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1. Introduction 

1.1 Global scenario 

Climate changes are affecting the population with increasing frequency and 

seriousness of extreme events every year. Considering only the European territory, 

the number of intense climate events (e.g. severe wind gusts, heavy 

snowfalls/snowstorms, ice accumulations, avalanches, damaging lightning strikes) 

dramatically grew in the last twenty-three years, as it has been reported in Figure 1 

and in Table 1, showing data from the European Severe Weather Database 

(ESWD)1 drafted by the European Severe Storms Laboratory (ESSL). 

  

Figure 1 Geographic localization of severe climate events recorded in Europe and 

reported by the ESWD1 in the period: a) 1st January 2000 - 31st December 2000 

(on the left); b) 1st January 2023 - 31st August 2023 (on the right). 

 

Table 1 Extreme climate events recorded in Europe, reported by the ESWD1. 

Period of time Number of extreme climates eventsa 

1st January 2000 - 31st December 2000 836 

1st January 2005 - 31st December 2005 1917 

1st January 2010 - 31st December 2010 6266 

1st January 2015 - 31st December 2015 15463 

1st January 2020 - 31st December 2020 25933 

1st January 2023 - 31st August 2023 37287 

a Data concerning all the severe events recorded in all the European states have 

been considered. 

 
1 https://eswd.eu 
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Due to the significative ocean rise predicted in the next eighty years2, i.e. up to a 

meter rising by 2100, coastal cities are particularly exposed to the effects of climate 

changes. However, not only the cities near the seas risk suffering serious 

consequences3: the glaciers melting, unfortunately, is expected to cause the 

formation of new dry areas. The increasing desertification phenomenon will affect 

particularly the Himalayan region, impacting on the agriculture and, consequently, 

on food and resources availability. 

According to the Hindu Kush Himalaya Assessment [1], even by respecting the most 

ambitious objectives on limiting the increase in global temperature, around a third 

of the Himalayan glaciers will however disappear. Due to this phenomenon, 

incalculable and devastating consequences are hypothesized for twenty million 

agricultural workers and a significant loss of food production will be unavoidable. 

The direct consequence of this circumstance will be the establishment of new 

migratory routes from the Himalayan region and other affected areas, which, 

according to experts’ opinion, in turn they will cause around a billion “climate 

immigrants”. 

Climate changes are, without any doubt, a global plague with direct effects on food 

production and availability, on migration flows, on public health and, finally, on the 

world peace. In fact, all these effects could culminate in tensions between states 

and, consequently, lead to conflicts between them. 

Krakowka et al. reported that environmental conflicts can be considered an ancient 

phenomenon, because they have been documented since the old China empire 

and, in the past, they caused the collapse of the Anasazi and the Akkadian [2]. 

Recent examples in Rwanda and Somalia seem to indicate an increasingly 

imminent environmental problem that could degenerate into new and violent 

conflicts. These cited examples are just a small part of the conflicts that could occur 

in the next future as a consequence of climate changes. 

Scientific evidences unequivocally identify CO2 as one of the gases responsible for 

the greenhouse effect, which is directly related to global warming, climate changes 

and which interfere with environmental security [3]. For these reasons, carbon 

dioxide emissions into the atmosphere play a fundamental role on the path that 

 
2 https://www.stimson.org/2019/climate-and-ocean-risk-vulnerability-index-corvi/ 
3 https://www.stimson.org/2020/environmental-security-april-news-update/ 
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connects human economic activities to the risk of new conflicts between states 

(Figure 2). To prevent events such as conflicts and wars, with catastrophic 

consequences on the well-being of populations, the reduction of carbon dioxide 

levels in the atmosphere is a primary objective to be pursued. 

 

Figure 2 Correlation between human economic activities and the risk of military 

conflicts due to the increase in CO2 levels in the atmosphere. 

While the European Union is engaged in an important plan to reduce greenhouse 

gases emissions by 20304,  the international scientific community is involved in 

many projects dedicated to the storage of carbon and its subsequent reuse with the 

aim of reducing the CO2 emitted into the atmosphere, using it for the synthesis of 

fuels or high added-value chemicals [4].  

 
4 Anna Wojtowicz. Common energy policy of the EU–origins, objectives and stages of 
development. https://repozytorium.bg.ug.edu.pl, 2020 
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1.2 Importance of CO2 reutilization 

As anticipated in the previous section, in the last years, all around the world 

scientists have been focused on the identification and study of several new Carbon 

capture and storage (CCS) and Carbon capture and utilization (CCU) approaches, 

with the common objective to enhance the efficiency of carbon dioxide capture, 

storage and its reuse as a feedstock [5]. Indeed, CCU methodologies are currently 

attracting a lot of interest both from academia and process industry [6], despite the 

important challenges due to the high carbon dioxide chemical stability, i.e. kinetic 

and thermodynamic stability which is an intrinsic factor, and the demand for the 

development of innovative process if compared with those already established by 

the petrochemical industry. The primary goal of this branch of the research is to find 

new solutions which are low cost and highly efficient, both from an energetic and 

instrumentations point of view. For this reason, in order to overcome the energetic 

and environmental issues [7,8], CCU approaches should be designed to use carbon 

dioxide as a feedstock in mild conditions, i.e. ambient or moderately high 

temperature and pressure (<100 °C, <10 atm) [9–11], and by using catalysts which 

are as sustainable and as low cost as possible, avoiding noble metals based 

catalysts and promoting non-noble metal catalysts [9] and organocatalysts [10,11], 

in particular if they are highly recyclable. 

While many different types of solid and liquid sorbents for CO2 are under study and 

used in many CCS approaches [12], CCU methods work on the valorisation of 

captured carbon dioxide as a C1-building block to produce high added-value 

chemicals, so to compensate the energy consumption and costs related to the CO2 

capture and transport [13]. In fact, CO2 can be used as a C1-building block in many 

approaches, as shown in Figure 3.  

First of all, it can be fully reduced to produce hydrocarbons, with various carbon 

chain lengths, for energy storage, usable as fuels for all the purposes in everyday 

life. Then, carbon dioxide can react with hydrogen in partial reductions to prepare 

several classes of molecules which can be exploited in organic synthesis and many 

other fields, such as carbonylic and carboxylic compounds, alcohols, ethers and 

methylated amines. Finally, CO2 can react with epoxides in incorporation reactions 

to obtain cyclic carbonates and polycarbonates, which are both fundamental 

chemicals in the industry [14–18]: while polycarbonates are used for the production 

of advanced materials with optical properties, cyclic carbonates are widely used as 
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high boiling point aprotic solvents [19,20], as electrolytes in secondary batteries 

[21,22] and as intermediates for the synthesis of fine chemicals and 

pharmaceuticals [23]. 

 

Figure 3 Three routes to re-use carbon dioxide as a C1-building block to produce 

high added-value chemicals. 
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1.3 The model reaction in the literature 

In the framework described in the previous sections of this introduction, my research 

project has been focused on the investigation of new methodologies for 

incorporation reactions of the CO2 on epoxides to produce cyclic carbonates in 

several different mild conditions. Cyclic carbonates, as already highlighted in 

Section 1.2, have considerable applicative importance which is reflected in the wide 

spectrum of use. In particular, they are exploited to obtain excellent aprotic polar 

solvents, electrolytes in batteries [24], intermediates for fine chemicals, polymeric 

products, intermediates for drugs [25] and precursors for polycarbonates [15]. 

The reaction chosen as a model to perform the studies was the styrene oxide 

conversion into styrene carbonate (Scheme 1).  

 

Scheme 1 Model reaction of carbon dioxide incorporation into styrene oxide to 

produce styrene carbonate. 

This reaction has been widely reported in the literature as a model reaction for many 

studies, because of the moderate stability of styrene oxide, due to the phenylic ring, 

if compared with other epoxides.  

Studying the catalytic carbonation of epoxides through the identified model reaction, 

our objective was to identify sustainable and innovative catalytic mild procedures in 

the realm of CCU approaches. To pursue this objective the catalyst should have 

been selected as a trade-off between cheapness, recyclability and catalytic 

performances. A wide series of homogeneous and heterogeneous catalytic systems 

have been reported in the literature for the model reaction, including metal 

complexes, quaternary onium salts, ionic liquids, organocatalytic systems, alkali 

metal salts, metal oxides and simple alkaline salts [9–11,26–30]. All of them can be 

divided into two main groups, based on their functionalities: some of them are Lewis 

bases, some other are made of combined Lewis acids and bases.  Among the latter, 

it is possible to distinguish between metal-based and metal-free catalysts. 

Nevertheless, among all these classes of catalysts, only few of them can be used in 
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mild conditions, i.e. without high temperature and pressure requirements, and can 

be recycled trough straightforward purification procedures [7,8,31].  

In this scenario, ionic liquids (ILs) based on quaternary ammonium, imidazolium and 

pyridinium salts emerged for their feasible features, i.e. nonflammability, low 

volatility, thermal stability, and flexible structure adaptability [32–37]. In details, 

relevant structural catalyst’s features have been identified by a deep analysis of 

literature reports on ammonium and imidazolium salts. First, the role played by the 

counterion is reported to be fundamental for the catalytic activity: the conversion 

rate increases by passing from chloride to bromide counterion, and it increases even 

more by using iodide as the counterion [38]. So, the more nucleophilic is the 

counterion, the higher the obtained conversion can be. Moreover, the catalysis study 

performed by J. Sun et al. [38], has shown that, in the case of ammonium salts 

playing the role of catalysts, the substitution with butylic groups is able to lead to a 

higher conversion if compared with the same catalyst with ethylic substituents. 

Finally, it has been reported that by introducing hydroxyl groups as pendants on the 

IL moiety, the conversion can be significantly increased without altering the 

selectivity on the target product formation [38]. This phenomenon is the result of the 

effect of the hydrogen bonding between the hydroxyl groups on the catalyst and the 

oxygen atom of the epoxide, to promote the ring-opening process due to the halide 

nucleophilic attack (Scheme 2) [39–45].  

 

Scheme 2 Bifunctional ILs catalytic mechanism. 

Also pyridinium salts [46] have been exploited as catalysts in the synthesis of cyclic 

carbonates. In this case the used catalyst has been immobilized on silica 

nanoparticles and it showed a satisfying activity. Based on the previous studies that 

we analyse, it could be very interesting to see that an hydroxyethylic pendant, if 

added to the catalyst, could increase its efficiency. Furthermore, because this 

example of solid nanocatalyst, which emerged from the literature study, seemed 

promising, the consequent decision of trying a semi-heterogeneous catalysis, i.e. 

heterogeneous conditions with the catalyst having nanometric dimensions (d<100 
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nm), for the model reaction was obvious. In this case, the carbonate yield will be 

slightly affected by the heterogenicity of the system, but there are many advantages 

connected to operating in these conditions (see Section 1.5): nanocatalysts can be 

recovered, recycled and reused, to minimize wastes.  

On the basis of what has emerged from the literature, a set of novel 

polyhydroxylated ILs, i.e. ammonium, imidazolium and pyridinium organocatalysts, 

have been proposed in this thesis to work as catalysts for the synthesis of styrene 

oxide from styrene carbonate and the same catalytic systems have been 

immobilized on nanoparticles surfaces to investigate semi-heterogeneous catalysis 

(Chapter 4 and 5). The selected ILs, whose details and catalytic activity has been 

described in Chapter 4, were very promising but required some synthetic steps that 

imply an expense in terms of time, purification steps, solvents waste and, 

consequently, money. For this reason, these catalysts, especially the nanocatalysts 

(Chapter 5), are feasible mainly for the in-batch bulk synthesis of cyclic carbonates 

or for the in-flow synthesis in very small scale. Consequently, for the larger scale 

experiments in aerosol continuous flow reactor, described in Chapter 6, a deeper 

literature study has been necessary. Because of the very large amount of catalyst 

required for the study, the aim was to find catalysts which were cheap and very easy 

to be prepared. Fortunately, a wide amount of ILs can be used for the purpose and 

some of them, like triethylammonium iodide, which can be prepared in situ, and N-

methyl-3-hydroxypiridinium iodide, which required a facile synthetic step, respected 

the requirements and are very easy to be prepared in large scale, in addition to 

offering encouraging catalytic performances [47,48].  

All the catalysts which operate in mild conditions reported in this section until now 

can be grouped in the class of metal-free catalysts, while in the literature can be 

found other interesting catalytic systems which are metal-based and they still don’t 

require extreme conditions. The triethylene glycol-potassium iodide (TEG/KI) 

complex is an example of this kind of catalytic system. This latter has been reported 

by Kaneko et al. [49] as a low-cost catalyst, recyclable, sustainable and very easy 

to be prepared without any synthetic effort from cheap and readily available 

commercial chemicals, which exhibit a good catalytic activity at ambient pressure 

and moderate temperatures through a bifunctional activation mechanism [50].   
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1.4 Flow chemistry and aerosol to enhance productivity 

This thesis project had the goal to exploit carbon dioxide for the synthesis of cyclic 

carbonates, in particular styrene carbonate, with the purpose to investigate new 

catalysts performances, the application of new methodologies for process 

intensification and their synergistic effects.  

The reaction chosen as the model reaction, i.e. the styrene oxide conversion into 

styrene carbonate using CO2, is a biphasic gas-liquid transformation which has 

intrinsic efficiency problems related to mass transfer phenomena in heterogeneous 

systems [51]. Considering the most active catalyst, that instantaneously consumes 

all dissolved CO2, the bottleneck of this process is the speed of CO2 absorption in 

the liquid phase: a faster CO2 absorption results in a quicker process. This rate-

limiting phenomenon happens because the limits imposed by mass transfer have 

effects on the kinetics of this class of reactions and their performances depends on 

the amount of gas dissolved in the liquid phase. In fact, from a thermodynamic point 

of view, carbon dioxide solubility, as a gas, is regulated by Henry’s law, i.e. it 

depends on the features of the liquid, on the partial pressure of CO2 and on the 

temperature [52,53]. Instead, from a kinetic point of view, the absorption rate of CO2 

at the interface between the gas and the liquid depends on the ratio between the 

surface area (SA) and the liquid volume, following Fick’s law (Eq. 1) [54].  

d[CO2(sol)]

dt
 = KL× 

SA

V
 × ([CO2(sol)]

sat
 - [CO2(sol)]) 

where: 

• [CO2(sol)] is the concentration of CO2 in the solution; 

• [CO2(sol)]sat is the saturation concentration of CO2 in the solution; 

• KL is the mass-transfer coefficient for the liquid; 

• SA is the gas-liquid interface surface; 

• V is the volume of the liquid. 

In this scenario in which the focus is on a mass-transfer limited reaction, a process 

intensification it is necessary to enhance the efficiency of the reactions and the 

productivity of the system. In fact, by moving from a classical discontinuous reactor 

to a segmented flow tubular reactor (PFR type, Plug Flow reactor) and finally to an 

aerosol reactor, it can be possible to overcome the mass transfer limit. It has been 

already explained that the parameter which is determining for the kinetics of a gas-

(Eq. 1) 
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liquid biphasic reaction is the dissolution rate of the reactive gas in the liquid in which 

the reaction occurs. The value of this parameter can be changed, with the 

consequence of improving the system efficiency, by moving to a plug flow or an 

aerosol reactor.  

According to Fick’s law (Eq. 1), the dissolution rate of the reactive gas directly 

depends on the ratio between the surface area of the gas-liquid interface and the 

volume of the liquid phase. In gas-liquid reactions conducted in tubular reactors 

operating with a segmented flow, the SA/V ratio can increase by an order of 

magnitude compared to that characterizing a classic reactor for discontinuous bulk 

reactions [54]. Furthermore, based on the diameter of the microdroplets, if we 

consider each microdroplet of the aerosol as a microreactor itself (Figure 4), the 

calculated SA/V ratio will be very high and so the gas dissolution speed can increase 

up to 50-500 times by switching from a conventional discontinuous reactor to an 

aerosol one [55]. In fact, there are evidences in the literature that microdroplets 

generated in microfluidic channels [56], microemulsions and aerosols [57,58] 

behave as microreactors, i.e. confined and high SA/V units, with peculiar features 

at the droplet interface, (e.g. pH alteration, accumulation of reagents, effective 

diffusion, concentration effect by fast solvent evaporation) [59]. 

 

Figure 4 Absorption mechanism of CO2 in the liquid microdroplet [60].  

The use of these new technologies, i.e. going from a classic bulk system to an 

aerosol one or even more to a PFR reactor or a continuous flow aerosol reactor, 

allows the significant improvement of the productivity of the system. In fact, flow 

chemistry has recently proven great potential as enabling technology for process 
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intensification of gas-liquid reactions of CO2 [61–80]. In literature have been 

reported several examples of continuous PFR type reactors and their advantages 

compared to traditional batch systems (for bulk reactions) and CSTR (Continuous 

Stirred Tank Reactor) type systems. The advantages include a better temperature 

control and enhanced mass transfer, as reported by M. D. Johnson in his book [81]. 

Nowadays, PFR type reactors are mainly used in the fine chemical industry, where 

gases such as H2, O2 and CO are used as reagents with conventional heating 

systems, while studies carried out with CO2 and this type of reactors are less 

frequent [75]. Besides the enhanced kinetics of mass-transfer, there are additional 

advantages of flow conditions in CCU strategies like the better heat transfer, safety 

of the process and its reliability, better control of the pressure of the system, facile 

scale-up [82,83].  

Aerosol reactors have recently appeared in the literature as a valuable tool, 

attracting the interest of the scientific community for the degree of innovation they 

can introduce. Regarding biphasic gas-liquid reactions in aerosol, very few (but very 

promising) examples are present in the literature, e.g. photochemical oxidation with 

reactive gases [84] and in general aerobic oxidations [55,85,86], singlet oxygen 

photooxidations [87] and the formation of carbamic acids from amines using CO2 as 

nebulization gas [88]. Despite this latter study has been performed at the analytical 

scale with an electrosonic spray ionization (ESSI) source, it helped to elucidate the 

mechanism of CO2 activation at the gas-liquid interface and of the enhanced kinetics 

in aerosol if compared with bulk, thus paving the way for the development of 

innovative and highly effective CCS and CCU strategies. The other examples of 

reactions in aerosol involve the gas phase acting exclusively as an inert carrier. 

Even in these cases, it is very interesting that reactions in aerosols proceed faster 

than reactions in classical batch reactors with inert gas [56], not only due to the 

increase in mass-transfer, but also because of an intrinsic physico-chemical 

phenomenon [87]. The literature data regarding aerosol reactions encouraged us to 

perform a comparative study of the model reaction, using different catalytic systems 

which were easy to prepare and sustainable, in aerosol vs. in a classical bulk 

reactor, with the final goal to detect the enhancement in the production rate of the 

styrene carbonate due to microdroplets conditions. 
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1.5 Why TANGO Project? 

In the scenario portrayed in the previous sections of this introduction, in which it is 

fundamental to find and explore new CCU approaches using efficient and 

sustainable processes, TANGO project has been conceived. TANGO5 means 

“Technology Against climate chaNge to mitiGate CO2 envirOnmental security 

threats” and it consist in a project funded by the NATO Science for Peace and 

Security (SPS) program. The project is a collaboration between European and extra-

European partners, whose specific expertises are fundamental for the success of 

the project. The partners involved, in details, are Dr. Dambuoso’s group at the ISOF-

CNR (Bologna), Prof. Massi’s group at the University of Ferrara, Prof. Peddis’s 

group at the University of Genova, Prof. Leblebici’s group at the KU Leuven in 

Belgium, Prof. Lahcini’s group at the Cadi Ayyad University (Marrakech) in Morocco.  

TANGO project was born with the main objective to identify a new sustainable 

approach on CO2 utilization through productive, fast and selective reactions, 

developing a highly efficient process. 

In the literature have been reported several examples of synthetic approaches to 

the use of carbon dioxide, with different features, including reactions carried out with 

homogeneous or heterogeneous catalysts, or which use photo- or electro-catalysis.  

Figure 5 Technology convergence approach of TANGO project. 

As an alternative to the solutions proposed in the literature, TANGO pursues an 

approach of convergence between different technologies, how it has been depicted 

in Figure 5, in order to validate an effective protocol for the reduction of greenhouse 

 
5 http://www.tangoproject.eu 
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gases based on the conversion of CO2 into molecules with high added value, using 

efficient, productive and sustainable procedures. 

Inspired by Green Chemistry principles6, the objective of this project is to face CO2 

exploitation efficiency, productivity and sustainability challenges, introducing and 

validating innovative approaches, like continuous flow, aerosol and approaches 

which use recyclable catalysts immobilized on magnetic nano-supports. To pursue 

this goal, the convergence of various technologies must be implemented and tested 

on a valuable model reaction (Scheme 3).  

 

Scheme 3 Model reaction to which TANGO project refers. 

In particular, referring to the catalytic conversion of a generic epoxide to the 

corresponding carbonate, the project intends to deepen the processes related to the 

production of cyclic carbonates using carbon dioxide as a reactive gas. 

Furthermore, the combination of nanotechnology and magnetism applied to 

catalysis mingles the advantages of both homogeneous and heterogeneous 

catalysis with an easy recover of the catalyst. In fact, while homogeneous catalysts 

exhibit high reaction efficiencies by offering the maximum possible proximity among 

starting materials and the catalyst but paying severe recovery limitations, 

heterogeneous catalysis promotes process efficiency through physical 

separation/recovery methods like centrifugation and filtration, in turn, negatively 

affecting reactions speed. However, it has been found that MNPs have a tendency 

to aggregate into large clusters which can limit their application in many cases. The 

use of superparamagnetic nanoparticles appears to be an adequate solution to this 

last problem, especially combining it with the coating of their surfaces with 

appropriate inert supports. Magnetism will afford a profitable separation technology 

exploiting static magnetic fields properties.  

 
6 https://www.acs.org/greenchemistry/principles/12-principles-of-green-chemistry.html 
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In this way, the production of cyclic carbonates from epoxides and CO2 will be 

investigated by means of both new organocatalysts and innovative semi-

heterogeneous catalysts suitably prepared by immobilizing privileged catalytically 

active functional groups on the outer surface of magnetic core-shell nanoparticles, 

implementing traditional catalysis with nanotechnology and obtaining nanocatalysts. 

