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1.0 General introduction 

 The search for greener and more efficient chemical processes and synthesis has been 

the driving force behind scientific research in late years. The urge for a shift in paradigm 

increases as society tries to overlap economic and technological growth with the scarcity of 

natural resources we face. As the public opinion concerns with environmental preservation, 

public institutions demand greener protocols from chemical and pharmaceutical companies 

both with strict regulations and funds to boost the transition. However, this transition cannot 

happen if not from the roots of the system that is basic and applied research. Therefore, there 

is an argument for process intensification and green chemistry to be together. 

In this thesis research work on the synthesis of new materials for heterogeneous catalysis and 

adsorption processes, and studies on green chemical syntheses and conversion are presented. 

The focus has been on the application of green chemistry principles on known but useful 

chemical reaction, coupled with the application of enabling technologies for process 

intensification, to start filling the gap between base research and real-life application. First, 

the guiding principles of this work are presented and discussed as a general introduction. A 

good start is presenting green chemistry and process intensification, the pillars on which the 

thesis is built and expanded. 

1.1 Green Chemistry 

Everyone has an instinctive understanding of what “green” means and therefore what 

green chemistry might be about; as scientist, however, we need a solid definition to properly 

apply it in our works. According to EPA (United States Environmental Protection Agency) green 

chemistry is “the design of chemical products and processes that reduce or eliminate the use 

or generation of hazardous substances”. So, our first goal in designing green processes should 

be avoiding toxic solvents or cancerous reagents in favour of less hazardous alternatives: a 

synthesis that substitutes chloroform with a non-toxic and bio-compatible solvent such as 

ethanol or even water is easy to consider green, however the preservation of selectivity and 

yield may not be so easy to translate. Indeed, waste reduction should also be considered in 

this design: if the same synthesis consumes large volumes of water that later needs to be 

removed by heating, only to produce small amounts of product with low yields, is it really 

green?  
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Green chemistry is indeed a complex 

puzzle and perhaps it is better defined with 

its twelve principles (Fig. 1), introduced by 

Anastas and Warner in 1991 and then 

expanded in later works1,2. Some of these 

will be discussed in further details as they 

have been extensively employed in this 

thesis. After its formal introduction, green 

chemistry was rapidly established in 

scientific institutions, for example with the 

institutions of renown awards such as the 

US Presidential Green Chemistry Challenge 

Awards (1996), the creation of the Green 

Chemistry Institute (1997) and the growing 

success of the journal Green Chemistry 

edited by the Royal Society of Chemistry 

(1999). In the same years different green 

metrics were introduced to quantify the 

efficiency of chemical reaction and measure, in a sense, their sustainability. 

Nowadays many research works focus on the application of green chemistry principles and in 

its role in leaving the oil-based chemistry in favour of renewable feedstocks tending towards 

what is called “biorefinery approach”. Now that we have established the bind and principles 

of green chemistry, ad in-depth discussion on the most important aspects for this thesis can 

be tackled. 

1.1.1 Atom economy and green metrics 

 Atom economy (AE) was the first green metric to be introduced, but its simplicity and 

effectiveness makes it one of the most used even nowadays3–6: this concept was firstly 

introduced by Trost in 19917 and tries to convey the efficiency of the synthesis of complex 

products without wasting atoms from the reagents8. In practical terms, it is the simple 

calculation of how many atoms from the reagents remain in the structure of the product. It 

reflects the efficiency of a synthesis and, if maximized, is directly linked to waste reduction; 

however, it should be noted that it does not account for the yield of the reaction but only 

analyses the performed reaction in its simplest and ideal form. 

𝐴𝐸 =  
𝑀𝑊 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

∑ 𝑀𝑊 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
 

AE varies from different reactions but can also differ for the same reaction if run with different 

reagents. If we take for example the synthesis of benzylamine, many different approaches are 

possible. One might be starting from benzyl bromide, form the benzyl azide and then run a 

Staudinger reaction to get benzylamine: in this case AE is only 0.20 (Fig.2). 

Figure 1: green chemistry principles (from Sylvatex). 



3 
 

 

Figure 2: synthesis of benzylamine from benzyl bromide and its AE. 

If we change the synthesis completely and run a reductive amination on benzaldehyde AE 

increases to 0.85 using H2 as a reductant. This same synthesis can vary, however, if we decide 

to use NaBH4 instead for the reduction step, lowering the AE to 0.66 (Fig. 3). 

 

Figure 3: synthesis of benzylamine from benzaldehyde and possible AE. 

The power of AE is its readily application; it is easy to calculate and understand and gives 

immediate feedback on the feasibility of a reaction. This is the root of its success and 

widespread, however this metric comes with limitations too: as previously mentioned, AE 

does not account for the yield, which may be influenced by equilibriums or side-reactions, nor 

the use of excess of reagent or volume or solvent9. All these parameters play a significant role 

on the success and scalability of a synthesis and, if they can be overcome in laboratory, can 

be much more problematic in pilot or plant scale. 

Perhaps a more comprehensive metric is the environmental factor (EF), introduced in 199210 

to overcome the limitations of AE and is the ration between the mass of the wastes and the 

mass of the product. This offers a wide flexibility of application: from the basic stoichiometry 

to the real reaction accounting for solvent and excess of reagent or even include pre-

treatments and workups.  

 

𝐸𝐹 =  
∑ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑠𝑡𝑒𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 

EF is easily scalable and easy to calculate. It can also include yields, as long as the final product 

is quantifiable. If we stick to the reductive amination, we can see how easily it is to adapt the 

EF calculations to different approaches or necessities: 
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1. During the reaction, only one molecule of water is produced as waste, so the EF for the 

ideal case is only 0.17. 

2. As discussed in a following chapter, the real synthesis was carried out using 100 µL of 

benzylamine in 5 mL of aqueous ammonia (32 %). In this case the consumption of 

ammonia and the release of water has a negligible effect and assuming 100 % yield the 

EF is of 45, mostly due to the excess of reactive solvent.  

3. Since the boiling point of benzylamine is much higher than that of aqueous ammonia, 

the latter can be removed under vacuum and recycled. If we add this additional step 

to the calculations, then the EF becomes virtually zero. 

EF is a potent metric that unites simplicity and flexibility; however, we should also consider 

that not all reagents and solvents are born the same: some pose a far major hazard than others 

even when used in the same quantity or less. For example, a reaction run in the same amount 

of water or benzene have far different environmental impact and pose different dangers to 

the operators.  

A possible approach to address also this topic is using the effective mass yield (EMY) as metric, 

which is the ratio between the mass of the product and the mass of “nonbenign” reagents 

used.  

𝐸𝑀𝑌 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑎𝑧𝑎𝑟𝑑𝑜𝑢𝑠 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
 

EMY should not be thought of as an alternative to EF, but more as a complement. Indeed, it 

does not account for the use of possibly huge quantities of safe substances like water but 

helps in underlying the consumption of hazardous materials relatively to the product. This is 

also useful to compare different alternatives for the same reaction. If we again consider the 

reductive amination of benzylamine, if the reduction step is performed with NaBH4 the EMY 

is of 1.95, since benzaldehyde is a safe reagent. If we somehow use isopropanol (iPrOH) as a 

H-donor, since it is safe and non-toxic it does not fall in the calculation even being more 

massive than NaBH4, and so EMY rises to 6.3. Of course, this approach leaves room for 

interpretation on what is benign and what is not, since sometimes the definition is blurred. 

It is clear that different metrics highlight different properties of the same synthesis or process 

and a certain degree of freedom for the user is unavoidable, so it is recommended to use more 

than one when designing a process to aim for a true green protocol. In this thesis green metrics 

will be calculated for the developed synthesis and, when possible, compared to previous 

works on the topic. 
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1.1.2 Green solvents 

Solvents play a crucial role in the performance of a reaction, and they often compose 

the most part of its volume or mass, up to 80-90 wt.%11 as shown in Fig. 4. 

 

Figure 4: mass composition of a pharmaceutical multistep synthesis11. 

 Traditional organic chemistry solvents such as methylene chloride or dimethylformamide are 

often toxic or hazardous12–14 and,, despite the existence of greener alternatives, they are still 

widely employed in research work nowadays (Fig. 5). 

 

Figure 5: percentage of papers using solvents of concern from a 2015 survey12. 

This is not to say that in recent no effort was taken to shift towards greener solvents: since 

solvent consumption is a topic of concern for pharmaceutical industries, now many big players 

such as Pfizer or Astrazeneca have created tables and guidelines to avid undesired solvents 

and substitute them with sustainable and safe ones15,16. In general, a “green” solvent should 

be safe, non-toxic and biocompatible. Also, its volatility should be low both for safety and to 

reduce its dispersal in the environment.  

Water is often regarded as the ideal green solvent: its abundant, cheap, safe to use (it is 

extremely hard to set it ablaze) and non-polluting17–19. A number of researches are focused 

on running organic chemistry in aqueous environment20,21, often through the clever use of 
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micelles: micelles allow the suspension of lipophilic molecules in water, while the proper 

reaction takes places in an hydrophobic environment; this breakthrough allowed the 

substitution of DMF with water for a number of classic organic syntheses22–24. The 

sustainability of the solvent of choice is also important: ethanol, ethyl acetate and acetone 

are all examples of organic solvents derived from third generation biomasses and their use is 

preferred to other solvents derived from the oil industry. In recent years even more green 

solvents have been derived from biomasses and applied to organic syntheses or chemical 

conversions, some notable examples are: γ-valerolactone25, 2-methyl tetrahydrofuran26, 

dimethyl isosorbide27,28, cyclopentyl methyl ether29,30. These improvements are much needed 

to move away from oil refinery, from which many common organic solvents are derived. 

In the works presented in this thesis, efforts to use green solvents have been made and the 

substitution of organic solvents of concern with greener alternatives will be underlined. 

1.1.3 Renewable feedstocks 

Many chemical building blocks that feed the chemical and pharmaceutical industry 

derive from oil. Oil is a precious resource and our society learned to exploit the most of it with 

refineries that separate it in all its components and send them in their specific market: solvent, 

fuels, base chemicals, and others. Though efficient, this production is not sustainable since oil 

is scarce and has a high environmental impact foresting our dependence on it. It is possible 

instead to derive many base chemicals from renewable feedstocks such as biomasses31.  

Biomasses are categorized in three generations that also define their derivatives (Fig. 6). First 

generation biomasses are derived directly from food industries and are often edible like 

sugarcane or corn to produce bioethanol32. These biomasses create a competition with food 

applications with the risk of cultivations being devoted to fuel instead of feeding people, and 

the consumption of soil to create new crops; for these reasons they have mostly been 

surpassed. Second generation biomasses are non-food derived or even wastes. Lignocellulosic 

biomasses are such an example: they are mostly composed of cellulose, hemicellulose and 

lignin and they are cheap33–35. Their complex composition is both a challenge and an 

opportunity. From their cellulose and hemicellulose portion we can derive both biofuels, via 

fermentation36, and hexose and pentose sugars, from hydrolysis37,38. Such sugars can then be 

used as platform chemicals for further conversions. Then comes the lignin fraction. Lignin is a 

complex polymer with no fixed structure, but mostly made up of three components re-

arranged: ρ-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol39–41. There three base-

components vary in relative quantity between hardwood, softwood and grasses. From lignin 

a number of aromatic compounds can be derived, paving an alternative way than oil 

refinement42,43. Finally, third generation biomasses involve biotechnology: they are 

microorganisms specifically studied and grown to produce chemicals or fuels44,45. 
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Figure 6: scheme of the three biomass generations. 

For the moment, lignocellulosic biomasses are the most interesting for chemical research. 

Scientific research is trying to apply a biorefinery approach to obtain high added value 

compounds from this cheap and renewable source46–48. To be effective and comparable to oil-

refineries, biorefineries should be able to produce a wide spectrum of products: from fine 

chemicals to base chemicals to the thermal treatment of the final wastes. So far this approach 

has been difficult to implement, both because of current technological limitations and the 

intrinsic variability in biomass feedstocks, so it is important to continue the research in 

effective biomass conversion; however there are examples of successful and economically 

sustainable biorefineries, as in the case of citrus peels from which it is possible to obtain fine 

chemicals (essential oils, polyphenols…), base products (cattle feed) and energy sources 

(methane and syngas)49–51. 

The use of renewable feedstocks for chemical conversion is a topic of paramount importance 

for the future of green chemistry, and the only way for a sustainable process. In 2004 a list of 

the most promising products (Table 1) from integrated biorefineries was published by the US 

Department of Energy and has guided the research in this field ever since52,53. In this thesis, a 

careful approach in the choice of solvents and reagents has been taken, with the intent of 

starting from cheap bio-derived compounds and convert them to fine chemicals through 

green methods to help the progression to widespread biorefinery integration with chemical 

and pharmaceutical industry.  

Table 1: the DOE top chemicals from carbohydrates. 

Succinic, fumaric and malic acid  Itaconic acid 

2,5-Furan dicarboxylic acid  Levulinic acid 

3-Hydroxypropionic acid  3-Hydroxybutyrolactone 

Aspartic acid  Glycerol 
Glucaric acid  Sorbitol 
Glutamic acid  Xylitol 
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1.1.4 Heterogeneous catalysis 

A catalyst is a substance that lowers the activation energy of a reaction without being 

consumed in the process. This speeds up the reaction rate and also allows milder reaction 

conditions often resulting in better selectivity and yield. A catalyst can be as simple as the 

addition of an acid in Fischer’s esterification or something more complicated as a Ru complex 

for the hydrogenation of artemisinic acid54. These two, however, are both examples of 

homogeneous catalysts: a homogeneous catalyst is already a liquid or can be dissolved in the 

solvent of choice. Though effective they can be difficult to remove from the reaction mixture 

often needing a liquid phase extraction that consumes organic solvents. 

