results from the batch mode experiments and
our experience from a previous project with propylene oxide,**
a flow rate of 1.99 mL/min for CO, and 0.01 mL/min for
limonene oxide 7a, 1.34 g of SILP 1 (150 mm length of
catalyst cartridge, residence time: 75 s) with a catalyst loading
of 20 wt % TBAC 1, and a pressure of 10 MPa were chosen as
the starting point for a temperature screening (Figure 6 and
Table 3, entries 18—21).

As shown in Figure 6, the reaction started after 2—3 h
preliminary lead time, which is in accordance to low flow rates
of limonene oxide 7a of 0.01 mL/min. Increasing the
temperature from 80 °C up to 120 °C (entries 18—20)
resulted in increasing and constant outputs (maximum yield:
14%) of limonene carbonate 8a. In contrast, at 150 °C (entry
21), Hoffmann elimination of TBAC 1 to tributylamine
became an issue, resulting in a decrease in yield over time. The
formation of the elimination product was confirmed via 'H-
NMR analysis. Additionally, the observed thermal stability is in
accordance with thermogravimetric analysis data, where
degradation also started at around 150 °C (see ESI Figure S6).

Besides thermal stability, preventing leaching of the catalyst
from the supporting material is of high importance especially
with regard to industrial applications and long-term use of the
catalytic system. In this context, during the temperature
screening (entries 18—21) performed at 10 MPa, either no
leaching or values below 1% of leached TBAC 1 were detected
via NMR spectroscopy (limit of detection: 0.5—1 mg; <0.2%).

9) (s(0 7}

1

10)

VAV AVANVAWY|

11)

Figure S. Schematic representation of the scCO, flow device: (1) liquid CO, supply, (2) substrate supply, (3) CO, pump, (4) substrate pump, ()
hand operated valve, (6) T-piece, (7) oven with preheating coil (up to 80 °C), (8) oven with catalyst cartridge (up to 150 °C), (9) back-pressure

regulator, (10) gas—liquid separator, and (11) product collector.
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Figure 6. Limonene oxide 7a: temperature screening in continuous
flow. Detailed conditions are given in Table 3.

While screening pressures from 6 to 20 MPa (entries 22—
25), it turned out that a pressure of 6 MPa (entry 22) led to
leaching of 12%. In contrast, at operating pressures of 15 and
20 MPa (entries 24 and 25), no leached catalyst was detected
via NMR spectroscopy. Additionally, 15 MPa (entry 24) was
found to be the optimum pressure because at higher pressures,
a trend to decreased yields was observed (entry 25).

In order to increase the yields, a catalyst cartridge of 250
mm (residence time: 125 s) instead of 150 mm length
(residence time: 75 s) was used, resulting in a 65% higher
input of SILP and equally longer residence time. With the
increase in the input of SILP to 2.22 g, an increase of 60% in
maximum yield from 12 to 19% was observed (entries 24 and
26). Additionally, a constant output over 12 h was achieved.

An increased catalyst loading from 20 to 30 wt % (entries 26
and 27) resulted in a slight increase in yield to 22% maximum
yield and 15% overall yield paired with completely suppressed

leaching of the catalyst. However, a further increase to 40 wt %
catalyst loading (entry 28) ended up in an overpressure in the
system during the reaction due to a visible agglomeration and
loss in the free-flowing property of the SILP material.

As a last step in optimization, the impact of different flow
rates of CO, and substrate on the so far optimized system
(entry 27; 2.22 g of SILP 1, 30 wt % loading, 15 MPa, 120 °C)
was studied (see ESI Figure S13 and Table S4).

Flow rates of CO, between 1.99 mL/min (residence time:
125 s, entry S15) and 2.49 mL/min (residence time: 100 s,
entry S16) resulted in overall yields of 15—16% as well as no
leaching of the catalyst and thus turned out to be the optimum.
With a higher flow rate of 3.99 mL/min (residence time: 62 s,
entry S17), lower overall yields of 12% were achieved due to a
shorter residence time. In contrast, a lower flow rate of 0.99
mL/min (residence time: 250 s, entry S13) led to a blockage of
the flow device and therefore a non-constant product output.
This also confirmed the necessity of the solvent environment
provided by scCO, as the sole solvent.

In order to further increase productivity of the process, the
double flow rate of limonene oxide 7a (0.02 mL/min, entry
S18) was applied to the system. However, a higher flow rate
led to leaching of the catalyst and therefore to a decrease in
yield over time.

With the optimized conditions in hand (entry 27; SILP 1
(222 g, 30 wt % of TBAC 1), 1.99 mL/min CO,, 0.01 mL/
min 7a, 15 MPa, 120 °C, 250 mm catalyst cartridge), the long-
term stability of our catalytic system over 48 h was further
investigated (Figure 7).

The long-term stability studies of the cis/trans mixture of
limonene oxide 7a with SILP 1 as the catalyst over 48 h
resulted in a maximum yield of 22% and an overall yield of
16%, respectively, with a production rate of 0.12 g/h of pure
limonene carbonate 8a dissolved in starting material 7a.
However, taking the ratio of the cis and trans isomer of 43/57
as well as the low reactivity of the cis isomer into account, the
yield can be further increased by performing continuous flow

Table 3. Limonene Oxide 7a: Influence of Temperature, Pressure Catalyst Input, and Catalyst Loading in Continuous Flow

Using SILP 1 as a Heterogeneous Catalyst”

entry temperature [°C] pressure [MPa] input SILP 1 [g]
18 80 10 1.34
19 100
20 120
21 150
22 120 6 1.34
23 10
24 15
25 20
26 120 15 2.22
27 15
28 15

yield (NMR)” [9%]

catalyst [wt %] maximum overall (12 h) leaching®
20 4 2 n.o.
11 6 <1%
14 8 <1%
17 9 degradationd
20 12 6 12%
14 8 <1%
12 8 n.o.
11 7 n.o.
20 19 12 n.o.
30 22 15 n.o.
40° 26 16 <1%

“Reactions were carried out with SILP 1 using catalyst cartridges of 150 mm (1.34 g of SILP 1, residence time: 75 s) or 250 mm length (2.22 g of
SILP 1, residence time: 125 s) under the following conditions: flow rate of limonene oxide 7a (cis/trans = 43/57): 0.01 mL/min, flow rate CO,:
1.99 mL/min, 12 h. ®Yields are given as sum of the cis and trans isomer. Internal standard: naphthalene. Further information about the calculations
of NMR yields are summarized in the Supplementary Information (ESI Figure S12 and Formulas S1—S6). “For determination of leaching, the
integral of the signal at § = 3.35 ppm of TBAC 1 was used (limit of detection: 0.5—1 mg; <0.2%). “The Hoffmann elimination product was
obtained. “Inconstant product output due to overpressure during the reaction.
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Figure 7. Limonene oxide 7a: long-term stability of SILP 1 over 48 h.
Final optimized conditions: SILP 1 (2.22 g, 30 wt % loading), 1.99
mL/min CO,, 0.01 mL/min limonene oxide 7a, 15 MPa, 120 °C, 48
h, 250 mm catalyst cartridge.

reactions exclusively with the more reactive trans isomer as
already investigated in batch mode.”" Nevertheless, in order to
cover the reactivity of both isomers, the commercially available
cis/trans mixture of limonene oxide 7a was used for these
purposes.

Additionally, no leaching over 48 h (Figure 7) as well as over
96 h (ESI Figure S14) was observed according to NMR
analysis of the product fractions (limit of detection: 0.5—1 mg;
<0.2%). For further studies on the catalyst stability, the
recovered SILP was dried under vacuum and leached with
methanol followed by NMR analysis showing no degradation
of TBAC 1.

The slight decrease in yield over time can be explained by
agglomeration of the starting material, product, and
intermediate on the catalytically active surface as shown by
N, physisorption measurements (vide infra).

Continuous Flow Conversion of Limonene Dioxide 7b.
Based on the results of the optimization of limonene oxide 7a,
we ultimately addressed the conversion of limonene dioxide
7b, aiming for selective formation of diastereomeric mixtures
of epoxycarbonate 8b and biscarbonate 8c. The temperature,
pressure, catalyst loading, and the flow rates of CO, and
limonene dioxide 7b were varied (Figure 4); results of the
optimization are shown in Table 4.

Independent from the used parameters (Table 4, entries
29-36), the yield of epoxycarbonate 8b was higher than
biscarbonate 8¢, which can be explained by differing steric
hindrance and therefore reactivity of the epoxide groups of
limonene dioxide 7b.

During the screening, a temperature of 120 °C was found to
be the optimum temperature (entry 30). Maximum yields of
30% for epoxy carbonate 8b, 18% for biscarbonate 8¢, and an
overall yield of 26% were achieved in a constant output of
product over 12 h. A lower temperature of 100 °C (entry 29)
resulted in a lower overall yield of 19%; higher temperatures
were not suitable according to the thermal stability of SILP 1
as already shown for limonene oxide 7a (Figure 6).

During screening of different pressures (entries 31—34), the
highest overall yield of 27% was achieved at 10 MPa (entry
31); however, pressures of 15—30 MPa (entries 32—34)
resulted in a higher constancy of product output over time

2805

Table 4. Limonene Dioxide 7b: Influence of Temperature,
Pressure and, Catalyst Loading in Continuous Flow Using
SILP 1 as the Heterogeneous Catalyst”

yield (GC)? [%]
overall (12 h)

maximum
catalyst
temperature  pressure  loadin,
entry [°C] [MPa] [wt %? 8 8 8b 8c sum
29 100 15 30 23 10 14 S 19
30 120 30 18 18 8 26
31 120 10 30 52 22 21 6 27
32 15 30 18 18 8 26
33 20 27 14 17 8 25
34 30 22 10 15 6 22
3S 120 20 20 26 7 16 4 20
36 30 27 14 17 8 25

“Reactions were carried out with SILP 1 using a catalyst cartridge of
250 mm length (2.22 g of SILP 1, residence time: 125 s) under the
following conditions: flow rate of limonene dioxide 7b: 0.01 mL/min,
flow rate of CO,: 1.99 mL/min (2X 0.995 mL/min), 12 h. ®Internal
standard: octane. Further information regarding the determination of
GC yields is shown in the Supplementary Information (ESI Figures
S17 and S18).

(Figure 8), which is of higher interest in continuous flow
chemistry than having high yields for a short period of time. In

100
=10 MPa
90+ catalyst: SILP 1 o 15 MPa
80 »—20 MPa

4—30MPa

T
5 6 7 8 9
time [h]

T T T
10 11 12

Figure 8. Limonene dioxide 7b: pressure screening in continuous
flow. Detailed conditions are given in Table 4.

terms of overall yield, 15 MPa (entry 32) and 20 MPa (entry
33) turned out to be the best conditions (Table 4).

Increasing the catalyst loading from 20 to 30 wt % (entries
35 and 36), an increase in overall yield from 20 to 25% was
achieved. The increase in the maximum yield of biscarbonate
8c from 7 to 14% has also to be mentioned at this point. A
higher catalyst loading of 40 wt % was not suitable according
to inconstant product outputs in the case of limonene oxide 7a
(Table 3, entry 28) being caused by visible agglomeration and
loss of free-flowing property of the SILP material.

Flow rates of CO, (Table $) in a range of 0.99—3.99 mL/
min (entry 37—39) resulted in constant outputs of carbonates
8b and 8c. However, with a flow rate of 1.99 mL/min CO,
(entry 38), the best overall yield of 25% and maximum yields
of 27% for epoxycarbonate 8b and 14% for biscarbonate 8¢
were obtained. The trends to lower yields when higher flow
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Table S. Limonene Dioxide 7b: Influence of Flow Rates of
CO, and Substrate in Continuous Flow Using SILP 1 as the
Heterogeneous Catalyst”

flow rates
[mL/min] yield (GC)" [%]
maximum  overall (12 h)
substrate  residence time
entry CO, 7b [s] 8 8 8b 8c sum

37 0.99 0.01 250 31 18 17 7 24
38 1.99 128 27 14 17 8 25
39 3.99 62 21 8 13 S 17
40 1.98 0.02 1258 21 7 13 4 17

“Reactions were carried out with SILP 1 using a catalyst cartridge of
250 mm length (2.22 g of SILP 1) under the following conditions: 20
MPa, 120 °C, 12 h. YInternal standard: octane. Further information
regarding the determination of GC yields is shown in the
Supplementary Information (ESI Figures S17 and S18).

rates of CO, are applied are in accordance with a decrease in
the residence time of the substrate on the catalyst.

A higher flow rate of limonene dioxide 7b (Table S) of 0.02
mL/min (entry 40) resulted in a drop of overall yield from 25
to 17% caused by leaching of the immobilized catalyst over
time.

Hence, with the optimized conditions (Figure 9), maximum
yields of 27% for epoxycarbonate 8b and 14% for biscarbonate

100
90 catalyst: SILP 1 —=— epoxycarbonate 8b
80 *—biscarbonate 8c
—>—sum of carbonates 8b + 8c
70 -
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Figure 9. Limonene dioxide 7b: optimized conditions resulted in an
output of carbonates 8b and 8c of overall 25%. Final optimized
conditions: SILP 1 (2.22 g, 30 wt % of TBAC 1), 1.99 mL/min CO,,
0.01 mL/min limonene dioxide 7b, 20 MPa, 120 °C, 12 h, 250 mm
catalyst cartridge.

8c and an overall yield of 25% were obtained. The slight
decrease in yield over time was caused by leaching of catalyst
from the supporting material, which is also visible in long-term
stability experiments (see ESI Figure S19).

The long-term experiment over 48 h of SILP 1 with a
catalyst loading of 30 wt % resulted in an overall yield of 16%
(11% of 8b and 5% of 8c). However, leaching of 5S0% of
immobilized TBAC 1, most dominantly in the first 9 h, was
observed, resulting in a decrease in yield over time.

For this reason, the catalyst loading was reduced to 15 wt %,
whereas the overall yield of 17% remains unchanged.
Furthermore, only traces of leached catalyst were detected
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via 'H-NMR spectroscopy (limit of detection: 0.5—1 mg;
<0.2%) in the fractions of the first 27 h. After 27 h, no leaching
and a constant output of carbonates 8b and 8¢ were observed,
resulting in an overall yield of 17% over 48 h and a production
rate of 0.13 g/h.

Opverall, by reducing the catalyst loading from 30 to 15 wt %,
leaching was suppressed almost completely, reflecting in a
product output of 17% overall yield.

Measurements of the surface area and porosity via N,
physisorption confirmed that, apart from leaching, the loss in
yield was caused by the proceeding agglomeration of the
starting material, product, or intermediate on the catalytically
active surface over time. The characterization of the SILP
catalysts via N, physisorption using the Brunauer—Emmett—
Teller (BET) as well as the Barrett—Joyner—Halenda (BJH)
method revealed that the surface area of the SILP catalyst
dropped significantly from 451 to 231 m?/g (reference material
silica gel 60: 634 m?*/g) after 48 h of reaction time compared
to the freshly prepared SILP catalyst. In addition, the decrease
in pore volume from 0.57 to 0.34 cm®/g (reference material
silica gel 60: 0.91 cm®/ g) and the average pore diameter from
49.07 to 45.40 A clearly reflected this trend (see ESI Table S1
and Figure S11).

B CONCLUSIONS

We developed a continuous flow method for the selective
synthesis of three different bioderived carbonates 8a—c starting
from limonene oxide 7a and limonene dioxide 7b. Thereby,
supercritical carbon dioxide (scCO,) served as the reactant
and sole solvent. Ammonium- and imidazolium-based halides
as ionic liquid catalysts were screened in batch mode,
tetrabutylammonium chloride TBAC 1 turned out to be a
high-yielding and a selective catalyst. The SILP concept
(supported ionic liquid phase) was used for immobilization of
ionic liquid 1 on silica followed by applying the SILP catalyst
SILP 1 in heterogeneous continuous flow mode. After
optimizing the continuous flow parameters (temperature,
pressure, flow rates, and catalyst loading) for both limonene
oxides 7 in 12 h experiments, the catalytic system was
successfully studied in long-term experiments over 48 h,
eventually providing a constant product output with 16—17%
yield.

Ultimately, SILPs in combination with scCO, were
confirmed as an easily obtained and highly suitable
combination for continuous flow chemistry, although yields
in this particular example remained in the lower range. Our
future studies will address the development of more reactive
catalysts, focusing in particular on different cationic cores. In
this regard, work is currently ongoing in our group.

As an outlook, a scaled flow process for limonene carbonates
as potential bioderived bulk chemicals with production rates in
the range of kilograms per hour is of particular interest. In this
regard, a setup suitable for higher flow rates of carbon dioxide
and limonene oxides as well as for bigger catalyst cartridges for
SILP catalysts is expected to be crucial.

B EXPERIMENTAL PART

Materials and Methods. More information on used
materials and methods are summarized in the Supplementary
Information (ESI section 1).

Continuous flow experiments were performed with a scCO,
continuous flow device from Jasco (Jasco Corporation, Tokyo,
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Japan). CO,, provided by Messer Austria GmbH (>99.995%
purity; with ascension pipe), was cooled to —7 °C by a
recirculating cooler (CF 40, JULABO GmbH) and was
introduced by two CO, pumps (PU-2086Plus) with cooled
heads. An HPLC pump (PU-2089Plus) delivered substrates.
Catalyst cartridges (empty 316 stainless-steel HPLC columns
from Restek; 150 mm X 4.6 mm X 1/4” OD, 2 um frits, 2.49
mL volume, and 1.34 g of SILP catalyst and 250 mm X 4.6 mm
X 1/4” OD, 2 pm frits, 4.15 mL volume, and 2.22 g of SILP
catalyst) filled with SILP catalysts (the maximum weight of
packing is dependent on catalyst loading; silica gel 60 served as
the reference material for the determination of weight of
packing) were heated up in an HPLC column oven (CO-
2060Plus, up to 80 °C; Brinkmann CH-500 HPLC column
heater system, up to 150 °C). A back-pressure regulator (BP-
2080Plus, temperature set to 60 °C), UV detector (UV-
2075Plus), and a product collector (SCF-Vch-Bp) were also
included and were all connected with 1/16” stainless-steel
tubings.

Preparation of Supported lonic Liquid Phases on the
Example of SILP 1 (30 wt % of TBAC 1). The syntheses and
analytical data of the ionic liquids are summarized in the
Supplementary Information (ESI section 2).

SILPs were prepared according to a modified literature
procedure.”® Tetrabutylammonium chloride 1 (7.000 g, 30 wt
%), dried under high vacuum overnight, was dissolved in 100
mL of dry dichloromethane. Silica gel 60 (21.000 g, 70 wt %),
dried in a vacuum oven (50 °C, SO mbar) for 3 days, was
added to the solution. The suspension was shaken for 60 min
at 480 rpm. The solvent was removed in vacuo followed by
further drying under high vacuum. TGA analysis and DRIFT
spectra are given in the Supplementary Information (ESI
section 3).

Conversion of Limonene Oxide 7a under Batch
Conditions on the Example of TBAC 1 and SILP 1 as
Catalysts. The formation of limonene carbonate 8a under
batch conditions was performed according to a modified
literature procedure.30 Limonene oxide 7a (cis/trans = 43/57,
761 mg, 5.00 mmol, 1.00 equiv) and naphthalene as the
internal standard (13 mg, 0.10 mmol) were mixed together. A
"H-NMR spectrum (t = 0) was measured as the reference (see
also Figure S12).