For this reason, the study of different supports for their immobilization was of 

fundamental importance: metal-organic structures, porous polymers with metal 

functional groups (metal-POPs), covalent organic structures without metals (COFs), 

cellulose and chitosan have been described as systems for heterogeneous 

catalysis, while polymers and silica-based materials have been designed to 

immobilize the active species containing the catalytic site [89]. The literature study 

identified silica as the best inert support (shell of the core-shell MNPs) for our 

purpose. Silica-coated nanoparticles, in fact, have been exploited for various 

applications, ranging from nanomedicine to electronics, up to catalysis as inert 

supports. Furthermore, numerous advantages are found in semi-heterogeneous 

catalysis: the high surface area, the magnetic recovery, the easy functionalization 

(attachment of the catalyst to the silica-based surface) and the high stability at high 

temperatures. The silica shell also guarantees high chemical stability and resistance 

to degradation of the nanoparticle [90]. The dimensions and geometries of the 

catalyst supports influence the progress of the reaction, as the performance 

increases proportionally to the surface area. Numerous and consolidated silica 

coating techniques for MNPs are reported in the literature, which allow different 

shapes, dimensions and compositions to be obtained, depending on the different 

procedure [91]. Considering all this, nanocatalysts are considered as semi-

heterogeneous catalysis systems [92]. In the figure below (Figure 6) the core-shell 

magnetic nanocatalysts that will be studied in TANGO have been schematically 

represented. 

 

Figure 6 General scheme of the obtained nanocatalysts through the 

immobilization of the catalytically active species on core-shell MNPs. 
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Regarding the nanocatalysts magnetic cores, a strong interest has been generated 

around these metallic nanoparticles (usually composed of magnetite, i.e. iron oxide 

with a spinel structure, or cobalt-ferrite) due to their numerous applications, including 

catalysis and the magnetic transport of medicines [93].  

Among the prepared organocatalysts, the most performing one resulting from 

propaedeutic bulk studies will be exploited in a plug-flow reactor. Furthermore, this 

catalyst will be also prepared in its nanocatalyst version, allowing semi-

heterogeneous studies of the model reaction, thus providing a novel process 

window to maximize process intensification through continuous reactor operation 

and catalyst recovery by application of external magnetic fields.  

As an outcome, this project intends to offer to the scientific and industrial 

communities an innovative carbon dioxide exploitation approach. This novel 

paradigm will merge into a research breakthrough at the forefront of various 

independently developed technology realms, paving the way for a circular, efficient, 

highly productive and sustainable utilization of carbon dioxide. This innovative 

approach will be easily extended to a wide range of CO2-based reactions and to the 

entire realm of gas-liquid biphasic transformation as well.   

  



20 
 

2. Aim of the thesis 

Considering the scenario described in Chapter 1, the zero-waste (% Atom Economy 

= 100%) insertion of CO2 into epoxides to obtain cyclic carbonates is emerging as 

a strategic transformation for the chemical process industry. In fact, it has been 

estimated that it can be able to consume, together with the dry reforming of 

methane, up to the 25 % of the total waste of carbon dioxide produced every year 

[10]. For this reason, the aim of this thesis is to develop new methodologies to 

prepare cyclic carbonates exploiting CO2, which can be considered at the same time 

sustainable and efficient. To this purpose, new catalysts have been prepared and 

their performances have been evaluated by using them both in batch and 

continuous flow apparatus for process intensification. Considering the advantages 

of using new technologies like magnetic nanocatalysis, flow chemistry or 

microdroplets conditions and the related literature, it appeared to be very promising 

to exploit the integration of all these different technologies, which can synergistically 

cooperate, to improve the speed, selectivity and productivity in gas-liquid reactions, 

in this case, using CO2. In this context, it is very important to independently study all 

these new methodologies in order to create a detailed scenario in which an 

implemented methodology can be identified and designed. The model reaction of 

styrene oxide carbonation to yield styrene carbonate (Scheme 1) have been used 

to test the catalysts efficiency and to compare them in all the research works 

described in the following chapters. 

In details, in Chapter 3 it has been reported the kinetic study of the model reaction 

performed by using a potassium iodide/triethylene glycol (KI/TEG) complex to 

catalyse the obtaining of styrene carbonate in several conditions (Scheme 4).  

 

Scheme 4 Reaction studied in the research work reported in Chapter 3. 

 

In the exploration, the results obtained in bulk and in a batch aerosol reactor have 

been compared both at room temperature and at 50°C, as a proof of concept for the 
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advantages of microdroplets conditions in mass-transfer limited gas-liquid biphasic 

transformations. 

In Chapter 4 and Chapter 5 have been reported research works inserted in the 

context of TANGO project.  

In particular, as it is depicted in Scheme 5, in Chapter 4 it has been reported the 

preparation and the use of five different ionic liquids as organocatalysts for the 

styrene oxide conversion into styrene carbonate. The catalysts have been 

synthesized, fully characterized and then tested on the model reaction.  

 

Scheme 5 Reaction studied in the research work reported in Chapter 4. 

 

The best performing catalyst, then, has been used to obtain a collection of different 

cyclic carbonates from their corresponding epoxides (Figure 7), expanding the 

scope of the research. Furthermore, following our interest in the development of 

efficient technology platforms for the intensification of gas-liquid reactions [94,95], 

the selected catalyst has been used to promote cyclic carbonates obtaining in 

segmented flow conditions in a plug-flow reactor, with the detection of significant 

improvements in terms of reaction rate and productivity passing from a bulk reactor 

to flow chemistry. 
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Figure 7 Substrates and products of the scope extension performed in Chapter 4. 

 

Subsequently, in Chapter 5, the catalytically active moiety of the previously identified 

best performing ionic liquid, has been immobilized on silica core-shell magnetic 

nanoparticles, to obtain nanocatalysts. The objective of this TANGO activity was to 

compare the catalysts efficiency in homogeneous and semi-heterogeneous 

conditions. Two classes of nanocatalysts (with two different cores composition) have 

been prepared through a multi-step synthesis, and fully characterized using a wide 

variety of analytic techniques to confirm that the prepared objects had the required 

characteristics: superparamagnetism, diameters less than 100 nm, and all the 

functionalities required for the catalytic activity. Then, the performances of the 

prepared nanocatalysts have been evaluated on the model reaction in a classical 

bulk reactor (Scheme 6). 

 

Scheme 6 Model reaction in semi-heterogeneous conditions, studied in Chapter 5. 
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Finally, in the last research work of this thesis (Chapter 6), an aerosol continuous 

flow set-up has been assembled and exploited to explore the beneficial effects of 

microdroplets conditions on styrene carbonate synthesis. A lot of parameters are 

involved while performing reactions in this kind of custom-made reactor and, for this 

reason, each of them has been studied and optimized, and they have been reported 

in Scheme 7.  

A fast screening of the abovementioned operative conditions has been performed 

with a ready accessible catalyst identified in the literature, an ionic liquid introduced 

as organocatalyst for the model reaction.  

 

Scheme 7 Aerosol reaction explored in the research work reported in Chapter 6. 

 

Guided by the principles of Green Chemistry7, the final aim of this thesis is, 

therefore, to explore new optimized processes that maximize the efficiency of the 

conversion of epoxides into cyclic carbonates exploiting CO2 as a feedstock, and to 

recover and recycle the used catalyst at the end of the reaction. 

  

 
7 https://www.acs.org/greenchemistry/principles/12-principles-of-green-chemistry.html 
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3. Efficiency in CO2 utilization strategies: The case 
of styrene carbonate synthesis in microdroplets 

conditions using KI/TEG catalytic system 

3.1 Introduction and aim of the research 

The first catalyst explored to study the model reaction of carbonation of styrene 

oxide (Scheme 1) was the triethylene glycol (TEG)/potassium iodide (KI) system. In 

particular, in this chapter is presented a comparative kinetic study of the TEG/KI 

catalysed reaction in microdroplets conditions, with the resulting advantages of 

aerosol previously discussed in Section 1.4. The results of this study have been 

published in the Journal of CO2 Utilization [60]. 

As previously anticipated, the model reaction selected for this study was the 

carbonation of styrene oxide 1 to produce styrene carbonate 2. The TEG/KI complex 

3, reported in the literature by Kaneko et. al [49] (Scheme 8) matched all 

prerequisites we set at the basis of our research, i.e. low-cost, practicality, 

recyclability, sustainability and good catalytic activity through a described 

bifunctional activation mechanism [50]. 

 

Scheme 8 The model reaction as reported by Kaneko et al. [49]. 
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3.2 Discussion of the results 

Although that reported in literature [49] seemed a promising starting point to pursue 

our research goal, it was necessary to adapt the procedure for an easy handling of 

the reaction mixture. In fact, the complex 1:1 TEG/KI in methanol has been initially 

obtained as a homogeneous solution but the addition of compound 1 resulted in a 

heterogeneous slurry, unsuitable for our aerosol reactor. For this reason, it was 

necessary to study how the variation of the TEG/KI ratio affected the obtaining of a 

fully homogeneous reaction mixture and, consequently, allowed an efficient 

ultrasonic nebulization. Stepwise additions of TEG resulted in reducing the KI 

precipitated. In the end it has been identified a 4.3 TEG/KI ratio as the optimized 

condition to obtain a clear and homogeneous solution.  

The second optimized reaction parameter was the molar percentage of the catalyst 

(complex 3) in respect of the styrene oxide 1. Investigation efforts allowed the 

identification of the mass-transfer limited reaction conditions. In fact, if the rate 

limiting step of the reaction was the CO2 transfer across the gas-liquid interface, the 

rate of conversion of the styrene oxide into the styrene carbonate was no longer 

dependent on the catalyst amount. In order to identify the mass-transfer limited 

reaction conditions, the 1/3 ratio was varied in batch experiments conducted in-bulk 

mode (Table 2). 

 

Table 2 Bulk experiments to achieve mass-transfer limited conditions in the model 

reaction (Scheme 8). 

Entry 1 

(mmol) 

KI  

(mol %) 

3 (KI/TEG) 

ratio 

2 yield  

(%)a 

1 3.5 25 4.3 36 

2 3.5 50 4.3 52 

3 3.5 75 4.3 51 

4 3.5 100 4.3 49 

a Detected by pre-saturated quantitative 1H NMR experiments on the crude reaction 

mixture. 

 

After some experimentation using the previously optimized 4.3 TEG/KI ratio (entries 

1-4), it resulted that the yield of styrene carbonate (51 %) remained almost 

unchanged at catalytic complex loadings higher than 0.50 mol %. Nonetheless, 
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equimolar KI/SO ratio has been used in the further experiments to ensure the 

operation under mass-transfer limited conditions (entry 4).  

Disappointingly, because of viscosity constraints, any attempt to nebulize the 

identified reaction mixture failed with our homemade ultrasonic nebulizer (Section 

3.3.6). The reaction mixture dilution with an appropriate solvent appeared a suitable 

solution for viscosity tuning to allow the actual nebulization of the mixture. The 

chosen solvent was methanol because it is classified as a green solvent [96], it is 

easy to be recycled through distillation and its capability to dissolve CO2 is relevant 

[52]. Furthermore, methanol easily dissolved styrene oxide, thus obtaining 

homogeneous mixture with the catalytic complex.  

From this point forward, a three-hours reaction time was arbitrarily set for our kinetic 

study, matching the need to have both a fast screening and a reliable data 

acquisition. 

 

Scheme 9 The model reaction with optimized catalytic complex ratio. 

 

The third optimized parameter was the methanol volume, taking into account both 

the need of an effective nebulization of the reaction mixture (adequately viscous 

solution) and the solubilization at the proper concentration of all reagents. In Table 

3 are reported the styrene oxide to styrene carbonate conversion data achieved in 

3 hours reaction time. This exploration allowed the optimization of the MeOH/TEG 

ratio. The optimal compromise between actual nebulization and styrene oxide 

conversion into styrene carbonate was found with the 2.5:1 MeOH/TEG volumetric 

ratio (entry 6). In these conditions, the amount of methanol was reduced to the 

minimum compatible with an effective nebulization, avoiding further dilution, 

negatively affecting the reaction outcome in terms of the styrene carbonate yield at 

7.00 MeOH/TEG ratio, 9 % carbonate yield was registered (entries 7-8). 
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Table 3 Three-hours aerosol experiments to optimize MeOH/TEG ratio in the 

previously optimized catalytic conditions (4.3 TEG/KI optimized ratio). 

Entry KI  

(mol %) 

MeOH/TEG  

(v/v) 

SC yield 

(%)a 

UNb 

5 100 1.25 26 No 

6 100 2.50 23 Yes 

7 100 5.00 15 Yes 

8 100 7.00 9 Yes 

a Detected by pre-saturated quantitative 1H NMR experiments on the crude reaction 

mixture. b Effective ultrasonic nebulization (UN) in the homemade reactor. 

 

The comparative kinetic study of styrene oxide carbonation in bulk vs. aerosol 

conditions has been performed by using, for the microdroplets experiments, the 

homemade reactor described in Section 3.3.6. This reactor has been built using 

commercially available components, which ensured an easy experimental 

reproducibility. The aerosol generation has been performed by sonicating the liquid 

phase in the bottom part of the reactor. Some pictures of the adopted reactor are 

shown in Figure 8. 

In the case of high temperature (50°C) reactions, the set-up has been integrated 

with one or two IR lamps orthogonal to the aerosol reaction chamber, in order to 

heat the microdroplets, and with a thermographic camera for the real-time 

monitoring of the reaction temperature (Section 3.3.7). 

 

 

Figure 8 UN set-up for the aerosol carbonation of the styrene oxide. In detail:  

A) the set-up nebulizing the crude at 25°C; B) the nebulized mixture warmed at 

50°C with one 100 W IR lamp; C) real-time monitoring of the reaction temperature 

with the thermo-camera. 
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To evaluate the acceleration of reactions performed in microdroplets conditions, the 

model styrene carbonate synthesis in optimized conditions has been performed 

under mass transfer limited conditions in bulk and in the homemade batch aerosol 

reactor. The correlation between the reaction acceleration and the ratio between the 

gas-liquid surface area and the liquid volume (SA/V) at the gas-liquid interphase, 

has been studied through kinetic experiments conducted in four different conditions, 

in which the SA/V has been progressively increased: non-stirred bulk (calculated 

SA/V value of 130 m2/m3 [8]), magnetically stirred bulk (SA/V value of 103 m2/m3 

[54]), sonicated bulk and aerosol conditions (SA/V value of 104-106 m2/m3 [97]). The 

sonication effect in bulk experiments has been also investigated to normalize the 

results obtained in aerosol by the effect of ultrasounds-related physico-chemical 

phenomena that occurs in the liquid phase. 

The results of the kinetic study at 25°C obtained in the four different conditions are 

shown in terms of styrene carbonate yield in the following Figure 9.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Kinetic profiles of model reaction at 25°C in non-stirred bulk, stirred bulk, 

sonicated bulk and aerosol. All reactions were performed in triplicates and the 

error bars has been reported as min-max range of measured values. Averaged 

experimental data have been fitted with a 2nd grade polynomial curve. 

 

Each of the three bulk reactions has been monitored every 30 minutes by sampling 

an aliquot of the mixture and analyzing it through pre-saturated quantitative 1H NMR. 

In the case of microdroplets reactions, it was impossible to sample the aerosol and, 

for this reason, the results shown have been acquired by performing six different 

reactions with increasing reaction times (i.e. 30, 60, 90, 120, 150 and 180 minutes). 
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Observing the curves in Figure 9 it is possible to see an increase in term of styrene 

carbonate yield passing from a non-stirred system (18 % yield in 3 hours) to a stirred 

one (23 % yield in 3 hours). This behavior was obviously expected, and it is due to 

the corresponding SA/V increase caused by reaction mixture stirring. The effect of 

sonication on the reactive system improved a little bit more the yield (29 % yield in 

3 hours), if compared with the classical magnetically stirred bulk. Aerosol conditions 

were able to further increase the styrene oxide conversion into carbonate, giving a 

54 % yield. This result corresponded to a 1.9 apparent acceleration factor (AAF) vs. 

the sonicated bulk reaction. The AAF has been calculated as AAF = 

[SC]aerosol/[SC]sonicated bulk, i.e. the ratio between the carbonate yield in microdroplets 

conditions and in the sonicated bulk, both after 3 hours. This AAF has been named 

apparent acceleration factor because it is not calculated on the basis of kinetic 

constants. Instead, our AAF is calculated using experimentally obtained yields and 

it approximates the actual AF (acceleration factor), which would be calculated using 

the kinetic variables which changed passing from bulk conditions to microdroplets 

one. 

The performances of our homemade aerosol set-up have been also investigated for 

longer reaction’s time, achieving 73% styrene carbonate yield in 6 hours. 

These results were promising because the effect of enhancement due to aerosol 

conditions depends on the intrinsic features of the reaction under investigation, as 

it has been reported in the literature [98]. In the chosen model reaction for this 

investigation, it can be assumed that the increase in the carbonate yield is due to 

the faster CO2 absorption in the liquid phase which positively affected the catalyst 

efficiency, overcoming mass-transfer limitations. 

 

It has been widely reported in the literature that the carbonation of epoxides is 

deeply affected by the temperature [6] and, for this reason, the model reaction has 

been also investigated at 50°C, both in sonicated bulk and microdroplets conditions. 

The aerosol experiments were performed at 50°C thanks to the heating power of 

one or two IR lamps. In the meantime, the temperature of the sprayed aerosol has 

been monitored using a thermo-camera, which gave us a precise measure of the 

temperature in the different areas of the aerosol chamber (Figure 10).   
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Figure 10 Thermo-camera real-time monitoring of the reaction temperature in the 

aerosol chamber. In detail: A) thermo-image of the microdroplets warmed at 50°C 

(averaged temperature); B) temperature profile of the aerosol chamber. 

 

The results obtained at 50°C (averaged temperature) are shown in the following 

Figure 11. The bulk reaction has been monitored every 30 minutes by sampling an 

aliquot of the mixture and by analyzing it through pre-saturated quantitative 1H NMR. 

In the case of microdroplets reaction, it was impossible to sample the aerosol and, 

for this reason, the results shown have been acquired by performing six different 

reactions with increasing reaction times (i.e. 30, 60, 90, 120, 150 and 180 minutes). 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Kinetic profiles of model reaction at 50°C in sonicated bulk and 

aerosol using the previously reported heated set-up (Figure 8 B and C). All 

reactions were performed in triplicates and the error bars has been reported 

as min-max range of measured values. Averaged experimental data have 

been fitted with a 2nd grade polynomial curve. 
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Observing the curves, it is possible to see a significative increase in term of styrene 

carbonate yield passing from sonicated bulk conditions (40 % yield in 3 hours) to 

aerosol (78 % yield in 3 hours). With these results we were able to confirm the 

enhancement effect of both aerosol conditions and temperature on the model 

reaction. The AAF (AAF = [SC]aerosol/[SC]sonicated bulk) calculated for the reaction at 

50°C was 1.95, confirming the twofold acceleration due to aerosol effect observed 

at 25°C. 

All results obtained in this investigation, both at 25°C and 50°C allowed us to 

hypothesize a reaction mechanism (Scheme 10) which was in accordance with the 

two mechanistic hypotheses proposed by Kaneko et al.  [49] and Butera et al. [50]. 

 

Scheme 10 The proposed mechanism, in agreement with the mechanistic 

hypotheses proposed by Kaneko et al. [49] and Butera et al. [50]. 
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3.3 Experimental section 

3.3.1 Materials 

Styrene oxide (>98%) was purchased from TCI Europe N.V.; methanol (HPLC 

grade, ≥99,9%), triethylene glycol (≥99.0%) and potassium iodide (≥99.0%) were 

purchased from Merck; CDCl3 (99.8%) was purchased from CortecNet. All 

chemicals were used without any further purification. 

3.3.2 Optimized reaction mixtures preparation  

The homogeneous reaction mixtures were prepared by stirring (950 rpm) in a 10 mL 

vial for 30 minutes at RT a mixture of styrene oxide (SO, 0.4 mL, 3.5 mmol, 1 eq), 

potassium iodide (KI, 0.581 mg, 3.5 mmol, 1 eq), triethylene glycol (TEG, 2 mL, 15 

mmol, 4.3 eq), and methanol (MeOH, 5 mL) as the solvent. 

3.3.3 Reaction procedures  

 

Compound Molecular formula Molecular weight 

Styrene oxide (SO) C8H8O 120.15 g/mol 

Potassium iodide KI 166.0028 g/mol 

TEG C6H14O4 150.17 g/mol 

Styrene carbonate (SC) C9H8O3 164.16 g/mol 

 

The reactions of the prepared homogeneous mixtures with CO2 have been 

performed following four different procedures, all of them in batch reactors: non-

stirred bulk reaction, stirred bulk reaction, sonicated bulk reaction and microdroplets 

(aerosol) reaction. All procedures have been repeated in triplicates and the 

averaged data values have been reported. 
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3.3.3.1 Not-stirred bulk procedure 

The previously prepared homogeneous mixture has been transferred in a 25 mL 

round-bottom flask, connected to a 1 L chromatography reservoir equipped with a 

gas connector on top. After three vacuum/CO2 cycles, the mixture has been allowed 

to react in the gas-liquid reaction, both at 25°C or at 50°C, for 3 hours in CO2 

environment. Every 30 minutes the mixture has been sampled and the samples 

have been preserved to be analyzed to produce the kinetic curve of the reaction. 

After 3 hours of reaction the solvent has been evaporated and the resulting crude 

has been purified and characterized as described in Section 3.3.4 and Section 3.3.5. 

 

3.3.3.2 Stirred bulk procedure 

The previously prepared homogeneous mixture has been transferred in a 25 mL 

round-bottom flask equipped with a magnetic stirrer, connected to a 1 L 

chromatography reservoir equipped with a gas connector on top. After three 

vacuum/CO2 cycles, the mixture has been stirred (600 rpm) for 3 hours in CO2 

environment, both at 25°C or at 50°C. Every 30 minutes the mixture has been 

sampled and the samples have been preserved to be analyzed to produce the 

kinetic curve of the reaction. 