A greener alternative is the use of heterogeneous catalysts, which is a solid insoluble 

substance that remains as a separate phase during the reaction. One kind of solid catalysts 

are metallic nanoparticles supported on porous materials. Transition metals are often used as 

catalysts for a wide number of organic reactions55–57. The preparation methods of metal 

nanoparticles can be classified firstly as top-down or bottom-up: top-down techniques start 

from a bulk material and break it into smaller elements, whereas bottom-up techniques build 

nanoparticles from scratch via nucleation processes58,59. Another classification is possible on 

their phase: liquid, gaseous or solid. The most common procedures for liquid phase syntheses   

include the wet impregnation of the support with a soluble salt followed by a chemical 

reduction or the precipitation-deposition of the metal hydroxide followed by the chemical 

reduction60,61. The size and dispersion of the nanoparticles can be controlled by the operative 

parameters (stirring rate, temperature, concentration…) or the addition of surfactants that 

later need to be removed by careful washing or pyrolysis62. 

The advantages of heterogeneous catalyst are their easy removal and recycle. For laboratory 

scale reactions, powder catalysts are common, while for pilot or production scale processes 

often the solid catalysts are employed as pellets or porous blocks. Either way, at the end of 

the reaction they can be removed by filtration or centrifugation, avoiding the contamination 

of the products; this without the employment of further organic solvent. A minimal amount 

of solvent is of course necessary to wash them before their recycle63–65. The possibility to easy 

recover and reuse them make heterogeneous catalyst both economically and environmentally 

sustainable. Another advantage for the works presented later in this thesis is the synergistic 

interaction between metal nanoparticles and MW radiation, as previously discussed. The only 

true problematics with metal-based heterogeneous catalysts are the reduced mass transfer 

compared to homogeneous catalysts (which needs to be compensated by vigorous stirring) 

and the possible metal leaching to the liquid solution. 

In this thesis, heterogeneous catalysis has been extensively employed both with commercial 

and with newly synthetized catalysts. This was both to develop sustainable syntheses and to 

exploit the hotspot formation under MW heating to promote the studied chemical reactions. 

1.2 Process intensification 

Process intensification (PI) is another broad term that intersects with green chemistry. 

As a general definition, PI involves the design for smaller, safer and more efficient processes. 

This can happen through different paths and technologies; from a strictly scientific point of 

view an improvement in process efficiency needs to maximize the driving force of the reaction 
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and the rate of intra and intermolecular events. Kinetic and thermodynamic studies are 

needed and can then be used for the design of new technological equipment: we can safely 

state that PI is an integrated approach that aims for efficiency and technological 

improvement66. In particular, it has been proposed to classify four different PI approaches 

that, alone or together, can achieve the set objective: structure and special domain, energy 

and thermodynamic domain, synergy and functional domain, time and temporal domain67.  

 An European roadmap for PI exist, targeting petrochemical (PETCHEM) and fine chemical 

(FINEPHARM) industries as high importance sectors for new technologies to improve energy 

savings, selectivity of the processes and reduce waste production68. As an example, the shift 

from stirred tank reactors to reactors for fine chemicals was predicted to lead to improve 

selectivity and yield by 20 % (as an average) maintaining the production output. The reduction 

in volumes makes a process intrinsically more controllable and safer and the increase in 

efficiency and selectivity leads to less waste production and so to a greener reaction. Even 

though at its core PI primarily deals with the reduction of working volumes this does not mean, 

of course, to produce less product, but instead producing the same amount or more with less 

solvent and in smaller reactors. This of course is a challenging quest and new technologies are 

needed together with the research for greener and faster chemical reactions. 

In this roadmap, enabling technologies are mentioned as tools to improve the industry 

efficiency. Such technologies are also referred to in the European Horizon 2020 program, a 

formidable tool of public funding destined for research facilities and industries alike69. Such 

technologies are characterized by sharp advantages respect to conventional ones but often 

need capital investment and a careful optimization to be competitive. They are however 

established as the future to aim to, and their application is studied in applied research to be 

then scaled to pilot scale and finally plant scale. 

1.2.1 PI and scalability of a reaction 

As aforementioned, the downsizing of a reactor does not mean downsizing the product 

output. To be successful outside the laboratory, a reaction must be easily scalable. This means 

that the same result that a Ph.D. student obtains on the mL scale must be reproduced, if not 

improved, on the litre and then the hundreds of litre scale. This is where many project fail and 

are abandoned for not being economically feasible.  

The most intuitive way to scale a reaction up is to build a larger reactor. Often a “true” scale-

up is considered when a tenfold increase in working volume is accomplished: if the reaction is 

successful is then considered promising for a real-life application. This approach leaves 

unaltered the ratios of the reaction component, however is not always in line with the PI 

guidelines and can result in cumbersome, unsafe production plants. An alternative is a 

numbering-up of small process units to work in parallel. Small-scale reactors are intrinsically 

safer and easier to control and from the economic point of view it can be more advantageous 

to use mor smaller units instead of a bigger one: the cost of scaling-up an equipment is usually 

exponentially correlated to its size, while the installation costs of more units follow a linear 

progression70. Of course this approach is not without its challenges, mainly due to the correct 

redistribution of fluids and phases in the different reactors71.  
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Finally, one can also improve the productivity of a process without making it substantially 

bigger. This can be accomplished with the application of enabling technologies or the use of 

flow reactors instead of batch reactors of similar size.  

1.2.2 Enabling technologies for PI 

Enabling technologies are new technological tools to improve efficiency and efficacy 

of a process. There are many examples applied to chemistry but two of them will be presented 

in detail having been used in many experiments in this thesis: MW and ultrasound (US). These 

technologies can also help to reduce the energy consumption of a reaction, which is an 

important factor in moving from a fume hood to a factory line. A primary goal should be the 

use of mild reaction conditions with the ideal being room temperature and atmospheric 

pressure. Often running a successful reaction in these conditions is not possible, so the focus 

should be finding the “sweet spot” that maximizes yield at the lowest temperature and 

pressure possible, so a screening of the experimental space is needed. If aviable, design of 

experiment software can be a huge help reducing the necessary experiments using 

mathematical predictions starting from real data points. In this thesis extensive screening of 

reaction conditions were applied in all syntheses to move towards the mildest possible.  

 

Figure 7: MW heating through dipole rotation and ionic conduction (from CEM.com). 

A great portion of the energetic consumption of a reaction goes into heating. In this regard, 

microwaves (MW) offer a significant advantage over conventional heating. Instead of 

transferring heat through convection, MW work with the interaction of dipoles with the 

electromagnetic field generated by a magnetron (Fig. 7). MW are electromagnetic waves with 

frequencies between 0.3 to 300 GHz, but most of the equipment are set to 2.45 GHz, to avoid 

interferences with telecommunications. The efficiency of MW heating depends on the 

dielectric properties of the heated materials: the ability of a material to convert MW radiation 

to heat is defined by its loss factor (tanδ)72.  

tan 𝛿 =  
𝜀′′

𝜀′
 

In the equation, ε’’ represents the dielectric loss or the efficiency of the conversion between 

MW and heat, while ε’ is the dielectric constant that indicates the tendency of the material to 

be polarized by an electric field. The higher the loss factor, the better a material is heated by 

MW radiation. The values for some common solvents are listed below in Table 2. 
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Table 2: loss factor for some common solvents73 

Solvent tanδ 

Water 0.12 
Methanol 0.66 
Ethanol 0.94 

Isopropanol 0.80 
Chloroform 0.09 

Toluene 0.04 
Hexane 0.02 

 

The physical phenomenon at the base of MW heating is the oscillation of dipoles as they try 

to follow the oscillating electromagnetic field. This re-alignment to the field is never perfect, 

and energy is lost in form of heat: we can think of it as a drag generated by the oscillation of 

polar molecules. MW effects are generally described as thermal and non-thermal74. Thermal 

effects include for example the creation of an inverse thermal gradient respect to 

conventional heating: dielectric heating is volumetric, and the irradiated sample starts to heat 

up from inside, instead than from the external walls (Fig. 8). 

 

Figure 8: MW induced inverse thermal gradient (left) versus conventional heating (right)75. 

Also, since dielectric heating is highly selective it is possible to create hotspots at a higher 

temperature than the bulk: this is often the case when heterogeneous catalysts are used, and 

this can enhance the catalytic activity and activate reaction paths at lower overall 

temperatures. This phenomenon was well reported by Bogdal et al. with the use of a CrO2 

catalyst for the oxidation of alcohol using toluene as solvent (Fig. 9): the catalyst rapidly 

reached a 140 °C temperature, superior to that of the bulk solution76. This effect can be further 

enhanced using strongly absorbing materials  to induce a rapid heating of the less-absorbing 

bulk, or to speed up the reaction or decomposition on their surfaces77. 
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Figure 9: hotspots formed over CrO2 under MW heating, without (left) and with solvent (right)76. 

MW can also be used in biphasic systems to selectively heat only the polar phase. One 

excellent example is the reactive extraction performed by Ricciardi and co-workers, where a 

bi-phasic system of water and toluene was used to convert xylose to furfural and immediately 

extract it to avoid its decomposition, allowing a higher yield and a 50 % reduction in side-

products compared to convective heating78. MW heating dependence on the characteristic of 

the irradiated material can also cascade in energy savings: the fact that some materials, like 

Teflon, are transparent to MW allow a direct heating of the sample, without wasting energy 

on the walls of the reactor. Also, MW can often shorter reaction times from hours to minutes: 

this was proven for a number of organic reactions in literature and can have an enormous 

impact on productivity and energy savings79. Different studies have compared the energy 

efficiency of MW reactors to conventional ones for common organic syntheses of the litre 

scale, finding that MW could indeed lead to improved energy efficiency, though this also 

depend on the scale and the reaction itself so it is not a general assumption80,81. Even when 

the energy efficiency of MW, strictly in heating effect, is less than the conventional methods, 

they more than made up to it with short reaction times82. 

On practical terms, a MW reactor is composed of three fundamental parts: a magnetron, a 

waveguide and a reaction chamber. The magnetron is the source of MW, which are produced 

by a red-hot filament under vacuum that emits electrons: the path of the electrons and the 

size of the magnetron influence the final frequency of the MW. The MW are captured by a 

metal spire and travel through a metal pipe (the waveguide) to the reaction chamber, where 

the sample is exposed to the radiation. The distribution of MW in the chamber separates the 

reactors into two categories as represented in Fig. 10: multimodal and monomodal. In a 

multimodal reactor MW bounce randomly between the walls of the chamber, ideally creating 

a homogeneous irradiation which is useful for multiple or massive samples. In a monomodal 

reactor a static wave fills the chamber and the sample is posed in correspondence of its 

antinode, where the radiation intensity is maximized83. 
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Figure 10: multimodal (a) and monomodal (b) MW reactor scheme (from Anton-Paar.com). 

Surprisingly few industrial scale MW reactors exist for chemical conversions. Even though MW 

offer significant advantages compared to convective heating, they have proven difficult to 

scale up; on one hand the MW efficiency in higher the more massive is the sample (since small 

samples will not interact with the electromagnetic waves) but on the other as the reactor size 

increase it becomes difficult to control the temperature of the process. This is mainly due to 

the limited penetration depth of MW in polar solvent, since it is inversely proportional to its 

dielectric constant: for big scale reactors this means that only few centimetres of liquid will be 

properly heated. Proper mixing can reduce these inhomogeneities, however if the process is 

not well designed it can happen that the bulk of the solvent is cold while the solvent next to 

the waveguide gets overheated.  

This is not to say that a scale up is impossible, but many factors must be taken int 

consideration: the materials, the geometry of the reactor, the stirring rate84. Sometimes, 

computational modelling can be helpful in the design of industrial scale reactors85. Another 

possibility is to transition from batch to flow reactors: flow reactors have a higher productivity 

and can work with smaller volumes, essentially eliminating all the problems deriving from the 

bulk of the reaction. The applicability of flow chemistry for MW-assisted reactions has been 

extensively proven even at production scale86,87. The influence on the temperature gradient 

with or without a stirring system is visualized in Fig. 11. 

 

Figure 11: effect of an internal stirrer on field distribution (a)84 and homogeneous temperature 
distribution in a flow MW reactor (b)88. 
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In this thesis, MW have been extensively applied for chemical syntheses and conversions. This 

approach often led to a significant reduction in reaction time and in the working temperature, 

with a synergistic effect with the use of metallic catalysts. This further allowed the application 

of green chemistry principles in the studied reactions, paving the way to the creation of 

greener protocols compared to literature. 

Another key enabling technology for chemical processes are US. US are sound waves above 

20 kHz of frequency. Depending on their exact frequency they find different application: from 

medicine to material science to sonochemistry. Usually, US are applied for sonochemistry 

mainly in the range between 20-150 kHz. They derive most of their properties to the 

phenomena of cavitation: the formation and energetic collapse of vapour bubbles inside the 

liquid they travel. The propagation of US creates zones of compression and decompression in 

the medium (Fig. 12); the decompression allows the formation of microbubbles that grow and 

collapse in the span of few microseconds. This collapse releases a great amount of energy in 

a small volume, creating a hotspot of high temperature and pressure while the bulk of the 

solvent remains at the same temperature. These hotspots can kickstart chemical reactions, 

release radicals and the turbulence of cavitation dramatically improves the mass transfer 

compared to mechanical stirring89,90.  

 

Figure 12: cavitation and US propagation differences between a ultrasonic horn (left) and plate 
(right)91. 

How efficient cavitation is depends on different factors. Firstly, the frequency and intensity of 

the applied US. Then one must also consider the solvent: US are best used with high-boiling 

solvents like water, otherwise the microbubbles will be too stable and release little energy. 

Temperature is also a factor: over time also the bulk temperature will increase at a rate 

depending on the thermal capacity of the solvent and the intensity of US. As temperature 

increases the vapour phase becomes more favoured and cavitation is hindered.  