A 40 cm® stainless-steel autoclave was charged either with
TBAC 1 (139 mg, 0.50 mmol, 10 mol % with respect to the
epoxide) or with SILP 1 (695 mg, 20 wt % of TBAC 1, 0.50
mmol TBAC 1, respectively, 10 mol % TBAC 1), the
previously prepared mixture, and CO, (5 MPa). The reaction
mixture was stirred at 100 °C for 20 h. After 20 h, the
autoclave was cooled to room temperature and CO, was
released. In the case of heterogeneous catalysis, the crude
mixture was diluted with S mL of deuterated chloroform and
homogenized. For the determination of the yield, a "H-NMR
spectrum (t = 20) of the crude mixture was recorded (see
Figure S11). For verifying the NMR yield, the isolation was
performed once via column chromatography (LP:EA = 10/1—
1/1, 50 g of silica). catalyst TBAC 1: NMR vyield: 68%
(isolated: 57%, colorless oil); catalyst SILP 1: NMR yield:
62%, FTIR (ATR, neat): 2942 (alkyl), 1790 (C=0) cm™};
'"H-NMR (600 MHz, CDCl; CH,Si): 6 4.74 (t, ] = 1.6 Hz, cis
1H), 472 (t, J = 1.5 Hz, trans 1H), 4.70—4.68 (m, cis 1H +
trans 1H), 4.43—4.40 (m, cis 1H), 4.35 (dd, J = 9.5, 7.0 Hz,
trans 1H), 2.30—2.18 (m, cis 2H + trans 2H), 2.02—1.94 (m,
cis 1H), 1.94—1.85 (m, trans 1H), 1.84—1.74 (m, cis 2H), 1.70
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(s, cis 3H), 1.68 (s, trans 3H), 1.67—1.55 (m, cis 1H + trans
2H), 1.49—1.47 (m, cis 3H), 1.45—1.34 (m, trans SH), 1.24—
1.08 (m, cis 1H). *C NMR (101 MHz, CDCl;, CH,Si): 6
154.87 (trans), 154.61 (cis), 147.53 (cis), 147.42 (trans),
110.27 (trans), 110.05 (cis), 82.78 (cis), 82.24 (trans), 81.93
(cis), 80.66 (trans), 40.01 (trans), 37.42 (cis), 34.26 (cis), 34.07
(trans), 33.14 (trans), 30.66 (cis), 26.36 (cis), 26.27 (trans),
25.77 (trans), 22.3S (cis), 20.99 (cis), 20.66 (trans) ppm.

Conversion of Limonene Dioxide 7b under Batch
Conditions on the Example of TBAC 1 and SILP 1. The
batch reactions were performed according to a modified
literature procedure.”® An 8 mL glass vial, charged either with
TBAC 1 (31 mg, 0.11 mmol, 10 mol %) or with SILP 1 (83
mg, 30 wt % TBAC 1 loading, 0.11 mmol TBAC 1, 10 mol %
TBAC 1), limonene dioxide 7b (180 mg, 1.07 mmol, 1.00
equiv), and CO, (5 MPa), was placed in a 40 cm® stainless-
steel autoclave. The reaction mixture was stirred at 120 °C for
20 h.

After 20 h, the autoclave was cooled to room temperature
and CO, was released. For verifying the GC yield, the isolation
of products was performed once via column chromatography
(LP:EA = 6:4, 15 g of silica).

For the determination of the GC yield, the crude mixture
was homogenized with S mL of ethyl acetate (36 mg limonene
dioxide /mL). An aliquot of 42 uL of crude solution, 30 uL of
internal standard (20 mg octane/mL ethyl acetate), and 1428
L of ethyl acetate resulted in a 1.5 mL GC sample. The
identity of the peaks was verified via GC/MS.

Catalyst TBAC 1: GC yield: 99% of carbonates 8b and 8c
(8b: 30%, isolated: 26%; 8c: 69%, isolated: 66%; colorless
oils), SILP 1 (30 wt % TBAC 1): GC yield: 76% (8b: 36%, 8c:
40%); epoxycarbonate 8b (diastereomeric mixture, 94:3:2:1),
FTIR (ATR, neat): 2932 (alkyl), 1778 (C=0) cm™}; 'H-
NMR (400 MHz, CDCL): § 4.23 (dd, J = 8.5, 2.7 Hz, 1H),
4.13—3.96 (m, 1H), 3.31-3.01 (m, 1H), 2.33—2.07 (m, 1H),
2.06—1.73 (m, 3H), 1.71—1.53 (m, 2H), 1.43 (s, 3H), 1.32 (s,
3H), 1.21-1.01 (m, 1H). ®C NMR (101 MHz, CDCL): §
154.62, 154.60, 85.34, 85.37, 73.53, 73.25, 60.06, 60.04, 57.56,
§7.35, 37.73, 37.53, 28.71, 28.62, 26.53, 26.31, 24.32, 24.27,
22.29, 22.12, 22.11, 21.99 ppm. Biscarbonate 8c (diastereo-
meric mixture, 34:66), FTIR (ATR, neat): 2983 (alkyl), 1775
(C=0) ecm™; 'H-NMR (400 MHz, CDCl;, CH,Si): & 4.55—
4.48 (m), 4.44—4.35 (m), 4.35—4.23 (m), 4.19—4.06 (m),
2.49-228 (m), 2.31-2.15 (m), 2.08—1.70 (m), 1.69—1.55
(m), 1.54—1.43 (m), 1.45-120 (m). *C NMR (101 MHz,
CDCl,;, CH,Si): § 154.16, 84.70, 84.66, 84.51, 84.43, 82.25,
82.20, 82.02, 80.91, 80.72, 79.68, 79.55, 73.34, 73.28, 73.24,
73.06, 40.84, 40.78, 37.59, 37.58, 32.98, 32.88, 32.63, 32.55,
29.10, 29.00, 26.11, 26.10, 25.81, 25.67, 23.00, 22.91, 22.85,
22.46, 21.45, 21.06, 21.03, 20.98, 20.82, 20.66 ppm.

General Procedure for the Continuous Conversion of
Limonene Oxides under Optimized Conditions over 48
h. An empty HPLC column (250 mm X 4.6 mm X 1/4” OD)
was charged with SILP 1 (2.22 g, loading: 30 wt % TBAC 1 for
7a, 15 wt % TBAC 1 for 7b), connected to the scCO, device,
and put in an oven, which was heated up to 120 °C. The back-
pressure regulator was set to the appropriate pressure (15 MPa
for 7a, 20 MPa for 7b). A 20 mL vial filled with substrate 7 was
used as the substrate supply. The flow rates of the HPLC
pumps were set to 0.01 mL/min (substrate 7a and 7b) and
1.99 mL/min (CO,, 2X 0.995 mL/min). The mixtures of the
corresponding limonene oxide 7 and carbonate 8 were
collected in 30 mL vials at different fractions. The collection
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time for each flask was set to 3 h, resulting in a total collection
time of 48 h.

Limonene Oxide 7a as the Substrate for Continuous
Conversion: Determination of NMR Yields. For the
determination of NMR vyields and conversions, naphthalene
as the internal standard was added to each fraction (30 min
fractions: 5.0 = 0.1 mg (12 h experiments), 1 h fractions: 10.0
+ 0.1 mg (12 h experiments), 3 h: 30.0 + 0.1 mg (48 h
experiment), and 40.0 + 0.1 mg (96 h experiment)) and
homogenized with 0.5 mL of CDCl;, NMR measurements
were performed with a 5—10 mg aliquot of the resulting
mixtures. For the reference NMR spectrum (t = 0, see ESI
Figure S12), $58 mg of limonene oxide 7a (0.6 mL per 1 h, p =
0.93 g/ mL) and 10 mg of naphthalene were mixed together.

Limonene Dioxide 7b as the Substrate for Continu-
ous Conversion: Determination of GC Yields. For the
determination of GC yields, the 3 h fractions were
homogenized with 15 mL of ethyl acetate (p (7b) = 1.03
mg/mL; 123 mg of 7b/mL of ethyl acetate, 12 h experiments:
S mL of ethyl acetate). An aliquot of 12 uL of crude solution
(30 min fractions: 24 uL (12 h experiments)), 30 uL of
internal standard (20 mg octane/mL ethyl acetate), and 1458
uL (30 min fractions: 1446 uL (12 h experiments)) of ethyl
acetate resulted in 1.5 mL of GC sample. The identity of the
peaks was verified via GC/MS.
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DISSERTATION - PHILIPP MIKSOVSKY

Silicon Oxycarbide (SiOC) Supported lonic Liquids: Heterogeneous Catalysts for Cyclic Carbonate Formation

F Silicon Oxycarbide (SiOC) Supported lonic Liquids: Heterogeneous
Catalysts for Cyclic Carbonate Formation

Homogeneous catalysts for the production of bio-based cyclic carbonates are elaborately studied,
whereas heterogeneous systems are rarely described in literature!!™ 174 177-182 | addition, supports
are mostly based on silica. Based on our experience employing silica-immobilized ionic liquids as
heterogeneous catalysts for the production of cyclic carbonates,? 192 the high affinity to water and
the free hydroxyl groups on the surface of silica can trigger the formation of undesired byproducts,

such as diols, oligomers or polymers, after the epoxide ring is opened.
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Scheme 31: Silica- and silicon oxycarbide-based SILPs for the batch-wise and continuous formation of bio-based

cyclic carbonates in supercritical carbon dioxide.

Silicon oxycarbide-based SILPs were investigated for the formation of limonene- and linseed oil-
derived cyclic carbonates as an alternative to commonly used silica-based SILPs (Scheme 31). Silicon
oxycarbides were produced via the polymer-derived ceramics route®®® and shaped via
photopolymerization-assisted solidification templating.’®* 8> Photopolymerized green bodies were
pyrolyzed at temperatures between 300-900 °C and milled to obtain, after impregnation, with ionic
liquid, silicon oxycarbide-based SILPs, which were tested in batch mode as heterogeneous catalysts.
Characterization was performed via Fourier transform infrared spectroscopy, nitrogen adsorption,
thermogravimetric analysis, and microscopy. Furthermore, solvent adsorption revealed low affinity of
silicon oxycarbides to water compared to silica, which is beneficial for the selectivity of the catalytic
process. Ultimately, macroporous monolithic silicon oxycarbide-based SILPs were successfully applied

for the continuous production of cyclic limonene carbonates.
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DISSERTATION - PHILIPP MIKSOVSKY

Silicon Oxycarbide (SiOC) Supported lonic Liquids: Heterogeneous Catalysts for Cyclic Carbonate Formation

In the following, the below-mentioned publication is presented:

Miksovsky, P.; Rauchenwald, K.; Naghdi, S.; Eder, D.; Konegger T.; Bica-Schrdder, K., Silicon Oxycarbide
(SiOC) Supported lonic Liquids: Heterogeneous Catalysts for Cyclic Carbonate Formation. ACS

Sustainable Chem Eng 2023 (revision submitted).

As a main author, together with Katharina Rauchenwald, | contributed to the investigation,
conceptualization, methodology, visualization, writing of the original draft, and review of the

manuscript.
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KEYWORDS: carbon dioxide valorization, bio-based cyclic carbonate, continuous flow, supercritical carbon dioxide,

freeze-casting, photopolymerization-assisted solidification templating, polymer-derived ceramics.

ABSTRACT

Silicon oxycarbides (SiOCs) impregnated with tetrabutylammonium halides (TBAX) were
investigated as an alternative to silica-based supported ionic liquid phases for the production of
bio-based cyclic carbonates derived from limonene and linseed oil. The support materials and the
supported ionic liquid phases (SILPs) were characterized via Fourier transform infrared
spectroscopy, thermogravimetric analysis, nitrogen adsorption, X-ray photoelectron spectroscopy,
microscopy and solvent adsorption. Silicon oxycarbide supports were pyrolyzed at 300-900 °C
prior to coating with different tetrabutylammonium halides and further used as heterogeneous
catalysts for the formation of cyclic carbonates in batch mode. Excellent selectivities of 97-100%
and yields of 53-62% were obtained with tetrabutylammonium chloride supported on silicon
oxycarbides. For comparison, the catalytic performance of commonly employed silica-supported
ionic liquids was investigated under the same conditions. Silica-supported species triggered the
formation of diol as a by-product leading to a lower selectivity of 87% and a lower yield of 48%,
respectively. Ultimately, macroporous monolithic SiOC-SILPs with suitable permeability
characteristics (ki =10""m?) were produced via photopolymerization-assisted solidification
templating and applied for the selective and continuous production of limonene carbonate in
supercritical carbon dioxide as reagent and sole solvent. Constant product output over 48 h without

concurrent catalyst leaching was achieved.
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INTRODUCTION

The concept of supported ionic liquid phases (SILPs) describes materials where a thin layer of
ionic liquid remains confined on a porous solid support, resulting in composite materials that
possess unique properties.! The combination of the liquid-like behavior of ionic liquids with the

structural integrity of solid supports lead to numerous applications that emerged over the past

11-14 15-17

years, covering catalysis,”!® gas purification and storage, as well as metal recovery.
Especially in catalysis, SILPs combine the properties of ionic liquids with the advantages of
heterogeneous systems, such as easy catalyst separation and improved mass transfer. Furthermore,
the application of SILPs circumvents the use of bulk quantities of ionic liquids which is not feasible
for their application on an industrial scale.'3-2°

SILPs have also been successfully employed for the immobilization of catalysts in combination
with supercritical carbon dioxide (scCOa, Tc: 31.0 °C, pe: 7.38 MPa)?! since scCO> is highly
soluble in ionic liquids, but the ionic liquid cannot dissolve in scCO;. This behavior provides ideal

t?23 or as

conditions for the immobilization of catalysts, where scCO> serves either as solven
reagent and solvent at the same time.?**’ The scCO; can thus act simultaneously as C1 building
block, for example in the formation of cyclic carbonates from epoxides, and as solvent for the use
of SILP catalysts. The aims are to increase the catalytic activity,*° facilitate the recyclability of the
catalyst,*! or to enable a continuous flow process for this particular reaction.’> 33

The use of epoxides and carbon dioxide as starting materials further benefits from particularly high
atom economies of 100% since all starting materials are fully incorporated in the product. Other
synthetic routes for cyclic carbonates include transesterification or phosgenation which suffer e.g.,

from lower atom economy and the use of toxic reagents.>* 3
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Various ionic liquid-based heterogenous but also homogeneous catalysts are reported for the
conversion of common epoxides such as propylene oxide or styrene oxide to cyclic carbonates
using different supports for ionic liquids or polymerizable ionic liquid-based precursors.>¢-*

Our studies, aiming for bio-based cyclic carbonates, were motivated by the annual production of
such compounds on a multi-ton scale,*® which are used as electrolyte solutions in lithium-ion
batteries*!' or as precursors for isocyanate-free polyurethanes.*> This high demand highlights the
necessity to develop synthetic routes utilizing bio-based feedstocks including terpenes, such as
limonene, and vegetable oils, such as linseed oil to get independent from crude oil as limited fossil
feedstock. The homogeneous catalysis of such bio-based cyclic carbonates is well established, but
only a few examples of heterogeneous catalysts are literature-known.*** Supports based on
carboxymethyl cellulose* and polyethylene®® are reported. However, silica is the most used
support. s 5153

26.28 with silica-supported ionic liquids as heterogeneous catalysts for the

Our previous studies
formation of cyclic carbonates from epoxides showed a synergistic effect between ionic liquid and
support material. It was also briefly mentioned that although catalytic water can be beneficial in
homogenous systems>, the free hydroxyl groups and the mildly acidic surface of the silica support
as well as the high affinity to water of silica can trigger the formation of undesired byproducts.
After the epoxide ring is opened, byproducts such as diols, poly- or oligomers can be formed. ¢
28 The interest in a support material versatile in terms of surface hydrophilicity and tunable in
shape and porosity, as an alternative to silica, has been raised.

Advanced silicon-based inorganic compounds can be obtained by the pyrolytic conversion of

preceramic polymers, such as polysiloxanes to silicon oxycarbide (SiOC) in an inert atmosphere.>

The polymer-derived ceramics route®® yields Si-O-C materials which typically consist of
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nanodomains rich in silicon dioxide, separated by a carbon phase.’’ Functionalization of the
preceramic polymer and the choice of the pyrolysis atmosphere and temperature offer room for
property optimization to yield materials of high chemical and thermal resistance for various fields
of applications.> For instance, stopping the pyrolysis process at a stage where the polymer is only
partly converted provides materials with intermediate characteristics of polymers and ceramics,
so-called ceramers.® Depending on the degree of conversion, ceramers can feature tunable surface

38,59 also for

hydrophilicity and high specific surface area, rendering them suitable adsorbents,
carbon dioxide® if amine-functionalized.
Further, polymer-derived ceramics can be processed employing advanced shaping methods

61.62 or solidification templating.®*” Solidification templating,

including additive manufacturing
commonly referred to as freeze-casting,® is a porosification technique where a ceramic slurry or a
preceramic polymer solution is cast into a mold, with a subsequent controlled solidification
followed by selective removal of the solvent, e.g., via freeze-drying. This technique facilitates the
generation of templated pore structures.®® By variation of the solid or polymer content, selection
of the structure-directing solvent, and by the thermal gradient applied during solidification, pore
characteristics such as total porosity, pore morphology, pore orientation, and pore size distribution
can be adjusted straightforwardly. The removal of the structure-directing solvent prior to thermal
treatment renders solidification templating a more sustainable porosification method, compared to
sacrificial porogens that are burned out, to obtain monolithic catalyst supports, since the solvent
can be recycled in an upscaling event.

In case of preceramic polymer solutions, the solidification process initiates the phase separation of

the solvent from the preceramic polymer. However, to retain the templated shape upon removal of

the solvent and during subsequent pyrolytic conversion, the preceramic polymer needs to be cross-
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linked. Controlled polycondensation treatments have been employed to facilitate the freeze-casting
of polysiloxanes,®* 9 %% 70 but these reactions are generally rather slow at low temperatures.
Photopolymerization-assisted solidification templating, which has been shown using thiol-ene

63.66. 71 is an interesting alternative as it is feasible at low temperatures and

“click” reaction,
applicable in a controlled manner.

With regard to the continuous production of cyclic carbonates, macroporous monoliths as SILP
support, instead of a packed bed reactor, offer a high degree of control over the fluid flow,’”? in

73-76

addition to easier catalyst handling. Examples of monolithic SILPs exist in literature where

7375 or where silane monomers serve

ionic liquids are immobilized on porous cellulose monoliths
as precursors for polymer-supported ionic liquids.”® 77 However, to the best of our knowledge, no
work has been thus far reported on the physisorption of ionic liquids on silicon oxycarbide
subsequently used as a heterogeneous catalyst for the production of cyclic carbonates.