After 3 hours of reaction the solvent has been evaporated and the resulting crude 

has been purified and characterized as described in Section 3.3.4 and Section 3.3.5. 

 

3.3.3.3 Sonicated bulk procedure 

The previously prepared homogeneous mixture has been transferred in a 25 mL 

round-bottom flask, connected to a 1 L chromatography reservoir equipped with a 

gas connector on top. The round-bottom flask has been dipped into the water bath 

of an ultrasonic medical nebulizer (Yuwell 402B). The flask hasn’t been centered on 

the nebulizer piezoelectric to avoid the nebulization of the reacting mixture. After 

three vacuum/CO2 cycles, the mixture was sonicated at the specified temperature 

(25°C or 50°C) for 3 hours in CO2 environment. Every 30 minutes the mixture has 

been sampled and the samples have been preserved to be analyzed to produce the 

kinetic curve of the reaction. 

After 3 hours of reaction the solvent has been evaporated and the resulting crude 

has been purified and characterized as described in Section 3.3.4 and Section 3.3.5. 
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3.3.3.4 Aerosol procedure 

The previously prepared homogeneous mixture has been transferred into the 

custom-made aerosol reactor (described in Section 3.3.6), equipped with a gas 

connector on top. The bottom of the reactor has been dipped into the water bath of 

an ultrasonic medical nebulizer (Yuwell 402B), centering it on the nebulizer 

piezoelectric to allow the nebulization of the reacting mixture. After three 

vacuum/CO2 cycles, the reaction mixture was nebulized and maintained at the 

specified temperature (see Section 3.3.7), both at 25°C or at 50°C, for 30, 60, 90, 

120, 150 or 180 minutes in CO2 environment. 

After the end of the reaction, the reactor has been turned upside down and dipped 

in a melting ice bath to allow the microdroplets condensation. Then, the solvent has 

been evaporated and the resulting crude has been purified and characterized as 

described in Section 3.3.4 and Section 3.3.5. 

3.3.4 Products purification 

Each of the reaction crudes has been diluted with 20 mL of a 1:1 EtOAc/H2O mixture 

and then extracted with three aliquots of EtOAc. Products have been concentrated 

from the organic phase and purified through automatized flash chromatography 

(Chromatographic method: CombiFlash RF 200 LC system; stationary phase: silica 

120, CV = 192 mL; flow rate: 85 mL/min; elution method: 1 CV isocratic 100% Cy, 

1 CV gradient to 10% EtOAc, 3 CV isocratic 10% EtOAc, 1 CV gradient to 20% 

EtOAc, 3 CV isocratic 20% EtOAc, 5 CV gradient to 100% EtOAc, 2 CV isocratic 

100% EtOAc). 

3.3.5 Products characterization 

The products characterization has been performed via NMR spectroscopy, using an 

Agilent DD2 NMR system, equipped with a 11.7 T (500 MHz) PremiumCompact+ 

superconducting magnet and an Agilent OneNMR probe. All the isolated products 

have been fully characterized by NMR spectroscopy through 1H NMR, 13C NMR, 

1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC experiments performed in CDCl3. 

Also, kinetic data have been acquired via NMR spectroscopy, performing pre-

saturated quantitative 1H NMR experiments in CDCl3 for each collected sample (one 

every 30 minutes of reaction for each reaction). 
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3.3.5.1 Styrene oxide (1) 

1H NMR (500 MHz, CDCl3) δ 7.39-7.30 (m, 5 H, AR), δ 3.88 (dd, 1 H, CH, JCH-CH2 = 

3.96 Hz, JCH-CH2’ = 2.67 Hz), δ 3.16 (dd, 1 H, CH2, JCH2-CH2’ = 5.46 Hz, JCH2-CH = 4.16 

Hz), δ 2.82 (dd, 1 H, CH2’, JCH2’-CH2 = 5.50 Hz, JCH2’-CH = 2.58 Hz). 

13C NMR (125 MHz, CDCl3) δ 137.55 (ARipso), δ 128.42 (ARmeta), δ 128.10 (ARpara), 

δ 125.42 (ARortho), δ 52.27 (CH), δ 51.11 (CH2). 

 

3.3.5.2 Styrene carbonate (2) 

1H NMR (500 MHz, CDCl3) δ 7.46-7.36 (m, 5 H, AR), δ 5.68 (t, 1 H, CH, JCH-CH2 = 

JCH-CH2’ = 8.01 Hz), δ 4.81 (t, 1 H, CH2, JCH2-CH2’ = JCH2-CH = 8.40 Hz), δ 4.35 (t, 1 H, 

CH2’, JCH2’-CH2 = JCH2’-CH = 8.29 Hz). 

13C NMR (125 MHz, CDCl3) δ 154.77 (OCOO), δ 135.76 (ARipso), δ 129.68 (ARmeta), 

δ 129.18 (ARpara), δ 125.82 (ARortho), δ 77.94 (CH), δ 71.11 (CH2). 

 

3.3.6 Aerosol reactor 

The homemade aerosol apparatus (Figure 12), adapted from the Heated Ultrasonic 

Nebulization (HUN) system reported by Zare et. al [97], consisted of a 25 mL 

cylindrical nebulization chamber that has been bottom-capped with a 0.2 mm thick 

aluminum foil, tightly held by a plastic screw cap. A 1 L reaction chamber, with a 

three-ways tap on top for gas and vacuum connection and microdroplets 

condensation, has been connected above the nebulization chamber. The 

nebulization chamber has been dipped into the water bath of the Yuwell 402B 

medical ultrasonic nebulizer (UN) and centered on the piezoelectric transducer to 

allow the aluminum foil vibration and so the nebulization of the reaction mixture. The 

temperature of the water bath of the UN has been regulated at 25°C or 50°C, 

depending on the reaction, and maintained at that temperature for the entire reaction 

time.  

In the case of 50°C reactions, the aerosol has been maintained at that temperature 

using one or two 100 W IR lamps. At the end of each reaction, the reactor has been 

turned upside down and dipped in a melting ice bath to allow the microdroplets 

condensation and the crude recovering. 
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Figure 12 Homemade aerosol reactor used for styrene carbonate synthesis in 

microdroplets conditions, consisting of: 1) collecting flask; 2) three-ways tap; 3) 

CO2 balloon; 4) IR lamps; 5) 1 L aerosol reaction chamber; 6) nebulization 

chamber; 7) plastic screw cap; 8) aluminium foil; 9) melting ice bath for the 

condensation of the microdroplets. Yuwell 402B ultrasonic nebulizer consisting of: 

10) water bath; 11) piezoelectric transducer; 12) plug for power supply. 

3.3.7 Monitoring of the reaction temperature 

The temperature during of all the reactions have been measured and monitored 

using a Testo thermal imaging camera (Testo 890 Thermal Imager). The used 

thermo-camera allowed a thermal sensitivity of 0.04 °C (40 mK) in the temperature 

measuring range of 0°C to +650°C and it produced images with a SuperResolution 

option (1280  960 pixels accounting for overall 1.228.800 pixels). The 

thermographic analyses have been performed with Testo IRSoft software (version 

4.8). 
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3.4 Conclusions 

These results for the first time demonstrated the beneficial kinetic effects on 

reactions conducted in aerosol, considered as an innovative methodology to 

increase the styrene oxide conversion into its corresponding cyclic carbonate. This 

carbonation of an epoxide has been selected as a model reaction in the realm of 

CO2-utilization strategies, which are considered a fundamental research topic 

nowadays.  

The batch approach used in this research work allowed a lower CO2 consumption 

during the experiments, if compared to a continuous flow process.  

The aerosol set-up with the ultrasonic nebulization system used in this research 

work has demonstrated to be efficient for our purpose, although it was home-made. 

Indeed, during the kinetic studies it has been observed a twofold acceleration in 

microdroplets conditions vs. sonicated bulk, both at 25°C and 50°C. Furthermore, 

the experiments at 50°C confirmed the dependency of the model reaction on the 

temperature, affording a higher yield when the reaction was performed at higher 

temperature. 

The very mild conditions in which the model reaction has been performed, together 

with the encouraging results obtained, confirmed the aerosol to be a promising, 

innovative and powerful tool in the continuous efforts to efficiently exploit carbon 

capture and utilization (CCU) approaches. Furthermore, the achieved results paved 

the way to expand this methodology by using diverse and more efficient catalytic 

system on the synthesis of cyclic carbonates (see the following chapters) or to 

extend the innovative technology to the entire realm of gas-liquid biphasic reactions, 

which are normally constrained by mass-transfer limitation phenomena.  
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4. Efficiency in Carbon Dioxide Fixation into Cyclic 
Carbonates: Operating Bifunctional 
Polyhydroxylated Pyridinium Organocatalysts in 
Segmented Flow Conditions  

4.1 Introduction and aim of the research 

The research work reported in this chapter, which is part of TANGO project (see 

Section 1.5), has been carried out as a collaboration between Dr. Paolo 

Dambruoso’s group at ISOF-CNR in Bologna and Prof. Alessandro Massi’s group 

at the University of Ferrara. The results obtained have been published on Molecules 

[99]. 

As it has been highlighted in the introduction of this thesis, TANGO project pursues 

the goal to find innovative strategies to face the CO2 utilization problem (CCU), 

always taking in account Green Chemistry principles [96]. In this scenario, it is 

extremely relevant to introduce new efficient catalysts.  Various metal-based ionic 

liquids (ILs) have been recently reported in the literature [32–35], showing good to 

excellent yields and selectivities, typically by the application of high CO2 pressures 

(up to 50 bar). For this reason, TANGO project prepared a set of ILs for the fixation 

of CO2 on styrene oxide to obtain styrene carbonate (Figure 13), with the aim to 

evaluate their catalytic efficiencies and identify the most performing one.   

 

Figure 13 Set of prepared target ILs used as organocatalysts. 

Common structural feature of the novel catalysts was the presence of three hydroxyl 

pendants, because it has been demonstrated in the literature that this kind of 

substitution increases the catalytic efficiency in both the cases of ammonium and 

imidazolium salts [38], as a result of the synergistic effect of hydrogen bonding with 
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the oxygen atom of epoxides, which effectively contributes to the ring-opening 

process promoted by the halide nucleophilic attack (Scheme 11) [38,100–105].  

 

Scheme 11 Bifunctional ILs catalytic mechanism. 

The first two organocatalysts, i.e. 4 and 5, have been chosen to explore the influence 

of the counterion on the catalytic mechanism and to confirm that iodide salts are the 

best performing. In fact, in the same already cited article [38], it has been reported 

that the epoxide conversion increased by passing from chloride to bromide 

counterion, suggesting that the more nucleophilic is the counterion, the higher is the 

obtained conversion. For this reason, by using a more nucleophilic counterion, as 

iodide, it might result in improved carbonate yield. Furthermore, also pyridinium 

salts, i.e. 7 and 8, have been chosen for the study, because of their known ability to 

catalyse this kind of reactions [46]. In this case, the two catalysts exhibit diverse 

rigidity in their substituents. Indeed, the purpose was to study if the rotation around 

a bond in the ammino-substituent of the pyridine ring could affects or not the catalytic 

activity. 

With the goal to obtain a solid and efficient catalytic system, once the best 

performing catalyst has been chosen, the method has been validated on the 

carbonation of other terminal epoxides. 

Furthermore, keeping in mind that one of TANGO goals is the process 

intensification, segmented flow chemistry has been introduced to increase the 

productivity of the system. In fact, flow chemistry has recently been proven to have 

great potential in biphasic gas-liquid reactions of CO2  [41,61–67,69,70,72–80,106], 

because of its ability to improve mass transfer rate across the interphase, which is 

often the rate-limiting step of CO2 reactions. Aside from enhanced kinetics, 

additional advantages of flow conditions in CCU strategies are the improved heat 

transfer, safety, process reliability, easy control of pressure, facile scaling-up by 

extending the period of product collection [82,83]. 
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4.2 Discussion of the results 

4.2.1 Organocatalysts synthesis 

The syntheses of organocatalysts precursors 9, 10, 11 and 12 have been performed 

at ISOF-CNR, while the preparations of the five ionic liquids 4, 5, 6, 7 and 8 have 

been executed at the University of Ferrara. 

The synthesis of organocatalyst 4 has been performed in two steps: the epoxide 

ring-opening with dibutylamine and then the quaternarization, obtaining the 

polyhydroxylated ammonium iodide target salt (Scheme 12).  

 

Scheme 12 Two-steps synthesis of compound 4. 

The first attempt to obtain compound 9 occurred with the reaction of glycidol and 

dibutylamine 1:1 at 100°C for 2 hours with methanol as the solvent, because of the 

very low amount of volume of reagents used [107].  

In these conditions the reaction afforded the product with a significative 

contamination of unreacted dibutylamine, either by using an excess of epoxide, 

because of the side reaction of glycidol with the solvent. To avoid side reactivity, 

THF has been used instead of methanol to perform the target reaction, with an 

excess of epoxide (3:1 vs. dibutylamine) because of the difficult separation of the 

eventual unreacted dibutylamine from the mixture. In these conditions, the attempt 

to increase the 9 yield has been performed by adding concentrated hydrochloric 

acid (37 % v/v) to the mixture to enhance the epoxide ring-opening and to obtain a 

good yield (72 % after purification) by refluxing the mixture overnight. 

Once precursor 9 has been obtained, it has been refluxed in ethanol with 2-

iodoethanol following the standard procedure for the N-alkylation of tertiary amines. 

This procedure afforded an inseparable mixture of two products (Scheme 13), i.e. 4 

(32 %) and the side product 13 (68 %).  
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Scheme 13 Synthesis of compound 4 and side reaction path. 

Decreasing the temperature to 60°C improved the selectivity toward 4, but it 

negatively affected the conversion (see Table 4). Similarly, by using different polar 

aprotic solvents, i.e. DMF and THF, and by changing the temperature, the same 

disappointing results have been obtained (entries 4-5). The production of 13 has 

been explained by hydriodic acid elimination from iodoethanol promoted by 

precursor 9. The target organocatalyst 4 has been finally prepared in 48 hours 

without any solvent, at 75°C, in quantitative yield (entry 8). 

Table 4 Optimization of the synthesis of organocatalyst 4. 

Entry a Solvent Temperature 

(°C) 

4 

(%)b 

13 

(%)b 

1 EtOH reflux 32 68 

2 EtOH 60 21 <5 

3 DMF 80 24 76 

4 DMF 70 18 27 

5 THF reflux 41 59 

6 neat 25 <5 - 

7 neat 60 49 - 

8 neat 75 >95 - 

a Conditions: 9 (2.5 mmol), 2-iodoethanol (2.5 mmol). b Detected with 1H NMR of 

the crude reaction mixture with durene as internal standard. 

 

The optimized procedure to obtain the alkylammonium salt 4 has been used also to 

obtain organocatalyst 5 using 2-bromoethanol for quaternarization (Scheme 14), 

with the aim of verifying the effect of halide variation on the catalytic efficiency on 

styrene oxide ring-opening. 

 

Scheme 14 Two-steps synthesis of compound 5. 
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The same procedure has been also used to obtain the bifunctional organocatalyst 

6 from precursor 10, whose synthesis was based on a reported methodology, but it 

has been modified for the specific purpose [108] (Scheme 15). To obtain compound 

10, the reaction has been performed with N,N-diisopropylethylamine (DIPEA) as a 

basic catalyst to promote the selective N-epoxide ring-opening and using acetonitrile 

as the reaction solvent . 

 

Scheme 15 Two-steps synthesis of compound 6. 

The synthesis of the organocatalyst 7 and 8, has been performed in two steps: the 

coupling of chloropyridine hydrochloride and excess of secondary amine (cyclic or 

not cyclic depending on the specific case, in which the hydroxyalkyl chain had a 

different degree of free rotation) at 120°, in 24 hours under magnetic stirring or 3 

hours in microwave, and the N-alkylation of pyridine to add the polyhydroxylated 

moiety. Additionally, another preliminary step was required to synthesize the 

alkylating agent 14 from glycidol (see Scheme 16). 

 

Scheme 16 Synthesis of pyridinium iodide salts 7 and 8. 
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In fact, compound 14 has been identified for the introduction of 1,2-propanediol 

group on the organocatalysts precoursors 11 and 12. Although its synthesis has 

been reported in the literature as typically performed in three steps from glycerol 

[109], in this research work, the regioselective conversion of glycidol into compound 

14 (75 % yield) has been performed using lithium iodide and AcOH in 30 minutes at 

RT [110]. 

The two polyhydroxylated pyridinium salts 7 and 8 have been finally obtained by N-

alkylation with iodide 14 under the previously optimized neat conditions. 
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4.2.2 Identification of the best performing organocatalyst on the styrene oxide 

carbonation under bulk conditions  

 

The experimental activities described in this section have been performed by the 

research group at the University of Ferrara. 

To identify the best performing catalyst on epoxides carbonations among the 

synthesized bifunctional organocatalysts 4, 5, 6, 7 and 8, they have been tested in 

bulk conditions on the model reaction of conversion of styrene oxide into styrene 

carbonate (Scheme 17). 

  

Scheme 17 Styrene oxide carbonation with organocatalysts 4, 5, 6, 7 or 8. 

Results obtained in 16 hours at room temperature and ambient pressure are shown 

in Table 5. In accordance with the order of nucleophilicity of halide anions and their 

ability to coordinate the acidic hydrogen of the reaction intermediate involved in the 

catalytic mechanism (see Scheme 11) [10], iodide alkylammonium salt 4 afforded a 

higher carbonate yield if compared with bromide alkylammonium salt 5 (entries 1-

2).  

 

Table 5 Screening of organocatalyst 4, 5, 6, 7 and 8 activities. 

Entry a Catalyst Conversion 

(%)b 

Selectivity 

(%)b 

2 

(%)b 

1 4 30 >99 30 

2 5 5 >99 5 

3 6 27 >99 27 

4 7 35 >99 35 

5 8 44 >99 44 

a Conditions: SO (2.00 mmol), CO2 (1 atm, balloon), neat conditions. b Detected with 

1H NMR of the crude reaction mixture with durene as internal standard. 
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Based on conversion and selectivity data reported in the table, among the iodide 

salts 4, 6, 7 and 8, the polyhydroxylated pyridinium organocatalyst 8 has been 

identified as the most efficient promoter to obtain styrene carbonate from styrene 

oxide (entry 5). This result highlighted the importance of some rigidity in the 

hydroxyalkyl chain for transition state stabilization (entry 4-5). 
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4.2.3 Optimization study using catalyst 8 under bulk conditions 

 

The experimental activities described in this section have been performed by the 

research group at the University of Ferrara. 

Once organocatalyst 8 has been identified as the best performing one, several 

conditions were screened, to improve the process productivity. The results obtained 

are shown in the following Table 6. 

Table 6 Optimization study using organocatalyst 8 under bulk conditions.  

Entry a 8 

(mol %) 

Temperature 

(°C) 

Time 

(h) 

Conversion 

(%)b 

Selectivity 

(%)b 

SC 

(%)b 

1 10 25 16 44 >99 44 

2 10 50 16 62 >99 62 

3 10 75 16 >95 >99 >95 

4 5 75 16 >95 >99 >95 

5 2 75 16 74 >99 74 

6 5 75 12 88 >99 88 

7 c 5 75 16 15 >99 15 

8 d 5 75 16 48 >99 48 

9 e 5 75 16 92 >99 92 

a Conditions: SO (2.00 mmol), CO2 (1 atm, balloon), neat conditions. b Detected with 

1H NMR of the crude reaction mixture with durene as internal standard.  

c Additive: DMF (5.00 mmol). d Additive: H2O (50 mol %). e Additive: EtOH (50 mol 

%). 

 

In particular, by increasing the temperature up to 75°C, the quantitative conversion 

of styrene oxide into styrene carbonate has been obtained in 16 hours (entries 1-3). 

The same promising result has been obtained by halving the amount of catalyst to 

5 mol % (entry 4), while by using 2 mol % of catalyst 8 the conversion decreased 

(entry 5). Also, a shorter reaction time, i.e. 12 hours instead of 16 hours, negatively 

affected the reaction outcome, leading to 88 % of conversion (entry 6).  

Although the performances achieved (entry 4) greatly satisfied our expectations, 

operating in those conditions initially afforded a heterogeneous slurry, unsuitable for 

our process intensification purposes. Accordingly, the use of some additives has 
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been considered to obtain an optimized process in homogeneous conditions. 

Although previous literature findings [104] suggested the use of DMF and H2O as 

additives in our SO carbonation, any attempt of their exploitation resulted in a 

significative conversion decrease (entries 7-8). Conversely, when EtOH (50 mol%) 

was used as an additive to obtain a full solubilization of catalyst 8, the conversion 

was only minimally affected (entry 9). 

In the optimized conditions (entry 4), the productivity (P) of the process in bulk 

conditions has been calculated using Eq. 2.  

 

P =
mol(product)

time × mol(catalyst)
= 1.2 

mmol(SC)

h−1 × mmol(8)
  

At the end of the reaction, the recyclability of the organocatalyst 8 has been 

explored. The catalyst has been recovered from the mixture, after the synthesis of 

styrene carbonate, by adding EtOAc to allow the precipitation of the catalyst and the 

collection of the product by centrifugation. The catalyst has been recovered and 

recycled over six reactions, obtaining just a low decrease (∼ 3 %) in terms of 

conversion after the fifth recycle, mainly due to the partial loss of catalyst during the 

recovery and washing steps. The results are reported in the following Table 7. 

Table 7 Recycling experiment using optimized conditions (entry 4).  

Entry a Run 2 yield 

(%)b 

1 1 95 

2 2 95 

3 3 95 

4 4 93 

5 5 92 

6 6 92 

a Conditions: SO (2.00 mmol), CO2 (1 atm, balloon), neat conditions. b Detected with 

1H NMR of the crude reaction mixture with durene as internal standard.  

  

(Eq. 2) 
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4.2.4 Substrate scope extension study using catalyst 8  

The experimental activities described in this section have been performed by the 

research group at the University of Ferrara. 

The efficiency of the optimized method has been tested through a substrate scope 

extension study, using several terminal epoxides shown in Figure 14.  