Another interesting field of application of US is sonocrystallization. The compression waves 

can indeed induce nucleation in a supersaturated solution at a faster rate than most 

conventional methods, reducing the induction time. Also, the energy transfer of US is so 

efficient that the metastable zone is reduced, allowing crystallization processes at lower 

concentrations and/or at higher temperatures compared to classical protocols. Also, as 

crystals grow, they are subjected to sonofragmentation, and this often leads to smaller and 

more homogeneous crystals respect to other methods92–94. Another possible application for 
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US is the rapid oxidation of pollutants in wastewaters: since high frequency US produce a large 

amount of radicals they can be exploited to remove dangerous molecules from water solution, 

potentially without using other reagents but more often than not they are used in tandem 

with ozone and UV light to enhance the oxidizing effects95,96. US can be applied via ultrasonic 

plates or, more common on the larger scales, ultrasonic horns. Ultrasonic horns work starting 

from a generator that creates an electric signal of the needed frequency and is then translated 

into mechanical vibrations by a piezoelectric crystal connected to the body of the horn. The 

horn must be of a length that can resonate with the frequency and transmits the US from its 

tip; horns are usually made of ceramics, glass or more commonly titanium97–99.  

 As for MW, cavitation can only travel so far in a liquid so once again the miniaturization of the 

system is recommended. For US however this is less of a problem since they can be generated 

directly inside the operative unit and multi-nodal ultrasonic horn exist to maximise the 

homogeneity of cavitation offering competitive performances on production scale. 

1.2.3 Flow chemistry 

Flow chemistry operates in small tubular reactors instead of cumbersome batch ones 

which are often seen in chemical plants. A flow reactor has intrinsically higher productivity 

respect to a batch one, since it eliminates charge, discharge, heating, cooling and cleaning 

steps. This allows production of large quantities of products in a relatively small working 

volume, accordingly to PI principles. However, flow chemistry provides much more than a 

simple increase in productivity, although that is certainly appealing on its own. Flow chemistry 

allows industries to exploit hazardous chemistry that would be too difficult to control in large 

batches: nitrations, organometallic reactions, functionalization of diazo compounds and 

more100–102. 

Flow chemistry offers advantages when it comes to speed, safety and selectivity as reactions 

are run in smaller volumes (without sacrificing productivity), and thus parameters such as 

residence time, temperature and concentrations can be carefully controlled. Moreover, as 

residence time and ambient conditions can be tailored, handling reactive intermediates 

becomes much easier and more selective than in batch chemistry103. Temperature is a key 

parameter for successful syntheses and safe processes, and can be determined using 

thermocouples, infrared (IR) sensors or optical fibres. As we have discussed, large differences 

can exist from the surface and the bulk of a reaction vessel, however with flow equipment the 

bulk becomes less and less relevant allowing for finer measurements. Also, flow chemistry 

becomes even more appealing when coupled with the short-penetrating MW and US104. 

It is clear that flow chemistry offers many advantages for industrial production and interfaces 

well with green chemistry and process intensification. Efforts should be made to switch from 

bath to flow both in laboratory and in production scale. 
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2.0 Synthesis of new heterogeneous materials  

 This chapter presents the experimental preparation and characterization of new 

heterogeneous materials for different purposes: adsorption of organic molecules, 

antimicrobial applications, and catalysis. In this and the following experimental sections our 

empiric tests and their results are presented after a short dissertation about the state of the 

art. Each sub-chapter deals with the preparation of a different kind of material with its own 

set of experiments. Enabling technologies such as high-energy ball milling and US have been 

used in the synthetic process and compared to conventional methods. After these materials 

were characterized, they were tested in real applications to see how well they could perform 

compared to literature or commercial equivalents.  

2.1 Synthesis and application of cyclodextrin-based insoluble polymers  

2.1.1 Introduction and state of the art 

Cyclodextrins (CD) are natural-occurring donut-shaped molecules made of glucose 

(glucopyranose) units connected through 1,4 glycosidic bonds. They can pre produced, and 

were firstly discovered, from starch via biological digestion105,106. They are classified by their 

numbers of glucose subunits: α-CD have six units, βCD have seven and γCD have eight (Fig. 

13). CD are characterized by a hydrophobic cavity and a hydrophilic surface; this duality grants 

them a partial solubility in water and the possibility of forming host-guest complexes with 

organic, hydrophobic molecules. These complexes do not involve the formation of covalent 

bonds, but are only due to weak interactions, with the driving force being the substitution of 

complexed water with more energetically favoured guests107,108. CD are non-toxic, since they 

cannot penetrate most organic barriers109, biodegradable110 and cheap, so is not surprising 

that they have many different applications. 

 

Figure 13: α, β and γ-cyclodextrin structure compared (from Wikipedia). 

In pharmaceutics, CD are used to improve the water solubility of API and as drug-delivery 

agents. Itraconazole is an antifungal agent with poor water solubility, however a clear 10 

mg/mL solution can be made using CD111. Lipophilic molecules such as testosterone, 

cholesterol or hydrocortisone can form soluble complexes with natural CD and their 

derivatives112–114. CD can behave a true carriers for API: given their size and hydrophilicity, CD 

cannot permeate through cellular membranes, however they can allow the permeation of 

lipophilic molecules from their cavity to the membrane115,116. In food, they can be used to 
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inhibit bad tastes and smells117. In the analytical field, CD are used as a stationary phase for 

chromatography to discriminate between enantiomers118,119. 

Table 3: properties of natural CD120. 

Property αCD βCD γCD 

Glucose units 6 7 8 
MW (g/mol) 972 1135 1297 
Water solubility 25 °C (wt.%) 14.5 1.8 23.2 
Cavity diameter (Ȧ) 4.7-5.3 6.0-6.5 7.5-8.3 

 

Among CD, βCD are the most widely used; some of their properties compared to other natural 

CD are listed in Table 3. They are the cheapest and their cavity is wide enough to host many 

common organic reagents. βCD solubility in water is temperature-dependent and it varies 

roughly from 2 wt.% at room temperature to 20 wt.% in boiling water121. Their solubility is 

limited because of the rigidity of their ring-structure that impedes the formation of H-bonds 

with water and, especially for βCD, favours intra-molecular interactions. Albeit low, solubility 

is not zero and it is common for the formed complexes to have a higher water solubility than 

their components. This can be an advantage to solubilize an organic reagent, but it is a 

problem when we want to recover a target compound from a solution. This is an application 

better suited for insoluble CD polymers (CDPIS). 

Different classes of such polymers exist, depending on their synthesis that of course cascades 

into their structure, properties and possible applications: cross-linked, linear, immobilized and 

hyperbranched122. Cross-linked polymers are formed with the addition of a cross-linking agent 

containing multiple functional groups to form a solid network between CD reacting with the 

aviable hydroxyls. The higher the reticulation, the lower the solubility, until an insoluble solid 

is formed. Common cross-linking agents can be citric acid123 or epichlorohydrin124–126. CDPIS 

are useful for the adsorption of pollutants in water solution, given their insoluble nature they 

minimize losses and ensure an easy separation from the liquid. Many applications of CDPIS 

are reported for the removal of dyes, pharmaceuticals and pesticides from water127–130.  

A. Alsbaiee et al. reported the synthesis of a cross-linked βCD polymer for the removal of 

pollutants from water131. In their tests, the polymer outperformed Norit® activated carbon (a 

common commercial adsorbent) for the adsorption of different aromatics, pesticides and 

pharmaceuticals in flow (9 mL/min). They stressed the importance of obtaining a porous 

structure, confirmed by BET measurements with N2, since the polymer had greater adsorption 

efficacy and speed compared co non-porous equivalents. G. Crini et al. tested different CD-

based cross-linked polymers, synthetized with epichlorohydrin, for the batch adsorption of 

five different triazoles fungicides132. All CD polymers outperformed commercial activated 

carbons for the adsorption of such pollutants from water. All polymers behaved similarly, with 

a removal efficacy that spanned from 30-90 % depending on the adsorbate, however average 

better results were obtained with mixed CD and hydroxypropyl βCD polymers. Although high 

removals are needed for all target compounds in a real-life application, studies like this show 

the applicability of CDPIS for the treatment of complex organic mixtures. Another interesting 

example of a successful application of CDPIS for wastewater treatment is the study by E. 

Fenyvesi et al. where a commercial bead βCDP from CycloLab Ltd. was used for the 
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simultaneous removal of nine pollutants from municipal wastewaters133. Nine target 

compounds were added to the treated wastewater to ensure a concentration of 5 µg each. A 

total of 300 L of wastewater could be purified over 1 kg of bead polymer (65 wt.% βCD), 

working in loop with a 120 L/min flow in a fluid-bed setup. GC analysis showed a total removal 

of bisphenol A and hormones, and 85 % removal for ibuprofen and diclofenac, with the 

equilibrium reached after only 5 min of contact time. This was comparable with results 

obtained with commercial activated carbons. 

2.1.2 Preparation and purification 

During this thesis, two cross-linked CDPIS were synthetized with the same procedure 

(Fig. 14): one from standard βCD and one from randomly methylated βCD (RAMEB). 

Epichlorohydrin was used as a cross-linking agent for its high reactivity and because its use is 

widely reported, and the reaction mechanism is and reproducible. As previously described, 

βCD are the most widely used and studied among natural CD, so they were the natural choice 

as a substrate; RAMEB are the most common CD derivative: they are obtained by the partial 

(12 out of 21) substitution of hydroxyls with methoxy groups, giving them higher lipophilicity 

but also greater water solubility, thanks to the decrease in intra-molecular H-bonding. The 

objective was the synthesis of an insoluble material to use for the adsorption of organics from 

aqueous solutions, but also to use as a support for heterogeneous catalysis. To avoid the use 

of solvents, both for green chemistry purposes and an easier recover of the product, the 

polymerization was run in a high energy ball mill using mechanochemical activation as the 

driving force. Mechanochemistry allows for a solventless reaction that reduces the working 

volume and simplifies the recovery of the product and this allows a further scalability of the 

reaction134,135. A planetary high energy ball mill (Retsch PM100) was used for the synthesis, 

run in a stainless-steel jar with stainless-steel balls. In a planetary ball mill, the jar containing 

the sample rotates around the central axis of the instrument, while also rotating on itself. The 

rotation in usually reversed after some time to ensure a homogeneous treatment. During the 

reaction, temperature was monitored at 15 min intervals with an IR sensor on the top of the 

jar.  

At first, a 2 g scale protocol was developed for the βCD: 2.3 g (2 mmol) of dried βCD are firstly 

reacted with 0.84 g (20 mmol) of NaOH for 15 min. This first step forms the sodium salts of 

the CD hydroxyls: this is an activation for the subsequent step. This first step releases water: 

since the presence of water, in our experience, leads to a hardening and darkening of the 

material, it is better to start from dried CD to minimize the moisture. After this, the jar was 

removed and cooled to -30 °C before the addition of the very reactive epichlorohydrin (1.6 

mL, 20 mmol) as the cross-linker. The 1:10 CD to epichlorohydrin ratio was chosen after 

previous trials established that up to 1:5 ratio predominantly resulted in soluble polymers. In 

alkaline media, three reactions occur: cross-linking between CD monomers, polymerization 

between glyceryl units of the linker and hydrolysis to sodium salts (which leads to soluble 

impurities). Since these reactions proceed in parallel, an excess of cross-linker is needed to 

ensure the formation of the wanted insoluble structure136: the reaction is not controlled and 

occurs randomly, but the C-6 hydroxyls are the main target since they are the most reactive 

and accessible. The polymerization step is then run for 9 h, during which the temperature may 

increase between 50-60 °C before dropping to 40 °C again, a sign that the reaction is over. As 

it reacts, epichlorohydrin releases HCl as a by-product, this however is readily consumed to 
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NaCl by the CD salts previously formed and the excess of NaOH. All steps were performed at 

650 rpm, inverting the rotation every 15 min. 

 

Figure 14: graphical representation of the polymeric structure of βCDPIS and MeβCDPIS137. 

The reaction resulted in a yellowish powder, which was sieved and collected. Firstly, the solid 

is suspended in water and neutralized with HCl 0.1 N, then the suspension in centrifuged at 

4000 rpm for 10 min and the supernatant wasted. The suspension and centrifugation are 

repeated 3 times to remove the salts and the soluble fractions of the polymer. After the third 

step, a small sample of the supernatant is collected and a drop of AgNO3 solution is added to 

check for residual chlorides: if chlorides are present, AgCl forms leading to a white precipitate. 

If needed, a fourth washing step is performed, otherwise the deposited solid is dried overnight 

at 80 °C in oven. Finally, the dried solid is milled one last time at 300 rpm for 2 min to obtain 

a fine white powder. 

This first protocol resulted in an average yield of 96 %. The reaction was subsequently scaled-

up, processing 70 g of βCD with the same protocol. This resulted in an average yield of 91.6 % 

and it was possible to isolate a total of 200 g of product (βCDPIS). Having established a 

successful synthesis, we also applied it to RAMEB as substrate. RAMEB, however, present a 

smaller number of reactive hydroxyls, so salt formation is hindered: the first step was then 

prolonged to 25 min, after that, however, 6 h were sufficient to consume the epichlorohydrin 

for the polymerization step. The RAMEB polymerizations (MeβCDPIS) were run in the 3 g scale 

only, resulting in an average yield of 76 %. 

2.1.3 Characterization 

The morphology of the synthesized polymers was investigated via field emission 

scanning electron microscope (FESEM) analysis (Fig. 15). The FESEM study reveal a similar 

structure for the two materials, composed of irregular and inflated cloud-like formations. This 

irregularity and the superposition of the particles resulted in a high variance in their measure 
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diameter, however it can be stated that the βCDPIS is composed of slightly smaller structures 

(501 ± 466 nm) compared to MeβCDPIS (676 ± 473 nm). 

  
βCDPIS MeβCDPIS 

 
Figure 15: FESEM images and particle size distribution. βCDPIS: mag. 55.0 Kx, FOV 5.15 µm, det. In-

beam SE, 5 KeV. MeβCDPIS: mag. 50.0 Kx, FOV 5.66 µm, det. In-beam SE, 5 KeV. 

To investigate the polymers particle size in solution a dynamic light scattering (DLS) analysis 

was used (Table 4). The instrument was also used to measure their Z-potential (Table 5). The 

Z-potential of a particle is the electric potential of the thin layer of liquid on its surface and it 

reflects its tendency to aggregate: a high potential, positive or negative, cause the particles to 

repel and the suspension to be stable, whereas a small potential may be overcome by non-

covalent interactions and lead to aggregation and flocculation. For the particle size 

measurement, a 1 mg/mL suspension of polymer was prepared in the chosen solvent. The 

measurements were repeated over time to measure the possible swelling of the materials 

(Fig. 16). A selection of solvent of different polarity was used to spot the influence over the 

aggregation of the suspended particles.  