In this paper, we present the synthesis and characterization of silicon oxycarbide-based SILPs
(S10C-SILPs) and their successful application as heterogeneous catalysts for the formation of bio-
based cyclic carbonates starting from limonene oxide and epoxidized linseed oil. Catalytic
performance of SIOC-SILPs was compared to state-of-the-art silica-supported ionic liquids (SiO2-
SILPs) resulting in higher yields and higher selectivities for the developed SiOC-supported

species. Ultimately, macroporous, monolithic SiOC-SILPs were successfully applied for the

selective continuous production of cyclic carbonates.
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RESULTS AND DISCUSSION

Preparation and Characterization of Silicon Oxycarbide as Support Material

For the preparation of silicon oxycarbide supports 7, a commercially available polysilsesquioxane
1 was functionalized A with photoactive methacrylate groups 2 to perform photopolymerization-
assisted solidification templating B, as illustrated in Figure 1. Preceramic solutions 4 with a
polymer content of 20 or 30 wt.% were mixed with the radical initiator phenylbis (2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO 5) and frozen at -20 °C to induce phase separation of
the polymer from tert-butyl alcohol 3, which acts as solvent for functionalization A and as
structure directing agent for solidification templating B. Irradiation with blue light (405 nm, 30
min) was applied at -20 °C to stabilize the templated state via a radical crosslinking reaction,
yielding samples of sufficient structural integrity to further remove the frozen solvent by
sublimation. In a first step, silicon oxycarbide powders 7a were prepared to perform batch
experiments. Green bodies 6a were converted to silicon oxycarbides 7a via pyrolytic treatment C
in argon flow employing different pyrolysis temperatures (300-900 °C), followed by ball milling
and sieving (90 um mesh size) in order to obtain particle sizes comparable to silica-60. In a second
step, batch-wise production of cyclic carbonates was transitioned to continuous mode using

optimized, monolithic silicon oxycarbide supports 7b.

The pyrolytic conversion was studied by thermogravimetric analysis (TGA, Figure S1), which
showed a typical conversion of crosslinked polysiloxane 6 to silicon oxycarbide 7, undergoing two
distinct mass-loss steps. First, low-molecular-weight residuals from the functionalization A as well
as monomers not sufficiently bound to the polymeric backbone are removed between 200 and
400 °C. Interruption of the pyrolysis in this phase still yields silicone-type compounds. The main

conversion from the green body 6 to silicon oxycarbide 7 occurs during the second mass-loss stage
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at T > 400 °C via dehydrogenation of functional groups. In the range between approximately 500-
700 °C, the evolution of volatile decomposition products usually reaches its maximum. An
interruption of the conversion process in this stage yields ceramers with particularly high specific
surface areas.>® Upon reaching 800 °C, the conversion can be considered complete. Four distinct
pyrolysis temperature treatments were selected to compare the polymer state (300 °C, denoted as
Si0C300) with ceramer intermediate states (SiIOC500 and SiOC700) and the final ceramic state
(S10C900) for the application as catalyst support for SILPs. The silicon oxycarbides 7a show a

difference in color as a result of the different degrees of carbon conversion (Figure 1).
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Figure 1: Functionalization A of polysilsesquioxane 1 to obtain a photocurable solution 4, suitable

for photopolymerization-assisted solidification templating B of polysiloxane-derived ceramics.
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Fourier transform infrared spectroscopy (FTIR, Figure 2a) revealed that when stopping pyrolysis
at 300 °C, methacrylate moieties are still present, while at 500 °C, they are completely converted
(C=0 band at 1728 cm™). At 700 °C, alkyl groups are almost completely converted as well (CH:
3027 — 2811 cm’!; CHa, CHs: 1505 — 1228 cm™). Moreover, Si-CH3 groups are converted
successively at higher temperatures (759 cm). At 900 °C, the preceramic polymer is fully
converted to an amorphous silicon oxycarbide ceramic, preserving the Si-O-Si bands at 1214 —
901 cm. Tonic liquid loading onto the silicon oxycarbide supports 7a led to additional vibrations
at 3023 — 2762 cm™ and 1502 — 1340 cm™, indicating C-H and C-C vibrations of the
tetrabutylammonium cation (Figure S7-S8).

Volatiles from the decomposition of methacrylate and alkyl groups, such as hydrocarbons and
hydrogen,>> ® led to high specific surface areas (Figure S3, Table S1) in intermediate processing
stages, with a maximum of 550 m? g! in microporous SiOC500. In SiOC900, transient
microporosity has disappeared (indicated by a low specific surface area of 2 m? g'!). In this case,
impregnation with ionic liquid only slightly increases the specific surface area to 2 - 4 m* g’!. At
an ionic liquid loading of 20 wt.%, microporosity in SIOC500 and SiOC700 ceramers can be
assumed to be filled. However, both best-performing catalysts, SILP Sa and SILP 11a, are non-
micro-/mesoporous materials according to nitrogen adsorption measurements. In contrast, upon
loading mesoporous silica-60 with ionic liquid, the surface area decreased but remained at a high
level of 221 - 263 m? g

Furthermore, the affinity of the SiOC support materials to polar and non-polar molecules was
investigated by solvent adsorption and was compared to silica-60, a commonly used support
material for SILPs. Water and n-heptane are substances with mainly polar and non-polar

interaction, respectively, and can be used to quantify the hydrophilicity of a material.®® The amount
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of solvent adsorbed was measured gravimetrically after exposure of the dried materials to saturated
atmospheres, at 25 °C, for 24 h. Silica took up an exceptional amount of 57 + 1 wt.% water and
35 + 3 wt.% n-heptane (Figure 2b). The higher uptake of water compared to n-heptane is
indicative of the material hydrophilicity, which is related to the oxidic surface. In contrast, silicon
oxycarbides take up significantly lower amounts of solvent vapor. Further, a trend of decreasing
affinity to n-heptane and increasing affinity to water was observed with increasing pyrolysis
temperatures. The transition from hydrophobic to hydrophilic characteristics results from a
successive loss of residual polymer functionalities, as confirmed by FTIR (Figure 2a). The
observed transition temperature from hydrophobic to slightly hydrophilic between 500 and 700 °C
is in accordance with results from a previous study.’®

70 T T T T T 70
green body
o v (CHy, CH)
60 4 60
[}
50

ioc 300 C-H v (c=0)
5 stocs v (C-H) N

SioC 500

sioc 700

H,O adsorbed / wt.%

n
o
1
T
n
o

SioC 900

N
n-heptane adsorbed / wt.%

e

silica - 60

: '

T T T T T
a) 3900 3700 3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 900 700 500 b) Silica-60 SIOC300 Si0C500 SIOC700 SI0C900

Wavenumber [cm1]

Figure 2. Characterization of surface functionalities and affinity to polar and non-polar solvents
of silicon oxycarbides 7a derived from different pyrolysis temperatures compared to silica-60 via

a) FTIR-spectra and b) solvent adsorption.

In conclusion, in comparison to silica-60, carbon incorporation in silicon oxycarbide pyrolyzed at
900 °C (14.9 = 0.5 wt.% in Si0C900, determined by combustion method) as well as lack of
mesoporosity lower the affinity to water vapor, which is beneficial for the selective formation of

cyclic carbonates, as shown in Figure 4b and discussed in detail hereinafter.

10
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Based on literature procedures,’® powdered silicon oxycarbides 7a pyrolyzed at different

temperatures (SiOC 300, SiOC500, SiOC700, SiOC900) and silica-60 (Si102) were impregnated

with tetrabutylammonium chloride TBAC 8, -bromide TBAB 9, and -iodide TBAI 10 to generate

SILPs used further as heterogeneous catalysts (Table 1).

Table 1. Supported ionic liquids: Powdered and monolithic supports, impregnated with ionic

liquids, employed for the formation of bio-based cyclic carbonates in batch mode and in

continuous flow.

SILP catalyst support ionic liquid (loading)
SILP 1a S10; (powder) TBAC 8 (20 wt%)
SILP 2a S10- (powder) TBAB 9 (20 wt%)
SILP 3a S102 (powder) TBAI 10 (20 wt%)
SILP 4a SiOC300 (powder) TBAC 8 (20 wt%)
SILP Sa Si0OC300 (powder) TBAB 9 (20 wt%)
SILP 6a Si0OC500 (powder) TBAC 8 (20 wt%)
SILP 7a Si0C500 (powder) TBAB 9 (20 wt%)
SILP 8a Si0OC700 (powder) TBAC 8 (20 wt%)
SILP 9a Si0C700 (powder) TBAB 9 (20 wt%)
SILP 10a Si0OC700 (powder) TBAI 10 (20 wt%)
SILP 11a Si0C900 (powder) TBAC 8 (20 wt%)
SILP 12a Si0C900 (powder) TBAB 9 (20 wt%)
SILP 1b Si0OC900 (monolith) TBAC 8 (20 wt%)
SILP 2b Si0C900 (monolith) TBAC 8 (35 wt%)

11
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XPS spectra were recorded to determine the types of chemical bonding and functional groups
present on the surface of SiOC-based SILPs compared to SiOC support materials. The survey
scans revealed the existence of Si, C and O elements on the SiOC-surface and additional Cl and N
for SILPs (Figure S9 and Table S2). The peak assignment of high-resolution core-level spectra is
based on literature’”’. The Cls fits (Figure S11) showed C-C bonds (sp® hybridized) decreasing in
intensity upon increasing pyrolysis temperature and increasing in intensity by addition of ionic
liquid. Deconvolution of Si2p spectra (Figure S13) revealed various binding states, whereas peak
assignment was challenging due to overlapping spin-orbit components. The N1s and CI2p core
level spectra were only present in SILPs (Figure S12 and Figure S14). The Ols spectra revealed
the presence of C-O, Si-O and Si-O-Si bonds (Figure S10). Furthermore, differences in structural
behavior of SILPs and supports could be inferred especially from Ols spectra. This suggested an
interaction of the catalytically active ionic liquid especially with the oxygen atoms of the SiOC
support.

To investigate the stability of SILPs, thermogravimetric analyses of ionic liquids, silica, and SiOC-
SILPs were conducted in air (Figure S6). Measurements revealed that after an initial loss of water
(25-100 °C), mass loss started at around 160 °C, independently of the used supporting material or
kind of ionic liquid, showing the high thermal stability of used ionic liquids. In addition, complete
degradation of the ionic liquid was observed at around 230 °C for silicon oxycarbide-based SILPs,
while for silica-based SILPs, the end of degradation was observed at 270 °C, most likely due to a
stronger interaction of the support surface with the ionic liquid or the degradation products.
Furthermore, the same thermal stabilities, with regard to the on-set of decomposition for supported
and unsupported ionic liquids were observed. As expected, further conversion processes were

observed for compounds previously pyrolyzed only at 300 °C (SiOC300).

12
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Comparison of Silicon Oxycarbide- and Silica-Based Catalysts for the Formation of Bioderived

Cyclic Carbonates 15 and 18

Limonene oxide 14 was chosen as the primary bio-based feedstock since its potential as

feedstock for bulk chemicals, such as cyclic carbonates, is displayed in a global annual

production of 43 Mt and a global market of 314 million US$ (2020).3° SiO,-SILPs for the batch

and continuous production of limonene carbonate (Figure 3

Figure 3) have already been studied in our group.?® Furthermore, the production of linseed oil

carbonates 18 as promising precursors for non-isocyanate polyurethanes®' is presented (Figure 5).

A

diastereomeric mixture
(cis/trans = 44/56)

14

SiO,-SILP 1a-3a
CO, (5 MPa, initial pressure)
120°C,5h

batch mode

SiOC-SILP 4a, 6a, 8a-11a
CO; (5 MPa; initial pressure)
120°C,5h

>
batch mode

monolithic SiOC-SILP 1b-2b
0.49 - 0.99 mL/min CO, (15 MPa)
0.01mL/min of 14
120°C,12-48h

=
continuous flow

(o]
o/go

15

o
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2 >/

(e]
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OH
OH
yield (15): up to 48%
selectivity: 35-87%
/-\
16
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Figure 3. Limonene carbonates 15: Si0,-SILPs and SiOC-SILPs as catalysts in batch mode and

in continuous flow.
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Based on reports of Morikawa et al.8" 82, where tetrabutylammonium halides 8-10 were screened
in batch mode for the conversion of limonene oxide 14 to limonene carbonate 15, we expanded
the scope of preliminarily tested homogeneous catalysts to imidazolium-based ionic liquids (Table
S3) in a previous work.?® During this screening, tetrabutylammonium halides 8-10 turned out to
be suitable catalysts for the formation of limonene carbonate 15 resulting in a selective conversion
of 72% and a yield of 68% (isolated yield: 57%) after 20 h at 100 °C in the case of the best
candidate TBAC 8 (Table S3, entry S1-S3). Subsequently, TBAC 8 was physisorbed on silica as
most commonly used support material for SILP catalysts and employed to the continuous
production of different limonene carbonates. During the optimization of the continuous formation
in the previous work, 120 °C turned out to be the optimum temperature in terms of yields, while
higher temperatures lead to the degradation of catalyst. Due to higher reaction temperatures, the
reaction time could be shortened from 20 h to 5 h for the catalyst screening performed in this work,
resulting in a conversion of 58% of limonene oxide 14 using TBAC 8 (Table S4, entry S7).
Furthermore, we were interested in the investigation of both isomers starting from the
commercially available cis/trans mixture, however, the more reactive frans isomer (cis: 23%,
trans: 85%) can be obtained via kinetic separation® to further increase yields.

Commonly used SiOz-based SILPs impregnated with tetrabutylammonium halides 8-10 were
employed as heterogeneous catalysts and compared to SiOC-based SILPs. Out of all tested SiO»-
based SILPs 1a-3a (Figure 4a), SILP 1a, impregnated with TBAC 8, performed best, which is
following the nucleophilicity of halides in aprotic polar environment (Cl > Br" > I). Nevertheless,
the yield dropped from 55% to 48%, and selectivity from 95% to 87% compared to the

homogeneous version (Table S4, entry S7). Moreover, it was observed that selectivity decreased
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further to 63% and 35% when bromide and iodide served as anions in SiO-based SILP 2a-3a,

respectively (Figure 4a).
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Figure 4: Catalyst screening for the formation of limonene carbonate 15 in batch mode.?

aconditions: 0.5 mmol of 14 (cis/trans = 43/57), SILP catalyst (0.05 mmol of 8-10, catalyst loading: 20 wt%), 120 °C,
5 MPa CO; (gaseous, initial pressure), 5 h. Further details about the determination of conversion and selectivity (ratio

of yield and conversion) is given in ESI chapter S.3.1.

Residual water and free hydroxyl groups on the surface of silica triggered the ring opening of the
epoxide and the formation of diol 16 in amounts of 3-17%, determined via GC/MS. Furthermore,
when 10 mol% of water was added to the reaction, generating a polar protic environment, a
decrease in conversion from 55% to 50% and a selectivity of 66% were observed (Table S3, entry
S10).

The co-catalytic effect of silica on the formation of undesired byproducts was further verified when
silica was solely employed as catalyst (Table S4, entry S22). In this case, conversion reached 36%,
13% of diol 16 and no carbonate 15 were formed. This experiment showed the inevitable influence
of the silica surface and the requirement for the development of alternative supports for the ionic

liquid-catalyzed heterogeneous conversion of epoxides to cyclic carbonates to increase selectivity.

15
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The diol was no longer formed when powdered silicon oxycarbides 7a were employed as support
materials, displayed by the obtained selectivity of 97-100 % (Figure 4b) and increased yields of
53-62 %. This correlates with the lower affinity of silicon oxycarbides to water as made apparent
from solvent vapor adsorption experiments (Figure 2b). Moreover, the addition of 10 mol% of
water to the reaction mixture resulted in no change of conversion and selectivity (Table S4, entry
S21) when SiOC was employed as support. On the other hand, conversion and selectivity
decreased in case of employing silica-based SILPs with catalytic amounts of water (Table S4,
entry S10), as mentioned before. Therefore, the constantly high conversion and selectivity obtained
with SiOC support suggests the involvement of the mildly acidic surface of silica on the epoxide
ring opening and subsequent formation of byproduct diol 13.

The trend of nucleophilicity (CI" > Br" > I') was preserved with SiOC-SILPs 8a-10a, displayed by
the obtained yields of 8-56%. Additionally, the influence of pyrolysis temperature (300 — 900 °C)
of the silicon oxycarbide supports was investigated (Figure 4b). Yields increased from 53% to
62% with higher pyrolysis temperature, and remarkable selectivities of 97 — 100% were obtained
without leaching of catalyst (limit of detection: 0.1 mg, < 0.2% of total amount of TBAC 8).
Furthermore, silicon oxycarbide supports do not exert any catalytic effect (Table S4, entry S23-
S26), in contrast to silica support (Table S4, entry S22).

Overall, SILP 11a (20 wt.% TBAC 8, SiOC900) exhibited the highest yield and a selective
formation of limonene carbonate 15 with 100% atom economy and thus was subsequently
employed in continuous flow in monolithic form 7b.

Secondly, we investigated the reaction of epoxidized linseed oil 17 catalyzed by SiO-SILPs and
SiOC-SILPs (Figure 5). Determination of conversion was performed via "H-NMR (ESI chapter

S.3.2) by quantifying the signal of the epoxide moieties (6 =3.21 — 2.82 ppm) and using the protons

16
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next to the carbonyl groups of the backbone (6 = 2.29 ppm) as internal standard. Yields could not
be determined due to overlapping signals in the NMR spectra (carbonate: 6 = 5.40 — 4.06 ppm).
However, the formation of carbonate 18 was further proven via FTIR (Figure S23), where the

appearing C=0 band at 1792 cm™! indicated the ongoing reaction.”!
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Figure 5. Linseed oil carbonates 18: SiO2-SILPs and SiOC-SILPs as catalysts in batch mode.

An extensive homogeneous catalyst screening with various ionic liquids reported by Tassaing et
al.,* where the influence of halides (CI°, Br", I') and cationic cores (e.g. ammonium, phosphonium,
sulfonium, imidazolium, pyridinium) on the conversion of epoxidized linseed oil 17 were
investigated, revealed that different halides have the most pronounced impact on the catalytic
activity. Tetrabutylammonium halides 8-10 turned out to be promising candidates, resulting in

yields of 17-30% (TBAB 9 > TBAI 10 > TBAC 8) in a 30 g scale (100 °C,10 MPa).

Reproduction on a 220 mg scale (120 °C, 5 MPa) resulted in the same order of catalytic activity
(TBAB 9 > TBAI 10 > TBAC 8), displayed in yields of 41-56% (Table S6, entry S32-S34).
Almost complete conversion of 97% was achieved after 20 h. The order of catalytic activity clearly
shows the competition between the nucleophilicity and the size of the anion, since epoxidized
linseed oil 17 is a sterically demanding substrate and smaller anions can reach the epoxide moieties

easier.
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Figure 6: Catalyst screening for the formation of linseed oil carbonates 18 in batch mode.?

aconditions: 220 mg of 17, SILP catalyst (0.02 mmol of 8-10, catalyst loading: 20 wt%), 120 °C, 5 MPa CO; (gascous,
initial pressure), 5 h. Further details about the determination of conversion is given in ESI chapter S.3.2.

For SiO>-SILPs 1a-3a (Figure 6a), impregnation with TBAI 10 resulted in the highest conversion
of 48%. Conversion increased with SiOC-SILPs 9a-10a (Figure 6a) impregnated with TBAB 9
and TBAI 10 to 66-67%. Yields were further increased by employing the SiOC-SILPs prepared
with silicon oxycarbide supports derived from different pyrolysis temperatures (300 — 900 °C),
achieving conversions of up to 75% with SILP 5a using support SiOC300 (Figure 6b). Finally, it
was proven that all supports show only low or no co-catalytic effect (Table S6, entry S46-S50).
Leaching of catalysts 8-10 in batch experiments could not be determined due to inseparability of
SILP catalyst from the highly viscous and poorly soluble reaction mixture e.g., via centrifugation
or via dissolution of the reaction mixture in apolar solvents.