 

Figure 14 Substrates for scope extension. 

The study has been performed at 75°C and ambient pressure in 16 hours and the 

results are reported in Table 8. Not only styrene oxide and its derivative could 

efficiently react in the optimized conditions (entries 1-2), but also the other epoxides 

presenting an alkyl chain can be converted into their corresponding cyclic 

carbonates in good to excellent yields (entries 3-7). 

Table 8 Substrates scope study.  

Entry a Substrate 8 

(mol %) 

Conversion 

(%)b 

Selectivity 

(%)b 

1 1 5 >95 >99 

2 15 5 85 >99 

3 16 5 >95 >99 

4 17 5 80 >99 

5 18 5 85 >99 

6 19 5 95 >99 

7 20 5 87 >99 

a Conditions: SO (2.00 mmol), CO2 (1 atm, balloon), neat conditions. b Detected with 

1H NMR of the crude reaction mixture with durene as internal standard.  
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4.2.5 Segmented flow experiments using catalyst 8 on the cyclic carbonates 
preparation from epoxides 

The experimental activities described in this section have been performed by the 

research group at the University of Ferrara. 

The optimized conditions to carry out styrene carbonate synthesis in a 

homogeneous reaction mixture, which have been reported in Section 4.2.3, were 

used to explore the process intensification of cyclic carbonates synthesis, exploiting 

flow techniques [111–123]. In particular, the reactions have been performed in the 

segmented flow set-up described in Section 4.3.5, which consisted of a 4.42 mL 

spiral capillary reactor (FEP tubing; 0.75 mm ID) immersed in a bath regulated at 

75°C. The coil was connected to a pump and a CO2 cylinder through a T junction, 

where the gas and liquid streams were mixed. The exact CO2 amount was delivered 

by a mass-flow controller (MCF), while a back-pressure regulator (BPR) constantly 

kept the system at 8.5 atm of CO2 pressure. To identify a stable flow regime, liquid 

and gas flow rates have been initially variated, always keeping a molar excess of 

CO2 over styrene oxide. The residence time (tr) has been calculated as the ratio of 

reactor volume by the total gas and liquid flow rates. 

 

Figure 15 Production of styrene carbonate under segmented flow conditions. 
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Two sets of conditions have been identified to be optimized with a constant CO2 

flow rate of 3.00 mL/min and liquid flow rates of 0.10 mL/min (conditions A, 

CO2/styrene oxide molar ratio of 1.02) and 0.07 mL/min (conditions B, CO2/styrene 

oxide molar ratio of 1.45), as it has been reported in Figure 15.  

After the steady-state regime has been reached, i.e. 2 minutes after the beginning 

of the experiment, conditions A provided an instant conversion of styrene oxide into 

styrene carbonate of 81 % in just 85 seconds of tr, which result corresponded to a 

process productivity (P) of 16.3 
mmol(SC)

h−1 × mmol(8)
 , calculated using Eq. 2. Furthermore, 

by using conditions B, i.e. a lower liquid flow rate, the conversion increased up to > 

95 % in 86 seconds of tr, corresponding to a process productivity of 20.1 
mmol(SC)

h−1 × mmol(8)
 . 

This last obtained value of productivity was about 17 times higher than the one 

measured in the optimized bulk experiment reported in Section 4.2.3. This process 

efficiency improvement can be explained by the enhanced mass transfer of CO2 at 

the gas-liquid interphase, due to the increased pressure (thermodynamic effect) and 

segmented flow regime (kinetic effect due to the increased gas/liquid surface to 

volume ratio). 

After the segmented flow conditions have been optimized, the same method has 

been applied to the substrates 15, 16, 17, 18, 19 and 20, represented in Figure 14, 

to produce their corresponding carbonates 21, 22, 23, 24, 25 and 26 (Figure 16).  

 

Figure 16 Cyclic carbonates. 

The very promising results obtained have been reported in Table 9, in which are 

shown productivity values in the range of 17.2-20.1 
mmol(SC)

h−1 × mmol(8)
. 
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Table 9 Production of cyclic carbonates under segmented flow conditions. 

Entry a Substrate 8 

(mol %) 

Conversion 

(%)b 

Pc 

1 1 5 >95 20.1 

2 15 5 90 18.0 

3 16 5 >95 20.0 

4 17 5 86 17.2 

5 18 5 91 18.1 

6 19 5 >95 20.0 

7 20 5 92 18.4 

a Conditions: SO (2.00 mmol), EtOH (50 mol %), CO2 (8.5 atm), T=75°C, tr=86 s, 

CO2 flow rate: 3 mL/min, liquid flow rate: 0.07 mL/min. conditions. b Instant 

conversion in the steady-state regime has been determined with 1H NMR analysis.  

c Productivities (P) have been measured in 
mmol(SC)

h−1 × mmol(8)
 . 
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4.3 Experimental Section 

4.3.1 Materials 

All the used reagents were commercially available at TCI Europe N.V., Merck or 

Fluorochem and they have been purchased depending on the availability and the 

best price. CDCl3 (99.8%) and DMSO-d6 were purchased from CortecNet.  All 

chemicals were used without any further purification. 

 

4.3.2 Characterization methods 

4.3.2.1 Nuclear magnetic resonance (NMR) 

The products characterization has been performed via NMR spectroscopy, using an 

Agilent DD2 NMR system, equipped with a 11.7 T (500 MHz) PremiumCompact+ 

superconducting magnet and an Agilent OneNMR probe. All the isolated products 

have been fully characterized by NMR spectroscopy through 1H NMR, 13C NMR, 

1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC experiments performed in CDCl3.  

 

4.3.2.2 High resolution mass spectrometry (HRMS) 

High resolution mass spectra have been recorded in positive ions mode, using an 

instrument Agilent 6520 HPLC-Chip Q/TF-MS 229 nanospray. 
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4.3.3 Organocatalysts synthesis 

4.3.3.1 Synthesis of 3-(dibutylamino)propane-1,2-diol (9) 

 

Compound Molecular formula Molecular weight 

Glycidol C3H6O2 74.08 g/mol 

Dibutylamine C8H19N 129.25 g/mol 

Hydrochloric acid (37%) HCl 36.46 g/mol 

9 C11H25NO2 203.33 g/mol 

 

Glycidol (15.0 mmol, 3 eq) in THF (10 mL), HCl 37% (1 mL) and dibutylamine (5.0 

mmol, 1 eq) have been added to a round bottom flask with a refrigerator on top. The 

mixture has been stirred and refluxed overnight. Once the dibutylamine was 

completely reacted, the product has been purified by acid/base extraction with DCM. 

In particular, the reaction crude has been solubilized in DCM, then the organic phase 

has been extracted with a solution of HCl 1 M (pH = 1-2); the organic layer has been 

removed and the aqueous phase basified to pH = 13-14 using a solution 1 M of 

NaOH and re-extracted with DCM. The organic layer has been treated with 

anhydrous sodium sulphate, filtered and the solvent was evaporated by rotavapor 

and high vacuum pump, obtaining compound 9 as a yellow viscous oil (3.60 mmol, 

72% yield). 

 

1H NMR (500 MHz, CDCl3) δ 5.73-5.59 (m, 3 H, H1 + H2), δ 5.45 (dd, 1 H, , H1', J 

= 11.1, 4.5 Hz), δ 4.59-4.42 (m, 3 H, H3 + H4 + H8), δ 4.42-4.31 (m, 3 H, H3' + H4' 

+ H8'), δ 3.47-3.33 (m, 4 H, H5 + H9), δ 3.33-3.18 (m, 4 H, H6 + H10), δ 2.87 (t, 6 

H, H7 + H11, J = 7.4 Hz). 

13C NMR (125 MHz, CDCl3) δ 67.3 (C2), δ 65.0 (C1), δ 57.0 (C3), δ 54.3 (C4 + C8), 

δ 29.2 (C5 + C9), δ 20.7 (C6 + C10), δ 14.1 (C7 + C11). 

HRMS (ESI) m/z: [M + H]+ calculated for C11H26NO2
+ 204.1958, found 204.1952.   
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4.3.3.2 Synthesis of 3-(1H-imidazol-1-yl)propane-1,2-diol (10) 

 

Compound Molecular formula Molecular weight 

Glycidol C3H6O2 74.08 g/mol 

imidazole C3H4N2 68.08 g/mol 

N,N-diisopropylethylamine 

(DIPEA) 

C8H19N 129.25 g/mol 

10 C6H10N2O2 142.16 g/mol 

 

Glycidol (15.0 mmol, 1.5 eq) in acetonitrile (10 mL), DIPEA (10.0 mmol, 1 eq) and 

imidazole (10 mmol, 1 eq) have been added to a round bottom flask with a 

refrigerator on top. The mixture has been stirred and refluxed overnight. Once the 

imidazole was completely reacted, purification took place by flash chromatography 

(Chromatographic method: CombiFlash RF 200 LC system; stationary phase: silica 

120, CV = 192 mL; flow rate: 85 mL/min; elution method: from 100% A to 100% B 

in 45 CV, then 100% B in 10 CV; A: EtOAc + 2% NH4OH, B: EtOAc/MeOH = 9/1 + 

2% NH4OH). The solvent was evaporated by rotavapor and high vacuum pump, 

obtaining compound 10 as a pale-yellow viscous oil (5.70 mmol, 57% yield). 

 

1H NMR (500 MHz, D2O) δ 7.68 (s, 1 H, AR NCHN), δ 7.18 (s, 1 H, AR), δ 7.03 (s, 

1 H, AR), δ 4.19 (dd, 1 H, H1, J = 13.7, 3.0 Hz), δ 4.06-3.98 (m, 2 H, H1’ + H2), δ 

3.60 (dd, 1 H, H3, J = 11.8, 5.0 Hz), δ 3.53 (dd, 1 H, H3’, J = 11.8, 5.0 Hz). 

13C NMR (125 MHz, D2O) δ 138.2 (AR NCN), δ 127.2 (AR), δ 120.5 (AR), δ 70.6 

(C2), δ 62.4 (C3), δ 49.0 (C1). 

HRMS (ESI) m/z: [M + H]+ calculated for C6H11N2O2
+ 143.0815, found 143.0816.  
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4.3.3.3 Synthesis of 2-(Methyl(pyridin-4-yl)amino)ethan-1-ol (11) 

 

Compound Molecular formula Molecular weight 

4-Chloropyridine hydrochloride C5H5Cl2N 150.00 g/mol 

N-methylethanolamine C3H9NO 75.11 g/mol 

11 C8H12N2O 152.20 g/mol 

 

4-Chloropyridine hydrochloride (5.00 mmol, 1 eq) and N-methylethanolamine (62.5 

mmol, 12.5 eq) have been added to a round bottom flask. The mixture has been 

stirred at 120°C for 24 hours and then the large excess of unreacted amine has 

been vacuum-evaporated. After 24 hours the crude was diluted in DCM and washed 

with a solution of K2CO3 1 M. The organic layer has been treated with anhydrous 

sodium sulphate, filtered and the solvent evaporated by rotavapor and high vacuum 

pump for additional 24 hours, obtaining compound 11 as a white amorphous solid 

(3.50 mmol, 70% yield). 

 

1H NMR (500 MHz, CDCl3) δ 8.12 (dd, 2 H, AR NCH, J = 5.1, 1.6 Hz), δ 6.52 (dd, 2 

H, AR, J = 5.1, 1.6 Hz), δ 3.83 (t, 2 H, CH2OH, J = 5.7 Hz), δ 3.54 (t, 2 H, NCH2, J 

= 5.7 Hz), δ 3.04 (s, 3 H, CH3), δ 2.70 (broad s, 1 H, OH). 

13C NMR (125 MHz, CDCl3) δ 149.0 (AR NC), δ 106.7 (AR), δ 59.6 (COH), δ 53.6 

(NC), δ 38.2 (CH3). 

HRMS (ESI) m/z: [M + H]+ calculated for C8H13N2O+ 153.1022, found 153.1024.  

  



56 
 

4.3.3.4 Synthesis of (1-(Pyridin-4-yl)pyrrolidin-2-yl)methanol (12) 

 

Compound Molecular formula Molecular weight 

4-Chloropyridine hydrochloride C5H5Cl2N 150.00 g/mol 

Prolinol C5H11NO 101.15 g/mol 

12 C10H14N2O 178.24 g/mol 

 

4-Chloropyridine hydrochloride (0.70 mmol, 1 eq) and prolinol (8.75 mmol, 12.5 eq) 

have been added to a 5 mL vial equipped with a magnetic stirrer. The vial was 

hermetically sealed and inserted into the microwave. The reaction mixture was 

stirred and irradiated for 3 hours at 120 °C, and then the large excess of unreacted 

prolinol has been vacuum-evaporated. After 24 hours the crude was diluted in DCM 

and washed with a solution of K2CO3 1 M. The organic layer has been treated with 

anhydrous sodium sulphate, filtered and the solvent was evaporated by rotavapor 

and high vacuum pump for additional 24 hours, obtaining compound 12 as a brown 

amorphous solid (0.70 mmol, >99% yield). 

 

1H NMR (500 MHz, CDCl3) δ 8.16 (d, 2 H, AR NCH, J = 5.0 Hz), δ 6.48 (d, 2 H, AR, 

J = 5.0 Hz), δ 3.98-3.83 (m, 1 H, H2), δ 3.70 (dd, 1 H, J = 11.0, 4.2 Hz), δ 3.60 (dd, 

1 H, J = 11.0, 6.9 Hz), δ 3.48-3.43 (m, 1 H), δ 3.28-3.08 (m, 1 H), δ 2.20-1.90 (m, 5 

H).  

13C NMR (125 MHz, CDCl3) δ 152.4 (ARipso), δ 149.6 (AR NC), δ 107.4 (AR), δ 62.6 

(C1), δ 59.6 (C2), δ 48.1 (C5), δ 28.3 (C3), δ 23.2 (C4). 

HRMS (ESI) m/z: [M + H]+ calculated for C10H15N2O+ 179.1179, found 179.1181. 
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4.3.3.5 Synthesis of N-Butyl-N-(2,3-dihydroxypropyl)-N-(3-hydroxypropyl) 

butan-1-aminium iodide (4) 

 

Compound Molecular formula Molecular weight 

9 C11H25NO2 203.33 g/mol 

2-iodoethanol ICH2CH2OH 171.97 g/mol 

4 C13H30NO3
+I- 375.30 g/mol 

 

Compound 9 (2.50 mmol) and 2-iodoethanol (2.50 mmol) have been added to a 10 

mL vial equipped with a magnetic stir bar. Then, three vacuum/argon cycles have 

been performed and the vial has been put under argon atmosphere. The reaction 

mixture has been vigorously stirred for 48 hours at 75 °C. No purification steps were 

needed to obtain compound 4 as a very viscous brown liquid (2.12 mmol, 85 % 

yield). 

 

1H NMR (500 MHz, DMSO-d6) δ 5.31 (d, 1 H, J = 5.3 Hz), δ 5.20 (t, 1 H, J = 5.3 Hz), 

δ 5.04 (t, 1 H, J = 5.3 Hz), δ 4.03-3.88 (m, 1 H), δ 3.87-3.71 (m, 2 H), δ 3.63-3.55 

(m, 1 H), δ 3.50-3.35 (m, 6 H), δ 3.32-3.11 (m, 2 H), δ 3.01 (broad s, 1 H), δ 1.78-

1.46 (m, 4 H), δ 1.36-1.17 (m, 4 H), δ 0.95-0.83 (m, 6 H). 

13C NMR (125 MHz, DMSO-d6) δ 66.0, δ 64.1, δ 62.8, δ 61.8, δ 60.6, δ 59.8, δ 56.5, 

δ 55.0, δ 23.6, δ 19.6, δ 19.0, δ 13.9. 

HRMS (ESI) m/z: [M + H]+ calculated for C13H30NO3
+ 248.2226, found 248.2232. 
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4.3.3.6 Synthesis of N-Butyl-N-(2,3-dihydroxypropyl)-N-(3-hydroxypropyl) 

butan-1-aminium bromide (5) 

 

Compound Molecular formula Molecular weight 

9 C11H25NO2 203.33 g/mol 

2-bromoethanol BrCH2CH2OH 124.97 g/mol 

5 C13H30NO3
+Br- 328.29 g/mol 

 

Compound 9 (2.50 mmol) and 2-bromoethanol (2.50 mmol) have been added to a 

10 mL vial equipped with a magnetic stir bar. Then, three vacuum/argon cycles have 

been performed and the vial has been put under argon atmosphere. The reaction 

mixture has been vigorously stirred for 48 hours at 75 °C. No purification steps were 

needed to obtain compound 5 as a very viscous brown liquid (2.12 mmol, 85 % 

yield). 

 

1H NMR (500 MHz, DMSO-d6) δ 5.33 (d, 1 H, J = 5.2 Hz), δ 5.21 (t, 1 H, J = 5.2 Hz), 

δ 5.04 (t, 1 H, J = 5.2 Hz), δ 4.04-3.90 (m, 1 H), δ 3.89-3.73 (m, 2 H), δ 3.73-3.52 

(m, 1 H), δ 3.50-3.34 (m, 6 H), δ 3.31-3.12 (m, 2 H), δ 3.03 (s, 1 H), δ 1.81-1.46 (m, 

4 H), δ 1.38-1.16 (m, 4 H), δ 0.96-0.81 (m, 6 H). 

13C NMR (125 MHz, DMSO-d6) δ 66.0, δ 64.1, δ 62.7, δ 61.8, δ 60.6, δ 59.8, δ 56.5, 

δ 55.0, δ 23.6, δ 19.6, δ 19.0, δ 13.9. 

HRMS (ESI) m/z: [M + H]+ calculated for C13H30NO3
+ 248.2226, found 248.2229.  
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4.3.3.7 Synthesis of 1-(2,3-Dihydroxypropyl)-3-(2-hydroxyethyl)-1H-imidazol-

3-ium iodide (6) 

 

Compound Molecular formula Molecular weight 

10 C6H10N2O2 142.16 g/mol 

2-iodoethanol ICH2CH2OH 171.97 g/mol 

6 C8H15N2O3
+I- 314.13 g/mol 

 

Compound 10 (1.40 mmol) and 2-iodoethanol (1.40 mmol) have been added to a 10 

mL vial equipped with a magnetic stir bar. Then, three vacuum/argon cycles have 

been performed and the vial has been put under argon atmosphere. The reaction 

mixture has been vigorously stirred for 24 hours at 75 °C. No purification steps were 

needed to obtain compound 6 as a very viscous brown liquid (1.23 mmol, 88 % 

yield). 

 

1H NMR (500 MHz, DMSO-d6) δ 9.05 (s, 1 H), δ 7.69 (d, 2 H, J = 9.4 Hz), δ 5.29 (d, 

1 H, J = 5.0 Hz), δ 5.14 (t, 1 H, J = 5.0 Hz), δ 4.93 (t, 1 H, J = 5.0 Hz), δ 4.30 (dd, 1 

H, J = 13.8, 2.7 Hz), δ 4.21 (t, 2 H, J = 5.0 Hz), δ 4.07 (dd, 1 H, J = 13.8, 8.2 Hz), δ 

3.83-3.68 (m, 3 H), δ 3.46-3.36 (m, 1 H), δ 3.26-3.17 (m, 1 H). 

13C NMR (125 MHz, DMSO-d6) δ 137.2, δ 123.5, δ 122.8, δ 70.1, δ 63.2, δ 59.8, δ 

52.6, δ 52.0. 

HRMS (ESI) m/z: [M + H]+ calculated for C8H15N2O3
+ 187.1077, found 187.1071. 
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4.3.3.8 Synthesis of 3-iodopropane-1,2-diol (14) 

 

Compound Molecular formula Molecular weight 

Glycidol C3H6O2 74.08 g/mol 

Lithium iodide LiI 133.85 g/mol 

AcOH C2H4O2 60.05 g/mol 

14 C3H7IO2 201.99 g/mol 

 

LiI (80.0 mmol, 10 g) has been added to a solution of glycidol (50.0 mmol) and acetic 

acid (150 mmol) in anhydrous THF (40 mL). The solution has been stirred in argon 

atmosphere for 40 min at RT. Then, the mixture has been diluted with distilled water 

and extracted with two aliquots of EtOAc (20 mL each). The organic layer has been 

treated with anhydrous sodium sulphate and filtered, and the solvent was removed 

using rotavapor. By following this procedure, compound 14 has been quantitatively 

obtained as a yellow amorphous solid (50.0 mmol). 

 

1H NMR (500 MHz, D2O) δ 3.59-3-42 (m, 3 H), δ 3.25 (dd, 1 H, J = 10.8, 4.5 Hz), δ 

3.15 (dd, 1 H, J = 10.8, 4.5 Hz). 

13C NMR (125 MHz, D2O) δ 70.6, δ 64.4, δ 8.6. 

HRMS (ESI) m/z: [M + H]+ calculated for C3H8IO2
+ 202.9563, found 202.9554. 
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4.3.3.9 Synthesis of 1-(2,3-Dihydroxypropyl)-4-((2-hydroxyethyl)(methyl) 

amino)pyridin-1-ium iodide (7) 

 

Compound Molecular formula Molecular weight 

11 C8H12N2O 152.20 g/mol 

14 C3H7IO2 201.99 g/mol 

7 C11H19N2O3
+I- 354.19 g/mol 

 

Compound 11 (0.25 mmol) and 14 (0.25 mmol) have been added to a 10 mL vial 

equipped with a magnetic stir bar. Then, three vacuum/argon cycles have been 

performed and the vial has been put under argon atmosphere. The reaction mixture 

has been vigorously stirred for 24 hours at 75 °C. No purification steps were needed 

to obtain compound 7 as a very viscous yellow liquid (0.25 mmol, quant.).  

 

1H NMR (500 MHz, DMSO-d6) δ 8.13 (dd, 2 H, J = 12.5, 7.5 Hz), δ 7.12 (d, 1 H, J = 

5.2 Hz), δ 6.96 (d, 1 H, J = 7.5 Hz), δ 5.24 (d, 1 H, J = 5.2 Hz), δ 4.92 (dd, 2 H, J = 

12.0, 6.2 Hz), δ 4.27 (d, 1 H, J = 10.6 Hz), δ 4.01 (dd, 1 H, J = 13.6, 8.2 Hz), δ 3.73 

(broad s, 1 H), δ 3.63 (s, 4 H), δ 3.53-3.40 (m, 2 H), δ 3.15 (s, 3 H). 