Table 4: particle sizea in nm of CDPIS in freshly prepared suspensions at 1 mg/ml concentration. 

 H2O Gly-H2Ob MeOH Abs. 
EtOH 

nPrOH iPrOH Acetone Dichloro
methane 

Tolue
ne 

βCDPIS 1561.2 481.4 914.3 837.5 511.8 562.2 1423.3 613.8 2133.6 
 ±112.4 ±73.6 ±61.9 ±47.8 ±89.2 ±127.7 ±136.4 ±83.2 ±274.7 

MeβCDPIS 1471.9 704.6 1184.5 854.5 739.4 559.5 1357.4 1170.8 1796.8 
 ±181.4 ±104.2 ±90.5 ±84.9 ±94.3 ±121.1 ±88.3 ±114.3 ±285.4 

a effective diameter (hydrodynamic diameter), calculated from the lognormal intensity distribution, b 60:40 w/w mixture of 

glycerin and water. 
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Figure 66: swelling of βCDPIS (up) and MeβCDPIS (down) in different solvents over time. 

Despite being composed of smaller particles, βCDPIS tends to form bigger aggregates than 

MeβCDPIS in solution. For both polymer, aggregation is stronger in highly polar solvents 

(water) or highly lipophilic solvents (toluene). Swelling is relatively small, resulting on average 

in a 15-20 % increase in effective diameter over a week period. In low polarity environments 

however, this becomes less predictable. Notably, the different number of free hydroxyls 

between βCDPIS and MeβCDPIS does not translate in meaningful differences in their particle 

size not in their swelling. 

Even the Z-potential resulted to be similar between the two, as listed in Table 5. In water their 

potential only grants a short-time stability, which indicated the need of an efficient stirring to 

keep the polymers in suspension. This is true also for the other tested solvents, except in iPrOH 

where the potentials are above 30 mV thus indicating a moderate stability over time. 

Table 5: Measured zeta-potentials in mV of BM prepared polymers in various solvents. 

 Water Glycerin-water MeOH Abs. EtOH nPrOH 

βCDPIS -16.2±2.0 -16.2±2.0 13.3±3.4 13.0±5.3 34.0±10.3 
MeβCDPIS -13.3±1.5 -16.2±2.0 9.6±2.4 10.8±3.6 32.2±8.0 
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2.1.4 Adsorption of dyes as model compounds 

Adsorption processes are common downstream treatment of wastewaters. They can 

be used both to recover valuable chemicals and to diminish the concentration of pollutant in 

the outputs. In pharmaceutical industries in particular, the removal of bioactive compounds 

and heavy metals from leaked catalysts is a matter of dire importance138,139. Common 

adsorbents are activated charcoals and zeolites140,141, however innovative materials such as 

chitosan, MOF, and CD polymers are gaining interest for the adsorption of organics in diluted 

water solutions142,143. One advantage that CD hold over commercial activated carbons is that 

they can be easily modified to be selective and are easy to clean, usually EtOH:water mixtures 

are more than enough: this is particularly useful if the adsorbates are valuable molecules. 

To study the possible application of the synthesized CD polymers three steps were needed: 

the measurement of the adsorption isotherms, kinetic studies and finally flow adsorption 

experiments.  

At first, the adsorption properties of the two polymers were investigated and compared using 

two reference compounds: methylene blue and methyl violet, two common commercial dyes. 

Methylene blue can be used for medical application or in textiles, furthermore it is often used 

to compare different adsorptive materials, for example the methylene blue uptake is often 

found in the certificate of analysis of activated carbons. Methyl violet also finds application 

both in textiles and in medicine; it can be used as a mixture or it can be classified ad 2B, 6B or 

10B depending on the methyl substituents bonded to the amino group.  

To begin with, the room temperature adsorption isotherms of the two dyes over the 

synthetised materials needed to be recorded. The shape of the isotherm gives information 

about the interaction between the adsorbate and the surface of the adsorbing material as well 

as the possible formation of multilayers. With enough points and repetitions is possible to 

apply mathematical models to predict the maximum adsorption capacity and the shape and 

distribution of pores on the sample, however even without such manipulations the isotherm 

reflects the affinity between the adsorbent and the adsorbate. A UV-Vis calibration curve was 

built for methylene blue and methyl violet; both compounds registered an absorbance around 

1 at 0.02 mM, so that was set as the maximum concentration for the future analysis. 

There are two ways of recording an adsorption isotherm: keeping the quantity of adsorbent 

material constant and changing the concentration of the adsorbate or doing the opposite. If 

the operator is careful, the two will result in the same isotherm. For the sake of simplicity, it 

was decided to prepare a stock solution of the adsorbates to use while changing the quantity 

of the polymer for every experiment (Fig. 17). A first attempt was made with 1.0 mM solutions; 

six experimental points were recorded using 30, 50, 80, 100, 120 and 150 mg of polymer for 

15 mL of solution. The materials were put in 15 mL glass test tubes and vigorously shaken to 

suspend the solid. An oscillating plate (Heidolph Synthesis 1) at 450 rpm was used to keep the 

suspension stirred during the adsorption, which took place overnight to ensure equilibrium. 

After that, the tubes were centrifuged at 4000 rpm, the supernatant collected, diluted 1:50 

and filtered through an HPLC Teflon filter. 
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The MV spectra were recorded and lead to a satisfactory adsorption isotherm, the MB 

adsorption was negligible instead and the experiments were repeated at 0.02 mM. 

 

Figure 77: procedure for the record of the adsorption isotherms with MB and MV. 

With MB both polymers gave a L type isotherm (Fig. 18). L curves are typical langmuirian 

isotherms: at first the adsorbate uptake is proportional to its concentration, following Henry’s 

law, but a higher concentration a plateau is reached: this corresponds to the formation of a 

monolayer of adsorbate molecules on the surface of the adsorbent. L curves are common in 

aqueous solution and usually indicate that the molecules are adsorbed flat on the surface. In 

these conditions, βCDPIS showed a higher affinity for MB than MeβCDPIS. 

 

Figure 18: MB adsorption isotherms. 

Things changed with MV. MV adsorption resulted in a S curve over βCDPIS and a H curve over 

MeβCDPIS instead (Fig. 19). Once again, however, βCDPIS showed a greater affinity for the 

compound. S curves are often the result of competition over the adsorption sites and the 

presence of intermolecular attraction between the adsorbates: this can be the result of the 

higher concentration used which enhanced both the interaction between the MV and the 

polymer and those between MV molecules. Similarly, the H curve over MeβCDPIS may indicate 

that the interactions between MV and the polymer are weak and disrupted by the association 

of MV in solution. 



28 
 

 

Figure 19: MV adsorption isotherms. 

With these data is possible to conclude that βCDPIS is the better adsorbent for the reference 

compounds. When MB is used a monolayer is formed for both polymers, in accordance with 

Langmuir’s model. When MV is used the intermolecular interaction improve the adsorption 

over βCDPIS creating a multilayer, instead over MeβCDPIS the high MV concentration can 

disrupt the adsorption.  

After these preliminary experiments, we moved on to obtain the kinetic curves of the 

adsorption; this would give information about the speed of adsorption and the experimental 

maximum uptake. The experiments were run with 0.5 g of polymer in 200 mL of solution 0.02 

mM both for MB and MV. The solution was stirred at 450 rpm and samples were taken from 

2 min to 2 h. Samples (3 mL) were centrifuged at 4000 rpm, filtered, and analysed with a UV-

Vis spectrophotometer (Agilent Cary 60). The resulting curves are shown in Fig. 20. 

  
Figure 20: MB and MV adsorption kinetic curves. 

For both compounds, uptake was fast, and a plateau was reached within few minutes. Also, 

for both dyes βCDPIS was the better adsorbent, especially in the case of MB adsorption. A 

linearization with a pseudo-second order kinetic model found good accordance with the data, 

meaning that in these conditions the rate-limiting step is the adsorption on the surface and 

the overall speed of the process depends on the availability of sorption sites rather than the 

concentration of the solute. The k2 constant represents the equilibrium rate constant and 

reflects the speed at which the system reaches equilibrium. The acquired kinetic data are 

listed in Table 6. 
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Table 6: kinetic parameters for MB and MV adsorption. 

 Adsorbate Max uptake 
(mmol/g) 

Max uptake 
(mg/g) 

Lin. R2 k2 
(g/mg*min) 

β
C

D
P

IS
 MB 0.011 3.5 0.99 0.28 

MV 0.013 5.1 0.99 0.13 
M

eβ
C

D
P

IS
 

MB 0.005 1.6 0.99 0.66 

MV 0.009 3.5 0.99 0.26 

 

Finally, the breakthrough curve was constructed. Most of the industrial equipment for 

adsorption consists of packed columns or compacted disks of adsorbent material, designed to 

work in flow. The wastewater flows through the adsorbent and is purified: as the first layers 

of adsorbent are filled with adsorbates, the concentration of pollutants in the output rises 

through the length of the column: the concentration profile inside the column is the 

breakthrough curve, and it moves towards the end of the column as the mass transfer zone 

becomes saturated. The time/volume after which the concentration of adsorbate in the 

output becomes greater than zero, or greater than the accepted limit, is the working 

time/volume of the column. When the concentration in the output equals the concentration 

in the input, the breakpoint is reached, and the column is completely saturated. Of course, 

the breakpoint has only theoretical value and the column must be changed or regenerate 

much earlier than that. In this sense, the working time or working volume is the parameter of 

interest for a real-life process.  

Knowing the maximum expected uptake, it was possible to plan the flow adsorption 

experiments. Unfortunately, it was not possible to set up an equipment to directly apply a 

pressurized flow through a cartridge of polymer, so vacuum (<0.01 MPa) was applied instead. 

A portion of 1 g of polymer was used for the adsorption; the polymer was put inside a 10 mL 

glass syringe with a small quantity of clean cotton on the bottom and gently pressed: for both 

materials 1 g (dry) resulted in 2 mL of volume. Knowing the CV (2 mL) and the maximum 

uptake, it was possible to predict the CV before the breakthrough. Using 0.02 mM solution 

would have been ideal for analysis since one would simply collect the samples and record the 

UV-Vis adsorption until 1 Abs was reached; however, this would require a volume of roughly 

500 mL (250 CV) to exhaust the polymers. Expecting a slow flow, this was not feasible, so 0.2 

mM solutions were prepared instead. The resulting curves for MV and MB over the two 

polymers are shown in Fig. 21. 
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Figure 21: adsorption efficacy over CV for MB (top) and MV (bottom). 
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The results show a remarkable difference between the batch and the flow experiments (Table 

7), since in all cases the polymer performed better than the predictions based on the kinetic 

experiments. We considered the 90 % removal as the minimum acceptable: the CV interval 

where the efficacy was higher was considered as the working range of the column. On the 

opposite, when the efficacy dropped to 10 % or below, the breakthrough was considered 

reached. For the MB adsorption, breakthrough was expected after 27.5 CV over βCDPIS and 

12.5 over MeβCDPIS, however both polymers outperformed the calculations. Apart small 

oscillation, βCDPIS had a working range of 30 CV but breakthrough arrived only after 50 CV; 

MeβCDPIS had a working range of 15 CV instead, and it reached breakthrough after 45 CV. 

Same with MV, where breakthrough was expected after 32.5 and 22.5 CV for βCDPIS and 

MeβCDPIS respectively, but both polymers never reached it during the experiments and only 

βCDPIS dropped below 90 % efficacy after 50 CV. One explanation might be the aggregation 

of adsorbates on the surface of the solids: this phenomenon may have been enhanced in the 

flow experiments because of the higher concentration and the slow flux, whereas magnetic 

stirring would have disrupted such weak interactions. Another possibility is that in these 

conditions not only the surface is aviable for the adsorption, but also a diffusion in the bulk of 

the polymer occurs. Indeed, the predicted breakthroughs are close to the working range of 

the polymers: the kinetic experiments may have predicted the surface capacity of the 

materials, however secondary mechanisms may have extended the adsorption capacity in 

flow tests.  Nonetheless, this allowed us to treat a good amount of CV before exhausting the 

material and this makes for a promising first step in the application of such polymers for the 

adsorption of pollutants. A set of experiments at lower concentration would be advised, 

however, without the possibility to apply pressure to maintain a faster flux this was not a 

possibility for now. 

Table 7: predicted and experimental parameters for MV and MB flow adsorption. 

 Dye Max CV 
(predicted) 

Max CV 
(experimental) 

Working range 
(CV) 

βCDPIS MB 27.5 50 30 
 MV 12.5 >50 45 

MeβCDPIS MB 32.5 45 15 
 MV 22.5 >50 >50 

 

2.1.5 Adsorption of pharmaceuticals and bioactive compounds 

Having completed the experiments with the model compounds and having established a 

good adsorption capability and applicability for the polymers, we went on to test them on 

some real-life target compounds. Organic pollutants of medical and pharmaceutical 

application were selected, since the production of wastewater from pharmaceutical 

productions and consequently their purification is a topic of huge importance. Another 

requirement was for them to have a good UV-Vis adsorption for their detection. Our goal was 

to prove that the synthetized polymers could be applied for the adsorptions of such organic 

pollutants from diluted aqueous solutions. We selected the following molecules for the first 

screening: 
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• Coumarin (0.10 mM) √ 

• Carbamazepine (0.10 mM) √ 

• Oxytetracycline HCl (0.08 mM)  

• Doxycycline HCl (0.08 mM) 

• Tetracycline HCl (0.08 mM) 

• Caffeine (0.10 mM) 

• Hydrocortisone (0.10 mM) √ 

• Clenbuterol (0.10 mM) 

• Ractopamine HCl (0.35 mM) √ 

Of these, only those marked with the √ sign on the list showed significant adsorption onto the 

polymers and were selected to further experimentation. Their adsorption isotherms are 

showed below (Fig. 22), compared with those obtained from a commercial βCD-based 

polymer from Cyclolab, in bead form: 
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Figure 22: adsorption isotherms of coumarin, carbamazepine, hydrocortisone and ractopamine HCl. 