Moreover, the interaction behavior of SiOC support’® with ionic liquid was further investigated
via XPS as discussed before. Comparison of the O1s spectra of the supports and the SILPs (Figure
S10) revealed different interaction behavior and, thus, an interaction of catalyst and support

predominantly via the oxygen atom. This suggests that the interaction of the oxygen of SiOC
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support with the ionic liquid is of crucial importance for the formation of cyclic carbonates using
Si0OC-supported ionic liquids compared to homogeneous catalysis.

Ultimately, studies in continuous flow with monolithic silicon oxycarbide-supported ionic liquids
were conducted solely with limonene oxide 14 since neat epoxidized linseed oil 17 turned out to
be too viscous for continuous transport; the addition of necessarily polar solvents for dissolution

of epoxidized linseed oil 17 led to significant catalyst leaching (30%).

Characterization of Monolithic SiOC-SILPs 1b-2b

In Figure 7a, an optical microscopy image of monolithic silicon oxycarbide pyrolyzed at 900 °C
7b cut in cross and longitudinal sections, with regard to the flow direction in the reactor for
continuous experiments, is shown. The pore orientation is visualized by the color contrast of
oxycarbide and epoxy resin, which appear as bright grey and dark grey, respectively, due to their
difference in atomic mass, with the aid of backscattered electron detection in scanning electron
microscopy (Figure 7b, method details given in ESI chapter S.7.1). Evidently, porosity generated
by solidification templating in aluminum molds results in radial pore orientation in the cross-
section, due to preferential nucleation of tert-butyl alcohol 3 on aluminum that features high
thermal conductivity, thereby causing oriented crystal growth from the outside to the inside of the
cylinders, as indicated by arrows. Further characterization of the monolith by mercury intrusion
porosimetry revealed a broad macropore size distribution with a median pore opening diameter of
26 pym (Figure 7¢). A fracture surface of the monolith reveals the prismatic pore morphology

templated by solidified tert-butyl alcohol 3 (Figure 7d).

19

95



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

=}
!
el
T
>
m

o
B
L
T
T
oo
Relative pore volu

Specific pore volume / cm® g

0.0 - T T y 0
0.01 0.1 1 10 100

C) Pore opening diameter / pm d)

Figure 7: Characterization of monoliths 7b for continuous experiments: a) optical microscopy
images; b) scanning electron micrographs (backscattered electron detection) of sections embedded
in epoxy resin, ground and polished; ¢) mercury intrusion porosimetry pore size distribution; d)
scanning electron micrographs of a fracture surface (field emission gun — scanning electron

microscopy, secondary electron detection).

Permeability of silicon oxycarbide monoliths 7b was quantified by applying Forchheimer’s
equation for compressible fluids (Formula S1) to obtain both k; (Darcian) and k, (non-Darcian)
permeability constants from measured pressure drops and permeating air flow using filtered
compressed air as permeating fluid (Figure S4). The air flow was applied in the same flow
direction as in continuous carbonate production. The Darcian flow refers to a linear dependence
of the fluid flow on the pressure gradient solely dependent on the fluid’s dynamic viscosity. Non-

Darcian permeability also considers inertial resistance, which becomes particularly relevant for
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applications where fluids of high density are used. Determined permeability constants of monoliths

7b (k1 =10""m?, ko= 10°m) are classified in the order of honeycomb or fibrous filters.”?

For the physisorption of amounts of 20-35 wt.% ionic liquid TBAC 8, silicon oxycarbide
monoliths 7b were added to a methanolic solution of TBAC 8 and treated in an ultrasonic bath for
efficient removal of air from the macropores. After solvent removal, surface morphologies of
fractured monoliths were investigated by high-resolution field emission gun — scanning electron
microscopy (FEG-SEM, method details given in ESI chapter S.7.1), which revealed that
physisorbed ionic liquid causes a change in surface morphology, as shown in Figure 8. In
comparison to the reference (monolithic silicon oxycarbide 7b), partial coverage of the monolith’s
inner surface with ionic liquid was observed for lower loadings (20 wt.% TBAC 8, SILP 1b) while
a more uniform distribution was achieved for higher loading (35 wt.% TBAC 8, maximal loading,

SILP 2b) (Figure 8).

a) b) c)
Figure 8: Scanning electron micrographs of fracture surfaces (field emission gun — scanning
electron microscopy, secondary electron detection): a) monolithic silicon oxycarbide 7b; b) SILP
1b (20 wt.% TBAC 8) and c) SILP 2b (35 wt.% TBAC 8). Images of an additional spot and

additional magnifications are given in Figure SS.

21

97



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

For continuous application, SILPs 1b-2b were finally inserted in a shrinking tube, which was
heated carefully with a heat gun to shrink tightly onto the monolith to perfectly fit stacked
monoliths into a catalyst cartridge, and thus ensure flow through the macropores of monolithic

SiOC-SILPs.

Continuous Formation of Limonene Carbonate 15 with Monolithic SiOC-SILPs 1b-2b

With the monolithic SiOC-SILPs 1b-2b in hand, the formation of limonene carbonate 15 in
continuous flow was conducted (Figure 9), using a device normally employed for supercritical
carbon dioxide applications®® (details are given in the experimental section and ESI chapter S.7.1).
In the course of the continuous-flow experiments, the influence of the flow rate of carbon dioxide
and the catalyst loading were investigated. As illustrated in Figure 9, all experiments resulted in a

desired constant product output independent of the varied parameters.

25 25
—a—  2.00 mL/min; SiOC-SILP 1b (20 wt% TBAC 8, leaching: < 0.01%)

(
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Figure 9. Continuous production of limonene carbonate 15 with monolithic SiIOC-SILPs 1b-2b.?
dconditions: 0.01 mL/min limonene oxide 14 (cis/trans = 43/57), SILP 1b-2b (15 — 20 mm
monolith pieces, 220 mm in total), 1.99-0.49 mL/min CO» (15 MPa), 120 °C, a) 12 h or b) 48 h.

Maximum and overall yields are depicted in Table S5.
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An initial experiment employing a flow rate of carbon dioxide of 1.49 mL/min (total flow: 1.50
mL/min) and SILP 1b (Figure 9a) as catalyst resulted in a maximum yield of 12%. Only traces
of leached catalyst (limit of detection: 0.1 mg, < 0.1% of total amount of TBAC 8) were observed.
A higher flow rate of carbon dioxide of 1.99 mL/min (total flow: 2.00 mL/min) led to a decrease
of the maximum yield to 9% (Table S5, entry S27) due to a shorter residence time of 7.6 min as
opposed to 10.1 min at a total flow of 1.50 mL/min.

However, a lower flow rate of carbon dioxide of 0.49 mL/min (Table S5, entry S29; total flow:
0.50 mL/min, residence time: 30.5 min) resulted in a decrease of the maximum yield to 8% and
leaching of 2%. This indicates that a minimum concentration of carbon dioxide is required for
sufficient carbonate formation and a higher flow rate is beneficial to remove reacted species from
the catalytically active surface.

Moreover, a higher catalyst loading of 35 wt.% (SILP 2b) resulted in a higher maximum yield of
15% (Table S5, entry S30), whereupon the maximum was not reached even after 12 h reaction
time (Figure 9a). However, leaching of 4% of the catalyst was observed, thus a decrease of yield
over time can be expected. Ultimately, a stability test over 48 h using SILP 1b (total flow:
1.50 mL/min) resulted in an overall yield of 7% without leaching of catalyst (limit of detection:

0.1 mg, <0.1% of total amount of TBAC 8) (Figure 9b).
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CONCLUSIONS

In this paper, we investigated SiOC-SILPs for their application as heterogeneous catalysts in the
formation of bio-based cyclic carbonates 15 and 18 and compared them to the performance of
commonly used silica-based SILPs. The processing benefits associated with the polymer-derived
ceramic route enabled a smooth transition from batch to continuous-flow operation utilizing
monolithic SiOC-SILPs. Extensive catalyst screening in batch mode revealed that excellent
selectivities of 97-100% and yields of 53-62% after 5 h reaction time with SiOC-SILPs 4a and
SiOC-SILP 7a-9a can be achieved for limonene carbonate 15. In contrast, SiO2-SILPs resulted in
a low selectivity of 87% and a yield of 48% due to the formation of diol 16 as a byproduct, which
was triggered by residual water and free hydroxyl groups on the surface of silica-60. For linseed
oil carbonates, yields could be increased from 48% (SiO2-SILP 3a) to 75% (SiOC-SILP 5a).
Finally, silicon oxycarbide monoliths were successfully implemented for continuous selective
limonene carbonate formation, resulting in constant product outputs. Studying the long-term
behavior of the monolithic catalyst over 48 h resulted in an overall yield of 7% and high selectivity,
without significant leaching of ionic liquid from the monolithic silicon oxycarbide.

These results illustrate that scaleable SIOC-SILP-catalyzed continuous-flow processes are highly
suitable for the formation of various cyclic carbonates. An extended ionic-liquid screening could
further lead to an increase of reaction yields. Moreover, the pore orientation within the silicon
oxycarbide monoliths could be improved via rotational freeze-casting®® or by controlled
unidirectional freeze-casting.®® In conclusion, solidification-templated polymer-derived ceramics
offer plenty of possibilities to tailor porosity and surface properties to host ionic liquids, rendering
silicon oxycarbide-supported ionic liquids highly interesting for future applications in

heterogeneous catalysis.
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EXPERIMENTAL PART

Further details regarding preparation, characterization as well as materials, methods, and typical
procedures can be found in the electronic supporting information (ESI).

Preparation of Silicon Oxycarbide Supports via Photopolymerization-Assisted Solidification
Templating

Preparation of the photocurable polysiloxane solution 4 was performed according to a modification
of procedures reported in literature®’ > %7 for additive manufacturing. For a typical master batch
of 40 wt.% polymer content, 15 g of methyl silsesquioxane 1 were dissolved in 30 g tert-butyl
alcohol 3 at 40 °C. 5 g of 3-(trimethoxysilyl)-propyl methacrylate 2 were added and stirred for 1
h at room temperature. One drop of concentrated HCI (37%) was added while stirring at 500 rpm.

The mixture was stirred at 200 rpm for 20 h to ensure complete functionalization.

The master batch of 40 wt.% polymer content was diluted with zert-butyl alcohol 3 to yield 10, 20,
or 30 wt.% polymer content in the preceramic solution 4. Subsequently, phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide 5 was added as a photoinitiator (1 wt.% with respect to the
polymer content). The solution was homogenized (4 min, 2000 rpm) and degassed (10 min, 800

rpm) using a planetary mixer (Thinky ARE-250).

The solution was frozen at -20 °C for 24 h in polyethylene or aluminum molds to yield cubic or
cylindrical samples. Solidified samples were demolded and illuminated at a wavelength of 405 nm
(Sovol, 6 W) for a total of 30 min at -20 °C. Subsequently, samples were stored at -20 °C overnight.
Solidified tert-butyl alcohol 3 was removed using a freeze-dryer (CHRIST Alpha 1-4 LDplus) for
21 hat 1 mbar, followed by 3 h at < 0.4 mbar. Pyrolytic conversion was conducted in a tube furnace
(STF 166, Carbolite) under argon flow (30 L h'). The maximum pyrolysis temperature ranged

from 300 to 900 °C (heating rate: 1 K min?!, dwell time:1h, cooling rate to room
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temperature: 2 K min™'). Linear shrinkage and ceramic yield were evaluated measuring diameter,
height, and weight of the monoliths before and after pyrolysis. For batch-conversion experiments,
the porous supports were ball-milled and sieved (mesh size 90 um). For continuous-conversion
experiments, cylindrically shaped monoliths were used and impregnated with ionic liquid, as

further described in the supplementary material (ESI chapter S.7.3).

Formation of Limonene Carbonate 15 in Batch Mode

The synthesis was performed according to a modification of a literature procedure.’® An 8 mL
glass vial was charged with limonene oxide 14 (cis/trans = 43/57, 103 uL, p = 0.93 g/mL;
remaining amount after sampling for 'H-NMR: 82 pL, 0.5 mmol) and internal standard
naphthalene (1.3 mg, 0.01 mmol). 21 pL was taken to record a 'H-NMR spectrum at t = 0 (Figure
S15). After sampling, SIOC-SILP 11a (preparation see ESI chapter S.7.2, 70 mg, 0.05 mmol of
TBAC 8) was added. The glass vial, equipped with a screw cap with a septum and a cannula, was
placed in a 40 mL autoclave. After pressurizing with carbon dioxide (5 MPa), the reaction mixture
was stirred for 5 h at 120 °C. After completion of the reaction, the autoclave was cooled to room
temperature, carbon dioxide was released, and the reaction mixture was homogenized with 0.5 mL
of deuterated chloroform. A "H-NMR spectrum was recorded (t = 5 h, Figure S15) revealing a
selective conversion of 63% (62% yield).

Formation of Linseed Oil Carbonate 18 in Batch Mode

The synthesis was performed according to a modification of a literature procedure®* and similarly
to the formation of limonene carbonate 15. 220 mg of epoxidized linseed oil 17 and SiOC-SILP
5a (27 mg, 0.02 mmol of TBAB 9) were used, resulting in 75% conversion. Determination of

conversion was performed via 'H-NMR (see ESI chapter S.3.2).
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Continuous Production of Limonene Carbonate 15

Monolithic SiOC-SILP 1b-2b (preparation see ESI chapter S.7.3, 220 mm; 15-20 mm pieces) was
loaded into a shrinking tube. A heat gun was used for shrinking. The sheathed monoliths were
inserted into the catalyst cartridge which was connected to a device used for supercritical carbon
dioxide applications (for details see ESI chapter S.7.1 and reference®®) The flow rates were set to
0.01 mL/min for limonene oxide 14 and 0.49-1.99 mL/min for carbon dioxide (15 MPa back
pressure), and the catalyst cartridge was heated up to 120 °C. Limonene carbonate Sa dissolved in
starting material was collected in vials in different fractions for 12 h (one fraction/hour).

For the determination of NMR yields, 10.0 = 0.1 mg of naphthalene was added to each fraction.
After homogenizing with 0.5 mL of deuterated chloroform, an aliquot was taken for 'H-NMR
measurements. The spectrum was compared to a reference spectrum of a mixture of 558 mg of

limonene oxide 14 (0.6 mL/h, p=0.93 g/mL) and 10 mg naphthalene (see also ESI chapter S.3.1).
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Highly selective silicon oxycarbide supported ionic liquids for the production of bio-derived cyclic

carbonates were investigated in batch and in continuous flow.

36

112



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

DISSERTATION - PHILIPP MIKSOVSKY

Conclusions

G Conclusions

Supercritical carbon dioxide as non-toxic and non-flammable solvent was successfully applied for an
enzyme-assisted supercritical fluid extraction. Furthermore, the neoteric solvent was combined with

ionic liquids, a highly tunable compound class, to expand their application to catalysis.

In the first part of this thesis, an enzyme-assisted supercritical carbon dioxide extraction of flavonoids
from apple pomace was developed, employing the enzyme mix snailase to hydrolyze the flavonoid
glycosides (quercetin glycoside, kaempferol glycoside, phloridzin, 3-hydroxyphloridzin) to flavonoid
aglycones (quercetin, kaempferol, phloretin, 3-hydroxyphloretin). Optimization of the enzymatic
hydrolysis (amount of enzyme, pre-treatment of apple pomace, time for hydrolysis) and supercritical
fluid extraction (kind and amount of cosolvent, time for extraction) in a subsequent process (Scheme
32) revealed that a small amount of snailase (0.25%) is already sufficient to cleave up to 96% of the
sugar moieties from flavonoids after 2 h enzymatic hydrolysis. In addition, small amounts of methanol
as cosolvent led to 90% of total yield extraction (0.68 umol/g of flavonoid aglycones) already after 1 h
of supercritical fluid extraction. Ultimately, the potential of snailase for a scalable industrial process,
even under pressurized conditions, was demonstrated in a simultaneous process of enzymatic
hydrolysis and supercritical fluid extraction. Furthermore, this snailase-assisted supercritical fluid
extraction is not limited to apple pomace as raw material,*®® since snailase was already successfully

employed in numerous other plant materials.
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Scheme 32: Results of the snailase-assisted supercritical carbon dioxide extraction of flavonoid aglycones (left) from apple pomace.

Conditions for enzymatic hydrolysis: 3 g apple pomace (dried and ground), snailase (0.25%, 0.037 g/15 mL), 15 mL Mcllvaine buffer (pH = 5.5),
shaken for 2 h (37 °C, 180 rpm), lyophilized for 48 h; conditions for supercritical fluid extraction: 2 mL/min total flow, 20 v% MeOH, 60 °C, 25

MPa, 2 h. Experiments were performed in triplicate and results are reported as mean values.
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Conclusions

Moreover, the continuous production of cyclic carbonates in supercritical carbon dioxide as reagent
and sole solvent, starting from bio-based limonene oxide and limonene dioxide, was investigated
(Scheme 33). After initial screening of ammonium- and imidazolium-based ionic liquids in
homogeneous mode, the best performing ionic liquid, tetrabutylammonium chloride, was immobilized
onsilica and served as heterogeneous supported ionic liquid phase (SILP-) catalysts in continuous flow.
Elaborate optimization in continuous flow (temperature, pressure, flow rates, catalyst loading) in 12 h
experiments resulted in constant outputs when the selective SILP-catalyst (30 wt% of physisorbed ionic
liquid) was applied. The long-term stability of the catalyst system was further studied for 48 h, resulting

in yields of 16-17% and no or just traces of leached catalyst.
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Scheme 33: Continuous production of cyclic limonene carbonates in supercritical carbon dioxide.

Conditions: SILP catalyst (30 wt% tetrabutylammonium chloride physisorbed on silica-60), 1.99 mL/min CO», 0.01 mL/min
limonene oxide, 15 MPa (A) or 20 MPa (B), 120 °C, 12 h.

114



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

DISSERTATION - PHILIPP MIKSOVSKY

Conclusions

Finally, silicon oxycarbide-based SILPs for the continuous and batch-wise formation of bio-based cyclic
carbonates in supercritical carbon dioxide were investigated (Scheme 34). Silicon oxycarbide supports
were prepared by photopolymerization-assisted solidification templating and pyrolyzed at different
temperatures (300 °C, 500 °C, 700 °C, 900 °C), milled, and impregnated with ionic liquid to obtain silicon
oxycarbide-based SILPs. Powdered supports, silicon oxycarbide-based SILPs, and, for comparison also
silica-based SILPs were characterized via Fourier transform infrared spectroscopy, thermogravimetric
analysis, nitrogen adsorption, microscopy, X-ray photoelectron spectroscopy and solvent adsorption.
They served as heterogeneous catalysts for the formation of limonene carbonates and linseed oil
carbonates under batch-wise conditions, using tetrabutylammonium halide-based ionic liquids as
catalytically active species. For limonene carbonate, silicon oxycarbide-based SILPs resulted in an
increase of conversion of up to 15% (yield: 53-62%) after 5 h reaction time. Excellent selectivity of 97-
100% was achieved compared to silica-based SILPs (48% vyield, 87% selectivity). The reaction with sole
silica support (no physisorbed ionic liquid) showed 16% conversion under batch-wise conditions,
where the formation of diol, caused by ring opening of the epoxide, was observed as a side reaction
and no carbonate as the main product was formed. For linseed oil carbonates, an increase in
conversion of up to 56% (yield: 75%) was achieved after 5 h at 120 °C. Ultimately, monolithic silicon
oxycarbide-based SILPs with a macroporosity of approximately 80% were employed in continuous flow
and resulted in the formation of constantly 7% of limonene carbonate without leaching of catalyst for

a period of 48 h.
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Scheme 34: Silica-based SILPs and silicon oxycarbide based-SILPs as heterogeneous catalysts for the batch-wise conversion of

limonene oxide (left) and epoxidized linseed oil to cyclic carbonates (right).