13C NMR (125 MHz, DMSO-d6) δ 156.6, δ 143.5, δ 142.8, δ 108.0, δ 107.6, δ 70.6, 

δ 63.1, δ 60.0, δ 58.4, δ 54.2.  

HRMS (ESI) m/z: [M + H]+ calculated for C11H19N2O3
+ 227.1390, found 227.1380. 
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4.3.3.10 Synthesis of 1-(2,3-Dihydroxypropyl)-4-((2-hydroxyethyl)(methyl) 

amino)pyridin-1-ium iodide (8) 

 

Compound Molecular formula Molecular weight 

12 C10H14N2O 178.24 g/mol 

14 C3H7IO2 201.99 g/mol 

8 C13H21N2O3
+I- 380.23 g/mol 

 

Compound 12 (0.25 mmol) and 14 (0.25 mmol) have been added to a 10 mL vial 

equipped with a magnetic stir bar. Then, three vacuum/argon cycles have been 

performed and the vial has been put under argon atmosphere. The reaction mixture 

has been vigorously stirred for 24 hours at 75 °C. No purification steps were needed 

to obtain compound 8 as a very viscous brown liquid (0.25 mmol, quant.). 

 

1H NMR (500 MHz, DMSO-d6) δ 8.16 (t, 2 H, J = 6.3 Hz), δ 7.06 (dd, 1 H, J = 7.8, 

2.8 Hz), δ 6.86 (dd, 1 H, J = 7.8, 2.8 Hz), δ 5.25 (d, 1 H, J = 5.4 Hz), δ 4.96 (dt, 2 H, 

J = 13.1, 5.4 Hz), δ 4.29 (d, 1 H, J = 12.3 Hz), δ 4.14 (d, 1 H, J = 5.1 Hz), δ 4.03 

(dd, 1 H, J = 13.6, 7.8 Hz), δ 3.75 (broad s, 1 H), δ 3.58 (t, 1 H, J = 10.8 Hz), δ 3.51-

3.35 (m, 4 H), δ 3.31-3.21 (m, 1 H), δ 2.23-1.71 (m, 4 H). 

13C NMR (125 MHz, DMSO-d6) δ 154.0, δ 143.5, δ 142.9, δ 108.8, δ 108.4, δ 70.8, 

δ 63.2, δ 61.3, δ 61.1, δ 60.1, δ 49.2, δ 28.0, δ 22.8.  

HRMS (ESI) m/z: [M + H]+ calculated for C13H21N2O3
+ 253.1547, found 253.1551. 
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4.3.4 Organocatalysts efficiency tests on the carbonation of epoxides 

4.3.4.1 Bulk tests of catalyst 4, 5, 6, 7 and 8 at RT on SO carbonation 

 

Compound Molecular formula Molecular weight 

1 C8H8O 120.15 g/mol 

4 C13H30NO3
+I- 375.30 g/mol 

5 C13H30NO3
+Br- 328.29 g/mol 

6 C8H15N2O3
+I- 314.13 g/mol 

7 C11H19N2O3
+I- 354.19 g/mol 

8 C13H21N2O3
+I- 380.23 g/mol 

 

In a 10 mL vial equipped with a small magnetic stir bar, 240 mg (2.00 mmol) of 

styrene oxide and 10 mol % of previously synthesized organocatalyst 4, 5, 6, 7 or 8 

have been added. The closed vial has been subjected to three vacuum/CO2 cycles 

and finally filled with CO2. The mixture has been stirred for 16 hours at RT. The 

crude mixture has been characterized through 1H NMR (in CDCl3), using an internal 

standard of durene, to quantify the styrene oxide conversion into styrene carbonate. 

 

1H NMR (500 MHz, CDCl3): a) Styrene oxide 1: δ 7.39-7.30 (m, 5 H, AR), δ 3.88 

(dd, 1 H, CH, JCH-CH2 = 3.96 Hz, JCH-CH2’ = 2.67 Hz), δ 3.16 (dd, 1 H, CH2, JCH2-CH2’ = 

5.46 Hz, JCH2-CH = 4.16 Hz), δ 2.82 (dd, 1 H, CH2’, JCH2’-CH2 = 5.50 Hz, JCH2’-CH = 2.58 

Hz); b) Styrene carbonate 2: δ 7.46-7.36 (m, 5 H, AR), δ 5.68 (t, 1 H, CH, JCH-CH2 = 

JCH-CH2’ = 8.01 Hz), δ 4.81 (t, 1 H, CH2, JCH2-CH2’ = JCH2-CH = 8.40 Hz), δ  4.35 (t, 1 H, 

CH2’, JCH2’-CH2 = JCH2’-CH = 8.29 Hz). 
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4.3.4.2 General procedure for cyclic carbonates synthesis from 

corresponding epoxides under bulk conditions using organocatalyst 8 

 

Compound Molecular formula Molecular weight 

1 C8H8O 120.15 g/mol 

15 C8H7ClO 154.59 g/mol 

16 C6H10O 98.15 g/mol 

17 C6H12O 100.16 g/mol 

18 C3H5ClO 92.52 g/mol 

19 C4H8O2 88.11 g/mol 

20 C9H10O2 150.18 g/mol 

8 C13H21N2O3
+I- 380.23 g/mol 
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In a 10 mL vial equipped with a small magnetic stir bar, 2.00 mmol of epoxide (1, 

15, 16, 17, 18, 19 or 20) and 5 mol % of previously synthesized organocatalyst 8 

have been added. The closed vial has been subjected to three vacuum/CO2 cycles 

and finally filled with CO2. The mixture has been stirred for 16 hours at 75°C. 

Then, the reacted mixture has been diluted with EtOAc to precipitate the 

organocatalyst and centrifuged to recover the product, which has been purified 

using short column chromatography on silica gel (9:1 Cy/EtOAc). By using this 

procedure, the corresponding cyclic carbonate have been obtained in variable yields 

(2 >95 % yield, 21 85 % yield, 22 >95 % yield, 23 80 % yield, 24 85 % yield, 25 95 

% yield and 26 87 % yield). 

 

2: 1H NMR (500 MHz, CDCl3) δ 7.46-7.36 (m, 5 H, AR), δ 5.68 (t, 1 H, CH, JCH-CH2 

= JCH-CH2’ = 8.01 Hz), δ 4.81 (t, 1 H, CH2, JCH2-CH2’ = JCH2-CH = 8.40 Hz), δ  4.35 (t, 1 

H, CH2’, JCH2’-CH2 = JCH2’-CH = 8.29 Hz). 13C NMR (125 MHz, CDCl3) δ 154.77 

(OCOO), δ 135.76 (ARipso), δ 129.68 (ARmeta), δ 129.18 (ARpara), δ 125.82 (ARortho), 

δ 77.94 (CH), δ 71.11 (CH2). HRMS (ESI) m/z: [M + H]+ calculated for C9H9O3
+ 

165.0546, found 165.0539. 

 

21: 1H NMR (500 MHz, CDCl3) δ 7.43 (d, 2 H, J = 8.5 Hz), δ 7.31 (d, 2 H, J = 8.5 

Hz), δ 5.66 (t, 1 H, J = 8.0 Hz), δ 4.80 (t, 1 H, J = 8.6 Hz), δ  4.31 (dd, 1 H, J = 8.6 

Hz). 13C NMR (125 MHz, CDCl3) δ 154.5, δ 135.8, δ 134.2, δ 129.5, δ 122.2, δ 77.0, 

δ 71.0. HRMS (ESI) m/z: [M + H]+ calculated for C9H8ClO3
+ 199.0156, found 

199.0163. 

 

22: 1H NMR (500 MHz, CDCl3) δ 5.88-5.70 (m, 1 H), δ 5.15-5.01 (m, 2 H), δ 4.78-

4.67 (m, 1 H), δ 4.53 (t, 1 H, J = 8.2 Hz), δ 4.08 (t, 1 H, J = 8.2 Hz), δ 2.34-2.10 (m, 

2 H), δ 2,00-1.87 (m, 1 H), δ 1.83-1.71 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 

154.9, δ 136.0, δ 116.5, δ 76.3, δ 69.3, δ 33.1, δ 28.7. HRMS (ESI) m/z: [M + H]+ 

calculated for C7H11O3
+ 143.0703, found 143.0699. 

 



66 
 

23: 1H NMR (500 MHz, CDCl3) δ 4.75-4.65 (m, 1 H), δ 4.52 (t, 1 H, J = 8.1 Hz), δ 

4.07 (dd, 1 H, J = 8.1, 7.1 Hz), δ 1.88-1.76 (m, 1 H), δ 1.74-1.64 (m, 1 H), δ 1.48-

1.31 (m, 4 H), δ 0.93 (t, 3 H, J = 7.1 Hz). 13C NMR (125 MHz, CDCl3) δ 155.0, δ 

77.0, δ 69.4, δ 33.6, δ 26.4, δ 22.2, δ 13.8. HRMS (ESI) m/z: [M + H]+ calculated for 

C7H13O3
+ 145.0859, found 145.0861. 

 

24: 1H NMR (500 MHz, CDCl3) δ 4.99-4.91 (m, 1 H), δ 4.59 (dd, 1 H, J = 8.9, 8.2 

Hz), δ 4.41 (dd, 1 H, J = 8.9, 5.7 Hz), δ 3.84-3.68 (m, 2 H). 13C NMR (125 MHz, 

CDCl3) δ 154.0, δ 74.2, δ 67.0, δ 43.5. HRMS (ESI) m/z: [M + H]+ calculated for 

C4H6ClO3
+ 137.0000, found 136.9998. 

 

25: 1H NMR (500 MHz, CDCl3) δ 4.85-4.75 (m, 1 H), δ 4.49 (t, 1 H, J = 8.4 Hz), δ 

4.38 (dd, 1 H, J = 8.4, 6.1 Hz), δ 3.61 (qd, 2 H, J = 10.9, 3.9 Hz), δ 3.43 (s, 3 H). 13C 

NMR (125 MHz, CDCl3) δ 154.9, δ 74.9, δ 71.4, δ 66.2, δ 59.7. HRMS (ESI) m/z: 

[M + H]+ calculated for C4H9O4
+ 133.0495, found 133.0489. 

 

26: 1H NMR (500 MHz, CDCl3) δ 7.31 (dd, 2 H, J = 8.2, 7.3 Hz), δ 7.02 (t, 1 H, J = 

7.3 Hz), δ 6.91 (d, 2 H, J = 8.2 Hz), δ 5.09-4.98 (m, 1 H), δ 4.66-4.50 (m, 2 H), δ 

4.20 (qd, 2 H, J = 10.5, 3.9 Hz), 13C NMR (125 MHz, CDCl3) δ 157.7, δ 129.7, δ 

122.0, δ 114.6, δ 74.0, δ 66.8, δ 66.2. HRMS (ESI) m/z: [M + H]+ calculated for 

C10H11O4
+ 195.0652, found 195.0660. 
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4.3.4.3 General procedure for cyclic carbonates synthesis from 

corresponding epoxides under segmented flow conditions using 

organocatalyst 8 

 

Compound Molecular formula Molecular weight 

1 C8H8O 120.15 g/mol 

15 C8H7ClO 154.59 g/mol 

16 C6H10O 98.15 g/mol 

17 C6H12O 100.16 g/mol 

18 C3H5ClO 92.52 g/mol 

19 C4H8O2 88.11 g/mol 

20 C9H10O2 150.18 g/mol 

8 C13H21N2O3
+I- 380.23 g/mol 
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2.00 mmol of epoxide (1, 15, 16, 17, 18, 19 or 20), 50 mol % of EtOH and 5 mol % 

of previously synthesized organocatalyst 8 have been mixed in the reservoir of the 

flow apparatus (10 mL vial) equipped with a small magnetic stir bar (Section 4.3.5). 

Then, the resulting solution has been pumped through the thermostated reactor at 

75°C, using a 0.07 mL/min flow rate. Simultaneously, a CO2 gas flow rate of 3 

mL/min has been delivered. After 4 minutes from the injection, the crude mixture 

from the outlet stream has been collected and characterized through 1H NMR (in 

CDCl3), minute by minute for a total of 6 minutes using an internal standard of 

durene, for the evaluation of epoxides into their corresponding carbonates 

conversion. After 10 minutes, a further aliquot of the mixture has been collected and 

diluted with EtOAc to precipitate the organocatalyst and centrifuged to recover the 

product, which has been purified using short column chromatography on silica gel 

(9:1 Cy/EtOAc). By using this procedure, the corresponding cyclic carbonate have 

been obtained in variable yields (2 >95 % yield, 21 85 % yield, 22 >95 % yield, 23 

80 % yield, 24 85 % yield, 25 95 % yield and 26 87 % yield). 

 

2: 1H NMR (500 MHz, CDCl3) δ 7.46-7.36 (m, 5 H, AR), δ 5.68 (t, 1 H, CH, JCH-CH2 

= JCH-CH2’ = 8.01 Hz), δ 4.81 (t, 1 H, CH2, JCH2-CH2’ = JCH2-CH = 8.40 Hz), δ  4.35 (t, 1 

H, CH2’, JCH2’-CH2 = JCH2’-CH = 8.29 Hz). 13C NMR (125 MHz, CDCl3) δ 154.77 

(OCOO), δ 135.76 (ARipso), δ 129.68 (ARmeta), δ 129.18 (ARpara), δ 125.82 (ARortho), 

δ 77.94 (CH), δ 71.11 (CH2). HRMS (ESI) m/z: [M + H]+ calculated for C9H9O3
+ 

165.0546, found 165.0539. 

 

21: 1H NMR (500 MHz, CDCl3) δ 7.43 (d, 2 H, J = 8.5 Hz), δ 7.31 (d, 2 H, J = 8.5 

Hz), δ 5.66 (t, 1 H, J = 8.0 Hz), δ 4.80 (t, 1 H, J = 8.6 Hz), δ  4.31 (dd, 1 H, J = 8.6 

Hz). 13C NMR (125 MHz, CDCl3) δ 154.5, δ 135.8, δ 134.2, δ 129.5, δ 122.2, δ 77.0, 

δ 71.0. HRMS (ESI) m/z: [M + H]+ calculated for C9H8ClO3
+ 199.0156, found 

199.0163. 

 

22: 1H NMR (500 MHz, CDCl3) δ 5.88-5.70 (m, 1 H), δ 5.15-5.01 (m, 2 H), δ 4.78-

4.67 (m, 1 H), δ 4.53 (t, 1 H, J = 8.2 Hz), δ 4.08 (t, 1 H, J = 8.2 Hz), δ 2.34-2.10 (m, 

2 H), δ 2,00-1.87 (m, 1 H), δ 1.83-1.71 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ 
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154.9, δ 136.0, δ 116.5, δ 76.3, δ 69.3, δ 33.1, δ 28.7. HRMS (ESI) m/z: [M + H]+ 

calculated for C7H11O3
+ 143.0703, found 143.0699. 

 

23: 1H NMR (500 MHz, CDCl3) δ 4.75-4.65 (m, 1 H), δ 4.52 (t, 1 H, J = 8.1 Hz), δ 

4.07 (dd, 1 H, J = 8.1, 7.1 Hz), δ 1.88-1.76 (m, 1 H), δ 1.74-1.64 (m, 1 H), δ 1.48-

1.31 (m, 4 H), δ 0.93 (t, 3 H, J = 7.1 Hz). 13C NMR (125 MHz, CDCl3) δ 155.0, δ 

77.0, δ 69.4, δ 33.6, δ 26.4, δ 22.2, δ 13.8. HRMS (ESI) m/z: [M + H]+ calculated for 

C7H13O3
+ 145.0859, found 145.0861. 

 

24: 1H NMR (500 MHz, CDCl3) δ 4.99-4.91 (m, 1 H), δ 4.59 (dd, 1 H, J = 8.9, 8.2 

Hz), δ 4.41 (dd, 1 H, J = 8.9, 5.7 Hz), δ 3.84-3.68 (m, 2 H). 13C NMR (125 MHz, 

CDCl3) δ 154.0, δ 74.2, δ 67.0, δ 43.5. HRMS (ESI) m/z: [M + H]+ calculated for 

C4H6ClO3
+ 137.0000, found 136.9998. 

 

25: 1H NMR (500 MHz, CDCl3) δ 4.85-4.75 (m, 1 H), δ 4.49 (t, 1 H, J = 8.4 Hz), δ 

4.38 (dd, 1 H, J = 8.4, 6.1 Hz), δ 3.61 (qd, 2 H, J = 10.9, 3.9 Hz), δ 3.43 (s, 3 H). 13C 

NMR (125 MHz, CDCl3) δ 154.9, δ 74.9, δ 71.4, δ 66.2, δ 59.7. HRMS (ESI) m/z: 

[M + H]+ calculated for C4H9O4
+ 133.0495, found 133.0489. 

 

26: 1H NMR (500 MHz, CDCl3) δ 7.31 (dd, 2 H, J = 8.2, 7.3 Hz), δ 7.02 (t, 1 H, J = 

7.3 Hz), δ 6.91 (d, 2 H, J = 8.2 Hz), δ 5.09-4.98 (m, 1 H), δ 4.66-4.50 (m, 2 H), δ 

4.20 (qd, 2 H, J = 10.5, 3.9 Hz), 13C NMR (125 MHz, CDCl3) δ 157.7, δ 129.7, δ 

122.0, δ 114.6, δ 74.0, δ 66.8, δ 66.2. HRMS (ESI) m/z: [M + H]+ calculated for 

C10H11O4
+ 195.0652, found 195.0660. 
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4.3.5 The segmented flow apparatus 

The segmented flow reactor used has been self-assembled in all its components 

(Figure 17). The amount of gaseous CO2 in the apparatus was controlled by the 

mass flow controller (MFC) and mixed with the liquid phase in a T-mixer. The reactor 

consisted of a 4.42 mL spiral capillary (FEP tubing; 0.75 mm internal diameter; 

length 10 m) placed inside a thermostated bath. The liquid flow rate was controlled 

by a HPLC pump, while the back-pressure regulator (BPR) maintained a constant 

pressure of CO2 (8.5 atm) throughout the system. 

 

Figure 17 Segmented flow apparatus.  
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4.4 Conclusions 

The goal of the research reported in this chapter was to investigate the chemical 

efficiency of the carbonation of terminal epoxides with CO2 to produce the 

corresponding cyclic carbonates, using innovative organocatalysts.  

To pursue the aim, a set of ionic liquids have been synthesized and tested for the 

styrene carbonate synthesis from styrene oxide in homogeneous conditions. After 

compound 8 has been identified as the best performing catalyst, the reaction 

conditions have been optimized to produce styrene carbonate quantitatively (> 95 

% yield at 75°C in 16 hours). 

Then, the same procedure has been applied for the synthesis of six other cyclic 

carbonates from their corresponding epoxides, obtaining good to excellent yields. 

Furthermore, a process intensification study has been performed by translating the 

bulk reaction into a segmented flow set-up, obtaining the increase of the process 

productivity up to 17 times if compared with bulk process, as a result of the improved 

CO2 mass transfer at the gas-liquid interface, due to the moderate increase in 

pressure (8.5 atm) and the segmented flow regime. 

These very promising results paved the way for further studies of the bifunctional 

catalyst 8 in semi-heterogeneous conditions (see Chapter 5) and suggested that 

flow methodology might represent a new opportunity for further advancements in 

process intensification of CO2 exploitation for cyclic carbonates synthesis.  
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5. Synthesis of the core-shell magnetic 
nanocatalysts and test of their activity as catalysts 

for the styrene oxide carbonation 

5.1 Introduction and aim of the research 

In this chapter the results of some activities of TANGO project (see Section 1.5) will 

be presented. As it has been highlighted in the introduction of this thesis, TANGO 

project pursues the goal to find innovative strategies to face the CO2 utilization 

problem (CCU), always taking in account Green Chemistry principles [96]. In this 

context, it is extremely relevant to introduce new efficient and recyclable catalysts. 

For this reason, TANGO project had decided to immobilize on nanometric magnetic 

supports with a core-shell structure, obtaining 27, the catalytic species identified in 

Chapter 4 as the best performing on the model reaction (8).  As shown in Figure 18, 

the active catalytic species immobilized on 27, targeted as elected nanocatalyst in 

this research work, lacks an additional secondary alcohol in respect of the 

homogeneous counterpart 8. The synthesis of nanocatalyst 28, that should have 

been the immobilized version of 8 was abandoned because of synthetic constraints. 

 

Figure 18 Best performing homogeneous catalyst for the styrene oxide 

carbonation, identified in Chapter 4 and the corresponding immobilized one 27. 

The nanometric size of the particles allowed to operate in semi-heterogeneous 

catalysis conditions, i.e. heterogeneous catalysis with the catalytic species having a 

diameter smaller than 100 nm. These magnetic nanoparticles (MNPs) were 

structured with an inner magnetic core, which ensured an easy and efficient 

recovery and recycling, and an external silica shell which acted as an inert support 

for the immobilization of the catalytically active species. The magnetic properties of 

MNPs were extremely important for the innovative process and they were conferred 

by specific magnetic materials used for the preparation of the cores. Among many 

known magnetic materials, TANGO project decided to focus on two 

superparamagnetic materials [93], i.e. magnetite (Fe3O4) and cobalt-ferrite 



73 
 

(CoFe2O4), with the aim to compare their performances and to identify the best 

performing material in the recovery process. 

The general synthetic scheme followed to obtain the targeted core-shell 

nanocatalysts 27 (27a and 27b) has been represented in the following Scheme 18. 

The preparation of the target nanocatalysts required three steps, in which the 

magnetic cores have been first of all coated with silica, then the shell surface has 

been functionalized with a linker and finally the homogenous catalyst precursor 12 

has been immobilized on MNPs surfaces through the reaction with the linker. 