In all cases except hydrocortisone the behaviour of the synthetized polymers was similar and 

comparable to the commercial one; for hydrocortisone the bead polymer isotherm is not 

shown because the experiment resulted in ten times more adsorption than with the use of 

our polymers and so the curves were not comparable. The isotherms established that 

hydrocortisone, coumarin and carbamazepine are best adsorbed over MeβCDPIS, while 

ractopamine is more affine to βCDPIS. This way we recorded the kinetic curves of adsorption 

on the appropriate polymer for each compound (Fig. 23). All adsorptions followed a pseudo-

second order kinetic, but this time they were somewhat slower than the dyes and the plateau 

was reached between 30-60 min, with only small variations afterwards. Interestingly, 

ractopamine showed a significantly greater depletion from solution respect to the other 

compounds, while coumarin and carbamazepine resulted in practically identical trends. 

Kinetic data are listed in Table 8. 
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Figure 23: adsorption kinetic curves of ractopamine HCl, carbamazepine, hydrocortisone and 
coumarin. 

As before, for the flow experiments the concentration were increased to reduce the needed 

amount of CV to exhaustion. This led to the prediction of 13 CV before the breakthrough for 

ractopamine, 27 CV for hydrocortisone and 16 CV for both coumarin and carbamazepine. 

Table 8: adsorption kinetic parameters for the target compounds. 

 Adsorbate Max uptake 
(mmol/g) 

Max uptake 
(mg/g) 

Lin. R2 k2 
(g/mg*min) 

βCDPIS Ractopamine 
HCl 

 
 

0.091 30.7 0.99 0.003 

MeβCDPIS Coumarin 0.016 2.3 0.99 0.09 

Hydrocortisone 0.027 9.8 0.99 0.13 

Carbamazepine 0.016 4.2 0.99 0.15 

 

The flow adsorptions were executed with the same setup as before, using vacuum as driving 

force. From the UV-Vis analysis of the samples, the adsorption efficacy curves were obtained 

(Fig. 24): coumarin and carbamazepine behaved as predicted, while ractopamine reached the 

breakthrough point before expected and hydrocortisone on the opposite had a working 

interval of 40 CV, far better than the 16 predicted.  
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Figure 24: adsorption efficiency curves for coumarin, carbamazepine, hydrocortisone and ractopamine HCl.
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2.1.5 Conclusion 

 The preliminary adsorption experiments using diluted solutions of methylene blue and 

methyl violet showed high adsorption capability for both polymers. Starting from adsorption 

isotherms and kinetic curves flow experiments were performed using a packed syringe and 

vacuum as driving force: the results were not only reproduced but improved. The 

improvement in adsorption capacity may be linked both to the different setup (flow instead 

of stirred tank) but also in the conditions, since a higher concentration and a slow flow were 

applied, giving the chance for secondary adsorption mechanism to apply.  

When we tested the polymers for the adsorptions of pharmaceuticals from water the kinetic 

data from the diluted solutions successfully predicted the working range of the column, except 

for hydrocortisone (1.0 mM) which outperformed the stirred tank results (Table 9). However, 

for all adsorbates except ractopamine HCl the breakthrough points were reached far after the 

maximum adsorption reached in the kinetic experiments. This may suggest that the gentle 

flow and the higher concentration of target compounds favoured the diffusion inside the bulk 

of the polymer powder and/or the inter-molecular forces between the adsorbate leading to a 

multi-layered adsorption. Kinetic tests at higher concentrations may be needed to discern the 

two contributions. 

Table 9: Flow adsorptions parameters and results. 

Entry Polymer Adsorbate Working 
Conc. 
(mM) 

Predicted 
Max CV 

Working 
range 
(CV) 

Breakthrough 
point 
(CV) 

1 βCDPIS Methylene Blue 0.2 27.5 35.0 50.0 
2 βCDPIS Methyl Violet 0.2 32.5 45.0 >50 
3 βCDPIS Ractopamine 

HCl 
3.5 13.0 5.0 12.5 

4 MeβCDPIS Methylene Blue 0.2 12.5 15.0 45.0 
5 MeβCDPIS Methyl Violet 0.2 22.5 >50 >>50 
6 MeβCDPIS Coumarin 1.2 5.0 7.5 45.0 
7 MeβCDPIS Carbamazepine 0.5 16.0 20.0 50 
8 MeβCDPIS Hydrocortisone 1.5 13.5 40.0 >>50 

 

These results prove the applicability of the newly synthetized polymers for the adsorption of 

pollutants in wastewaters, starting from a benign substrate and with a green and innovative 

synthesis. A different array of compounds was tested and the results were successfully scaled 

and translated from batch to flow. Of course, since pollutants can be present in low 

concentration (traces), future tests over diluted solutions are needed for a complete 

assessment of the materials. 
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2.2 US-assisted preparation of Au and Ag nanoparticles over pectin 

2.2.1 Introduction and state of the art 

US can be used to improve mass transfer in a liquid and to create or disrupt emulsions, 

depending on the conditions. Also, they can interact with microscopic particles homogenizing 

their size via sonofragmentation: a tool often used to regulate crystal size distribution during 

sonocrystallization. Given the proven interaction between US and nanoparticles, both in their 

formation and dispersion, we decided to investigate their role in the synthesis on metal 

nanoparticle and their deposition onto solid supports. In this chapter the preparation of 

different materials is presented: Au- and Ag-doped citrus pectin for antimicrobial application 

and a series of heterogeneous catalysts based on Rh, Au and Co nanoparticles for 

hydrogenation and oxidation reactions. Characterization and experimental testing of the 

materials are also given; the results confronted with commercial or conventional equivalents 

to spot the influence of US on their performance.  

Pectin is natural polymer (Fig. 25) found in fruit peels and is a key constituent of plant cells 

walls. Its composition may vary from specimen but commonly it is mostly (≈70 wt.%) made of 

galacturonic acid units bonded via α-(1-4) bonds. Along this linear backbone many 

ramifications can branch, with monosaccharides such as rhamnose, fructose or glucose as 

pending groups144. This gives pectin a strong hydrophilicity and leads to formation of 

gelatinous emulsion with water: indeed, pectin is mostly known for its use as thickener in 

foods like marmalade.  

 

Figure 258: schematic representation of pectin chemical structure145. 

Pectin is a benign material, cheap, derived from renewable feedstock, biodegradable and with 

no risk for human health146–148. Pectin can be classified also via its degree of esterification, but 

a portion of free carboxylic moieties is always present. Such free carboxylic groups can interact 

with polar substrates and possibly coordinate them149,150. A recent publication by Haddada et 

al. investigated the interaction between Au3+ cations and the carboxylic residues of PEG 600 

diacid for the creation of dispersed gold nanoparticles151. The synthetized material was also 

doped with doxycycline to obtain an antimicrobial gel, bonding the antibiotic to the same 

carboxylic groups via carbodiimide chemistry. In the age of antibiotic-resistance spreading, 

these new antibacterial materials that enhance or substitute current drugs are of high interest 

and potential for real-life applications. Our goals were to replicate the synthesis using pectin 

as a substrate, being it cheaper and greener, testing not only Au but also Ag deposition 

through the same process, since both metals have renown antifungal and antimicrobial 

activities152–157. Au nanoparticles show good chemical stability and biocompatibility in 

humans158, however they are able to disrupt bacteria cell membranes causing damages. This 

property has been exploited for drug-delivery with antibiotic-functionalized gold 
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nanoparticles, leading to higher antibacterial activities respect to antibiotics alone159–161. 

Some research suggests that silver nanoparticles antimicrobial activity is mainly related to the 

release of silver ions; however, some studies showed how immobilized Ag nanoparticles were 

more effective against certain strains than dispersed Ag ions (colloidal silver)162,163. The 

mechanism of action of both Au ang Ag nanoparticles is linked to their contact with bacteria 

cell membrane, and antibacterial activity is strongly connected to their size and dispersion164. 

For this reason, US that could improve both the dispersion and size distribution of the metal 

nanoparticles were applied and compared and compared to magnetic stirring for the 

dispersion of metal nanoparticles on the support, with the objective of improving dispersion 

and size distributions. 

Aside from antimicrobial activity, Au and Ag nanoparticles have interesting optical properties. 

Some studies have linked their size and shape to their SERS (Surface-Enhanced Raman 

Scattering) efficiency, which could also be increased preparing core-shell bimetallic 

particles165,166. This cascades in possible biosensing and nanophotonic applications. 

Balachandran et al. deposited Ag and Au nanoparticles on pectin to study their interaction and 

the optical properties of the synthetized material167. They found that size and shape could be 

easily controlled by varying the concentration of pectin, especially for gold: anisotropic 

particles were found at low pectin concentration, while triangular crystals and spherical 

particles appeared at higher concentrations. From SERS studies, Au nanoparticles were found 

to be mostly inactive, while Ag nanoparticles showed good activity. 

2.2.2 Deposition and characterization of the metal nanoparticles 

We started with the deposition of gold nanoparticles on pectin. Metallic nanoparticles were 

prepared via a simple wet impregnation of the solid. A typical preparation used 1 g of 

commercial citrus pectin in 50 mL of 0.13 mM HAuCl4 solution to obtain an Au content of 1 

wt.% at the end of the treatment. For the conventional synthesis, the impregnation was run 

overnight at room temperature under magnetic stirring at 450 rpm in a 50 mL glass round-

bottom flask, while for the US procedure the suspension was put in a 50 mL plastic test tube 

and left in an ultrasonic bath set at 40 kHz and 200 W for 30 min or 1 h. Surprisingly, this step 

alone already produced a blue-purple coloration on the pectin, clue of the formation of Au 

nanoparticles of the distinctive colour. We consequently decided to complete the preparation 

in three different ways: without the addition of a reducing agent or with the addition of a 

stoichiometric quantity of NaBH4 or L-ascorbic acid (L-AA) as reducing agents. This was to 

investigate the role of the reducing agent on the nanoparticles size and morphology. After the 

addition of the reducing agent the suspension was left to stir for 1 h and finally it was filtered, 

washed three times with 50 mL H2O and freeze-dried. The subsequent analysis of the materials 

was conducted via FESEM, collecting the back-scattered electrons (BSE mode): the detector 

collects electrons as they bounce back from dense material, this way Au nanoparticles would 

appear as bright white spot on a dark surface. 
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The analysis revealed that the addition of NaBH4 led to non-homogeneous particles and 

agglomerates. Most nanoparticles were irregular globules of about 50 nm in diameter, but 

bigger hexagonal and triangular crystals were also observed (Fig. 26).  

 

Figure 26: Au nanoparticles reduced with NaBH4. A gold crystal highlighted on the right. Left: 70.0 Kx, 
FOV 3.32 µm, BSE, 15 KeV. Right: 130.0 Kx, FOV 2.18 µm, BSE, 5 KeV. 

This did not change with the time of the impregnation, since an attempt of adding NaBH4 

immediately after the coloration started to show (around 30 min) with no differences (Fig.27), 

or the kind of reductant, since the L-AA gave the same result. 

 

Figure 27: Au nanoparticles reduced with NaBH4 after 30 min of stirring. Gold crystals highlighted on 
the right. Left: 50.0 Kx, FOV 5.66 µm, BSE, 10 KeV. Right: 100.0 Kx, FOV 2.83 µm, SE, 10 KeV. 

A significative difference was found when no reducing agent was added to the suspension, 

thus relying on the intrinsic reducing properties of pectin (in our case, possibly due to ascorbic 

acid impurities). With this procedure, even though the particles shifted to higher diameters, 

they appeared more dispersed, with no significant agglomeration, and more homogeneous in 

size distribution (Fig. 28). No crystals were observed in the samples. 
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Figure 28: Au nanoparticles without reducing agents. Left: 30.0 Kx, FOV 9.44 µm, BSE, 15 KeV. Right: 
50.0 Kx, FOV 2.66 µm, BSE, 15 KeV. 

The use of US instead of mechanical stirring was tested with or without NaBH4 and for 30 min 

or 1 h of impregnation (Fig. 29). When NaBH4 is used, bigger particles are observed; also, 30 

min showed insufficient for a quantitative gold uptake as the nanoparticles were barely 

observed in the samples, so 1 h was considered for future tests. 

 

Figure 29: Au nanoparticles after 30 min of US with NaBH4. Left: 12.0 Kx, FOV 23.6 µm, BSE, 15 KeV. 
Right: 30.0 Kx, FOV 9.44 µm, BSE, 15 KeV. 

Without NaBH4 the use of US improved dispersion and reduced the nanoparticle size. Also, a 

number of Au crystals was observed (Fig. 30). 

 

Figure 30: Au nanoparticles after 30 min of US without NaBH4. Left: 10.0 Kx, FOV 25.6 µm, BSE, 10 
KeV. Centre: 20.0 Kx, FOV 14.2 µm, BSE, 10 KeV. Right: 100.0 Kx, FOV 2.83 µm, BSE, 15 KeV. 
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The comparison of the size distributions (Table 10) shows that the presence of a reducing 

agent has the greatest influence on the material, however the use of US led to smaller 

nanoparticles in both cases. The calculation for NaBH4 treated samples is not reported since 

the population was too heterogeneous both with US and with conventional stirring. 

Table 10: size distribution of Au nanoparticles. 

 Reducing agent Average size  
(nm) 

Distribution 
(nm) 

Conventional L-AA 54.6 ± 45.5 
 - 43.0 ± 15.0 

US - 35.3 ± 17.7 

 

Au nanoparticles have a distinct absorption band at around 20000 cm-1 (500 nm); its position 

is indicative of the nanoparticles’ mean size (smaller nanoparticles result in a blueshift and 

vice versa) while its length represents how widely their size-distribution ranges. For these 

reasons, the Au-doped samples were also analysed with a UV-Vis spectrophotometer 

recording their diffuse reflectance (DR) spectra (Fig. 31).  