Conditions: SILP catalyst (20 wt% tetrabutylammonium chloride (TBAC, 0.05 mmol) or tetrabutylammonium bromide (TBAB, 0.02
mmol) physisorbed on silica-60 or silicon oxycarbides (SiOC) pyrolyzed at different temperatures (300-900 °C)), 76 mg limonene
oxide or 220 mg epoxidized linseed oil, 5 MPa CO; (5 MPa), 120 °C, 5 h
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1 Flow Scheme of the Supercritical Fluid Extraction Set-Up for the Sequential Process
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Figure S1: Schematic representation of the SFE set-up for the sequential process. (1) carbon dioxide cylinder with

ascending pipe; (2) cosolvent supply; (3) HPLC pump; (4) hand operated valve; (5) t-piece; (6) oven with heating coil and

flow extraction vessel; (7) back-pressure regulator; (8) gas-liquid separator; (9) product collector
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2 Pictures of Ground and Unground Apple Pomace

Figure S2: Pictures of ground (A, C) and unground (B, D) apple pomace. Topaz apples were crushed using a
centrifugal grinder and pressed with a hydraulic press. The pomace was dried in a drying cabinet at 65° C for 16 h.
Dry apple pomace was further ground with a Fritsch Universal Pulverisette 19 cutting mill using a 2 mm sieve and
stored in a desiccator over silica gel drying agent. A digital microscope (VHX-5000, KEYENCE) was used for pictures

C and D and the determination of the average particle diameters.
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3 Quantification via HPLC and LC/MS

Table S1: HPLC and LC-MS data of the targeted flavonoids in apple pomace extracts.

fondd e e e el e

kaempferol 1a 21.697 266/365 285.0399 285.0405 - CisH1006

quercetin 1b 19.123 255/370 301.0365 301.0354 - C15H1007

phloretin 1c 20.970 286 273.0765 273.0768 - Ci5H140s

3-hydroxyphloretin 1d 18.590 286 289.0712  289.0718 - C15H1406
kaempferol glycoside 2a  16.353  264/321 - - 285.0 [M-H-Glc] -

quercetin glycosides 2b  13.620° 256/356  463.0870  463.0882 301.0 [M-H-Glc] C21H20012

14.293 256/358 433.0765  433.0776 301.0 [M-H-Glc] C20H18011

14.820 256/353 433.0768  433.0776 301.0 [M-H-Glc] C20H18011

14.990 256/347 447.0934  447.0933 301.0 [M-H-Glc] C21H20011

phloridzin 2¢ 15.997 285 435.1288  435.1297 273.0 [M-H-Glc] C21H24010

3-hydroxyphloridzin 2d ~ 14.593 286 - 451.1246 289.0 [M-H-Glc] C21H24011
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aThis peak refers to two different quercetin glycosides which were not separable via HPLC.
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Figure S3: Calibration curve for quercetin 1b (A) and phloretin 1c (B). Further details on calibration are given in Table S2.
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Supplementary Information

Quantification via HPLC and LC/MS

Table S2: Summary of calibration for quercetin 1b and phloretin 1c. Due to the structural similarities of flavonols 1a-b and
2a-b, the calibration curve of quercetin 1b was used for the quantification of kaempferol 1a and flavonoid glycosides 2a-b.
Accordingly, the calibration curve of the chalcone phloretin 1¢ was used for the quantification of 3-hydroxyphloretin 1d and

the flavonoid glycosides phloridzin 2c and 3-hydroxyphloridzin 2d.2

concentration amount of substance ® peak area

flavonoid [nug/mL] [nmol] [mAU-min]

0.5 0.007 0.19

1 0.013 0.43

2 0.026 0.99

quercetin 1b 5 0.066 2.27
10 0.132 5.05

20 0.265 9.50

50 0.662 24.21

0.5 0.007 0.14

1 0.015 0.31

2 0.029 0.67

phloretin 1c 5 0.073 1.77
10 0.146 3.89

20 0.292 7.96

50 0.729 19.87

aA stock solution of 1 mg/mL of quercetin 1b and phloretin 1c in 1 mL MeOH was employed to prepare 1 mL of methanolic
solution for each concentration in the dilution series. An aliquot of 80 uL was taken for HPLC measurements (4 L injection
volume), quantification of quercetin 1b was carried out at 340 nm, the quantification of phloretin 1c at 310 nm.  in 4 pL

injection volume
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4 Snailase — Assisted Supercritical Carbon Dioxide Extraction — Summary of Results

Table S3: Extracted amounts of flavonoid aglycones 1a-d and total amounts in pmol/g after supercritical fluid extraction (n = 3 £ SD).

experiments kaempferol 1a quercetin 1b phloretin 1c 3-hydroxyphloretin total amounts of flavonoid aglycones 1a-d total amounts
[pmol/g] [pmol/g] [pmol/g] 1d [umol/g] [nmol/g] [nmol/g]

Figure 3 — SFE of enzymatically untreated apple pomace
entry S1 - 5 v% EtOH (SFE) n.d. 0.0013 + 0.0003 n.d. n.d. 0.0013 + 0.0003° 0.0048 + 0.0004'
entry S2 - 10 v% EtOH (SFE) n.d. 0.0048 + 0.0002 n.d. n.d. 0.0048 + 0.0002° 0.215 + 0.008"i
entry S3 - 20 v% EtOH (SFE) n.d. 0.006 + 0.001 n.d. n.d. 0.006 + 0.001P 0.48 + 0.02¢e
Figure 4 - amount of snailase
entry S4 - 0%Sna n.d. 0.012 = 0.001 0.0013 * 0.0002 n.d. 0.013 + 0.001° 0.27 + 0.02¢
entry S5 - 0.1%Sna 0.0054 * 0.0009 0.22 + 0.02 0.061 *+ 0.004 0.061 * 0.002 0.352 + 0.017M 0.47 + 0.02¢d
entry S6 - 0.25%Sna 0.008 + 0.001 0.33 + 0.06 0.054 + 0.005 0.061 * 0.008 0.45 + 0.07°%f 0.51 + 0.07 b
entry S7 - 0.5%Sna 0.0093 * 0.0006 035 + 0.03 0.054 + 0.009 0.059 * 0.006 0.47 + 0.03cdf 0.51 + 0.04bcde
entry S8 - 1%Sna 0.0107 + 0.0001 037 + 0.01 0.056 + 0.003 0.057 + 0.002 0.49 + 0.01bcde 0.520 + 0.009 bede
entry S9 - 5% Sna 0.0075 + 0.0007 0.24 + 0.03 0.036 + 0.004 0.029 + 0.005 0.31 + 0.04hik 033 + 0.04f
entry S10 - 10%Sna 0.0052 + 0.0005 0.16 + 0.01 0.032 + 0.004 0.017 + 0.002 0.22 + 0.01'mn 0.251 + 0.007¢n
entry S11 - 20%Sna 0.0028 + 0.0005 0.088 + 0.008 0.020 + 0.002 0.0079 + 0.0004 0.12 + 0.01° 0.13 + 0.01%
Figure 5 - time of hydrolysis
entry S12 - 0.25%Sna_0.5h 0.0043 * 0.0001 0.16 + 0.02 0.061 * 0.004 0.042 + 0.002 0.27 + 0.01% 0.42 + 0.03¢
entry S13 - 0.5%Sna_0.5h 0.0063 *+ 0.0008 0.260 * 0.006 0.052 + 0.003 0.046 =+ 0.0003 0.365 + 0.0088" 0.43 t 0.01¢
entry S14 - 1%Sna_0.5h 0.0073 + 0.0006 0.28 + 0.02 0.065 + 0.003 0.046 + 0.006 039 + 0.02f" 0.46 t+ 0.02¢%
entry S6 - 0.25%Sna_1h 0.008 + 0.001 033 + 0.06 0.054 + 0.005 0.061 + 0.008 0.45 t+ 0.07%f 0.51 + 0.07bce
entry S7 - 0.5%Sna_1h 0.0093 + 0.0006 035 + 0.03 0.054 + 0.009 0.059 * 0.006 0.47 + 0.03cdef 0.51 + 0.04bede
entry S8 - 1%Sna_1h 0.0107 + 0.0001 037 + 0.01 0.056 + 0.003 0.057 * 0.002 0.49 + (.01 bede 0.520 + 0.009 bede
entry S15 - 0.25%Sna_2h 0.012 = 0.001 044 + 0.03 0.041 + 0.008 0.084 + 0.008 0.58 + 0.04° 0.61 + 0.04%
entry S16 - 0.5%Sna_2h 0.0120 * 0.0004 042 + 0.02 0.0502 * 0.0008 0.072 * 0.004 0.56 + 0.02° 0.60 + 0.03%
entry S17 - 1%Sna_2h 0.0123 + 0.0001 043 + 0.01 0.046 + 0.003 0.071 * 0.006 0.56 + 0.01° 0.58 + 0.02°

Mean values of total amounts within the same column marked with different letters (a, b etc.) are statistically different (p < 0.05). For ANOVA tests, entries were considered only once. n.d. not detected
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Continuation of Table $S3: Extracted amounts of flavonoids 1a-d and total amounts in umol/g after supercritical fluid extraction (n = 3 £ SD).

experiments kaempferol 1a quercetin 1b phloretin 1c 3-hydroxyphloretin  total amounts of flavonoid aglycones 1a-d total amounts
[pmol/g] [pmol/g] [pmol/g] 1d [pmol/g] [umol/g] [umol/g]

Figure 6 - cosolvent + optimum conditions
entry S18 - 5 v% EtOH 0.0074 + 0.0002 0.12 = 0.02 0.020 + 0.003 0.006 + 0.003 0.16 + 0.03me 0.16 + 0.03k
entry S19 - 10 v% EtOH 0.0093 + 0.0001 0.301 + 0.008 0.046 + 0.003 0.05 = 0.01 0.41 + 0.02¢f%" 0.43 + 0.01°¢
entry S7 - 20 v% EtOH 0.0093 + 0.0006 0.35 + 0.03 0.054 + 0.009 0.059 + 0.006 0.47 * 0.03cdf 0.51 * 0.04bcde
entry S20 - 5 v% MeOH 0.0079 + 0.0009 0.12 + 0.02 0.019 = 0.003 0.006 + 0.002 0.152 + 0.022" 0.15 + 0.027k
entry S21 - 10 v% MeOH 0.011 = 0.001 0.36 = 0.03 0.053 + 0.009 0.056 + 0.002 0.48 + 0.03cdf 0.50 + 0.03bce
entry S22 - 20 v% MeOH 0.0112 * 0.0005 0.39 = 0.02 0.051 + 0.007 0.068 + 0.009 0.52 + 0.02° 0.57 + 0.02°
entry S23 - OPTIMUM 0.0150 + 0.0003 0.52 = 0.02 0.060 + 0.003 0.082 + 0.006 0.676 + 0.023° 0.70 + 0.022
Table 3 — ground vs. unground apple pomace
entry S7 - ground 0.009 + 0.0006 0.35 = 0.03 0.054 + 0.009 0.059 + 0.006 0.47 + 0.03cdef 0.51 + 0.04bcde
entry S24 - unground 0.006 + 0.001 0.22 = 0.04 0.023 + 0.006 0.018 + 0.001 0.26 + 0.04K 0.46 + 0.07°%
Table 7 — SFE employing batch extraction vessel
entry S25 - sequential - dried pomace 0.0043 + 0.0009 0.17 = 0.03 0.030 + 0.008 0.026 + 0.005 0.25 t+ 0.024m 034 + 0.05f
entry S26 - sequential - wet pomace 0.0006 + 0.001 0.05 + 0.04 0.02 + 0.02 0.010 + 0.005 0.08 + 0.04¢° 0.15 = 0.06'%
entry S27 - simultaneous - 5% MeOH 0.005 + 0.007 0.05 = 0.03 0.013 + 0.007 0.006 + 0.007 0.07 = 0.04° 0.09 + 0.05¢
entry S28 - simultaneous - 5% EtOH n.d. 0.05 + 0.04 0.03 + 0.03 0.005 + 0.005 0.09 + 0.07° 0.09 + 0.074

Mean values of total amounts within the same column marked with different letters (a,

b etc.) are statistically different (p < 0.05). For ANOVA tests, entries were considered only once. n.d. not detected
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Table S4: Extracted amounts of flavonoid glycosides 2a-d and total amounts in umol/g after supercritical fluid extraction (n = 3 £ SD).

experiments kaempferol glycoside 2a  quercetin glycosides 2b phloridzin 2¢ 3-hydroxyphloridzin 2d total amounts flavonoid glycosides 2a-d total amounts
[umol/g] [umol/g] [pmol/g] [pmol/g] [umol/g] [umol/g]
Figure 3 — SFE of enzymatically untreated apple pomace
entry S1 - 5 v% EtOH (SFE) 0.00030 + 0.00002 0.0032 + 0.0006 n.d. n.d. 0.0035 + 0.0006' 0.0048 + 0.0004'
entry S2 - 10 v% EtOH (SFE) 0.0072 + 0.0003 0.183 + 0.007 0.0191 + 0.0008 0.0008 + 0.0001 0.210 + 0.007°¢ 0.215 + 0.008"i
entry S3 - 20 v% EtOH (SFE) 0.0101 * 0.0007 040 + 0.02 0.0574 + 0.0001 0.005 * 0.002 048 * 0.02°? 0.48 + 0.02¢d%
Figure 4 - amount of snailase
entry S4 - 0%Sna 0.0067 = 0.0008 0.21 + 0.02 0.029 * 0.002 0.019 * 0.002 026 t+ 0.02° 0.27 + 0.02¢"
entry S5 - 0.1%Sna 0.0038 + 0.0003 0.11 + 0.02 0.0039 + 0.0008 0.0040 + 0.0007 0.12 + 0.02¢ 0.47 + 0.02¢%
entry S6 - 0.25%Sna 0.00145 + 0.00002 0.054 + 0.005 0.0037 + 0.0008 0.0028 + 0.0003 0.062 +  0.004 cfeh 0.51 + 0.07 bcde
entry S7 - 0.5%Sna 0.0010 = 0.0001 0.034 + 0.002 0.0016 + 0.0002 0.0014 + 0.0002 0.038 +  0.003 fehi 0.51 + 0.04bcde
entry S8 - 1%Sna 0.0010 * 0.0001 0.026 + 0.003 n.d. 0.0014 + 0.0002 0.029 +  0.003&" 0.520 * 0.009 bee
entry S9 - 5% Sna 0.0006 *= 0.0002 0.021 + 0.004 n.d. n.d 0.021 +  0.004en 033 t+ 0.04f
entry S10 - 10%Sna 0.0011 = 0.0005 0.03 + 0.02 0.002 * 0.002 n.d. 0.03 + 0.02f" 0.251 + 0.007eh
entry S11 - 20%Sna 0.0004 = 0.0002 0.0120 = 0.0008 n.d. n.d. 0.012 + 0.001" 0.13 + 0.01Kk
Figure 5 - time of hydrolysis
entry S12 - 0.25%Sna_0.5h 0.0050 * 0.0007 0.14 + 0.01 0.0044 + 0.0004 0.0021 + 0.0003 0.15 + 0.02¢ 0.42 + 0.03¢
entry S13 - 0.5%Sna_0.5h 0.0020 = 0.0007 0.07 + 0.01 0.0033 + 0.0005 0.0015 + 0.0001 0.07 + 0.01°% 0.43 + 0.01¢
entry S14 - 1%Sna_0.5h 0.01 + 0.01 0.058 + 0.003 0.0023 + 0.0004 0.0018 + 0.0005 0.07 +  0.01°¢f%" 0.46 + 0.02¢%
entry S6 - 0.25%Sna_1h 0.00145 * 0.00002 0.054 + 0.005 0.0037 + 0.0008 0.0028 + 0.0003 0.062 +  0.004°f%" 0.51 t+ 0.07bcde
entry S7 - 0.5%Sna_1lh 0.0010 = 0.0001 0.034 + 0.002 0.0016 + 0.0002 0.0014 + 0.0002 0.038 +  0.003f" 0.51 + 0.04bcde
entry S8 - 1%Sna_1h 0.0010 = 0.0001 0.026 + 0.003 n.d. 0.0014 + 0.0002 0.029 +  0.003en 0.520 t+ 0.009bcde
entry S15 - 0.25%Sna_2h 0.0007 * 0.0002 0.023 + 0.001 0.0013 + 0.0003 0.0015 + 0.0005 0.027 +  0.0028" 0.61 + 0.04%
entry S16 - 0.5%Sna_2h 0.0007 + 0.0002 0.04 + 0.02 0.002 + 0.001 0.0015 + 0.0003 0.04 + 0.02f" 0.60 + 0.03%
entry S17 - 1%Sna_2h 0.0006 = 0.0001 0.019 + 0.002 0.0011 + 0.0002 0.0015 + 0.0004 0.022 +  0.002f" 0.58 + 0.02%
Mean values of total amounts within the same column marked with different letters (a, b etc.) are statistically different (p < 0.05). For ANOVA tests, entries were considered only once. n.d. not detected
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Continuation of Table S4: Extracted amounts of flavonoid glycosides 2a-d and total amounts in umol/g after supercritical fluid extraction (n = 3 £ SD).

experiments kaempferol glycoside 2a quercetin glycosides 2b phloridzin 2¢ 3-hydroxyphloridzin 2d  total amounts flavonoid glycosides 2a-d total amounts
[umol/g] [umol/g] [pmol/g] [umol/g] [umol/g] [pmol/g]

Figure 6 - cosolvent + optimum conditions
entry S18 - 5 v% EtOH n.d. n.d. n.d. n.d. n.d. 0.16 * 0.03%
entry S19 - 10 v% EtOH 0.00067 + 0.00004 0.019 + 0.001 0.0007 + 0.0001 n.d. 0.020 + 0.001¢&" 0.43 + 0.01¢
entry S7 - 20 v% EtOH 0.0010 *= 0.0001 0.034 + 0.002 0.0016 + 0.0002 0.0014 * 0.0002 0.038 + 0.003 " 0.51 * 0.04bcde
entry 520 - 5 v% MeOH n.d. n.d. n.d. n.d. n.d. 0.15 * 0.027%
entry S21 - 10 v% MeOH 0.0008 + 0.0002 0.017 = 0.004 0.0004 * 0.0001 n.d. 0.019 + 0.0048" 0.50 + 0.03bcde
entry S22 - 20 v% MeOH 0.0013 + 0.0002 0.038 = 0.005 0.0023 * 0.0004 0.0017 = 0.0004 0.044 + 0.005 " 0.57 + 0.02°«
entry S23 - OPTIMUM 0.0007 + 0.0001 0.024 + 0.002 0.0014 + 0.0001 0.0025 + 0.0002 0.028 + 0.002f" 0.70 = 0.022
Table 3 — ground vs. unground apple pomace
entry S7 - ground 0.0010 + 0.0001 0.034 + 0.002 0.0016 + 0.0002 0.0014 + 0.0002 0.038 + 0.003&" 0.51 + 0.04bede
entry S24 - unground 0.0055 * 0.0008 0.18 + 0.04 0.0052 + 0.0007 0.0024 + 0.0003 0.20 + 0.04° 0.46 + 0.07¢%
Table 7 — SFE employing batch extraction vessel
entry S25 - sequential - dried pomace n.d. 0.032 + 0.007 0.05 + 0.07 0.008 + 0.005 0.09 + 0.07¢ 034 + 0.05%
entry S26 - sequential - wet pomace n.d. 0.05 + 0.02 0.014 = 0.008 0.004 = 0.003 0.07 + 0.02¢® 0.15 + 0.06%k
entry S27 - simultaneous — 5% MeOH n.d. 0.01 + 0.01 0.001 + 0.001 0.0002 + 0.0004 0.02 + 0.02¢&" 0.09 t+ 0.05¢
entry S28 - simultaneous — 5% EtOH n.d. 0.02 + 0.01 0.02 = 0.02 n.d. 0.004 + 0.003F 0.09 + 0.07¢

Mean values of total amounts within the same column marked with different letters (a, b etc.) are statistically different (p < 0.05). For ANOVA tests, entries were considered only once. n.d. not detected
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DISSERTATION - PHILIPP MIKSOVSKY

Appendix

1.2 Supporting Information: Continuous Formation of Limonene Carbonates

in Supercritical Carbon Dioxide

Supporting information:

Miksovsky, P.; Horn, E. N.; Naghdi, S.; Eder, D.; Schnurch, M.; Bica-Schroder, K., Continuous
Formation of Limonene Carbonates in Supercritical Carbon Dioxide. Org Process Res Dev 2022, 26 (10),

2799-2810. https://doi.org/10.1021/acs.oprd.2c00143.
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1 Materials and Methods

Detailed information about the scCO, flow device is summarized in the experimental part of

the main manuscript.