 

Scheme 18 General synthetic route adopted for the synthesis of catalyst 27. 
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5.2 Discussion of the results 

The two types of magnetic nanoparticles (Fe3O4 and CoFe2O4) used as 

nanocatalysts cores have been previously prepared by Prof. Davide Peddis’s 

research group at the University of Genova. These nanoparticles, which had a 

diameter of 8-10 nm, have been supplied as colloids in toluene with a concentration 

of 5 mg/mL and with oleic acid as a stabilizer to prevent the formation of aggregates. 

Before their synthetic elaboration, both the ferrofluids have been opportunely treated 

in order to obtain two new colloids suitable for further reactions, preparing two 

dispersions 0.8 mg/mL in cyclohexane (see Section 5.3.4.2). 

5.2.1 Optimization of the nanocatalysts synthesis 

The first step of nanocatalysts synthesis, i.e. the silica coating of the magnetic cores, 

needed to be optimized for the available ferrofluids because the success of the 

synthesis depended on the morphological features of the used sample (Scheme 

19). To this aim, our starting point was the coating process described in literature by 

Cannas et al. [124] and it was the same for both cores (Fe3O4 and CoFe2O4).  

 

Scheme 19 Used procedure for the coating with silica of magnetic cores. 

The optimization procedure, reported in the following Table 10, proceeded through 

the one by one variation of all the fundamentals parameters, in order to achieve the 

preparation of core-shell MNPs with good dimensional features, i.e. uniformly 

dispersed and with a silica shell thickness suitable for subsequent recovery at the 

end of the reaction, thus preserving adequate magnetic properties. In particular, the 

optimized parameters were: a) the volume of ferrofluid (i.e. Fe3O4 or CoFe2O4 0.8 

mg/mL in cyclohexane); b) the ratio between the added volumes of Igepal CO-520 

and NH4OH, where Igepal CO-520 was the surfactant used for the synthesis; c) the 

used volume of the ammonia aqueous solution (NH4OH 30% in H2O); d) the volume 

of tetraethyl orthosilicate (TEOS) added.  
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Table 10 Optimization of the parameters for the synthesis of the core-shell MNPs. 

In the following table, the optimized conditions have been highlighted in grey.  

Optimized 

parameter 
Entry 

Ferrofluid 

volume 

[µL] 

Igepal 

CO-520 

[µL] 

Igepal CO-520

NH4OH
 

NH4OH 

[µL] 

TEOS 

[µL] 

Fe3O4 or 

CoFe2O4 

amount 

1 250 430 12.29 35 20 

2 300 430 12.29 35 20 

3 350 430 12.29 35 20 

Igepal CO-520

NH4OH
 

4 350 335 9.57 35 20 

5 350 430 12.29 35 20 

6 350 525 15 35 20 

NH4OH 

volume 

7 350 393 12.29 32 20 

8 350 430 12.29 35 20 

9 350 467 12.29 38 20 

TEOS volume 

10 350 467 12.29 38 15 

11 350 467 12.29 38 20 

12 350 467 12.29 38 25 

 

After the optimized parameters have been identified by performing qualitative DLS 

analyses of each sample, the core-shell MNPs have been prepared using the 

optimized procedure (entry 10) and purified with a sequence of several EtOH 

washing and centrifugation cycles (see Section 5.3.2), which was always the same, 

also in the further synthetic steps.  

The obtained coated MNPs have been characterized using several techniques to 

confirm the success of the synthesis and to check the required properties of the 

prepared material (see Section 5.2.2). 

The second step of nanocatalysts synthesis was the core-shell MNPs post-grafting 

with 3-iodopropyl trimethoxysilane (Scheme 20), which allowed the insertion of a 

iodo-propylic linker on the MNPs surface to guarantee the further immobilization of 

the catalytically active species. Also in this case, it was necessary to optimize the 

synthetic conditions. 
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Scheme 20 Core-shell MNPs post-grafting with 3-iodopropyl trimethoxysilane. 

The first unsuccessful attempt to disperse the MNPs in THF to perform the reaction, 

based on the procedure reported by Rahimi et al. [125], afforded a highly unstable 

colloid from which the MNPs spontaneously precipitated very fast. 

In replacing THF with methanol, good MNPs dispersion properties were observed. 

However, the MeOH nucleophilicity negatively affected the outcome of this grafting 

step, resulting in the lack at XPS of any iodine signal on the obtained MNPs, 

probably because of methanol substitution of iodide occurred after 24h reflux, 

leading to a methoxy-substituted product. 

After several attempts in finding the organic solvent matching our needs, 1,4-

dioxane has been identified as the reaction solvent, because of its suitable 

properties, i.e. it is able to uniformly disperse MNPs, it has a boiling point of 101°C 

allowing the reaction to be performed at higher temperature if compared with other 

organic solvents, no reactivity with functional groups in the reaction mixture allowing 

the obtaining of the target product without any side products.  

Using this optimized procedure, it was possible, after the purification of the products 

(see Section 5.3.2), to obtain post-grafted MNPs which have been characterized 

using several techniques, to confirm the success of the synthesis and to check the 

required properties of the prepared material (see Section 5.2.2). 

A particular attention has been paid on the quantification of the grafting degree of 

the MNPs. The direct quantification of the iodine covalently bonded on the MNPs 

surface would permit to measure the parameter that was of interest for us. 

Unfortunately, this direct measurement was impossible with the analytic techniques 

available at ISOF-CNR (elemental analysis, ICP-MS, SS-NMR). The quantification 

of the carbon on the linker through elemental analysis (EA) wasn’t reliable because 

the residual methoxylation degree of silicon, coming from 3-iodopropyl 

trimethoxysilane group, was unknown (1, 2 or a mixture of both residual methoxylic 

groups). 
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For all these reasons, it has been decided to adopt an indirect approach based on 

the hypothesis that, if the synthetic procedure was kept the same, the grafting 

degree of the MNPs remained the same by substituting 3-iodopropyl 

trimethoxysilane with 3-amminopropyl triethoxysilane in the reaction procedure 

(Scheme 21). The further quantification of the amount of nitrogen in the sample 

through EA, allowed us to estimate the parameter of our interest, i.e. the grafting 

degree of target MNPs. For this purpose, it has been performed the procedure 

reported in Scheme 21 to obtain the desired product to analyse. 

 

Scheme 21 Core-shell MNPs post-grafting with 3-amminopropyl trimethoxysilane 

finalized to the quantification of the functionalization degree obtained in the 

reaction in Scheme 20. 

After the elemental analysis of the target sample, the functionalization degree of the 

MNPs has been calculated through the quantification of the EA nitrogen in the 

sample reported in Table 11. 

Table 11 Weight percentage of each element in the sample, obtained by EA.  

N (weight %) C (weight %) H (weight %) 

1.89 9.06 2.13 

 

The grafting level of the MNPs has been calculated to be 1.35 mmol of functional 

groups per gram of MNPs, by applying the following equation (Eq. 3). 

N %
14

⁄

N atoms nr
 x 10 = 1.35 mmol/g 

Based on the obtained result and assuming the reliability of the initial hypothesis, it 

was possible to estimate the amount of 12 necessary to saturate all the iodopropyl-

groups on the surface of the MNPs, to perform the last synthetic step (Scheme 22) 

and to obtain the target nanocatalysts 27, with both the two classes of magnetic 

cores (Fe3O4 or CoFe2O4). 

(Eq. 3) 
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Scheme 22 Immobilization of the catalytic active species on core-shell MNPs 

surfaces.  

This last synthetic step has been performed using similar conditions to those 

adopted for the post-grafting step (Scheme 21), in terms of solvent, temperature and 

reaction time. Compound 12 has been previously prepared following the procedure 

described in Section 4.3.3.4. 

The prepared target nanocatalysts have been purified using the procedure 

described in Section 5.3.2 and their full characterization required several 

techniques, to confirm the success of the syntheses and to check the required 

properties of the prepared materials (see Section 5.2.2).  
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5.2.2 Characterization of the obtained nanocatalysts  

After the two target nanocatalysts 27a and 27b have been successfully synthesized, 

they have been characterized in terms of both morphology and composition. The 

analytical techniques that have been used were:  

a) Dynamic Light Scattering (DLS), which provided information about the 

hydrodynamic diameter and polydispersity of the nanoparticles;  

b) Zeta Potential (ZP), which provided information on the surface charge;  

c) Infrared Spectroscopy (FTIR); 

d) X-ray Photoelectron Spectroscopy (XPS), to have information on the surface 

elemental composition;  

e) Elemental Analysis (EA), which allowed the quantification of nitrogen and 

carbon in the products after the functionalization;  

f) Transmission Electron Microscopy (TEM); 

g) Magnetic measurements, which provided information on the magnetization 

of the material after the contact with a magnetic field.  

After each synthetic step, DLS measurements have been performed on upcoming 

MNPs to qualitatively evaluate the polydispersity level. The quantitative results of 

these analyses weren’t actually useful for our purpose because the dimensional 

information that this technique is able to provide it’s a hydrodynamic diameter, i.e. 

the diameter of the nanoparticle surrounded by a solvent shell, which thickness 

depends on the affinity of the MNPs surface with the used solvent. 

Instead, ZP measurements confirmed us the nanocatalysts positive surface charge, 

as expected because of the material’s surface charge, on which pyridinium salts 

were immobilized.  

IR spectra have been recorded after each synthesis step. However, just in the case 

of the first reaction, i.e. the magnetic cores coating, this analysis was relevant to 

confirm the success of the synthesis. Indeed, as is it shown in Figure 19, the IR 

spectrum of core-shell MNPs (green line) appears very different if compared both to 

the TEOS one (red line) and the cores spectrum (dark blue line). The polymer 

formation around the inner cores reflects on the spectrum because of broad signals. 

Furthermore, the Si-O stretching signals are visible between 800 and 1100 cm-1. 
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Figure 19 Comparison of the IR spectra acquired during the synthesis of 

nanocatalysts 27.  

Conversely, the IR spectra acquired both after the post-grafting and the 

immobilization of the catalytically active species steps, resulted uninformative being 

each other undistinguishable because of the huge silica signals overlapping, thus 

hiding the signals of MNPs functional groups. For this reason, it has been necessary 

to use other analytic techniques to confirm the success of the functionalization of 

the core-shell MNPs surfaces. 

In particular, to know the elemental composition of the MNPs surfaces, it has been 

used the XPS, which allowed to confirm the presence of the elements that were 

expected. The XPS analyses have been performed by Sebastiano Mantovani and 

Dr. Alessandro Kovtun in Bologna at the ISOF-CNR. As shown in Figure 20, in all 

the samples, the elements in the cores are not detectable, because this technique 

allows the elemental analysis of just few nanometres of depth. The core-shell MNPs 

spectra (A and D) confirmed the presence of just silica and oxygen as components 

of the MNPs surfaces. Instead, by observing the spectra of post-grafted 

nanoparticles (B and E), it is possible to identify the signals of iodine and carbon, 

and so to confirm the success of the functionalization with the iodo-propylic linker. 

Furthermore, in the nanocatalysts spectra (C and F) it is possible to notice the 

presence of nitrogen, which confirmed the presence of the catalytic species on the 

surface. In these spectra it is also possible to observe how the iodine signals have 

lost intensity, if compared with spectra B and E. 
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Figure 20 XPS spectra of: A) core-shell MNPs with CoFe2O4 cores; B) post-

grafted MNPs with CoFe2O4 cores; C) nanocatalyst 27b; D) core-shell MNPs with 

Fe3O4 cores; E) post-grafted MNPs with Fe3O4 cores; C) nanocatalyst 27a. 

XPS spectra provided quali-quantitative information regarding the MNPs surface 

composition. On the contrary, the quantification of the catalytically active sites 

bonded on their surfaces, i.e. the catalyst loading, have been achieved through EA 

measurements. By applying the formula Eq. 3, it has been possible to calculate the 

catalyst loading on the prepared MNPs, which it was 0.19 mmol/g, both in the case 

of nanocatalyst 27a and 27b. 

After the composition analyses, the prepared materials have been also 

characterized in terms of dimension, morphology and functionality. 

In order to obtain information about the dimensions and morphology, some TEM 

images have been acquired by Dr. Roberto Balboni in Bologna at the IMM-CNR. In 

this way it was possible to confirm the core-shell structure and to have information 

about the size of the prepared nanocatalysts. In Figure 21 have been reported the 

TEM images acquired after each step of nanocatalysts syntheses. All the MNPs 
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show a core-shell structure, in which it is possible to discriminate the two diverse 

compositions because of the different electron absorption, which means a diverse 

contrast in the pictures. 

 

Figure 21 TEM images of: A) core-shell MNPs with CoFe2O4 cores; B) post-

grafted MNPs with CoFe2O4 cores; C) nanocatalyst 27b; D) core-shell MNPs with 

Fe3O4 cores; E) post-grafted MNPs with Fe3O4 cores; C) nanocatalyst 27a. 

By looking at the TEM images, it is possible to notice a difference in terms of 

aggregation between the samples with Fe3O4 cores and the samples with CoFe2O4 

cores: the MNPs with cobalt-ferrite cores appear more aggregated if compared with 

the others. This effect was due to the different solvent used for the preparation of 

the two samples for the analyses, i.e. cyclohexane for the cobalt-ferrite MNPs and 

ethanol for the magnetite MNPs. The pointed-out solvent effect on the aggregation 

of the nanoparticles was also taken in account during the choice for the solvent to 

use during the test of nanocatalysts on the model reaction, where ethanol has been 

used as solvent for the reaction to avoid the MNPs aggregation (see Section 5.2.3). 

From a functional point of view, the prepared nanocatalysts have been 

characterized through magnetic measurements, which have been performed at the 
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Nanostructured Magnetic materials laboratory8 of the ISM-CNR in Roma, under the 

supervision of Prof. Davide Peddis. From the results obtained during the magnetic 

measurements, it was possible to exclude the presence of aggregates in the two 

materials, because they showed the peculiar features of superparamagnetic 

nanoparticles [93], i.e. zero coercivity and zero remnant magnetization. As shown 

in Figure 22, these properties, measured in both sample 27a and 27b, didn’t show 

significant variations in terms of saturation magnetization (Ms) after the 

functionalization steps (Ms = 50(2) Am2Kg-1 of bare magnetite). The same 

observations have been reported for the nanocatalyst with cobalt-ferrite cores. Also 

in this case, from the magnetic analyses it has been confirmed that the prepared 

materials were superparamagnetic nanoparticles which didn’t show a significative 

variation in Ms (Ms=77(2) Am2Kg-1 of bare cobalt-ferrite) after the functionalization 

process. 

 

Figure 22 Magnetization dependency on the applied magnetic field, measured at 

27°C, of: A) ● Fe3O4 cores, ■ core-shell MNPs with Fe3O4 cores, ▲ post-grafted 

MNPs with Fe3O4 cores and ★ nanocatalyst 27a; (B) ● CoFe2O4 cores, ■ core-shell 

MNPs with CoFe2O4 cores, ▲ post-grafted MNPs with CoFe2O4 cores and ★ 

nanocatalyst 27b. All the samples have been normalized from 0 to 1.  

The results obtained also confirmed that both the presence of the silica shell and of 

the functional groups on the MNPs surfaces didn’t affect the magnetic properties 

(i.e. saturation magnetization and inter-particles interactions) of the magnetite and 

 
8 www.nm2lab.com 

http://www.nm2lab.com/
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cobalt-ferrite MNPs, confirming that the synthesis process was suitable for the 

preparation of the target nanocatalysts.  

On the other hand, the differences encountered by comparing Ms values of the two 

nanocatalysts were due to the diverse intrinsic magnetic properties of the two 

magnetic materials. 

The other fundamental information that has been extrapolated from the graphs in 

Figure 22 was the diverse response of the two prepared materials to the external 

magnetic field. It is possible to notice in the picture that nanocatalyst 27b shows 

more adequate magnetic properties for TANGO purposes, with respect to the 

nanocatalyst 27a. Indeed, with the same applied magnetic field, cobalt-ferrite 

magnetized easier and so, for this reason, it would be easier the magnetic recover 

(and further recycle) at the end of the catalytic role in the model reaction. However, 

to confirm what emerged from the magnetic measurements, both the nanocatalysts 

have been tested on the model reaction of carbonation of the styrene oxide. 
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5.2.3 Nanocatalysts’ activity efficiency test on the model reaction  

After the target nanocatalysts 27a and 27b have been successfully prepared and 

fully characterized, their catalytic activity has been tested on styrene oxide 

carbonation, chosen as a model reaction (Scheme 23).  

 

Scheme 23 Model reaction of styrene oxide carbonation using prepared 

nanocatalysts 27.  

 

The activity tests for homogeneous catalysts (see Chapter 4) have been performed 

by using 50 mol % of EtOH, which corresponded to a styrene oxide concentration 

of 6.97 M. Conversely, the efficiency tests of the prepared nanocatalysts have been 

performed at first in semi-heterogeneous conditions, i.e. heterogeneous conditions 

with a nanometric solid catalyst, by using a styrene oxide concentration of 0.1 M in 

EtOH. Using these conditions, in fact, the nanocatalysts were uniformly dispersed 

in EtOH. Unfortunately, after 16 hours of reaction at RT under a large excess of CO2 

(4.25 eq vs. SO) and vigorous stirring, the quantitative 1H NMR analysis of the crude 

detected a 0.6 % yield of styrene carbonate.  

An accurate analysis of this result, based on the hypothesis of a similar catalytic 

activity of nanocatalysts 27 and its corresponding homogeneous catalyst 8, allowed 

us to conclude that it was necessary to operate using a higher styrene oxide 

concentration, in order to obtain a significative carbonate yield. Indeed, by using 

styrene oxide 0.1 M, the obtained yield was the best result obtainable. By using the 

yield of 44 % obtained with the homogeneous catalyst 8 and the concentration ratio 

between the model reaction with homogeneous catalyst and prepared nanocatalyst, 

i.e. 6.97 M and 0.1 M, it has been possible to calculate the expected carbonate yield 

in semi-heterogeneous conditions to be actually 0.6 %. 
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Based on these calculations, the decision to operate by using a lower amount of 

solvent (200 µL of Ethanol for ≃ 200 mg of MNPs), which basically brought to a 

solid-gas biphasic bulk reaction, was obvious. By operating in these conditions, we 

were able to obtain a 20 % yield of carbonate, although the presence of many side 

products due to the parasite reaction of EtOH with the styrene oxide. 

The catalytic property which was interesting for our purpose was the ability to 

selectively convert styrene oxide into styrene carbonate. For this reason, to avoid 

side reactions, the reaction solvent has been changed into 2-methyltetrahydrofuran 

(Me-THF) in the further experiments, keeping the other reaction conditions 

unchanged. In these conditions, the model reaction catalysed by nanocatalyst 27a 

or 27b proceeded selectively until 28 % yield of carbonate. After the reaction, using 

the custom-made device reported in Figure 23, it was possible to magnetically 

recover the nanocatalysts and to recycle them in other reactions. 

 

 

Figure 23 Custom-made device for magnetic recovery of magnetic nanocatalysts. 

  



87 
 

5.3 Experimental section 

5.3.1 Materials 

All the used reagents, except from the two ferrofluids, were commercially available 

at TCI Europe N.V., Merck or Fluorochem and they have been purchased depending 

on the availability and the best price. All chemicals were used without any further 

purification. 

 

5.3.2 Purification Methods 

After each step of the synthesis, the products have been purified by following the 

same procedure. The reaction mixture has been diluted with 20 mL of ethanol and 

moved into a centrifuge vial. The mixture has been centrifuged at 15000 rpm, for 15 

minutes at RT. Then, the supernatant has been removed and the MNPs have been 

dispersed again in 10 mL of EtOH and sonicated until a homogeneous colloid have 

been obtained. The mixture has been centrifuged again at 15000 rpm, for 15 

minutes at RT. The supernatant has been removed and the prepared MNPs have 

been dried overnight at RT. 

 

5.3.3 Characterization methods 

For the characterization of the prepared materials, several techniques have been 

used. The analytical techniques will be presented in the following sections (Section 

5.3.3.1 - Section 5.3.3.7). 

 

5.3.3.1 Dinamic Light Scattering (DLS) e Zeta Potential (ZP) 

To perform both the DLS and Zeta Potential analyses, a Brookhaven NanoBrook 

Omni instrument with its own software has been used. 

 

5.3.3.2 Infrared Spectroscopy (IR) 

For the acquisition of IR spectra, a Fourier Transform IR (FT-IR) spectrometer 

Agilent Cary 630 FTIR with its own software has been used. 
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5.3.3.3 X-ray Photoelectron Spectroscopy (XPS)  

The XPS analyses have been performed by Sebastiano Mantovani and Dr. 

Alessandro Kovtun in Bologna at the ISOF-CNR. X-ray photoelectron spectra (XPS) 

were acquired by using Mg Kα excitation (XR50, Specs) and a hemispherical 

electron analyser (Phoibos 100, Specs). The survey and high-resolution spectra 

were acquired with energy resolutions of 1.4 eV and 0.9 eV, respectively, on freshly 

sputtered silver (Ag 3d). The spectrometer was calibrated to the Au 4f7/2 peak at 

84.0 eV. Conductive carbon tape was used to fix and electrically ground the 

powders. Electrostatic charging effects were observed and corrected by setting C 

1s signal at 285.0 eV. The spectra were fit using the CasaXPS software after 

Shirley’s background subtraction. 

 

5.3.3.4 Elemental Analysis (EA) 

To perform the Elemental Analysis, it has been used an Elementar UNICUBE 

instrument, integrated with its own software for data elaboration. The percentage 

composition of each sample has been calculated by using the following formula (Eq. 

4):  

Elemental composition[%] = 
peak area x normalization factor

sample weight 
 (Eq. 4) 

 

5.3.3.5 Transmission Electron Microscopy (TEM)   

TEM images have been acquired by Dr. Roberto Balboni in Bologna at the IMM-

CNR. To prepare the samples for the analysis, the nanoparticles with cobalt-ferrite 

cores have been dispersed in cyclohexane, while the MNPs with magnetite cores 

have been dispersed in ethanol. After the dispersion, all the sample have been 

sonicated. Then, the colloids have been deposed on sample holder grids for TEM 

observations, made of a carbon film supported by a copper grid (Holey carbon film). 