When the conventional samples are compared, it can be seen how pectin has no absorption 

in the region so gold plasmonic band is clearly seen. The conventional samples are quite 

similar, even though the immediate (after 30 min) addition of NaBH4 results in a broader band, 

meaning a more non-homogeneous sample: this is correct as no addition of reducing agents 

results in the thinner adsorption band. A later addition of NaBH4 has less result on the plasmon 

(and the nanoparticles creating it) since most of the nanoparticles are already formed. Also, 

the immediate addition leads to a higher intensity at around 12000 cm-1, a region which may 

be linked to Au agglomerates absorption. When US samples are compared the differences are 

less evident. It can be observed, however, how 1 h of US thins the plasmon band and reduces 

the adsorption at lower wavenumbers. 

  
Figure 31: DR-UV-Vis analysis of the Au nanoparticles, with the Au0 plasmonic band highlighted. 
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For the preparation of Ag nanoparticles, the same procedures were followed. However, since 

the use of NaBH4 or L-AA did not make any difference in previous tests, only L-AA was used for 

these samples. However, it was observed that if no reducing agent was used the formation of 

nanoparticles resulted insufficient. An interesting result was also the observation of many 

elongated wired formations when reducing agents were used (Fig. 32). They fell in the µm 

scale, however their true size was difficult to determine due to the irregular shape and they 

also varied a lot in dimensions, so no size distribution was calculated. 

 

Figure 32: Ag nanoparticles reduced with L-AA under mechanical stirring. Left: 5.0 Kx, FOV 56.6 µm, 
BSE, 10 KeV. Centre: 6.0 Kx, FOV 47.2 µm, BSE, 10 KeV. Right: 113.0 Kx, FOV 2.52 µm, BSE, 10 KeV. 

For Ag nanoparticles, the use of US had a dramatic influence over their shape and size (Fig. 

33). Indeed, when US were used together with L-AA only few wired structures formed, while 

instead well dispersed rounded nanoparticles were predominantly observed, which was a 

desired result. 

 

Figure 33: Ag nanoparticles reduced with L-AA under US. Residual wired structures highlighted on the 
right. Left: 5.0 Kx, FOV 56.6 µm, BSE, 10 KeV. Right: 30.0 Kx, FOV 9.44 µm, BSE, 10 KeV. 

The use of US resulted in a size distribution of 106.6 ± 44.7 nm: a huge improvement respect 

to the conventional synthesis. Both for Au and Ag samples, the use of US resulted in a strong 

improvement in nanoparticle size distribution, however the best result was achieved with Au 

nanoparticles. 
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2.2.3 Doping with tetracycline derivatives 

After the preparation of the nanoparticles, we moved on to the coupling of antibiotics 

to the carboxylic residues of the pectin. Au@pectin synthetized without reducing gents and 

Ag@pectin reduced with L-AA were selected for this further step. Both doxycycline (DOXY) 

and oxytetracycline (OXY), two common broad-spectrum antibiotics for human and veterinary 

use, were used for the coupling. We followed the procedure reported by M.B. Haddada et al. 

with only slight adjustments: 1 g of Au@pectin or Ag@pectin was suspended in 30 mL of water 

under magnetic stirring, 15.5 mg of EDC·HCl (0.1 mmol) and 4 mg of hydroxy succinimide 

(HSM, 0.025 mmol) were added together with 15 µL of triethylamine (TEA, 0.1 mmol). After 1 

h of stirring, during which the activation of the carboxylic groups with EDC happened, 10 mg 

of the chosen antibiotic were dissolved in 20 mL of water and added to the suspension. This 

new suspension was left to stir for 1 h at room temperature, then it was filtered and washed 

3 times with 50 mL H2O to be freeze-dried. The antibiotic uptake was calculated via UV-Vis 

analysis of the collected wastewaters from the washing: the antibiotic concentration was 

calculated and the uptake resulted in the difference between the starting 10 mg and the 

quantity in the washings (Fig. 34). 

It was found that only OXY led to an appreciable uptake, whereas DOXY did not couple with 

the materials (Table 11). Both pectin treated under magnetic stirring and US were coupled 

with OXY to be later confronted in antimicrobial tests. 

 

Figure 349: oxytetracycline content in the wastewaters for the different pectin. 

Table 11: oxytetracycline uptake. 

Sample Conc. 
(mg/mL) 

Uptake 
(%) 

Wt.  
(%) 

Au@pectin conv 0.050 6.0 0.04 
Au@pectin US 0.060 5.2 0.04 
Ag@pectin conv 0.042 6.6 0.06 
Ag@pectin US 0.052 5.9 0.05 
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2.2.4 Antimicrobial tests and results 

 The antimicrobial activity of the prepared materials was assessed by a zone of 

inhibition test: it consists in measuring or comparing the radius of inhibition around a 

substance, placed in a culture medium. These experiments were performed in collaboration 

with Professor Di Nardo’s group from the Department of Biological Sciences of University of 

Turin. Two separate bacteria strains were used: Staphylococcus epidermidis (gram positive) 

and Escherichia coli DH5α (gram negative). The pectin was suspended and diluted to the 

concentrations of 6.75, 12.5, 25 and 50 µL/mL. Pure oxytetracycline and non-treated pectin 

were also tested as reference. 

The samples are labelled as reported in table 12. 

Table 12: list of the labels for the tested samples. 

1 Au@pectin conv OXY  5 Au@pectin conv 

2 Au@pectin US OXY  6 Au@pectin US 

3 Ag@pectin conv OXY  7 Ag@pectin conv 

4 Ag@pectin US OXY  8 Ag@pectin US 

 

 

Figure 35: zone of inhibition tests over S. epidermidis at different antibiotic concentrations. 

For the pectin doped with both metal nanoparticles and oxytetracycline the antimicrobial 

activity against Staphylococcus epidermidis is high even at the lowest concentration and it 

rises with concentration although not dramatically (Fig. 35). The two metal seems to have 
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similar activities, suggesting that oxytetracycline concentration is the dominant factor, and 

indeed pectin without antibiotic have a reduced activity (Fig. 36). Compared to the pure 

antibiotic we can see a clear improvement, however, so a possible explanation might be that 

both metal act as carriers of the drug, while not having strong antimicrobial activity on their 

own.  

 

Figure 36: zone of inhibition tests over S. epidermidis for pure oxytetracycline and antibiotic-free 
pectin. 

Against E. coli the antimicrobial activity was even greater (Fig. 37). 

 

Figure 37: zone of inhibition tests over E. coli at different antibiotic concentrations. 
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Both Au and Ag-based pectin showed great inhibition against the microorganism. This time, 

though, it is not clear if the activity is enhanced or not respect to pure oxytetracycline (Fig. 

38), but it is clearly improved compared to pectin without antibiotic. For E. coli it may be useful 

to repeat the test at lower concentration of oxytetracycline to have a clear comparison 

between the samples. 

 

Figure 38: zone of inhibition tests over E. coli for pure oxytetracycline and antibiotic-free pectin. 

2.2.5 Conclusion 

 The synthesis and characterization of novel Au and Ag nanoparticles supported over 

citrus pectin were proposed. The role of US application was demonstrated on the deposition 

of metal nanoparticles upon FESEM analysis: both with Au and Ag the US improved the 

dispersion and homogeneity, also allowing smaller nanoparticles on average. US had a huge 

impact over Ag nanoparticles in particular, since with conventional stirring irregular elongated 

particles formed, while with US dispersed spheres of regular shape and size appeared. For Au 

nanoparticles the role of US was measured but it was the reducing agent which had the 

greatest effect: avoiding the use of reducing chemicals and relying only on the reducing 

activity of natural pectin allowed more regular and dispersed nanoparticles. US enhanced this 

effect synergically, but if NaBH4 was used the result was unsatisfactory even with US. 

Upon coupling with the antibiotic oxytetracycline the supported nanoparticles were tested 

against E. coli and S. epidermidis in some zone of inhibition experiments. The tests showed 

that the coupled materials had greater antibacterial activity than both the supported 

nanoparticles without antibiotic and the pure oxytetracycline (although results are less clear 

for S. epidermidis). The antibiotic and the metal nanoparticles showed a synergistic effect, 

possibly explained by the role of the nanoparticles as drug carriers.  

These positive results demonstrate the feasibility of US for tailored nanoparticle synthesis 

over a benign support as pectin, and the possible synthesis of new antimicrobial materials 

with green and efficient protocols. 
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2.3 US-assisted preparation and characterization of metallic heterogeneous catalysts 

2.3.1 Introduction 

As previously discussed, heterogeneous catalysis is a fundamental tool for green 

chemistry. A heterogeneous catalyst can be easily filtered, washed, and recycled, while 

homogeneous catalysts often need to be extracted with great expense of organic solvents. 

Transition metals are often used for catalytic purposes in synthesis and conversions. One 

possibility to prepare a metal-based heterogeneous catalyst is to support metallic 

nanoparticles onto another material. High surface area materials such as activated carbons or 

zeolites are often the choice to disperse the metal and host the substrate for the 

reaction168,169. The support can also have more active roles in the reaction, for example the 

use of TiO2 to support Au nanoparticles for the hydrogenation of LA to 1,4-pendanediol proved 

crucial in the activation of the intermediate GVL and in the formation of highly active hydrogen 

species thanks to the spill-over from the Au to the support170. Different supports do not only 

lead to different dispersion of the nanoparticles, but may also influence their charge or shape, 

leading to different properties for the same metal171. 

Since a focus on the conversion of chemicals through hydrogenation and oxidation was an 

objective of this thesis, we decided to prepare metal-based catalysts for the scope. Rh was 

initially chosen as many hydrogenation reactions require it as a catalyst172–174 and it was 

possible to compare the obtained catalysts with commercial equivalents. Co was also used to 

provide a possible cheaper alternative for Rh catalysis. Au-based catalysts were mainly 

prepared for oxidation reactions. Activated carbon Norit® and carbon nanofibers of high 

graphitization degree (HHT) were used as carbonaceous supports for the catalysts. Activated 

carbons are cheap porous materials that are commonly used as supports for heterogeneous 

catalysts, however their properties and structure are often difficult to control and determine. 

Carbon nanofibers offer a possible alternative: their structure is more regular and composed 

of stacked sheets of graphene. They present a high porosity coupled with tensile strength, 

useful for their recycling after the reaction. Examples exist of highly dispersed Rh 

nanoparticles on such support, with good catalytic activity for hydrogenation reactions175,176. 

Carbon nanofibers were synthetized and provided us by prof. Alberto Villa’s group at 

University of Milan. It was their experience that such material improved catalytic activity 

compared to normal activated carbon for Pd catalysts177 and were also able to prepare 

bimetallic Pd-Rh catalysts for formic acid dehydrogenation, which proved more stable and 

active than monometallic Pd178. We also decided to test our synthetized βCDPIS as a support 

for catalysis. Cyclodextrins have been used for the preparation of catalyst thanks to their 

ability to coordinate metal ions in liquid medium. These “immobilized” ions can act as catalyst 

themselves or be reduced to metal nanoparticles. CuII ions were successfully coordinated by 

βCD grafted onto silica to prepare a heterogeneous catalyst for alkyne azide reactions179. 

Supported Pd catalysts were also prepared using βCD as solid support: firstly, the metal ions 

were coordinated in solution and then reduced180. US application proved useful in increasing 

the dispersion of the nanoparticles, and so the catalytic activity181.  Since US have proven 

useful in obtaining highly dispersed metal nanoparticles onto solid supports182–184, we studied 

their application to improve the catalytic performances of our materials as well. 
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2.3.2 Preparation of Rh-based catalysts 

For Rh-based catalyst RhCl3 was used as precursor. We aimed for 1 wt.% and 5 wt.% 

catalyst for a direct comparison with commercial products so, for 1 g of support, 20.3 mg RhCl3 

(0.1 mmol) were needed for the 1 wt.%, or 101.5 mg of RhCl3 (0.5 mmol) for the 5 wt.%. 

Different ways exist to deposit metal nanoparticles onto solid supports. The precipitation-

deposition method usually leads to small nanoparticle precipitates: this consists in starting 

from a soluble salt and transforming it into an insoluble one, usually a hydroxide. This requires 

a strong alkaline solution. After the precipitation the hydroxides can be reduced to metal via 

chemical reduction. In our case, however, even at pH above 12 both in water or MeOH a 

complete precipitation of Rh(OH)3 was not achieved, so a simple impregnation with RhCl3 

followed by a chemical reduction was chosen instead. 

In a typical preparation, a 0.025 mM stock solution of RhCl3 was diluted as needed to a volume 

of 50 mL of aqueous solution. In these 50 mL, 1 g of support was suspended, and US were 

applied. Both an ultrasonic plate and an ultrasonic horn were tested for the Rh/C catalysts. 

The ultrasonic plate used (Weber MG 200) could be set to 40, 80 or 120 kHz with a power of 

200 W. The ultrasonic horn worked at 20 kHz with a generator (Heinertec Shozou) working at 

50 W. When the ultrasonic plate was used, sonication was applied for 1 h using a cooling 

serpentine inside the bath to control the temperature. With the horn instead, only a total of 

30 min of sonication was applied since the US application via a horn is generally more 

effective. After 10 min the sonication was stopped, and the sample allowed to cool in an ice 

bath for 5 min before restarting: this kept the working temperature between 10-40 °C.  

After the impregnation step, the suspension was cooled to room temperature and put to stir. 

A stochiometric amount of NaBH4 was added to reduce Rh3+ to Rh0, stirring for 1 h. After that, 

the solid was filtered, washed three times with 50 mL of distilled water and dried in oven (80 

°C) overnight.  

2.3.3 Preparation of Co-based catalysts 

Co is a precious metal of the 9th group, just like Rh but part of the 4th period instead. 

Transition metals of the same group tend to have similar properties, such is the case for Cu 

and Au or Pt and Pd, so Co may be a good candidate in replacing Rh in some reaction given 

the latter’s prohibitive cost185–187. For this reason, we also prepared a supported Co-based 

catalyst to test in hydrogenation reactions.  