Unless otherwise noted, chemicals were purchased from several chemical suppliers and used
without further purification. Limonene dioxide 7b was kindly provided by Nitrochemie Aschau
GmbH. 1-Methylimidazole was distilled prior to use (80 °C, 13 mbar). Dichloromethane, used
for reactions which required anhydrous conditions, were pre-distilled and dried over Al,O3
columns (PURESOLYV, Innovative Technology). TLC analysis was performed on silica gel 60 Fys,4
aluminium plates from Merck containing a fluorescent indicator using solvent mixtures of
ethyl acetate in liquid petroleum. Spots were visualized using ultraviolet light (254 nm) or were
stained with cer ammonium molybdate (0.5 g Ce(NH,4)4(SO4)s - 2H,0, 12.0 g (NH;)sMo070,4- 4
H,0, 235 mL H,0, 15 mL conc. H,SO,) followed by heating.

GC measurements were performed with a Thermo Scientific Trace 1310 gas chromatograph
containing two capillary columns from Restek Rtx-5 (Rtx-5, 15 m x 0.25 mm x 1.00 um) and a
flame ionization detector (FID). A Thermo Trace 1300 / ISQ LT (single quadrupole MS (El))
containing a standard capillary column from Restek (Rxi-5sil MS, 30 m x 0,25 mm x 0,25 um)
was used for GC/MS measurements (initial temperature: 100 °C (holding time 2 min); rate: 35

°C/min to 300 °C (holding time: 4 min).

H-NMR and 3C-NMR spectra were recorded from CDCl; solutions on a Bruker Avance

UltraShield 400/600 (*H: 400, 600 MHz, 13C: 101 MHz) spectrometer.

FTIR spectra (transmission mode) were recorded on a PerkinElmer Spectrum 65 FTIR
spectrometer. Resolution was set to 4 cm™, 8 scans were used. Spectra were recorded from

4000 - 500 cm™. Raw data were processed with the PerkinElmer Spectrum Software.

DRIFT spectra (result spectra: Kubelka Munk) were recorded on a Bruker Vertex 80 FTIR
spectrometer using a narrow band MCT detector. Resolution was set to 4 cm™, 256 scans were
used. Spectra were recorded from 4000 — 800 cm™ and raw data were processed with
MestreNova and OPUS. Samples (40 mg / 400 mg KBr) were diluted with KBr from Sigma
Aldrich (99%, FTIR grade) and dried for 4 days under high vacuum.
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The physisorption measurements were carried out on an ASAP 2010 by Micromeritics GmbH.
The degassing procedure was set to 120 °C for 6 hours and the isotherms were obtained using
nitrogen at 77 K. BET (Brunauer-Emmett-Teller) specific surface areas were calculated based
on BET equation, pore volumes were calculated based on BJH (Barret-Joyner-Halenda)
equation from the desorption branch and average pore diameters were calculated based on

desorption branch.

For thermogravimetric analysis (TGA), a Netzsch STA 449 F1 system was used. Temperature

was increased from 25 °C to 450 °C with a rate of 5 °C/min.
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2 lonic Liquids

2.1 Synthesis of [C;mim]Br 5 and [C;mim]I 6

Tetrabutylammonium halides TBAX 1-3 and 1-ethyl-3-methylimidazolium chloride [C,mim]Cl

4 were purchased from several suppliers and dried under high vacuum prior to use.

1-Ethyl-3-methylimidazolium bromide [C,mim]Br 5 and 1-ethyl-3-methylimidazolium iodide

[C;mim]I 6 were synthesized according to modified literature protocols? 2

Bromoethane or iodoethane (134 mmol, 1.10 equiv.) was added dropwise to freshly distilled
1-methylimidazole (10.00 g, 122 mmol, 1.00 equiv.) under argon atmosphere. For [C,mim]Br
5, the reaction mixture was heated up to 40 °C for 4.5 h, respectively to 80 °C for 30 min for
[C,mim]l 6. Complete conversion was confirmed via 'H-NMR spectroscopy. The reaction
mixture was cooled with an ice bath whereby the product precipitated. The solid material was
recrystallized (minimum amount of ACN for dissolving, ethyl acetate for precipitation). The
solid material was washed with ethyl acetate (3 x 30 mL), volatiles were removed in vacuo.
The ionic liquids 5 and 6 were dried for three days at room temperature under high vacuum.
[C;mim]Br 5: 96% (22.35 g, 117 mmol, colorless crystals) H NMR (400 MHz, CDCls, CH,Si) 6 =
10.28 (s, 1H, -N=CH-N-), 7.61 - 7.53 (m, 2H, -N-CH-CH-N-), 4.36 (q, J = 7.4 Hz, 2H, -N-CH,-CHs),
4.06 (s, 3H, -N-CHs), 1.55 (t, J = 7.4 Hz, 3H, -N-CH,-CH3) ppm. 3C NMR (101 MHz, CDCls, CH,Si)
6=137.04 (d, C2), 123.70 (d, C4), 121.97 (d, C5), 45.29 (t, CH,-CHs), 36.70 (g, N-CH3), 15.71 (q,
CH,-CH3) ppm. [C;mim]l 6: quant. (28.90 g, 121 mmol, pale yellow crystals) 'H NMR (400 MHz,
CDCl3, CH,4Si) 6 =10.47 —9.63 (m, 1H, -N=CH-N-), 7.50 (d, J = 1.7 Hz, 2H, -N-CH-CH-N-), 4.51 —
4.34 (m, 2H, -N-CH,-CHs), 4.11 (d, J = 0.6 Hz, 3H, -N-CHs), 1.61 (t, J = 7.4 Hz, 3H, -N-CH,-CHs)
ppm. 13C NMR (101 MHz, CDCls, CH,Si) & = 136.76 (d, C2), 123.74 (d, C4), 121.99 (d, C5), 45.61
(t, CH,-CHs), 37.22 (q, N-CHs), 15.75 (q, CH,-CH3) ppm.
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2.2 NMR Spectra: 1-Ethyl-3-methylimidazolium Bromide [C,mim]Br 5
_ Br
[ CHy
Hac/N\/N\/
-N-CH3 (d
4.06
3(0.6)
-N-CH2-CH3 (q -N-CH2-CH3 (t
-N=CH-N- (s -N-CH-CH-N- (m
10.28 7.57 4.36 155
1(7.4) 1(7.4)
1
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=) — N ™ )
s 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
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Figure S1: 'H-NMR spectrum of 1-ethyl-3-methylimidazolium bromide [C,mim]Br 5.

T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)

Figure S2: 13C-NMR spectrum of 1-ethyl-3-methylimidazolium bromide [C,mim]Br 5.

Spectral data are in accordance with literature3.
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2.3 NMR Spectra: 1-Ethyl-3-methylimidazolium lodide [C,mim]I 6
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Figure S3: *H-NMR spectrum of 1-ethyl-3-methylimidazolium iodide [C,mim]I 6.

T T T T T T T T T T T T T T T
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Figure S4: 13C-NMR spectrum of 1-ethyl-3-methylimidazolium iodide [C,mim]I 6.

Spectral data are in accordance with literature®.
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3 Supported lonic Liquid Phases (SILPs)

3.1 Thermogravimetric Analysis (TGA)

100
90 —
80 —
70 -
60 -
X
Q50
£
40 -
30 ——SILP 1 (10 wt% TBAC 1)
——SILP 1 (15 wt% TBAC 1)
20 ——SILP 1 (20wt% TBAC 1)
10 ———SILP 1 (30 wt% TBAC 1)
T ———SILP 1 (40 wt% TBAC 1)
0 I I I I I I I I
0 50 100 150 200 250 300 350 400 450
temperature [°C]
Figure S5: Catalyst loadings of SILP 1 measured via TGA.
Range: 25 °C — 450 °C (rate: 5 °C/min)
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70 —
. 60
X
@ 50+
£
40
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10
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Figure S6: Thermal stability of SILP 1 (20 wt% TBAC 1) determined via TGA.
Range: 25 °C—100 °C (rate: 5 °C/min); 100 °C — 250 °C (rate: 1 °C/min)
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Figure S7: Catalyst loading of SILP 2 (20 wt% TBAB 2) measured via TGA.
Range: 25 °C— 500 °C (rate: 5 °C/min)
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Diffuse Reflectance Infrared Fourier Transform Spectra (DRIFTS)
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Figure S8: DRIFTS spectra of SILP 1 compared to supporting material silica gel 60
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Figure S9: DRIFTS spectra of SILP 2 compared to supporting material silica gel 60
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SILP 1 (20wt% TBAC 1)
supporting material: calcined silica gel 60
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Figure S10: DRIFTS spectra of SILP 1 compared to supporting material calcined silica gel 60
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3.3 Nitrogen Physisorption Measurements (BET, BJH)

Table S1: Characterization of SILP 1 (15 wt% catalyst loading) via N, physisorption

BET surface pore average pore
sample area? volume® diameter®
[m?/g] [cm®/g] (Al
silica gel 60 (reference) 634.37 0.91 55.38
SILP 1 (15 wt% TBAC 1 - freshly prepared) 450.93 0.57 49.07
SILP 1 (15 wt% TBAC 1 — after 48 h reaction time) 231.01 0.34 45.40

2 calculated based on BET equation; ° calculated based on BJH equation; determined based on desorption

branch

600 4 & silica gel 60 (reference)
—@- SILP 1 (15 wid% TBAC 1 - freshly prepared)

- —&- SILP 1 (15 widt TBAC 1 - after 48 h reaction time)
', 500 -
m -

5

~ 400 -

0

L]

;=

% 300 -

=

<

@

£ 200 1

=

(o]

>

100
0 : T Y T ! T ; T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure S11: N, adsorption — desorption isotherms of silica gel 60 (reference material, black), freshly prepared

SILP 1 catalyst (blue) and SILP 1 catalyst after 48 h reaction time (orange)
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4 Conversion of Bioderived Limonene Oxide 7a

4.1 Determination of NMR Conversions and NMR Yields
On the Example of a Batch Reaction Running for 20 h

For the determination of yields and conversions, an NMR spectrum of the reaction mixture
before (t=0) and after (t=20) the reaction was recorded (see Figure S11). The NMR conversions
and NMR yields were determined according to formulas S1-S6 given below by comparison of
the integrals of the same hydrogens of the starting material before the reaction and the
product after the reaction. The integrals are always referenced to the same amount of internal

standard (naphthalene, 6 = 7.82 and 7.45 ppm, integral set to 1.00).

In case of the continuous flow experiments, no conversions were determined, incorrect values
were determined due to partial evaporation of the volatile starting material while CO, was

released via the back-pressure regulator.

before reaction (t=0)
naphthalene (dd H°C [} 7a (trans) (m)
7.45 @ “““ " 2.97
naphthalene (dd 7a (cis) (m)
7.82 3.03
HSC/\CH2
F2
after reaction (t=20)
naphthalene (m) 8a (trans) (dd O/{O 7a (trans) (m)
7.44 4.34 LN 2.96
naphthalene (dd 8a (cis) (m) i TBAC 1 (m)| | 7a (cis) (b),
7.81 4.41 3.35 3.02
F1
e m’__L A\JA

T T T T T T T  Tr T T AT 1T 1T T T T T T T T T T "~ T " T "~ T T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "1
83 82 81 80 79 78 77 76 75 74 73 7.2 48 47 4.6 45 44 43 42 41 40 39 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 29 2.8 2.7 2.6 25
f1 (ppm)

Figure S12: Limonene oxide 7a: Calculation of NMR yields via the comparison of the integrals of recorded H-

NMR spectra before and after the reaction.
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I7a (cis)y=o — I7a (cis)¢ = 20

conversion 7a (cis) (%) = T -100
a(cis)y =

Formula S1

. I7a (trans)y— o — 17 (trans) = oq
conversion 7a (trans) (%) = 100

172 (trans)y — ¢

Formula S2

(173 (cis) = + 173 (trans)p = o) — (75 (cis) ¢ = 20 + 172 (trans)y = 29)

conversion 7a (%) = 100

I7a (cis)p = o + I7a (trans), — ¢

Formula S3

Iga (cis)y = 20

yield 8a (cis) (%) = =100

- Iga (cis)g = ¢ + Iga (cis)y = o

Formula S4

IBa (trans) = 99

yield 8a (trans) (%) = =100

I721 (cis)p = ¢ + I7a (trans); = o

Formula S5

Iga (cis)¢ = 20 + lga (trans) = o9

yield 8a (%) = -100

I7, (cis)¢ = ¢ +I7a (trans)y = ¢

Formula S6

conversion (7a) conversion of cis and trans limonene oxide 7a

yield (8a)
I7a (XXX = yy

Iga (o) 20

yield of cis and trans limonene carbonate 8a
integral of cis or trans limonene oxide 7aatt=0h or 20 h

integral of cis or trans limonene carbonate 8a after the reaction (t=20)
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4.2 Batch Conditions: Optimization Studies with SILP 1 as Catalyst

Table S2: Limonene oxide 7a: Summary of optimization studies with SILP 1.2

supporting yield of 8a (NMR)
entry solvent temperature | catalyst loading
material ® (%]
S1 neat 62
31
S2 + 10 wt% H,0 100 °C 20 wt% silica
(+20% limonene diol°)
S3 heptane 41
S4 80°C 42
S5 neat 100 °C 20 wt% silica 62
S6 120°C 60
S7 10 wt% 26
S8 15 wt% 30
neat 100 °C silica
S9 20 wt% 62
S10 40 wt% 68
S11 silica 62
neat 100 °C 20 wt%
S12 calcined silica 45

a conditions: 5 MPa CO, (gaseous, initial pressure), 5 mmol limonene oxide 7a (cis/trans=43/57), 10 mol% TBAC

1 immobilized as SILP 1, 13 mg naphthalene (internal standard), 100 °C, 20 h; Further information about the

calculations of NMR yields are summarized in the supplementary information (ESI Figure S12 and Formula S1-

S6); P supporting materials were dried in a vacuum oven (50 mbar, 50 °C, 24 h) prior to use; calcination of silica

was performed at 400 °C for 3 days; ¢ according to GC/MS.
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4.3 Batch Conditions: Recycling Studies of SILP 1 and SILP 2

Table S3: Limonene oxide 7a: Recycling of SILPs in batch mode

yield
cycle catalyst (NMR) [%] 2
sum
cycle 1 62
cycle 2 50
SILP 1 (20 wt% TBAC 1)
cycle 3 30
cycle 4 25
cycle 1 31
cycle 2 31
SILP 2 (20 wt% TBAB 2)
cycle 3 29
cycle 4 23

2 Conditions: 5 MPa CO, (gaseous, initial pressure), 5 mmol limonene oxide 7a (cis/trans=43/57), 10 mol%
catalyst 1-6, 13 mg naphthalene (internal standard), 100 °C, 20 h; work-up: separation of SILP material via suck
filtration, washing with heptane and evaporation of volatiles; Conversions were not determined due to partial
removal of volatile starting material during evaporation of heptane. Further information about the calculations

of NMR yields are summarized in the supplementary information (ESI Figure S12 and Formula S1-S6).
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4.4 Continuous Flow: Optimization of Flow Rates

Table S4: Limonene oxide 7a: Influence of flow rates of CO, and substrate in continuous flow using SILP 1 as

heterogeneous catalyst. 2

entry f[lrc:wvtl/::it:]s reside?sc]e time yield (NMR);\/[Zf]aII leaching ©
CO, isubstrate maximum (12 h)
S13 0.99 250s 44 19 <1%
S14 1.49 166 s 28 18 <1%
S15 1.99 0.01 125s 22 15 n. o.
S16 2.49 100s 22 16 n. o.
S17 3.99 62s 17 12 n. o.
S18 1.98 0.02 125 20 14 <1%
2 Conditions: SILP 1 (2.222 g, 250 mm column), 15 MPa, 120 °C, 12 h; ® Yields are given as sum of cis and trans

isomer. internal standard: naphthalene; Further information about the calculations of NMR vyields are

summarized in the supplementary information (ESI Figure S12 and Formula S1-56); ¢ for determination of

leaching, the integral of the signal at 6 = 3.35 ppm of TBAC 1 was used.

50
—o— 0.99 mL/min catalyst: SILP 1
—u—  1.49 mL/min
—>—  1.99 mL/min
40 ——  2.49 mL/min
—A—  3.99 mL/min
[ ]
X 30
<
: e
= />\>/>\'
E 20 4 T————¢— ¢
>
[ A A A . A, R
[ ]
10
* [ ]
/
*
0 T T - T T T T T T T T

time [h]

Figure S13: Limonene oxide 7a: Impact of flow rates of CO, in continuous flow.
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4.5 Continuous Flow: Long-term Stability (96 h)

50
| catalyst: SILP 1 —u— cis isomer of 8a
—e— trans isomer of 8a
40 .
—a— sum of isomers 8a
9
— 30 1
(14
=
<
T 20
2 /:‘:‘:‘:
> N
~6—
/ N
10 - 0404
Té—4—0—4)|
0- O ol o o O o — T —

0 8 16 24 32

40 48 56 64 72 80 88 96

time [h]

Figure S14: Limonene oxide 7a: Long-term stability of SILP 1 over 96 h. Final optimized conditions: SILP 1

(2.22 g, 30 wt% loading), 1.99 mL/min CO,, 0.01 mL/min limonene oxide 7a, 15 MPa, 120 °C, 96 h, 250 mm

catalyst cartridge
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4.6 NMR Spectra: Limonene Carbonate 8a (Mixture of cis and trans Isomer)

cis (1H) + trans| (2H) (m))|
1.62
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° 95,7.0) cis (2H) + trans (2H) (m)|
2.23
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3 4.72
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e S, \—‘
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Figure $15: 'H-NMR spectrum of the diastereomeric mixture of limonene carbonate 8a.
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Figure S16: 3C-NMR spectrum of the diastereomeric mixture of limonene carbonate 8a.