The colloids solvents have been evaporated from the samples by heating the 

sample holders at 50°C.  

TEM observations were made using a transmission electronic microscope (TEM) 

FEI Tecnai F20T, working at an accelerating voltage of 200 kV. In these conditions, 

the used microscope allowed a maximum resolution of 0.24 nm. All the images have 

been obtained using the diffraction contrast technique, which highlighted diverse 
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regions of the sample depending on the atomic masses and crystalline structure. 

Using this technique, it was possible to point out the core-shell structure of the 

MNPs. 

 

5.3.3.6 Magnetic measurements  

The magnetic measurements have been performed at the Nanostructured Magnetic 

materials laboratory9 of the ISM-CNR in Roma, under the supervision of Prof. 

Davide Peddis. The analyses have been performed at 27°C using vibrating-sample 

magnetometer (VSM), producing magnetic fields in the range ± 2 T. The powder 

sample was immobilized in an epoxy resin to prevent any movement of the magnetic 

nanoparticles (MNPs) during the measurement, and the magnetization data of all 

the samples were normalized from 0 to 1 for clarity reasons. 

 

5.3.3.7 1H NMR  

The 1H NMR analyses to quantify the conversion in the nanocatalysts activity tests 

have been performed using an Agilent DD2 NMR system, equipped with a 11.7 T 

(500 MHz) PremiumCompact+ superconducting magnet and an Agilent OneNMR 

probe.  

 

  

 
9 www.nm2lab.com 

http://www.nm2lab.com/
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5.3.4 Nanocatalysts synthesis 

5.3.4.1 Synthesis of the magnetic cores  

The syntheses and characterization of both the classes of magnetic cores, i.e. 

magnetite and cobalt-ferrite MNPs, have been performed at the Nanostructured 

Magnetic materials laboratory10 of the University of Genova, under the supervision 

of Prof. Davide Peddis. The reagents used for the synthesis have been reported in 

the following table. 

Compound Molecular formula Molecular weight 

Fe(acac)3 FeC15H21O6 353.17 g/mol 

Co(acac)2 CoC10H14O4 257.15 g/mol 

Oleic acid C18H34O2 282.46 g/mol 

Oleylamine C18H37N 267.49 g/mol 

1,2-hexadecandiol C16H34O2 258.44 g/mol 

Dibenzyl ether C14H14O 198.26 g/mol 

1-octadecene C18H36 252.48 g/mol 

 

For the preparation of the Fe3O4 and CoFe2O4 magnetic nanoparticles (d = 8-10 nm) 

it has been used the following procedure. Fe(acac)3 (2 mmol), Co(acac)2 (1.29 

mmol), oleic acid (6 mmol), oleylamine (70%, 6 mmol) and 1,2-hexadecandiol (10 

mmol) have been added to a three-neck round-bottom flask containing dibenzyl 

ether (20 mL) under magnetic stirring. The resulting suspension have been heated 

to 270°C using a heating coat connected to a Proportional Integral Derivative (PID) 

for precise temperature control. In Figure 24 are reported the thermal steps of the 

synthesis method and it has been used as a guideline to follow the synthesis step.  

First, the reaction mixture has been degassed in vacuum at 110°C for 60 minutes, 

then it was heated and maintained at 200°C for 120 minutes. A change in the mixture 

colour to dark red has been observed, suggesting the burst nucleation of the 

nanoparticles, according to the LaMer theory [126]. Afterwards, the temperature was 

increased and kept at 270°C, for 60 minutes for the particles growth. The cooled 

black dispersion was divided into three aliquots and the powder was precipitated by 

adding EtOH. Three washing cycles have been performed using sonication (10 

 
10 www.nm2lab.com 

http://www.nm2lab.com/
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minutes), centrifugation (5 minutes, 5000 rpm) and by adding fresh EtOH each time 

the supernatant has been removed. Finally, the magnetic precipitate was 

redispersed in toluene and CoFe2O4 ferrofluid has been obtained. Similarly, Fe3O4 

ferrofluid was synthetized using the same protocol with small variation in the starting 

reagents, i.e. using 3 mmol of Fe(acac)3 instead of Fe(acac)3 (2 mmol) and 

Co(acac)2 (1.29 mmol) and 1-octadecene as solvent instead of dibenzyl ether 

[124,127,128]. 

 

Figure 24 Thermal decomposition process.  

  



92 
 

5.3.4.2 Preparation of the ferrofluids (Fe3O4 or CoFe2O4 0.8 mg/mL) 

Before the synthetic elaboration of the magnetic cores, the supplied ferrofluids have 

been redispersed in cyclohexane, to have a solvent suitable for the further reactions. 

First, 3 mL of the colloid (Fe3O4 or CoFe2O4 5 mg/mL) have been added to a 

centrifuge vial. Then, 30 mL of EtOH have been added and the mixture has been 

centrifuged at 15000 rpm, for 15 minutes at RT.  

Furthermore, the supernatant has been removed and the MNPs have been 

dispersed again in 30 mL of 1:1 EtOH/Cy and sonicated until a homogeneous colloid 

has been obtained. The mixture has been centrifuged again at 15000 rpm, for 15 

minutes at RT. The supernatant has been removed, some fresh EtOH (16 mL) has 

been added and the mixture was sonicated until a homogeneous colloid have been 

obtained. The mixture has been centrifuged again at 15000 rpm, for 15 minutes at 

RT. The supernatant has been removed and the MNPs have been dried overnight 

at RT. 

After the MNPs were completely dry, they have been redispersed through sonication 

in cyclohexane to obtain a colloid 0.8 mg/mL. The same procedure has been used 

for the preparation of both Fe3O4 and CoFe2O4 0.8 mg/mL in cyclohexane. 
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5.3.4.3 Silica coating of the magnetic cores (Fe3O4 or CoFe2O4) to obtain core-

shell MNPs 

 

Compound Molecular formula Molecular weight 

Magnetite MNPs Fe3O4 / 

Cobalt-ferrite MNPs CoFe2O4 / 

Igepal CO-520 (C2H4O)n·C15H24 / 

TEOS C8H20O4Si 208.33 g/mol 

Cyclohexane C6H12 84.16 g/mol 

Ammonium hydroxide NH4OH 35.05 g/mol 

 

Igepal CO-520 (467 µL) and cyclohexane (4 mL) have been added to a round 

bottom flask. The mixture has been sonicated for 3 minutes and then stirred at 1200 

rpm at RT. 350 µL of the MNPs colloid (Fe3O4 or CoFe2O4 0.8 mg/mL in 

cyclohexane) have been added to the flask and stirred at 1200 rpm for 15 minutes. 

Then, TEOS (15 µL) has been added dropwise and the mixture was stirred at 600 

rpm for 30 minutes. Finally, 38 µL of NH4OH 30% in H2O have been added dropwise 

and the mixture has been stirred at 600 rpm for 24 hours at RT. 

After 24 hours, the product has been purified following the procedure described in 

Section 5.3.2 and characterized with the methods reported in Section 5.3.3. The 

same procedure has been used in both the case of Fe3O4 and CoFe2O4 cores, 

obtaining respectively a brown reddish powder and a black powder. 

 

 

 

 

  



94 
 

5.3.4.4 Post-grafting of the core-shell MNPs (Fe3O4 or CoFe2O4 cores) with (3-

iodopropyl)trimethoxysilane 

 

Compound Molecular formula Molecular weight 

Core-shell MNPs / / 

3-iodopropyl trimethoxysilane C6H15IO3Si 290.17 g/mol 

1,4-dioxane C4H8O2 88.11 g/mol 

 

In a two-necks round bottom flask with a refrigerator on top, 5.9 mg of previously 

synthesized core-shell MNPs (Fe3O4 or CoFe2O4 cores) have been added as a 

powder. Then, 1.5 mL of 1,4-dioxane have been added and the mixture has been 

vigorously stirred (800 rpm) at 40°C to obtain a uniform dispersion. Afterwards, 80 

µL of 3-iodopropyl trimethoxysilane (20:1 in weight with respect of MNPs) have been 

added and the mixture has been refluxed and stirred (800 rpm) for 24 hours.  

After 24 hours, the product has been purified following the procedure described in 

Section 5.3.2 and characterized with the methods reported in Section 5.3.3. The 

same procedure has been used in both the case of Fe3O4 and CoFe2O4 cores, 

obtaining respectively a brown reddish powder and a black powder.  
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5.3.4.5 Post-grafting of the core-shell MNPs (Fe3O4 or CoFe2O4 cores)  with (3-

amminopropyl)triethoxysilane 

 

Compound Molecular formula Molecular weight 

Core-shell MNPs / / 

3-amminopropyl triethoxysilane C9H23NO3Si 221.37 g/mol 

1,4-dioxane C4H8O2 88.11 g/mol 

 

In a two-necks round bottom flask with a refrigerator on top, 7.3 mg of previously 

synthesized core-shell MNPs (Fe3O4 or CoFe2O4 cores) have been added as a 

powder. Then, 2 mL of 1,4-dioxane have been added and the mixture has been 

vigorously stirred (800 rpm) at 40°C to obtain a uniform dispersion. Afterwards, 154 

µL of 3-amminopropyl triethoxysilane (20:1 in weight with respect of MNPs) have 

been added and the mixture has been refluxed and stirred (800 rpm) for 24 hours.  

After 24 hours, the product has been purified following the procedure described in 

Section 5.3.2 and characterized with the methods reported in Section 5.3.3. The 

same procedure has been used in both the case of Fe3O4 and CoFe2O4 cores, 

obtaining respectively a brown reddish powder and a black powder. 
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5.3.4.6 Immobilization of the catalytic active species on the core-shell MNPs 

(Fe3O4 or CoFe2O4 cores) to obtain nanocatalysts 27a and 27b 

 

Compound Molecular formula Molecular weight 

Post-grafted core-shell MNPs / / 

12 C10H14N2O 178.24 g/mol 

1,4-dioxane C4H8O2 88.11 g/mol 

 

In a two-necks round bottom flask with a refrigerator on top, 11.7 mg of previously 

synthesized core-shell MNPs post-grafted with 3-iodopropyl trimethoxysilane 

(Fe3O4 or CoFe2O4 cores) have been added as a powder. Then, 3 mL of 1,4-dioxane 

have been added and the mixture has been vigorously stirred (800 rpm) at 40°C to 

obtain a uniform dispersion. Afterwards, 11.9 mg of 12 (1.35 mmol/g, which was the 

calculated MNPs functionalization degree, multiplied by 5) have been added and 

the mixture has been refluxed and stirred (800 rpm) for 24 hours.  

After 24 hours, the product has been purified following the procedure described in 

Section 5.3.2 and characterized with the methods reported in Section 5.3.3. The 

same procedure has been used in both the case of Fe3O4 and CoFe2O4 cores, 

obtaining respectively a brown reddish powder (27a) and a black powder (27b).  
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5.3.5 Nanocatalysts 27a and 27b efficiency tests 

 

Compound Molecular formula Molecular weight 

Styrene oxide C8H8O 120.15 g/mol 

27a or 27b / / 

2-Methyltetrahydrofuran C5H10O 86.13 g/mol 

 

In a 30 mL centrifuge vial, 40.4 µL of styrene oxide have been added. Then, 10 mol 

% (186 mg, calculated using the catalyst loading of 0.19 mmol/g) of previously 

synthesized nanocatalyst 27 (27a with Fe3O4 cores or 27b with CoFe2O4 cores) 

have been added as a powder. Afterwards, 200 µL of Me-THF have been added 

dropwise and the vial has been closed with a pierceable rubber cap. The closed vial 

has been subjected to five vacuum/CO2 cycles and finally filled with CO2. The vial 

has been immersed in a sonication bath thermostated at 25°C and the mixture has 

been sonicated (pulsed mode) for 16 hours. 

After 16 hours, 5 mL of EtOH have been added to the reaction mixture and the vial 

has been inserted in the custom-made device for magnetic recovery. Then, 2 mL of 

the supernatant has been sampled and centrifuged at 15000 rpm for 15 min to 

remove all the MNPs from the liquid phase. The removed MNPs have been 

recovered by purifying them using the procedure described in Section 5.3.2, to be 

able to reuse them as nanocatalysts in further reactions.  

The liquid phase has been characterized through 1H NMR (in CDCl3) to quantify the 

styrene oxide conversion into styrene carbonate (28 % yield). The same procedure 

has been performed both by using nanocatalysts 27a and 27b. 
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1H NMR (500 MHz, CDCl3): a) Styrene oxide 1: δ 7.39-7.30 (m, 5 H, AR), δ 3.88 

(dd, 1 H, CH, JCH-CH2 = 3.96 Hz, JCH-CH2’ = 2.67 Hz), δ 3.16 (dd, 1 H, CH2, JCH2-CH2’ = 

5.46 Hz, JCH2-CH = 4.16 Hz), δ 2.82 (dd, 1 H, CH2’, JCH2’-CH2 = 5.50 Hz, JCH2’-CH = 2.58 

Hz); b) Styrene carbonate 2: δ 7.46-7.36 (m, 5 H, AR), δ 5.68 (t, 1 H, CH, JCH-CH2 = 

JCH-CH2’ = 8.01 Hz), δ 4.81 (t, 1 H, CH2, JCH2-CH2’ = JCH2-CH = 8.40 Hz), δ  4.35 (t, 1 H, 

CH2’, JCH2’-CH2 = JCH2’-CH = 8.29 Hz). 
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5.4 Conclusions 

The goal of the research reported in this chapter was to prepare two core-shell 

magnetic nanocatalysts, having magnetite or cobalt-ferrite cores, and to test their 

catalytic activities in the styrene oxide carbonation, our model reaction. 

First of all, it has been possible to ideate and optimize a synthetic strategy to allow 

the preparation of the target nanocatalysts that involved three steps: a) silica coating 

of the magnetic cores; b) post-grafting with the immobilization of a iodo-propylic 

linker on the MNPs surfaces; c) immobilization of the catalytically active species, 

which was established to be the most performant for the model reaction (see 

Chapter 4), on the surface of the core-shell MNPs. Using this strategy, two magnetic 

nanocatalysts, the first one with magnetite (Fe3O4) cores (27a) and the other one 

with cobalt-ferrite (CoFe2O4) cores (27b), have been successfully prepared (Figure 

25). 

 

Figure 25 Prepared nanocatalysts 27a (magnetite core, in blue) and 27b (cobalt-

ferrite core, in red). 

The complete functional and morphological characterization of the prepared 

nanocatalysts, which has been performed integrating several analytic techniques, 

allowed to confirm the success of the syntheses of the core-shell MNPs and to 

calculate the catalyst loading on the nanoparticles surface to be 0.19 mmol/g.  

Furthermore, all the synthesized nanoparticles resulted to be superparamagnetic, 

confirming that: a) the silica shell around the core was thin enough to keep the 

magnetic properties of the MNPs and to allow the magnetic recovery; b) the 

prepared materials were nanoparticles and not aggregates. 

The catalytic efficiency of the synthesized nanocatalysts has been then tested on 

the model reaction, obtaining 28 % of styrene oxide selective conversion into 

styrene carbonate in 16 hours, in optimized reaction conditions, using both the 
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nanocatalysts. It is well known that epoxides carbonations are deeply affected by 

the temperature and, for this reason, the further step of this project will be to create 

a set-up in which it will be possible to test the MNPs activity at higher temperature. 

Finally, another important field to explore it will be to use the prepared nanocatalysts 

in microdroplets conditions, integrating aerosol advantages with the easy magnetic 

recovery of the superparamagnetic nanocatalysts. However, to be able to pursue 

this objective in an efficient way, it will be necessary to design and assemble an 

aerosol batch reactor which allow to work with a very little amount of both catalyst 

and solvent. 
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6. Continuous flow aerosol exploitation for the 

styrene carbonate conversion into styrene oxide 

6.1 Introduction and aim of the research 

In this chapter it has been reported the research work performed during my three 

months staying at CIPT Lab of KU Leuven (Diepenbeek campus, Belgium) under 

the supervision of Prof. Mumin Enis Leblebici.  

Professor Leblebici’s group is mainly focused on the resolution of chemical 

engineering problems: reactors building and optimization for several purposes, 

simulations and modeling. Among many activities, a part of the group works on CO2 

capture and reutilization approaches (CCU). In addition, Prof. Leblebici’s group has 

experience in the field of continuous flow microdroplets reactions, since in the past 

they have worked on photochemical sulfoxidations in aerosol [87]. 

For all these reasons, I decided to spend my period abroad at CIPT Lab, to extend 

my knowledge in the aerosol field and widen my skills working in a chemical 

engineering environment. Basically, what has been done was to adapt and optimize 

to the needs of this study a continuous-flow aerosol reactor, previously built by 

Annelot Van den Bogaert, and to finally exploit it in the styrene carbonation. As 

already discussed in the previous chapters of this thesis, the chosen model reaction 

was a biphasic gas-liquid reaction, which requires a catalytic system to properly 

work. A wide catalysts variety has been used to this purpose, among which there 

are the catalysts already explored in bulk reactions in the previous chapters, but 

many of them operates at high temperature and/or high pressure values. In addition, 

most of the catalysts used for this objective were complex and, for this reason, 

expensive and difficult to be prepared in large scale. 

The chosen catalyst for this research was triethylammonium iodide (Et3NH+ I-), 

quoted in the literature as efficient, cheap and easy-to-prepare (in situ) [10]. 

The performances of the envisaged catalyst in the carbonation model reaction have 

been reported in the literature by testing it on several epoxides carbonations using 

mild conditions (p = 1 bar, T = 40°C), no solvent, 10 mol % of catalyst and the 

reaction required 24 hours to obtain a 87-99% yield of carbonate (Scheme 24) [47]. 
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Scheme 24 Reported scheme for several epoxides carbonations reactions using 

triethylammonium iodide as a catalyst [47]. 

Considering that the abovementioned reaction needs 24 hours to give good yields, 

it was fundamental to try to increase as much as possible the aerosol microdroplets 

residence time, to allow carbon dioxide to dissolve in the liquid and react as long as 

possible. Indeed, continuous-flow (CF) aerosol wasn’t the most convenient solution 

for this specific purpose, while batch aerosol set-up was impossible to be built at 

CIPT Lab. For this reason, the CF reactor has been adapted as much as possible 

for this research goal and the variation of several parameters has been investigated 

to identify the most efficient conditions to convert styrene oxide into styrene 

carbonate.  
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6.2 Discussion of the results 

The custom-made set-up described in section 6.3.3, has been exploited for the 

research purpose. The optimized conditions to obtain styrene carbonate in aerosol 

have been explored by changing one by one all the parameters, i.e. styrene oxide 

concentration in methanol, catalyst amount, gas flow rate and liquid flow rate. For 

each parameter, the exploration led to the identification of the best performing 

conditions. It wasn’t possible to work at higher temperature and so to explore the 

influence of the temperature on the reaction performances because of the geometry 

of the set-up. 

The first explored parameter was the initial styrene oxide concentration leading to 

the highest styrene oxide conversion into styrene carbonate. Accordingly, all 

performed runs were periodically sampled and analyzed by HPLC (see section 

6.3.5). Results of this initial optimization are shown in the following Figure 26 and 

they referred to reactions in which all the other parameters were the same: small 

reaction chamber (56 mL), 2 L/min gas flow rate (which was the maximum flow rate 

with the available MFC) and 10 mol % of catalyst vs. SO. The experiments have 

been performed using four different liquid flow rates, in order to confirm that the 

trend was always the same.  

 

Figure 26 Obtained results for the identification of the most performant SO 

concentration in MeOH; used conditions: small reaction chamber (56 mL), 2 L/min 

gas flow rate and 10 mol % of catalyst vs. SO. 

The concentrations of SO which have been explored were 1.05 M, 2.10 M and 4.20 

M. By looking at the graph in Figure 26 it is possible to see that, at each liquid flow 
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rate, to the increase of the of styrene oxide concentration corresponded an 

increased conversion into the desired compound up to a maximum. Further increase 

of the SO concentration negatively affected its conversion. It has been speculated 

that the explanation of this unexpected behavior can be attributed to the fact that if 

the reaction mixture was too concentrated, there wasn’t a sufficient amount of 

MeOH to allow enough CO2 to dissolve in each microdroplet, and so the SC yield 

was affected because the reaction couldn’t proceed properly. Anyhow, this 

hypothesis needs to be demonstrated with experimental data. Using the performed 

experiments, the optimized concentration of styrene oxide has been identified to be 

2.10 M and this concentration has been used for all the further experiments. 

The second parameter which had to be optimized was the catalyst amount. Using 

constant conditions (small reaction chamber of 56 mL, SO 2.10 M in MeOH, gas 

flow rate of 50 mL/min and liquid flow rate of 2.5 mL/min), the performances of 

several catalyst concentrations, i.e. 10 mol %, 20 mol %, 30 mol %, 50 mol % and 

100 mol %, have been explored. In the following Figure 27 it is possible to observe 

a linear dependence of the SO conversion into SC in function of the amount of 

catalyst.  

 

Figure 27 SO conversion into SC vs. catalyst amount graph as a confirmation of 

the absence of mass transfer limitation in aerosol. 

The trend of the graph was expected, and it confirmed the absence of mass transfer 

limitation phenomena in this aerosol system. In fact, in case of mass transfer 

limitation occurring, the curve had to present a plateau, this mirroring the fact that 

by increasing the catalyst amount, at a certain point, the conversion is not affected 
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anymore, because the rate determining step is the absorption rate of CO2 in the 

microdroplets.  

Once the absence of mass transfer limitation has been confirmed, the same 

obtained data have been evaluated in terms of turnover number (TON), which has 

been calculated as the ratio between the moles of SC obtained and the moles of 

catalyst added to the reaction mixture. Looking at the graph in Figure 28 it was 

possible to identify 30 mol % of catalyst as the most promising amount of catalyst 

to use. 

 

Figure 28 TON (SC mol/cat mol) vs. catalyst amount. 

Using these data, the optimized concentration of catalyst has been chosen and this 

concentration, i.e. 30 mol % vs. SO, and it was used for all the further experiments. 