We repeated the wet impregnation procedure as with RhCl3 but using Co(CH3COO)2 as 

precursor instead, so a 0.028 mM stock solution was prepared. Aiming for a 5 wt.% catalyst, 

150.2 mg of Co(CH3COO)2 (0.85 mmol) were necessary for 1 g of support (activated carbon 

Norit®). US were applied through an ultrasonic horn working at 20 kHz and 50 W power. After 

the impregnation, a stochiometric amount of NaBH4 was added to the suspension and stirred 

for 1 h. The solid was then filtered, washed three times with 50 mL of distilled water and dried 

in oven (80 °C) overnight. Thus, the catalyst Co/C US 5% was obtained. 
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2.3.4 Deposition of Rh and Au nanoparticles over cyclodextrin-based polymer 

Previously was discussed the synthesis of new βCD insoluble polymers (βCDPIS and 

MeβCDPIS) for adsorption processes. However, given the resilience of cyclodextrins to 

reaction conditions, these polymers can be also useful as green, easy to recover supports for 

metal nanoparticles. We decided to investigate this possibility starting with the βCDPIS 

polymer, since it is prepared from a green and natural occurring monomer and has the 

simplest composition. We selected once again Rh for hydrogenation reactions and Au for 

oxidations. Examples exist in literature of heterogeneous catalysts based on CD polymers188. 

Recently, Tabasso et al. demonstrated the synergy between MW radiation and a Pd-based 

catalyst supported onto a cross-linked βCD polymer for the functionalization of thiophenes189. 

The catalyst showed excellent flexibility and robustness, being successfully applied for the 

conversion of numerous substrates using GVL as a solvent and showing negligible leaching. 

Huang et al. described the synthesis of sub-nanometric metal nanoparticles of various noble 

metals over a cross-linked βCD polymer190. Per-(6-azido-6-deoxy)-β-cyclodextrins were used 

as monomers in a click-chemistry synthesis; the excellent coordination properties of the 

polymer allowed the formation of small and dispersed particles with a simple wet 

impregnation followed by a chemical reduction. The catalysts were successfully applied for 

the hydrogenation of nitro-compounds and Suzuki-Miura coupling reaction in mild conditions.  

Metal nanoparticles were prepared by simple wet impregnation of the support, as previously 

described, with or without US. Aiming for a 5 wt.% catalyst, in a typical preparation, a 0.025 

mM stock solution of RhCl3 or 0.015 mM of HAuCl4 was diluted as needed to a volume of 50 

mL in distilled water. Secondly, 1 g of βCDPIS was added to the mixture. For the conventional 

process, the suspension was stirred at 450 rpm overnight, otherwise 30 min of US at 20 kHz 

were applied. After the impregnation step, a stoichiometric amount of NaBH4 (for the Rh-

based) or L-AA (for the Au-based) was added, and the suspension was stirred for an additional 

hour, otherwise 10 min of US application was followed by 1 h of stirring. Finally, the solid was 

filtered washed three times with 50 mL of distilled water and freeze-dried. The catalysts so 

obtained were labelled Au/βCDPIS 5%, Au/βCDPIS US 5%, Rh/βCDPIS 5% and Rh/βCDPIS US 

5%. Also, since the materials were firstly prepared by ball milling, we also tested the possibility 

of preparing a heterogeneous catalyst by a dry impregnation followed by the addition of the 

reducing agent, all in ball mill. For these preparations 1 g of βCDPIS and 101.5 mg of RhCl3 or 

76.6 mg of AuCl3 were added together in a stainless-steel jar. 35 g of stainless-steel balls were 

added. First a “dry impregnation” is performed at 300 rpm for 90 min: this step dispersed the 

metallic precursor inside the polymeric matrix and a homogeneous coloration could be 

appreciated at the end. Next was the reduction step: for Rh a stochiometric quantity of NaBH4 

was added, while L-AA was used for Au instead. This second step, which implied a true 

chemical reaction, was performed at 550 rpm for 90 min. A dark-coloured powder was visible 

at the end. The powder was sieved and suspended in 50 mL of water, for the usual 3x50 mL 

of washings and freeze-drying. The so obtained materials were labelled Au/βCDPIS 5% BM and 

Rh/βCDPIS 5% BM.  
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2.3.5 Model reactions over the βCDPIS-based catalysts 

In order to study the catalytic activity of the prepared catalysts we selected some model 

reactions to run. The objective was not the reaction itself, but the compared results at the 

end. For the Rh-based catalysts we tested the benzene ring hydrogenation reaction using 

toluene and hydroquinone as substrates; since Au catalysts can be used both for oxidation 

and hydrogenation reaction, we tested the oxidation of benzyl alcohol to benzaldehyde and 

the reverse hydrogenation of benzaldehyde to its alcohol.  

For the benzene ring hydrogenation reactions 100 µL of toluene (0.95 mmol) or 100 mg of 

hydroquinone (0.91 mmol) were dissolved in 5 mL of ethyl acetate in a glass vial. 10 mg of the 

chosen catalyst were added, and the reaction was run under H2 pressure in a MW multimodal 

autoclave (SynthWave, Milestone srl.). 

Table 13: hydrogenation reactions over the Rh-based catalysts. 

Entry Substrate Catalyst T 
(°C) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Toluene Rh/βCDPIS conv. 80 100 100 100 
2 Rh/βCDPIS conv. 60 10.5 100 10.5 
3 Rh/βCDPIS US 60 100 100 100 
4 Rh/βCDPIS BM 60 8.7 100 8.7 

5 Hydroquinone Rh/βCDPIS conv. 80 100 61.4 61.4 
6 Rh/βCDPIS conv. 60 10.7 100 10.7 
7 Rh/βCDPIS US 60 63.4 74.1 47.0 
8 Rh/βCDPIS BM 60 3.3 100 3.3 

Reaction conditions: 100 µL of toluene or 100 mg of hydroquinone, 5 mL EtOAc, 10 bar H2, 4 h, 10 mg of catalyst (5 wt.%). 

Toluene was always converted to methyl cyclohexane with complete selectivity, however the 

conventional catalyst needed 80 °C to obtain complete conversion, while with the US catalyst 

100 % yield was obtained even at 60 °C (Table 13, entries 1 and 3). No significant difference 

in catalytic activity was found between the BM catalyst and the conventional one (Table 13, 

entries 2 and 4). For hydroquinone complete conversion to 1,4-cyclohexandiol was only 

observed at 80 °C, however a higher temperature also led to the formation of 4-

hydroxycyclohexanone, lowering the yield to 61.4 % (Table 13, entry 5). At 60 °C selectivity 

was complete, but conversion dropped for the conventional catalyst achieving only a 10.7 % 

yield. At the same temperature the US catalyst achieved a 47.0 % yield with a high albeit not 

complete selectivity (Table 13, entry 7) while the BM catalyst hardly converted the substrate 

at all.  

The results suggest a strong correlation between the US impregnation procedure and the 

catalytic activity, while BM treatment does not seem to offer any advantage to the 

conventional impregnation, except for the avoidance of solvent during the synthesis. The 

results were good enough to justify a comparison between Rh/βCDPIS US and a commercial 

Rh/C 5 wt.%. The Rh/βCDPIS US catalyst outperformed the commercial equivalent for both 

reactions. The compared results are listed in Table 14. 
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Table 14: comparison between the Rh/βCDPIS US catalyst and a commercial equivalent. 

Entry Substrate Catalyst Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Toluene Rh/βCDPIS US 100 100 100 
2 Rh/C 88.6 100 88.6 

3 Hydroquinone Rh/βCDPIS US 63.4 74.1 47.0 
4 Rh/C 66.2 32.5 24.8 

Reaction conditions: 100 µL of toluene or 100 mg of hydroquinone, 5 mL EtOAc, 10 bar H2, 60 °C, 4 h, 10 mg of catalyst (5 

wt.%). 

For the oxidation of benzyl alcohol to benzaldehyde reaction over the Au-based catalysts 100 

µL of benzyl alcohol (0.93 mmol) were dispersed in 5 mL of water and 10 mg of catalyst (5 

wt.%) were added. For the hydrogenation of benzaldehyde to benzyl alcohol 100 µL of 

benzaldehyde (0.94 mmol) were dissolved in 5 mL of ethyl acetate and 10 mg of catalyst (5 

wt.%) were added. The reactions were both run in the same MW autoclave, under O2 or H2 

pressure. 

Table 15: oxidation and hydrogenation reactions over the Au-based catalysts. 

Entry Substrate Catalyst T 
(°C) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Benzyl alcohol Au/βCDPIS conv. 80 3.0 100 3.0 
2 Au/βCDPIS conv. 60 0.0 0.0 0.0 
3 Au/βCDPIS US 80 10.3 100 10.3 
4 Au/βCDPIS BM 80 2.7 100 2.7 

5 Benzaldehyde Au/βCDPIS conv. 80 0.0 0.0 0.0 
6 Au/βCDPIS conv. 120 0.0 0.0 0.0 
7 Au/βCDPIS US 120 0.0 0.0 0.0 
8 Au/βCDPIS BM 120 0.0 0.0 0.0 

Reaction conditions: 100 µL of benzyl alcohol or benzaldehyde, 5 mL H2O or EtOAc, 10 bar O2 or H2, 4 h, 10 mg of catalyst (5 

wt.%). 

The oxidation of benzyl alcohol to benzaldehyde did not give great result with neither catalyst 

(Table 15). Conversion was only possible at 80 °C; both the conventional and the BM Au 

catalyst gave ≈3 % yield while the US catalyst reached a 10.3 % yield in benzaldehyde. The 

yields were poor overall, however the Au/βCDPIS US catalyst was clearly the best performing 

(Table 14, entry 3). The poor results might be due to modifications of the support under O2 

atmosphere, however further analysis is needed to confirm this hypothesis, for example ATR 

analysis of the spent catalyst. Worst yet for the hydrogenations, for which the Au catalysts 

showed no activity, even when temperature was increased from 80 to 120 °C. This suggest 

that the catalysts are actually better suited for oxidation purposes, although harsher 

conditions are needed respect to those tested so far. 
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2.3.6 Conclusion 

 A number of catalysts was prepared using US as enabling technology to improve the 

dispersion of the metallic nanoparticles over the support. Activated carbon and carbon 

nanofibers were used to support Rh and Co catalyst, prepared both with a conventional 

impregnation under mechanical stirring and using US generated by ultrasonic plates and horn. 

These materials will be tested in chemical conversion and organic reactions in the following 

chapter, allowing a comparison between different metals, support and preparations and their 

effect over the reaction outcome. 

Heterogeneous catalysts were also prepared using our βCDPIS polymer as support for Rh and 

Au nanoparticles. For these catalysts mechanical stirring, US and BM were used to disperse 

the precursor, followed by a chemical reduction. The obtained catalysts were then compared 

for some model reactions. Rh-based catalysts showed remarkable activity for hydrogenations 

even at low temperature (60 °C) and in particular Rh/βCDPIS US outperformed the others and 

even the commercial Rh/C catalyst. The Au-based catalysts were less active overall; they were 

tested for both oxidation and hydrogenation reactions but only showed activity for the first 

mechanism. Once again, the catalyst prepared under US (Au/βCDPIS US) was the best 

performing, achieving a 10.3 % conversion of benzyl alcohol to benzaldehyde. The results 

show how US can improve the catalytic performances of heterogeneous catalyst and the 

possibility to use our βCDPIS polymer as support. Further characterizations will show how the 

support interacts with the nanoparticles exactly and new catalytic tests will be performed for 

reactions of true interest.  
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3.0 Enabling technologies for synthesis and PI 

 Enabling technologies are powerful tool to make chemistry more efficient and greener. 

In particular, we focused on the application of MW for the conversion of building blocks to 

high added value molecules. When possible, substrates from renewable feedstocks were 

chosen such as LA, glucose or furfural. As previously discussed, MW allow fast and selective 

heating leading to a reduction of reaction time, improved selectivity and energy efficiency. 

Furthermore, we implemented the use of green solvents for the reactions such as water or 

alcohols instead of far more polluting DMF, DMSO or CHCl3. We also aimed for a one-pot 

approach, running all the synthetic steps in the same container without intermediate 

workups: this approach, if met, is important for the scalability of the reaction. A one-pot 

synthesis improves the productivity of a process and reduces the wasted deriving from 

washings and filtrations. In general, synthesis on renewable feedstocks using green reagents 

and solvents were studied to fill the gaps in the bio-refinery approach and apply green 

chemistry on relevant processes. Also, attention to scalability and PI for the reaction, even in 

laboratory scale, was given to simplify future real-life applications of the studied synthesis.  

3.1 Squalene and FAME recovery from ODD and hydrogenation to squalane 

3.1.1 Introduction and state of the art 

Squalene is a natural terpenoid (Fig. 39) that has a biological activity in humans as 

precursor of cholesterol and steroid hormones191. It was firstly isolated from shark liver oil192, 

however this process has risen ethical concerns for the wellbeing of marine fauna and despite 

its high yields and purity of the final product (squalene makes up to 40 wt.% of shark liver) it 

now being abandoned in favour of vegetable sources193. Squalene is now commonly extracted 

from vegetable oils. Squalene content of course varies depending on the specimen: olive oil is 

the most common source and has a content of ≈ 500 mg/100 g, amaranth is among the richest 

sources with a content of ≈ 5 g/100 g while other oils such as soybean have only ≈ 10 mg/100 

g194. The extraction procedures vary from mechanical extraction to solvent extraction (often 

with hexane) or, more recently, with scCO2
195–197. The problem with the extraction from 

vegetable oil is that refining processes lower the yields and this also creates a competition 

with the food industry. A possible alternative is starting from oil deodorised distillates (ODD) 

which are the residues of the deodorisation process of exhausted vegetable oils: with vacuum 

and high temperature (usually above 200 °C) the low-boiling fractions of oils, which contribute 

to bitterness and unpleasant smell, are removed by a steam current and the regenerated oil 

is edible again. Squalene is concentrated in this fraction and thus is easier to extract. One 

common source is soybean ODD (SODD) which are often rich in other useful bioactive 

molecules198,199. In general, ODD are wastes of the food industry and are cheap and abundant. 