Spectral data are in accordance with literature.”
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5 Conversion of Bioderived Limonene Dioxide 7b

5.1 Determination of GC Yields: Calibration Curves and GC Chromatogram

For the calibration curves, epoxycarbonate 8b and biscarbonate 8c were purified via column
chromatography and a dilution series of each compound in ethyl acetate (1, 0.5, 0.25, 0.125,

0.0625 mg/mL) was prepared using octane as internal standard (0.4 mg/mL sample).

1.2
® epoxycarbonate 8b (EC)

y = 0.7042x - 0.0137; R = 0.9996
A biscarbonate 8c (BC)

y =1.0953x - 0.0192; R%=0.9998

=
(<)
]

o
o
1

o
»
1

area (carbonate 8) / area (internal standard)
= =
N ()]
1 1

°
o

T T T T
0.2 0.4 0.6 0.8 1.0 1.2

o
o

concentration (carbonate 8) [mg/mL]

Figure S17: GC calibration curves for epoxycarbonate 8b and biscarbonate 8c.
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7 Philipp Miksovsky #71 [manually integrated, 7 peak(s) manually assigned]

90.0
'_ Q\|1 -1.43
75.0
] 2-4.90
62.5 &
= 50.0—_
=
g .
2 |
% 37.5-_
@
> 1 @,3-6.80
25.0 1
12.5+ @,7 -840
i ! WP >
] [k IF
0.04
0.0 — = —— — —
1.20 2.50 3.75 5.00 6.25 7.50 875 9.50
Time [min]
No. Peak Name Retention Time Area Height Relative Area
min pA*min pA %
1 internal standard (octane) 1.432 1.775 81.962 40.25
2 limonene dioxide 4.899 1.917 60.008 43.45
3 epoxy carbonate (EC1) 6.799 0.528 24.805 11.98
4 epoxy carbonate (EC2+3) 7.022 0.007 0.235 0.16
5 epoxy carbonate (EC4) 7.116 0.007 0.299 0.17
6 biscarbonate (BC1) 8.286 0.026 1.259 0.58
7 biscarbonate (BC2) 8.400 0.150 6.021 3.41
Total 4.410 174.589 100.00

Figure S18: Limonene dioxide 7b: A typical gas chromatogram for the calculation of GC-yields.
The sum of isomers of epoxycarbonate 8b (EC 1-4) and biscarbonate 8c (BC 1-2) was used for calculations of
GCyields.
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5.2 Continuous Flow: Long-term Stability (48 h)

yield (GC) [%]
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Figure $19: Limonene dioxide 7b: Long-term stability of SILP 1 using catalyst loadings of 15 wt% and 30 wt%.

Conditions: SILP 1 (2.22 g), 1.99 mL/min C0O2, 0.01 mL/min limonene dioxide 7b, 20 MPa, 120 °C, 48 h; leaching

of immobilized catalyst TBAC 1 was quantified via 1H-NMR spectroscopy (signal at 3.35 ppm) using

naphthalene as internal standard.
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Supporting Information

Conversion of Bioderived Limonene Dioxide 7b

5.3 NMR and GC Spectra: Epoxycarbonate 8b (Mixture of 4 Diastereomers)
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Figure S20: 'H-NMR spectrum of the diastereomeric mixture of epoxycarbonate 8b.
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Figure S21: 13C-NMR spectrum of the diastereomeric mixture of epoxycarbonate 8b.
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Conversion of Bioderived Limonene Dioxide 7b
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Figure S22: Gas chromatogram of the diastereomeric mixture of epoxycarbonate 8b.
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Conversion of Bioderived Limonene Dioxide 7b

5.4 NMR and GC Spectra: Biscarbonate 8c (Mixture of 2 Diasteriomers)
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Figure S23: 'H-NMR spectrum of the diastereomeric mixture of biscarbonate 8c.
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Figure S24: 13C-NMR spectrum of the diastereomeric mixture of biscarbonate 8c.
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Figure S25: Gas chromatogram of the diastereomeric mixture of biscarbonate 8c.
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6 List of Abbreviations

[C,mim]Br
[C;mim]CI
[Comim]I
approx.
aqu.

BC

BET

BJH

br

cat.

d

DCM

dd

dt

EC

equiv.
EtOAc
GC/MS

LC
LO
LP

m/z
M+

NMR
ppm
R¢

rt

satd.
scCO,
SILP
TBAB
TBAC
TBAI
TGA
TLC
uv
UV-Vis
wit%

1-ethyl-3-methylimidazolium bromide
1-ethyl-3-methylimidazolium chloride
1-ethyl-3-methylimidazolium iodide

approximately

aqueous

(isomer of) biscarbonate 8c
Brunauer-Emmett-Teller
Barret-Joyner-Halenda

broad (NMR)

catalytically / catalyst / catalysis
doublet (NMR)
dichloromethane

doublet of doublets (NMR)
doublet of triplets (NMR)
(isomer of) epoxycarbonate 8b
equivalent

ethyl acetate

gas chromatography - mass spectrometry hyphenation

coupling constant (NMR)
limonene carbonate
limonene oxide

light petroleum (boiling point 40 - 60 °C)

multiplet (NMR)

ratio of mass to charge (GC/MS)
molecular ion (GC/MS)
methyl

nuclear magnetic resonance
parts per million

retention factor (TLC)

room temperature

singlet (NMR)

saturated

supercritical CO,

supported ionic liquid phase
tetrabutylammonium bromide
tetrabutylammonium chloride
tetrabutylammonium iodide
thermogravimetric analysis
thin layer chromatography
ultraviolet

ultraviolet-visible

weight percent

chemical shift (NMR)
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Supporting Information

S.1 Preparation of Silicon Oxycarbide Supports 7a and 7b

S.1.1 Powdered Silicon Oxycarbide Supports 7a for Batch Experiments

For batch experiments using silicon oxycarbide powder 7a, a preceramic polymer solution 4
with 30 wt.% functionalized polysiloxane and 70 wt.% tert-butyl alcohol 3 was used. The
ceramic yield determined after pyrolysis (N=4, heating 1 K minl, 1 h dwell time) is in
reasonable agreement with the residual mass determined during thermogravimetric analysis,

as shown in Figure S1.
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Figure S1: Thermogravimetric analysis in argon flow to study the pyrolytic conversion of the green body 6a to

silicon oxycarbide 7a and obtained ceramic yields upon pyrolysis at 300, 500, 700, and 900 °C in argon flow.

S.1.2 Silicon Oxycarbide Monoliths 7b for Continuous-Flow Experiments

For continuous experiments using cylindrical, monolithic silicon oxycarbide 7b, a preceramic
polymer solution 4 with 20 wt.% functionalized polysiloxane and 80 wt.% tert-butyl alcohol 3
was chosen to combine high porosity and sufficient structural strength. As the pore structure
of preliminary samples derived from a preceramic solution 4 using only 10 wt.% functionalized
polysiloxane in 90 wt.% tert-butyl alcohol 3 collapsed upon freeze-drying and pyrolytic
conversion (Figure S2), a polymer content of 20 wt.% in solution 4 was selected to result in
monoliths of maximum porosity achievable via this method. 20 wt.% polymer content in the
solution 4 was chosen for further experiments to combine high porosity and high permeability

while providing enough structural strength.
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Aluminum molds with an inner diameter of 12 mm were used to generate cylindrical silicon
oxycarbide monoliths 7b with a final diameter of 8.5 mm, thus seamlessly fitting in a column
with a 9 mm inner diameter. The linear shrinkage during freeze-drying and pyrolytic
conversion was approximately 5 % and 27-29 %, respectively (N=30). The monoliths exhibited

a bulk density of 0.4 g cm™ and an apparent porosity of 81 % (water immersion method, N=4).

Cylindrical samples of a length of 6 cm were obtained, a layer of 1.5 mm from the top and
bottom part was removed to yield open porosity and parallel bases. The bulk was cut in
specimens to stack columns of 220 mm length, requiring a total of 14 specimens. The obtained

monolithic specimens had a diameter of 8.4 + 0.1 mm (N=14).

a) 10 wt.% PSO

b) 20 wt.% PSO

¢) 30 wt.% PSO

Figure S2: Silicon oxycarbide monoliths 7b prepared for continuous-flow experiments before cutting 15 mm
pieces. Solid loadings of a) 10 b) 20 and c) 30 wt.% polysiloxane 1 in tert-butyl alcohol 3 were investigated,

whereas b) 20 wt.% were used for all continuous-flow experiments.

s4

164



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

S.2

Characterization of Supports and SILPs

S.2.1 Nitrogen Physisorption Measurements

Supportin

g Information
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Figure S3: Nitrogen physisorption isotherms (a, c, e, g, h) and pore size distributions (b, d, f) of SILPs and

supports.

S5
165



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Supporting Information

Table S1: Results from nitrogen physisorption measurements of SiO2-SILPs and SiOC-SILPs shown in Figure S3.

surface area pore volume
sample
/m?g? /cmigt

SiO,-60 487.54 0.70
SILP 1a 220.88 0.38
SILP 2a 262.60 0.39
SILP 3a 250.15 0.41
SiOC300 4.67 -
SILP 4a 12.58 -
SILP 5a 2.56 -
SiOC500 550.39 0.33
SILP 8a 143.28 0.15
SILP 9a 102.15 0.08
Si0C900 1.95 -
SILP 11a 2.25 -
SILP 12a 3.84 -
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S.2.2 Permeability Measurement of Silicon Oxycarbide Monoliths

Measurements were performed using filtered compressed air as permeating fluid. Shrinking
tubes (RS PRO) were used to seal the cylinders in flow direction, 3D printed rings were used
to protect sample edges. The permeating gas flow Q was recorded as function of the pressure
drop (pi-p2). Permeated area A and the sample height L were derived from the sample
dimensions. The inlet overpressure p;1 was varied between 0.2 and 2 bar. Permeability
constants (Darcian ki, non-Darcian k2) were determined using Forchheimer’s equation for
compressible fluids (Formula S1) using least-square fits. The viscosity of air p was derived from

the Sutherland equation (Formula $2) and air density p was derived from the ideal gas law.?

800
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o] [ | R
p2 -
“ 600 + e 2 i
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a) pressurized air E s e
sample ;500, s -
o |
= ll O
ﬁan- l--
2 o2
it !
E 8 Ll
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- ]
100 “
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Figure S4: a) Set-up for permeability measurement, b) sample insert using shrinking tubes to seal the sample,

and c) measured differential pressure and permeating air flow of SiOC900 monoliths 7b.

Formula S1: Forchheimer’s equation for compressible fluids to determine Darcian (k1) and non-Darcian (k)

permeability constants from the measurements shown in Figure S4 c).

dP ph—Powe BQ | p (Q)Z

Cdx 2#puur L kA ko \A

Formula S2: Sutherland equation for calculating the viscosity of air used in Formula S1.

T+273\"°/ 273+C,

w= ”0( 273 ) <T+273+Cn)
dP/dx pressure gradient along the flow direction
Pin , Pout inlet and outlet pressure (pin = Patm + P1; Pout = Patm + P2) With pam from www.zamg.ac.at
L sample length
A permeating area
p density of the fluid (using ideal gas law and molar mass of air = 29 g mol!)
1) viscosity of the fluid from Sutherland equation (, = viscosity of air = 1.73 * 10° Pa s)
% permeating air flow per permeated area
Cn Sutherland constant, Cn, air= 125
T lab temperature
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S.2.3 Field Emission Gun — Scanning Electron Microscopy (FEG-SEM)

Reference monolith 7b

20 wt.% TBAC 8 on monolith 7b (SILP 1b)

35 wt.% TBAC 8 on monolith 7b (SILP 2b)

Figure S5: Longitudinal fracture surfaces of monoliths impregnated with different loadings of TBAC 8 showing
differences in surface morphology revealed by secondary electron detection in low voltage FEG-SEM as described

in ESI chapterS.7.1.
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S.2.4 Thermogravimetric Analysis of lonic Liquids and SILPs

Supporting Information
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Figure S6: Thermogravimetric analysis in air of ionic liquid, silica- and silicon oxycarbide-based SILPs. (A) TBAC 8 and

TBAC-based SILP 1a and SILP 11a; (B) TBAB 9 and TBAB-based SILP 2a and SILP 12a. Conditions: 25 °C to 450 °C in air

(rate: 5 K min)
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S.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
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Figure S7: FTIR (ATR) spectrum of SILP 4a, SILP 5a and SiOC300.
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Figure S8: FTIR (ATR) spectrum of SILP 1a, SILP 2a and silica-60.
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S.2.6 X-Ray Photoelectron Spectroscopy (XPS)

Supporting Information

All spectra were charge corrected to adventitious carbon at 284.8 eV according to Biesinger

et al.?

Figure S10: XPS spectra (O 1s) of SILPs and supports.
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Figure S11: XPS spectra (C 1s) of SILPs and supports.
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Figure S14: XPS spectra (Cl 2p) of SILPs and supports.
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Table S2: Results of quantification of elements in supports and SILPs via XPS.2

sample element binding energy concentration
/ eV / at%
Si0OC300 01s 531.8 22.6
C1s 284.8 67.0
N 1s 398.3 0
Si 2p 102.8 10.3
Cl2p 202.3 0
SILP 4a 01s 532.3 14.6
C1ls 284.8 67.8
N 1s 401.3 2.0
Si2p 102.8 11.8
Cl2p 197.8 3.8
Si0OC500 01s 533.8 30.2
C1s 284.8 44.7
N 1s 410.8 0
Si2p 103.8 25.1
Cl2p 215.3 0
SILP 6a 01s 531.8 17.3
C1ls 284.8 57.5
N 1s 401.8 33
Si2p 102.8 19.4
Cl2p 197.3 2.6
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Continuation of Table S2: Results of quantification of supports and SILPs via XPS. 2

Si0C700 01s 532.3 33.9
C1s 284.8 46.9
N 1s 406.3 0
Si2p 102.8 19.2
cl2p 205.3 0
SILP 8a 01s 530.8 20.3
C1ls 284.8 71.5
N 1s 401.8 2.5
Si 2p 103.3 3.6
cl2p 196.8 2.1
Si0C900 01s 532.8 335
C1s 284.8 48.4
N 1s 402.8 0
Si 2p 103.8 18.1
cl2p 198.3 0
SILP 11a 0 1s 531.8 12.5
C1s 284.8 67.0
N 1s 401.8 5.3
Si 2p 101.8 11.3
cl2p 196.8 3.9

2Samples were mounted on indium foil and fixed to the stage using double sided carbon tape. Accuracy of XPS

measurements falls within 10-20 at% (especially for oxygen and carbon due to adventitious carbon and oxygen)

Detection limit in the recorded survey spectra used for quantification lies between 0.1-1 at%.
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S.3 Determination of NMR Conversions and NMR Yields

S.3.1 Limonene Carbonate 15

NMR vyields and conversions were determined according to a modification of a protocol®

previously published by our group.

For the batch reactions running for 5 h, NMR spectra at t = 0 h (before reaction) andatt=5h
(after reaction) were recorded (Figure S15). Calculations of yields and conversions were
performed according to Formulas S4-S9 based on integrals of the protons next to the epoxy

and carbonate moiety. Naphthalene was used as an internal standard (6 =7.82 and 7.45 ppm).

Conversions and, therefore, selectivities (given as ratio of yield and conversion) for flow
experiments could not be determined due to the volatility of the starting material and,
therefore, partial evaporation of the starting material during the release of CO; via the back-

pressure regulator.

before reaction (t=0)
naphthalene (dd 14 (trans) (m)
7.45 HaC ° 2.97
naphthalene (ddy o H 14 (cis) (m)
7.82 3.03
e Ny
F2
A A
after reaction (t=5) naphthalene (m 15 (trans) (dd) 14 (trans) (m)
7.44 4.34 D//<° 2.96
HC
naphthalene (dd 15 (cis) (m), ° TBAC 8 (m)| | 14 (cis) (t)
7.81 4.41 P H 3.35 3.02
F1
NG A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
83 82 81 80 79 7.8 7.7 7.6 7.5 7.4 7.3 7.2 4.8 4.7 4.6 45 44 4.3 42 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 29 2.8 2.7 2.6 2.5
f1 (ppm)

Figure S15: Determination of NMR yields of limonene carbonate 15 via the comparison of the integrals of

recorded 'H-NMR spectraatt=0handt=5h.
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I11 (cis)e=o ~ 111 (cis)i=s | 100

conversion 14 (cis) (%) = 1
11 (cis)¢=0

Formula S4

: 1 - .
conversion 14 (trans) (%) = —~{@=0 W ETande=s . 1

Lig (trans)¢=g

Formula S5

(114 (cis) t=0 + I14- (tTanS)t=0 )—(114_ (CiS)t=5 + 114 (tTaTlS)t=5

> 100

conversion 14 (%) =
Lia (cis)p=o T 114 (trans)—g

Formula S6

yield 15 (cis) (%) = l1s (cis)e=s -100

L1 (cis)¢=0 +114 (trans)t=q

Formula S7

yield 15 (trans) (%) = ——2@a=s . 100

lig (cis)t=0 +114 (trans)t=g

Formula S8

I iS)t= I rans)t=
yield 15 (%) = 15 (cis)e=s T 115 (trans)=s | 100

14 (cis) = H14 (trans)i=g

Formula S9

14 conversion of cis and trans limonene oxide 14
yield of cis and trans limonene carbonate 15

integral of cis or trans limonene oxide 14 att=0hor5h

integral of cis or trans limonene carbonate 15 after the reaction (t=5 h)
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S.3.2 Linseed Oil Carbonates 18

For the determination of the conversion of epoxidized linseed oil 17, NMR spectraatt=0h
(before reaction) and at t = 5 h (after reaction) were recorded (Figure S16). Calculation of the
conversions was performed according to Formula S10 based on integrals of the protons next
to the epoxy moiety (6 = 3.21 — 2.82 ppm). The signal of the a-CH; of the carbonyl group in
the backbone of linseed oil, not participating in the reaction, was used as internal standard (6

=2.29 ppm).

before reaction (t=0)

a-CH2 of carbonyl group (backbone) (m!|
2.29

epoxy moieties (m
3.06

after reaction (t=5)

TBAB 9 (m)
3.30

e M A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
3.8 3.7 3.6 35 3.4 33 3.2 3.1 3.0 29 28 27 26 25 24 23 22 21 20 19 18 1.7 16 15 14 1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3
f1 (ppm)

Figure S16: Determination of NMR conversions of epoxidized linseed oil 17 via the comparison of the integrals

of recorded *H-NMR spectraatt=0handt=5 h.

I -1
conversion 17 (%) = —&=—"t=5.. 100

11710
Formula S10
conversion 17 conversion of epoxidized linseed oil 17
117t=0 integral of epoxy moieties of epoxidized linseed oil 17 att=0h
17 ¢ integral of epoxy moieties of epoxidized linseed oil 17 at t=5 h
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S.4 Catalyst Screenings

S.4.1 Catalyst Screening - Limonene Carbonate 15

Supporting Information

Table S3: Homogeneous catalyst screening for limonene carbonate 15 in batch mode reported in our previous

work.3
entry catalyst conversion (NMR) yield (NMR)
S1 TBAC 8 (100 °C, 20 h) 72 (cis: 43, trans: 94) 68 (57°)
S2 TBAB 9 (100 °C, 20 h) 63 (cis: 47, trans: 76) 56
S3 TBAI 10 (100 °C, 20 h) 31 (cis: 25, trans: 35) 12
S4 [C;mim]Cl 11 (100 °C, 20 h) 18 (cis: 17, trans: 19) 2
S5 [Camim]Br 12 (100 °C, 20 h) 13 (cis: 6, trans: 17) 6
S6 [Camim]I 13 (100 °C, 20 h) 11 (cis: 11, trans: 11) 0

@ conditions: 5 mmol limonene oxide 14 (cis/trans = 43/57), 13 mg naphthalene (internal standard), 10 mol %

catalyst 8-10, 5 MPa CO: (gaseous, initial pressure), 100 °C, 20 h. ® conversion of more reactive trans isomer,

isolated yield (column chromatography with LP:EA = 10/1- 1/1, 50 g of silica-60)
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Table S4: Catalyst screening for the formation of limonene carbonate 15 in batch mode?