The third exploration aimed to determine how the gas flow rate and the liquid flow 

rate were able to affect the obtaining of styrene carbonate. In Figure 29 are reported 

the data obtained by performing the reactions in the small reaction chamber (56 

mL), using a 2.10 M reaction mixture with a 30 mol % of catalyst. How it is possible 

to see by looking at the curves reported in the graph, by increasing the gas flow 

rate, the conversion increased because the excess of CO2 was larger and so, due 

to a faster CO2 redissolution, more gas was available to be redissolved in the liquid 

microdroplets up to its thermodynamic limit.  Instead, by increasing the liquid flow 

rate, the behavior was the opposite, i.e. SO conversion into SC decreased.  
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Considering the two different trends observed by changing liquid and gas flow rates, 

the optimized parameters chosen were 2.5 mL/min liquid flow rate (the smallest 

value possible) and 2 L/min gas flow rate (the highest possible). 

 

Figure 29 Influence on the conversion into styrene carbonate of the gas flow rate 

and the liquid flow rate.  

The gas and the liquid flow rates also affect the microdroplets dimensions, as it has 

been previously reported in the literature for other set-ups [87], but unfortunately, in 

this system, it wasn’t possible to measure the microdroplets diameter for safety 

reason and, because of that, the influence of the flow rates on the microdroplets 

dimensions and the consequent impact on the substrate conversion have not been 

evaluated. 

All these optimized parameters have been used to perform the experiments in two 

different reaction chambers, to be able to evaluate the influence of the microdroplets 

residence time, which is defined as the ratio between the volume of the reactor and 

the gas flow rate [87], on the carbonate yield.  

In Figure 30 it has been reported a picture of the experimental set-up in which is 

highlighted the 56 mL reaction chamber, which has been changed with a bigger one 

(100 mL) for some experiments. 
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Figure 30 Experimental set-up with 56 mL aerosol chamber (yellow circle). 

The reaction carried out with the 56 mL aerosol chamber and the other optimized 

conditions (SO 2.10 M in MeOH, 30 mol % of catalyst, liquid flow rate of 2.5 mL/min, 

gas flow rate of 2 L/min) led to a conversion of styrene oxide into its corresponding  

carbonate of 23 ± 1 % (calculated microdroplets residence time of 1.68 seconds), 

while the reaction performed in the same optimized conditions but by using the 100 

mL aerosol chamber led to a 28 ± 1 % of conversion (calculated microdroplets 

residence time of 3 seconds). Both the reaction chambers are visible in Figure 31.  

 

Figure 31 The two different aerosol chambers used: 100 mL aerosol chamber on 

the left and 56 mL aerosol chamber on the right. 
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These results confirmed that by increasing the volume of the reaction chamber, the 

microdroplets residence time increased and so the conversion increased too. 

Nonetheless, the expected relation between the residence time and the conversion, 

i.e. a linear dependency, hasn’t been confirmed in our set-up, suggesting that the 

diverse geometries of the aerosol chamber (Figure 31) played a fundamental role in 

affecting the performances of the system.  
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6.3 Experimental section 

6.3.1 Materials 

Styrene oxide (>98%) and hydriodic acid (57% in water) were purchased from TCI 

Europe N.V.; methanol (HPLC grade, ≥99.9%) and triethylamine (≥99.0% technical) 

were purchased from VWR chemicals. All chemicals were used without any further 

purification. 

 

6.3.2 Reaction mixtures preparation 

According to the procedure decribed by Y. Kumatabara et al. [47], in a 250 mL flask 

containing 100 mL of MeOH, styrene oxide has been added to reach the desired 

concentration (1.05 M, 2.10 M or 4.20 M) while the mixture has been magnetically 

stirred at RT. Then, Et3N has been added dropwise (10 mol %, 20 mol %, 30 mol 

%, 50 mol % or 100 mol % vs. styrene oxide). The reaction mixture has been cooled 

to 0°C and HI has been added dropwise (same amount of Et3N, i.e. 10 mol %, 20 

mol %, 30 mol %, 50 mol % or 100 mol % vs. styrene oxide). The homogeneous 

reaction mixture has been stirred for 5 minutes at 0°C, allowing the in situ formation 

of the catalyst Et3NH+ I-. 

 

6.3.3 Experimental set-up 

The experimental set-up shown in Figure 30 has been self-assembled. Each 

component of the set-up was introduced for a specific purpose, allowing the reactor 

to be functional to perform the continuous flow aerosol reactions of our interest. In 

Figure 32 has been reported a scheme of the set-up. 

In details, an ultrasonic nozzle (USN, Ultrasonic processor UP200St coupled to 

S26d18-S nebulizer sonotrode, bought from Hielscher Ultrasonics GmbH) has been 

connected to a liquid (reaction mixture) reservoir, to allow the nebulization. The flask 

cointaining the reaction mixture has been connected to a previously calibrated 

membrane pump (SIMDOS 10, bought from KNF), which is able to operate in the 

range 1 mL/min-100 mL/min flow rate. The pump has been then connected to the 

USN to ensure a liquid supply to the USN which is controlled in terms of flow rate.  
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Figure 32 The self-assembled experimental set-up. 
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How it is possible to see in the set-up scheme, the USN nebulized the reaction 

mixture in the aerosol reaction chamber, which had a volume of 56 mL or 100 mL, 

depending on the experiment.  

In this chamber it is also possible to observe the presence of a temperature sensor, 

which made possible to monitor the temperature during the experiments, and two 

connections with N2 and CO2 supplies. The gases supply had to be regulated and, 

for this reason, each of the two gas bottles (both nitrogen and carbon dioxide) have 

been connected to mass-flow controllers (Bronkhorst EL-FLOW Select with a range 

of 2 L/min for N2 and Bronkhorst EL-FLOW Prestige with a range of 2 L/min for CO2). 

In this set-up the operating gas pressure was always of 1 atm. It was also possible 

to use tap water to cool down the reaction chamber in case of exothermic reactions, 

but this tool has not been used during the experiments because it wasn’t necessary.  

In the bottom part of the reaction chamber, it has been placed a glass tube with a 

glass filter at the end. This part of the set-up was necessary to condensate the 

microdroplets, after they have been sprayed, in order to collect the liquid reacted 

mixture. Indeed, it is possible to identify, in the bottom part of the scheme, a tap 

which allowed the operator to pick up the liquid phase in a collecting flask or in a 

vial for the further samples analyses.  

The gas phase outlet has been connected to several components, each of them 

having a specific role. First of all, there was a bubbler immersed in a cooling bath at 

-20°C (1:3 NaCl:ice) to allow the condensation of the amount of MeOH which was 

in the gas phase. This condensing unit was necessary, otherwise the MeOH in the 

gas flow interfered with the CO2 sensor, which is based on IR signals. A silica gel 

trap has been inserted to avoid the humidity in the gas flow to reach both CO2 and 

O2 sensor and avoid damages to them. The carbon dioxide sensor allowed the 

monitoring of the consumption of CO2 during the reactions. Instead, the O2 sensor, 

which was coupled with an Arduino, was placed in the set-up just for safety reasons. 

In fact, because oxygen is a flamable gas, it was very important, in every moment, 

to be sure that there was no oxygen in the gas flow. 
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6.3.4 Reaction procedures 

In order to perform each of the aerosol reactions, the entire set-up has been filled 

with CO2 using the desired gas flow rate. Subsequently, water was first sprayed to 

clean the liquid pump, the tubes and the reactor. Then, methanol was sprayed to 

wash from water the system and then finally the previously prepared reaction 

mixture has been sprayed. The samples were collected after the reaction from the 

bottom of the set-up (see section 6.3.3) after at least 1 minute of nebulization, to be 

sure to collect the reaction mixture and not traces of the solvents used to wash the 

set-up. All the samples have been then analyzed through HPLC (section 6.3.5) to 

quantify the obtained conversion in terms of amount of styrene carbonate. 

 

6.3.5 HPLC analysis for the evaluation of the conversion  

High Performance Liquid Chromatography (HPLC, Agilent 1100 Series) has been 

used for the evaluation of the conversion in each sample. In order to be able to 

calculate the conversion after the reactions, a calibration curve of both styrene oxide 

and styrene carbonate was necessary.  

For this reason, first of all, five standard solutions at different concentrations 

containing both the analytes have been prepared (SO 0.25 mM + SC 0.25 mM in 

MeOH, SO 0.50 mM + SC 0.50 mM in MeOH, SO 1.00 mM + SC 1.00 mM  in MeOH, 

SO 1.25 mM + SC 1.25 mM in MeOH, SO 1.50 mM + SC 1.50 mM in MeOH). The 

five solutions have been analyzed using a previous optimized method (column: 

Synergi H18-041891, flow: 1.1 mL/min, RT, water:ACN 1:1, 14 min, detector 

wavelenght: 216 nm, SO Rt = 7.65, SC Rt = 5.50), obtaining the graph in Figure 33. 

At the end of each reaction, the collected samples have been diluted 1:1000 and 

analyzed through HPLC. Using the reported calibration curve, it was possible to 

calculate the conversion value for each of the reaction conditions, which have been 

all performed in quadruplicate and the reported data in Section 6.2 are the averages 

with the relative errors calculated as standard errors. 
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Figure 33 Calibration curve for styrene oxide (SO) and  

styrene carbonate (SC). 
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6.4 Conclusions  

The described research work had the goal to demonstrate the validity of CF aerosol 

to quickly perform reactions which normally need 24 hours and temperatures higher 

than RT to occur.  

The aerosol set-up used for this exploration was custom-made and self-assembled. 

Each component has been added or optimized in the first phase of the research, to 

obtain a reactor with all the components needed which perfectly worked for the 

purpose. 

Using this set-up, several parameters have been explored to identify the optimized 

reaction conditions by evaluating the influence of all the variables involved. First of 

all, it has been obtained that the optimal concentration of the reaction mixture was 

2.10 M styrene oxide in MeOH with 30 mol % of catalyst (Et3NH+ I-). Then, the 

influence of the gas flow rate and the liquid flow rate on the performances have been 

evaluated, obtaining that the best gas flow rate with which operating was 2 L/min 

(the highest one) and the best liquid flow rate was 2.5 mL/min (the lowest one).  

Using all the optimized conditions the best result obtained was 23 ± 1 % of 1 

conversion in 2 using the small reactor and 28 ± 1 % of conversion using the bigger 

one. These results confirmed our hypothesis of dependency of the conversion on 

the microdroplets residence time, but it also suggested a high influence of the 

reactor geometry on the residence time, because of the absence of a linear 

correlation. Indeed, an estimation of the residence time has been calculated by 

dividing the reactor volume by the used gas flow rate (2 L/min), obtaining 1.68 

seconds of residence time by using the 56 mL reaction chamber and 3 seconds by 

using the 100 mL reaction chamber. These results are very promising if compared 

with classical batch reaction which normally proceeds very slow. 

Furthermore, the validity of aerosol as a method to perform reactions has been 

confirmed by demonstrating the absence of mass-transfer limitation phenomena in 

this system, overcoming the kinetic limit in gas-liquid heterogeneous systems. 
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7. Final conclusions 

In the scenario described in the Introduction, it was fundamental to find new CCU 

strategies to exploit carbon dioxide in the zero-waste insertion into epoxides to 

obtain carbonates. The research work reported in this thesis aimed to identify and 

study new implemented approaches for process intensification of cyclic carbonates 

synthesis, using mild conditions and performing, sustainable and efficient 

methodologies. Guided by the principles of Green Chemistry, the final aim of this 

thesis was, therefore, to explore new optimized processes that maximize the 

efficiency of the conversion of epoxides into cyclic carbonates exploiting CO2 as a 

feedstock, and to recover and recycle the used catalyst at the end of the reaction. 

In Chapter 3 a research work in batch aerosol has been reported. The goal was to 

explore the kinetics of the model reaction in microdroplets conditions vs. normal bulk 

reactions, to demonstrate the advantages of aerosol in enhancing the efficiency of 

biphasic transformations, overcoming mass-transfer limitations. The carbonation of 

styrene oxide, in fact, has been selected as a model reaction in the realm of CO2-

utilization strategies, which are considered a fundamental research topic nowadays, 

and it was herein performed by using a potassium iodide/triethylene glycol (KI/TEG) 

complex to catalyse the obtaining of styrene carbonate (Scheme 25). 

 

Scheme 25 Reaction studied in the research work reported in Chapter 3. 

 

The batch approach used allowed a lower CO2 consumption during the experiments, 

if compared to a continuous flow process. The custom-made aerosol set-up has 

demonstrated to be efficient for our purpose, affording a twofold acceleration in 

microdroplets conditions vs. sonicated bulk, both at 25°C and 50°C. Furthermore, 

the experiments at 50°C confirmed the dependency of the model reaction on the 

temperature, affording a higher yield when the reaction was performed at higher 

temperature. 
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Subsequently, in Chapter 6, the validity of also continuous flow aerosol as a useful 

tool to improve the process efficiency has been studied. The home-made CF aerosol 

set-up was exploited to quickly perform reactions which normally need 24 hours and 

temperatures higher than RT to occur. Since the reactor was self-assembled, each 

component was optimized in the first phase of the research, to obtain a reactor with 

all the components needed which perfectly worked for the purpose. The catalyst 

used, in this case, was a very cheap and easy to prepare ionic liquid, because the 

process required a very large amount of reacting mixture. A lot of parameters were 

involved while performing reactions in this kind of custom-made reactor and, for this 

reason, each of them has been studied and optimized, and they have been reported 

in Scheme 26.  

 

Scheme 26 CF aerosol reaction explored in Chapter 6. 

 

Using all the optimized conditions, the best result obtained was 23 % of conversion 

of 1 in 2 using the 56 mL reactor and 28 % of conversion using the bigger one. 

These results confirmed the dependency of the conversion on the microdroplets 

residence time, but it also suggested a high influence of the reactor geometry on the 

residence time, leading to a non-linear correlation between the two variables. The 

residence time of the microdroplets, i.e. the reaction time, was calculated to be 1.68 

seconds in the 56 mL reaction chamber and 3 seconds in the 100 mL one. These 

results are very promising if compared with classical batch reaction, which normally 

proceeds very slow. Furthermore, the validity of aerosol as a method to perform 

reactions has been confirmed by demonstrating the absence of mass-transfer 
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limitation phenomena in this system, overcoming the kinetic limit in gas-liquid 

heterogeneous systems.  

A very important output is that microdroplets conditions can be applied to a wide 

range of reactions, using batch or continuous flow processes depending on the 

circumstances. Continuous flow aerosol can give very fast reactions, but it requires 

a lot of reactive mixture which can be easy to be prepared and cheap. On the 

contrary, batch aerosol is more suitable for a reaction that requires a longer contact 

time between the two phases or when the catalyst used is precious, i.e. expensive 

or difficult to obtain. Anyway, what was clear from the experiments performed is that 

aerosol chemistry is able to enhance styrene carbonate formation from its 

corresponding epoxide and CO2, thus paving the way for the application of 

microdroplets conditions to the whole realm of biphasic gas-liquid transformations.  

In the literature a very wide range of catalysts that can be exploited for the styrene 

carbonate synthesis are reported. Nonetheless, some new ionic liquids which can 

be exploited as organocatalysts have been prepared. As it is depicted in Scheme 

27, the preparation and the use of five different ionic liquids as organocatalysts for 

the styrene oxide conversion into styrene carbonate have been studied in Chapter 

4.  

 

Scheme 27 Reaction studied in Chapter 4. 
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The five catalysts have been synthesized and tested on the model reaction. 

Furthermore, more of them can be designed and prepared, inspired by the ones that 

have been synthesized in this thesis work. In fact, keeping in mind the features that 

can confer to an ionic liquid suitable properties to be exploited as organocatalyst in 

reaction with CO2, the range of new compounds that can be synthesized is very 

wide. 

The ionic liquid 8 has shown the best catalytic efficiency, producing styrene 

carbonate quantitatively at 75°C in 16 hours, and, for this reason, it has been 

exploited to obtain a collection of six cyclic carbonates from their corresponding 

epoxides (Figure 34) in good or excellent yields, expanding the scope of the 

research.  

 

Figure 34 Substrates and products of the scope extension performed in Chapter 4. 

Considering the main interest in the development of efficient methodologies for the 

intensification of gas-liquid reactions, the selected organocatalyst has been used to 

promote the synthesis of cyclic carbonates in segmented flow conditions, with the 

detection of significant improvements in terms of reaction rate and productivity 

passing from a bulk reactor to flow chemistry. Traditional flow chemistry 

demonstrated to be a very useful tool for the process intensification of biphasic gas-

liquid transformation, giving an increase of the process productivity up to 17 times, 

if compared with bulk process. 

These very promising results paved the way for the further exploration of the 

bifunctional catalyst 8 in semi-heterogeneous conditions reported in Chapter 5. In 

fact, the catalytically active moiety of the previously identified best performing ionic 

liquid has been immobilized on silica core-shell magnetic nanoparticles, to obtain 

nanocatalysts for the styrene oxide carbonation in semi-heterogeneous conditions. 

Two classes of nanocatalysts (with magnetite or cobalt-ferrite cores) have been 
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prepared, allowing an easy magnetic recovery at the end of the reaction, with the 

simple application of a static magnetic field. In fact, magnetic nanocatalysts can be 

considered a very promising technology to recycle and reduce wastes as much as 

possible: despite their synthesis requires a moderate effort, once they have been 

prepared, they are very stable and they can be used in semi-heterogeneous 

catalysis and easily recycled through a static magnetic field. 

Among the two prepared materials, cobalt-ferrite has been identified as the most 

suitable cores material, because of the higher saturation magnetization shown 

during the magnetic measurements. The catalytic performances of the prepared 

nanocatalysts have been evaluated on the model reaction in a classic bulk reactor 

(Scheme 28), obtaining 28 % of styrene oxide selective conversion into styrene 

carbonate in 16 hours. 

It is well known that carbonates of epoxides are deeply affected by the temperature 

and, for this reason, it could be very interesting to create a set-up which allows to 

test the MNPs activity at higher temperature. 

 

Scheme 28 Styrene carbonate synthesis in semi-heterogeneous conditions, 

studied in Chapter 5. 
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To conclude, in the depicted scenario, considering the advantages of using aerosol 

reactors, semi-heterogeneous magnetic catalysts and the related literature, it 

appears to be very promising to exploit the integration of aerosol advantages with 

the easy magnetic recovery of the superparamagnetic nanocatalysts, which can 

synergistically cooperate, to improve the speed, selectivity and productivity in gas-

liquid reactions. An example of this could be the use of the prepared nanocatalysts 

in a small-scale batch aerosol reaction, to test their catalytic efficiency on the styrene 

carbonate synthesis. However, to be able to pursue this objective in an efficient way, 

it will be necessary to design and assemble an aerosol batch reactor which will allow 

to work with a very little amount of both catalyst and solvent. 
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List of acronyms 

AAF Apparent acceleration factor 

ACN Acetonitrile  

AcOH Acetic acid 

AF Acceleration factor 

AR Aromatic  

BPR Back-pressure regulator 

CCS Carbon capture and storage 

CCU Carbon capture and utilization 

CDCl3 Deuterated chloroform 

CF Continuous flow 

CIPT Centre for industrial process technology 

CNR (Italian) National research council 

Co(acac)2 Cobalt(II) acetylacetonate 

CO2 Carbon dioxide 

CoFe2O4 Cobalt-ferrite 

COFs Covalent organic structures 

COSY Correlated spectroscopy 

CSTR Continuous stirred tank reactor 

CSTR  Continuous stirred tank reactor 

CV Column volume 

Cy Cyclohexane 

DCM dichloromethane 

DIPEA N,N-Diisopropylethylamine 

DLS Dynamic light scattering 

DMF Dimethyl formamide 

DMSO Dimethyl sulfoxide 

EA Elemental analysis 

ESI Electrospray ionization 

ESSI Electrosonic spray ionization 

ESSL European severe storms laboratory 

ESWD European severe weather database 

Et3N Triethylamine  

Et3NH+I- Triethylammonium iodide 
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EtOAc Ethyl acetate 

EtOH Ethanol  

FC Flow chemistry 

Fe(acac)3 Iron(III) acetylacetonate 

Fe3O4 Magnetite 

FEP Fluoropolymer  

FTIR Fourier transform infrared spectroscopy 

H2O Water  

HCl Hydrochloric acid 

HI Hydriodic acid 

HMBC Heteronuclear multiple bond correlation 

HPLC High performance liquid chromatography 

HRMS High resolution mass spectrometry 

HSQC Heteronuclear single quantum coherence 

ICP Inductively coupled plasma 

IL Ionic liquid 

IMM Institute for microelectronics and microsystems 

IR Infrared  

ISM Institute of structure of matter 

ISOF Institute of organic synthesis and photoreactivity 

K2CO3 Potassium carbonate 

KI Potassium iodide 

KU Katholieke universiteit 

LC Liquid chromatography 

LiI Lithium iodide 

MeOH Methanol 

Me-THF 2-methyl tetrahydrofuran 

MFC Mass-flow controller 

MNPs Magnetic nanoparticles 

MS Mass spectrometry 

Ms Saturation magnetization 

NaOH Sodium hydroxide 

NATO North Atlantic treaty organization 

NH4OH Ammonium hydroxide 
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NMR Nuclear magnetic resonance 

P Productivity  

PFR Plug flow reactor 

PID Proportional integral derivative 

POPs  Porous polymers 

rpm Round per minute 

Rt Retention time 

RT Room temperature 

SA Surface area 

SC Styrene carbonate 

SO Styrene oxide 

SPS Science for peace and security 

SS-NMR Solid state nuclear magnetic resonance 

TANGO 
Technology against climate change to mitigate CO2 environmental 

security threats 

TEG Triethylene glycol 

TEM Transmission electron microscopy 

TEOS Tetraethyl orthosilicate 

THF Tetrahydrofuran  

TOF Turnover frequency 

TON Turnover number 

UN Ultrasonic nebulization/nebulizer 

USN Ultrasonic nozzle 

V Volume  

VSM Vibrating-sample magnetometer 

XPS X-ray photoelectron spectroscopy 

ZP Zeta potential 
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