Supporting Information

entry catalyst loading support conversion® yield® selectivity®
(NMR) (NMR)

S7 TBAC 8 - - 58 55 95
S8 [C:mim]Cl 11 - - 4 0 R
S9 SILP 1a 20 wt% TBAC 8 SiO; 55 48 87
S10 SILP 1a 20 wt% TBAC 8 SiO» 50 33 66

(+10 mol% H,0)
S11 SILP 2a 20 wt% TBAB 9 Sio, 40 25 63
S12 SILP 3a 20 wt% TBAI 10 Sio, 66 23 35
S13 SILP 8a 20 wt% TBAC 8 Si0OC700 58 56 97
S14 SILP 9a 20 wt% TBAB 9 Si0OC700 43 43 100
S15 SILP 10a 20 wt% TBAI 10 SiOC700 8 8 100
S16 SILP 4a 20 wt% TBAC 8 Si0OC300 53 53 100
S17 SILP 6a 20 wt% TBAC 8 SiOC500 57 56 98
S18 SILP 8a 20 wt% TBAC 8 Si0OC700 58 56 97
S19 SILP 11a 20 wt% TBAC 8 Si0C900 63 62 98
520¢ SILP 11a 20 wt% TBAC 8 Si0C900 63 61 97
S21 SILP 11a 20 wt% TBAC 8 Si0C900 62 62 100

(+10 mol% H,0)
S22¢ SiO> 36 0 -
S23¢ Si0OC300 0 0 -
S24¢ SiOC500 4 0 -
S25¢ Si0OC700 0 0 -
S26¢ Si0OC900 0 0 -

2 conditions: 0.5 mmol limonene oxide 14 (cis/trans = 43/57), 1.3 mg naphthalene (internal standard), 10 mol%
of catalysts 8-10 (homogeneous or physisorbed), 5 MPa CO (gaseous, initial pressure), 120 °C, 5 h; ° reported as
sum of cis and trans isomers, detailed information about the determination of yield and conversion is
summarized in ESI chapter S.3.1 ; ¢ ratio of yield (NMR) and conversion (NMR); ¢SILP was prepared using MeOH

(instead of CH2Cl2) as solvent; €56 mg of supporting material used.
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S.4.2 Continuous Flow - Limonene Carbonate 15

Table S5: Continuous production of limonene carbonate 15 with monolithic SiOC-SILPs.

flowrate residence yield (NMR) [%]¢
entry catalyst loading CO, time leaching®
[mL/min] [min] maximum overall
(12 h /48 h)
20 wt% PSO
S27%  SILP 1b 1.99 7.6 9% 1% <£0.01%

20 wt% of TBAC 8

20 wt% PSO
§28*  SILP 1b 1.49 10.1 12% 7% <0.01%
20 wt% of TBAC 8

20 wt% PSO

S29*  SILP 1b 0.49 30.5 8% 2% 2%
20 wt% of TBAC 8
20 wt% PSO
S30* SILP 2b 1.49 10.1 15% 7% 4%
35 wt% of TBAC 8
S31° 20 wt% PSO
SILP 1b 1.49 10.1 9% 7% <0.01%
(48 h) 20 wt% of TBAC 8

2 conditions: 0.01 mL/min limonene oxide 14 (cis/trans = 43/57), SILP 1b-2b (15 — 20 mm monolith pieces, 220
mm in total), 0.49 — 1.99 mL/min CO2 (15 MPa), 120 °C, 12 h; °48 h experiment (Figure 9), other conditions
according to footnote a;  reported as sum of cis and trans isomers, detailed information about the determination
of yield is summarized in ESI chapter S.3.1 and the experimental part of the main manuscript; Conversions and,
therefore, selectivities (ratio of yield and conversion) could not be determined due to partial evaporation of
limonene oxide 11 during the release of CO> via the back-pressure regulator. “limit of detection: 0.1 mg, < 0.1%
of total amount of TBAC 8.
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S.4.3 Catalyst Screening - Linseed Oil Carbonate 18

Table S6: Catalyst screening for the formation of linseed oil carbonates 18 in batch mode.?

Supporting Information

entry catalyst loading support conversion
(NMR)
532 TBAC 8 - 41%
533 TBAB 9 56% (97%)"
534 TBAI 10 - 46%
535 [cmim]er12 - 43%
S36 SILP 1a 20 wt% TBAC 8 si0, 31%
s37 SILP 2a 20 wt% TBAB 9 si0, 43%
s38 SILP 3a 20 wt% TBAI 10 si0, 48%
$39 SILP 8a 20 wt% TBAC 8 Si0C700 45%
$40 SILP 9a 20 wt% TBAB 9 Si0C700 66%
s41 SILP 10a 20 wt% TBAI 10 Si0C700 67%
42 SILP 5a 20 wt% TBAB 9 Si0C300 75%
s43 SILP 7a 20 wt% TBAB 9 Si0C500 43%
S44 SILP 9a 20 wt% TBAB 9 Si0C700 66%
545 SILP 12a 20 wt% TBAB 9 Si0C900 62%
546 - Si0, 2%
547 - Si0C300 0%
548 - Si0C500 0%
549 - Si0C700 0%
550 - Si0C900 0%

2 conditions: 220 mg of 17, SILP catalyst (0.02 mmol of 8-10, catalyst loading: 20 wt%), 120 °C, 5 MPa (initial

pressure), 5 h. Further details about determination of conversion is given in ESI chapter S.3.2, P reaction time:

20 h.
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S.5 Analysis of lonic Liquid-Based Catalysts (3C-NMR)
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Figure S17: 13C-NMR spectra of tetrabutylammonium chloride TBAC 8.
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Figure S18: 13C-NMR spectra of tetrabutylammonium bromide TBAB 9.
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Figure S19: 3C-NMR spectra of tetrabutylammonium iodide TBAI 10.
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Figure S20: 3C-NMR spectra of 1-ethyl-3-methyl imidazolium chloride [Czmim]CI 11.
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[szim]Br 12

13C NMR (101 MHz, CDC}) § 123.70 (CH), 121.96 (CH), 45.30 (CH), 36.72 (CH,), 15.71 (CH,) ppm.
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Figure S21: **C-NMR spectra of 1-ethyl-3-methyl imidazolium bromide [C2mim]Br 12.
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S.6  Analysis of Cyclic Carbonates (NMR, IR)

S.6.1 Limonene Carbonate 15

Analytic data are taken from a previous work? published by our group and are reported as a

mixture of c¢is and trans isomer.
FTIR (ATR, neat): 2942 (alkyl), 1790 (C=0) cm™

1H-NMR (600 MHz, CDCls, CH4Si): 6 4.74 (t, J = 1.6 Hz, cis 1H), 4.72 (t, J = 1.5 Hz, trans 1H),
4.70-4.68 (m, cis 1H + trans 1H), 4.43-4.40 (m, cis 1H), 4.35 (dd, J = 9.5, 7.0 Hz, trans 1H),
2.30-2.18 (m, cis 2H + trans 2H), 2.02-1.94 (m, cis 1H), 1.94-1.85 (m, trans 1H), 1.84-1.74 (m,
cis 2H), 1.70 (s, cis 3H), 1.68 (s, trans 3H), 1.67-1.55 (m, cis 1H + trans 2H), 1.49-1.47 (m, cis
3H), 1.45-1.34 (m, trans 5H), 1.24-1.08 (m, cis 1H) ppm.

13C-NMR (101 MHz, CDCls, CHa4Si): & 154.87 (trans), 154.61 (cis), 147.53 (cis), 147.42 (trans),
110.27 (trans), 110.05 (cis), 82.78 (cis), 82.24 (trans), 81.93 (cis), 80.66 (trans), 40.01 (trans),
37.42 (cis), 34.26 (cis), 34.07 (trans), 33.14 (trans), 30.66 (cis), 26.36 (cis), 26.27 (trans), 25.77
(trans), 22.35 (cis), 20.99 (cis), 20.66 (trans) ppm.
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S.6.2 Linseed Oil Carbonate 18

linseed oil carbonates 18

LH NMR (400 MHz, CDCl ;) 6 5.40 - 4.06 (m, carbonates), 3.38 - 3.26 (m, unconverted epoxides (m
TBAB), 3.16 — 2.83 (m, unconverted epoxides), 2.40 — 2.26 (m,ot-CHZ of 2.98
carbonyl group (backbone)). carbonates (m TBAB 9 (m)

4.97 3.30

a-CH2 of carbonyl group (backbone) (m|
2.32

epoxidized linseed oil 17
(starting material)

- 3
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Figure S22: 'H-NMR spectra of linseed oil carbonates 18 and epoxidized linseed oil 17.

linseed oil carbonates 18
FTIR (ATR, neat): 2927, 2856, 1792 (C=0, carbonate), 1737, 1174, 1047 cm-1

epoxidized linseed oil 17
FTIR (ATR, neat): 2921, 2852, 1739, 1156 cm-1
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Figure S23: FTIR (ATR) spectra of linseed oil carbonates 18 and epoxidized linseed oil 17.

Spectral data are in accordance with the literature.*
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S.7 Materials, Methods, and Typical Procedures

S.7.1 Materials and Methods

Chemicals were purchased from several chemical suppliers and used without further
purification. Methylsilsesquioxane 1 (Silres, MK) was purchased from Wacker-Chemie. Radical
initiator phenyl bis (2,4,6-trimethylbenzoyl) phosphine oxide 5 (Genocure*BAPO) was
provided by RAHN. Epoxidized linseed oil 17 (epoxy oxygen content of 8.52 g / 100 g) was
provided by HOBUM Oleochemicals. Dichloromethane and methanol were pre-distilled and

dried over Al;03 columns (PURESOLYV, Innovative Technology).

NMR spectra were recorded from CDCls solutions using a Bruker Avance UltraShield 400

spectrometer.

FTIR spectra were recorded on a PerkinElmer Spectrum 65 FTIR spectrometer and the
resolution was set to 4 cm™, 4 scans were used. Spectra were recorded from 4000 - 500 cm™

and raw data were processed with PerkinElmer Spectrum Software.

N> physisorption measurements were carried out at a temperature of 77 K using a 3Flex
instrument by Micromeritics. Before conducting the measurements, the samples underwent
vacuum outgassing at 120 °C for 10 hours. To determine the total pore volume of the samples,
the amount of nitrogen adsorbed at P/P° = 0.95 was evaluated, considering the insignificance
of external surface adsorption compared to adsorption within the pores.> The apparent
surface area was calculated using the Brunauer-Emmet-Teller (BET) equation, following the
recommended procedure for microporous sorbents.® The relevant pore size distributions
were calculated from nonlocal density functional theory (NLDFT) adsorption isotherms
considering a cylindrical pore model. The calculations were carried out using the Flex Version

6.01 software provided by Micromeritics Instruments.

Thermogravimetric analysis (TGA) was performed on a Netzsch STA 449 F1 system, and the
temperature was gradually increased from 25 °C to 450 °C in air (rate: 5 K mint). The pyrolytic
conversion of polysiloxane 6 (40 mg) to silicon oxycarbide 7 was investigated by TGA (NETZSCH
STA 449 C) between 30 and 1500 °C (rate: 5 K min't) under argon flow (50 mL min?).
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Microscopy was carried out using different microscopes, as follows. A digital microscope
(VHX-5000, KEYENCE) was used for optical microscopy. To further investigate the
microstructure, ceramographic sections of cylindric monoliths were prepared by embedding
the cut monoliths in epoxy resin (EpoFix, Struers) and polished to a 1 um diamond finish. The
embedded and polished structures were observed using a scanning electron microscope
(SEM, FElI Quanta 200) using backscattered electron detection. For investigating the
distribution of ionic liquid on monolithic silicon oxycarbide, fracture surfaces of monoliths
impregnated with 20 wt.% and 35 wt.% TBAC 8 and a reference 7b were prepared using a
razor blade, samples were dried in high vacuum overnight, mounted on graphitic tape,
sputtered with Au (AGAR Sputter Coater, 30 sec) and attached to the sample holder with Ag
paste to effectively remove surface charges. The fracture surfaces were investigated using a
high-resolution electron microscope with a field emission gun electron source (FEG-SEM, FEI
Quanta 2050 FEG) using a low acceleration voltage of 2-2.5kV and secondary electron

detection to obtain morphological contrast.

Solvent adsorption procedure is adapted from literature.” 8 The samples were dried for 24 h
at 110 °C. 0.5 g dry sample was weighed and exposed to saturated atmosphere of H,0 or n-
heptane in desiccators at 25 °C for 24 h and weighed again. The measurement was conducted

in triplets.

Water immersion following DIN EN 623-2° for monolithic ceramics was employed to

determine bulk density, apparent solid density, and apparent porosity.

Mercury intrusion porosimetry (Pascal 140/440, POROTEC) was used for the determination

of pore-opening diameters and pore-size distribution.

X-ray photoelectron spectroscopy (XPS) samples were mounted on highly conductive Indium
foil. XPS measurements were conducted on a custom-built SPECS XPS apparatus, featuring a
monochromatized Al-Ka X-ray source (uFocus 350) with an excitation energy of 1486.6 eV
(beam energy and spot size: 70 W onto 400 um, angle: 51° to sample surface normal) and a
hemispherical WAL-150 analyzer (acceptance angle: 60°). The instrument maintained a base
pressure of 5-101% mbar, while the pressure during measurements in the analysis chamber
was 8:10° mbar. Survey spectra were captured at pass energies of 100 eV, while detailed
spectra utilized pass energies of 30 eV. Data analysis was performed using CasaXPS software

and Scofield sensitivity factors!C. Transmission corrections, following the instrument vendor's
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specifications, were applied. For all elements Shirley backgrounds were employed?!!. Charge
correction was implemented using the C 1s peak for adventitious carbon, shifting it to 284.8
eV binding energy (BE) following the methodology outlined by Biesinger et al’. Accuracy of
XPS measurements falls within 10-20% of the values presented (in units of relative atomic
percent (at%)), and the detection limit in survey measurements used for quantification ranges

from 0.1-1 at%, varying based on the element.
Permeability measurements are described in detail in ESI chapter S.2.2..

Autoclave experiments were carried out in a pressure vessel from Berghof (BR-40, PTFE insert
40 mL, PTFE sealing (suitable for scCO;), temperature controller: BTC-3000, Manometer LEO3

from Keller).

Continuous-flow experiments were conducted with a scCO; continuous flow device from
Jasco (Jasco Corporation, Tokyo, Japan). Carbon dioxide, purchased from Messer Austria
GmbH (> 99.995 % purity; with ascension pipe), was cooled to -7 °C by a recirculating cooler
(CF 40, JULABO GmbH) and was introduced by two CO2-pumps (PU-2086Plus) with cooled
heads. An HPLC pump (PU-2089Plus) delivered substrates. Empty 316 stainless steel HPLC
columns from DuPont (Zorbax, bio series, GF-250; 250 mm x 9.4 mm ID x 12.7 mm OD, 2 um
frits, 17.35 mL volume) were used as catalyst cartridges. Impregnated silicon oxycarbide
monoliths (220 mm; 15-20 mm pieces, 15.27 mL) were loaded into a shrinking tube (RS PRO).
The shrunk monoliths were inserted into the catalyst cartridge which was heated up in an
HPLC column oven (Brinkmann CH-500 HPLC column heater system, up to 150 °C). Substrates
were additionally preheated to 80 °C in a preheating coil (CO-2060Plus). Carbon dioxide was
released via a back-pressure regulator (BP-2080Plus, temperature set to 60 °C) and the
product was collected in 30 mL glass vials with cyclones (product collector: SCF-Vch-Bp). All

parts were connected with 1/16” stainless steel tubing.
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S.7.2 Preparation of Powdered SILPs 1a-12a

Silicon oxycarbide cubes 7a prepared from 30 wt.% preceramic solution 4 were milled (30 s},
305, ZrOz inlet) using a vibrating mill (Retsch MM 40) and sieved (< 90 um, DIN 4188) to obtain

particle sizes comparable to silica-60.

For SILPs,? ionic liquid 8-10 (20 wt%, dried under high vacuum for 1 d) was dissolved in dry
dichloromethane (silica-60: 100 mL; silicon oxycarbide: 50 mL) and silica-60 (21.000 g, 80 wt%)
or silicon oxycarbide (0.800 g, 80 wt%), dried in a vacuum oven (50 °C, 50 mbar, 3 d) was
added. The suspension was shaken for 1 h at 480 rpm. Solvent was removed in vacuo and SILP

was further dried under high vacuum for 1 d.

S.7.3 Preparation of Monolithic SiOC-SILPs 1b-2b

For continuous-flow experiments, 1.5 mm from the bottom and top part of the cylinders (5-6
cm) was removed and the samples were cut (Struers Minitom, diamond cut-off wheel, 150
rpm) to monolith specimen 7b of about 15-16 mm. TBAC 8 (for SILP 1b: 20 wt%, for SILP 2b:
35 wt% dried under high vacuum for 1 d) was dissolved in 100 mL of dry MeOH and monoliths
(220 mm as 15 mm pieces, approx. 4.9 g, 80 wt%) were added. The suspension was treated in
an ultrasonic bath for 2 h at 40 °C. Solvent was removed under vacuo and monolithic SiOC-
SILP 1b-2b was further dried under high vacuum for 1 d. Impregnated monoliths were
separated from the remaining ionic liquid and the catalyst loading was determined

gravimetrically (SILP 1b: 20 wt% of TBAC 8; SILP 2b: 35 wt% of TBAC 8).
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S.8 List of Abbreviations

[Comim]Cl
[Comim]Br
[Comim]I
BET

br

d

DCM

dd

dt

EtOAC

FEG

LP

MeOH
NMR
NLDFT
PDC

ppm
PSO

SEM
SILP
TBAB
TBAC
TBAI
TGA
XPS
wit%

1-ethyl-3-methyl imidazolium chloride
1-ethyl-3-methyl imidazolium bromide
1-ethyl-3-methyl imidazolium iodide
Brunauer-Emmett-Teller

broad (NMR)

doublet (NMR)

dichloromethane

doublet of doublets (NMR)

doublet of triplets (NMR)

ethyl acetate

field emission gun

infrared (spectroscopy)

coupling constant (NMR)

light petroleum (boiling point 40 - 60 °C)
multiplet (NMR)

methanol

nuclear magnetic resonance
non-local density functional theory
polymer-derived ceramic

parts per million

polysiloxane

singlet (NMR)

scanning electron microscopy
supported ionic liquid phase
tetrabutylammonium bromide
tetrabutylammonium chloride
tetrabutylammonium iodide
thermogravimetric analysis

X-ray photoelectron spectroscopy
weight percent

chemical shift (NMR)
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