They are rich in free fatty acids (FFA) but also contain vitamins and terpenoids which, if 

isolated, have a high value as fine chemicals. Their content depends on the origin of the oil, so 

it must be determined first.  
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Figure 3910: chemical structure of squalene. 

Squalene has many interesting properties: its high unsaturation degree grants it excellent 

antioxidant properties200, it has cardioprotective properties201 and has been tested for drug-

delivery applications202–204. Another way to valorise this compound is to hydrogenate it to 

squalane, which is a high added-value moisturizing and emollient ingredient for cosmetics. 

Our objective with this work was to isolate squalene from the ODD and hydrogenate it to 

squalane. Also, FFA in the starting material can recovered be converted to fatty acid methyl 

esters (FAME), an essential component in biodiesel. This would lead to a zero-waste approach, 

giving a purpose to each fraction of the substrate which would have been a waste otherwise. 

3.1.2 Conversion of FFA to FAME 

The first step in the valorisation of ODD was the conversion of FFA to FAME. 

Beforehand, the FFA content was to be determined for the two substrates we handled: 

soybean ODD (SOY) and mixed oils ODD (MIX). A protocol used for the determination of FFA 

in olive oils was followed: 10 g of ODD were dissolved in 50 mL of a 3:1 diethyl ether-EtOH 

mixture and kept in slow stirring with a magnetic stirrer. Phenolphthalein 1.0 mM in EtOH was 

added as pH indicator. A standard 0.1 N NaOH aqueous solution was added dropwise until the 

turning point was reached and the solution turned pale pink. The process was repeated three 

times for each substrate, the results shown in Table 16. 

Table 16: FFA content for SOY and MIX. 

 Titration 1 
(mmol/g) 

Titration 2 
(mmol/g) 

Titration 3 
(mmol/g) 

Mean  
(mmol/g) 

Interval 
(95 %) 

MIX 2.8 3.1 3.1 3.0 ± 0.11 
SOY 2.2 2.3 2.2 2.2 ± 0.01 

10 g of sample in 50 mL diethyl ether-EtOH (3:1), phenolphthalein. Titration with 0.1 N NaOH. 

The FFA content was similar, but slightly higher for MIX. We then moved on to the conversion 

itself, which was achieved through a simple acid-catalysed esterification in MeOH under MW. 

As a reference, the reaction was firstly run with ρ-toluene sulfonic acid (PTSA), a common 

homogeneous acid catalyst, in a ratio of 2.5 mg (0.015 mmol) per mmol of FFA in the substrate. 

The reactions were performed in 5 mL of MeOH over 1 g of substrate at 100 °C for 1 h under 

7 bars of N2. After the reaction, MeOH was removed under vacuum. The crude was dissolved 

in 10 mL hexane and washed three times with 10 mL of distilled water to remove the PTSA. 

Finally, hexane was removed under vacuum before the analysis. 
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1H-NMR of the mixtures were taken before and after the reaction and a sharp methyl ester 

peak showed ad 3.5 ppm. A GC-MS analysis also only revealed FAME with no residual FFA (Fig. 

40).  

 

Figure 40: 1H NMR analysis of the ODD pre and post treatment, with the methyl ester peak 
highlighted. 

No increase in the ratio between the methyl esters peak and the CH peaks at 1.2 ppm (used 

as a reference) was found doubling the reaction time nor the PTSA amount, so complete 

conversion was assumed. We decided to test different heterogeneous catalysts to replace 

PTSA for the reaction: three acid zeolites and two acid silicas, as listed in Table 17. 

Table 17: properties of the tested zeolites and silica. 

 SiO2:Al2O3 

(mol/mol) 
Acid sites 
(meq/g) 

Surface area 
(m2/g) 

Max T 
(°C) 

Zeolite HY 30 30 0.03 780 >200 
Zeolite HY 5.1 5.1 0.14 730 >200 
Zeolite Hβ 360 - 620 >200 
SiO2 – propyl sulfonic 
acid 

- 0.80 480-550 120 

SiO2 – tosic acid - 0.84 480-550 120 

 

The use of a heterogeneous catalyst dramatically simplified the workup, since only filtration 

was necessary to recover the catalyst. Vacuum was still necessary to remove MeOH before 

the analysis. Reaction conditions were tuned to obtain complete conversion. All catalysts 

achieved complete conversion except for zeolite HY 5.1 which did not show any conversion in 

the experiments. It was speculated that the highly polar cavities of the zeolite, the most acidic 
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of the tested, could not properly host the FFA for the esterification. On the other hand, Zeolite 

Hβ was able to convert the FFA even with its low acidity, possibly for the same but opposite 

reason. Silicas performed better, possibly because of the strength of their acidic sites respect 

to zeolites. For all, a bigger mass of catalyst was needed respect to PTSA, since the acidic 

equivalents were more diluted in the bulk material. For silicas, approximately 0.15 meq of acid 

were necessary to treat 1 g of substrate, instead of 0.045 of PTSA: this increase is likely due to 

the reduced mass transfer in the heterogeneous system, however the catalytic amount is still 

small and reasonable. With these results (Table 18) it can be stated that a replacement of 

PTSA with a solid acid catalyst is possible in mild reaction conditions. Green metrics for the 

studied reaction are shown in Table 19. 

Table 18: conditions to obtain complete conversion over different acid catalysts. 

 Cat/FFA 
(mg/mmol) 

Cat/FFA 
(meq/mmol) 

Time 
(h) 

PTSA 2.5 0.015 1 
Zeolite Hγ 30 100 0.003 2 
Zeolite Hβ 100 - 2 
SiO2 – propyl sulfonic acid 55 0.045 2 
SiO2 – tosic acid 55 0.047 1 

Reaction conditions: 100 °C, 5 bar N2. 

Table 19: Scheme of the reaction and green metrics. Decanoic acid is used as an example, the metrics 
are independent from the catalysts. The EMY high value is influenced by the excess of MeOH. 

 
 AE EF EMY 

Stoichiometric 0.92 0.08 0.15 

Actual 0.92 0.10 4.63 

 

3.1.3 Squalene and FAME isolation 

GC-MS analysis of the substrates revealed a content of 1.6 % in squalene for MIX and 

2.1 % for SOY. The rest of MIX was composed of FFA, especially oleic acid (78.3 %) while SOY 

also contained γ-tocopherol (7.8 %), α-tocopherol (1.4 %) and campesterol (3.4 %).  

We firstly tried to separate FAME from the rest using high temperature vacuum distillation in 

a kugelrohr: the instrument is composed of a glass bubble-tube that rotates inside a heating 

mantle while connected to a high-vacuum pump. At the end of the tube the sample (1 g) stays 

in a 10 mL round-bottom flask: the temperature gradient along the tube separates the 

components in the different glass bubbles. For technical limitations it was only possible to 

work at 200 °C, however at this temperature prolonged treatment made the sample boil and 

smoke so it was not possible to work for more than 1 h, after which only 30 mg of FAME were 

recovered. Unfortunately, this was not a feasible way to recover the FAME. The alternative 

way was to separate the fractions of the post-esterification crudes via flash-chromatography 

(CombiFlash Rf200) over an inverse-phase C18 silica column (RediSep). From literature, 

gradients of H2O and iPrOH were suggested. We then optimized the gradient using 100 mg of 
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sample over a 36 g C18 column until a fine separation of the components was achieved (Table 

20). 

Table 20: composition of the different elution fraction. 

 Fraction FAME 
% 

Squalene 
% 

Tocopherols 
% 

MIX A 100 0 0 
B 54.0 46.0 0 

SOY A 100 0 0 
B 23.4 6.3 70.4 
C 8.8 42.6 48.6 

 

In order to isolate sufficient squalene for the hydrogenation experiments we repeated the 

separation over a 64 g column treating 1 g of sample at a time (Fig. 41). Surprisingly, this also 

led to an improvement in squalene separation: fraction B from MIX resulted in 87.4 % 

squalene content and fraction C from SOY contained 89.0 % squalene. However, the recovery 

after the chromatography was only around 55 % of the expected material. Having isolated 

FAME and squalene, we moved to the last step of the process: the hydrogenation to squalane. 

 

Figure 41: chromatogram of the separation of an ODD into methyl esters, vitamins, sterols and 
squalene. 
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3.1.4 Squalene hydrogenation to squalane 

With the objective being the hydrogenation of the extracted squalene, we firstly 

optimized the reaction conditions on a commercial standard. Since squalene is a high-boiling 

liquid we tested the possibility for a neat reaction, without the addition of a solvent. The 

hydrogenation was run in a MW reactor under H2 pressure using a commercial Pd/C 5 wt.% as 

catalyst. After the reaction the sample was filtered on paper and diluted in CHCl3 for GC-MS 

analysis. Results are listed in Table 21. 

Table 21: Hydrogenation of commercial squalene in neat conditions. 

Entry Catalyst  
(mg) 

Time 
 (h) 

H2  

(bar) 
Conversion  

(%) 
Selectivity  

(%) 

1 10 4 10 100 100 
2 5 4 10 100 100 
3a 5 4 10 98.3 25.0 
4 5 4 5 100 15.5 
5 5 2 10 100 91.3 
6 5 2 5 100 30.9 

Reaction conditions: 500 µL squalene (1 mmol), 150 °C. a 100°C. 

As showed, conversion and selectivity were optimal at 150 °C and 10 bar H2. When the 

temperature was dropped to 100 °C (Table 21, entry 3) conversion was still high, but 

selectivity dropped to 25 % due to an only partial hydrogenation of the double bonds of 

squalene.  A similar drop happened when only 5 bars were used (Table 21, entries 4 and 6), 

instead the reaction time had only little influence on the selectivity which was almost 

complete even after 2 h (Table 21, entry 5). Since the use of EtOH as a solvent can reduce the 

viscosity of the system and improve the dissolution of H2 in the liquid phase. Being EtOH a 

benign solvent we decided to test this hypothesis adding 2 mL for the reaction (Table 22). 

Indeed, the solvent allowed a better mass transfer and so every parameter could be reduced 

to milder conditions maintaining an excellent conversion and selectivity (Table 22, entry 2). 

Table 22: optimization of the reaction condition for commercial squalene. 

Entry Catalyst  
(mg) 

T  
(°C) 

Time  
(h) 

H2 

 (bar) 
Conversion  

(%) 
Selectivity  

(%) 

1 5 120 2 5 100 100 
2 5 100 2 5 100 100 
3 5 100 1 5 100 98.4 

Reaction conditions for 500 µL of squalene in 2 mL EtOH, 5 mg Pt/C 5 wt.%. 

Having established a set of optimized reaction conditions (2 mL EtOH, 5 mg Pd/C, 5 bar H2, 

100 °C, 1 h) we applied it to the extracted squalene.  

Table 23: optimization of the reaction conditions for the extracted squalene. 

Entry T  
(°C) 

Time  
(h) 

H2  

(bar) 
Conversion  

(%) 
Selectivity  

(%) 

1 120 2 5 100 31.8 
2 100 1 5 100 25.0 
3 150 4 10 100 49.8 
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Reaction conditions for 500 µL of squalene in 2 mL EtOH, 5 mg Pt/C 5 wt.%. 

Unfortunately, results were not as good (Table 23). Even applying harsh conditions selectivity 

only reached 49.8 % (Table 23, entry 3) due to an incomplete hydrogenation of the double 

bonds. This can be due to two possible reasons: the FAME impurities strongly poisoned the 

catalyst or were hydrogenated as well.  An improvement in the separation step is needed to 

achieve a complete selectivity for the hydrogenation of squalene. The green metrics for the 

hydrogenation of squalene are listed in Table 24. 

Table 24: scheme of the reaction and green metrics. The two best results are considered for the two 
substrates, with the excess of H2 being the only real waste produced. EMY is not presented since all 
reagents are considered benign. 

 
 AE EF EMY 
Stoichiometric 1.00 - - 

Actual, commercial squalene 1.00 0.46 - 
Actual, extracted squalene 1.00 1.82 - 

 

3.1.5 Conclusion 

A protocol for the valorisation of vegetal ODD was investigated. A complete 

characterization of the components of the substrate far performed revealing a predominance 

of FFA and a low (≈ 2 %) content of squalene. The esterification of FFA to FAMES was 

completed in mild conditions using heterogeneous, recoverable acidic silica. The isolation of 

the FAMES was performed with liquid chromatography obtaining a fraction of pure FAME and 

a fraction containing ≈ 90 % squalene. The use of chromatography is fine for laboratory scale, 

however it is not ideal for a scale-up nor for the PI of the process, given its high operative costs 

which include a large use of solvents, so further trials with vacuum distillation may be 

desirable. Finally, we successfully optimized the hydrogenation of commercial squalene to 

squalane (Table 25) but were unable to translate them to the extracted squalene. Apart from 

that, we proved that a valorisation of ODD, a food waste, is possible through a green protocol. 

Table 25: comparison between our experiments and the results in recent literature. 

  Catalyst Cat/sub 
(mol %) 

Time 
(h) 

T 
(°C) 

H2 
(bar) 

Yield 
(%) 

Squalene Literature205 SiliaCat Pd(0) 0.2 24 70 3 99.0 

Literature Pd/C 2.5 % 0.2 16 180 3 100 
This work Pd/C 5 % 0.5 1 100 5 98.4 
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3.2.0 MW-assisted reductive amination of aldehydes and ketones  

3.2.1 Introduction and state of the art 

Reductive amination is a common and elegant reaction for the synthesis of amines 

from aldehydes or ketones. It involves a fast condensation between the carbonyl group of the 

substrate with the amino group of the reagent, forming an immine, followed by the reduction 

of the imine to amine (Fig. 42). Different side-reactions are possible, also depending from 

substrate and conditions, with the most common being the reduction of the carbonyl to 

alcohol and the overalkylation between the substrate and the formed amine206,207. The 

reaction is very flexible, since a huge variety of substrates and reducing agents are aviable.  

 

Figure 42: reaction scheme and possible products of benzaldehyde reductive amination with 
ammonia. 

Aldehydes and ketones are abundant, diverse and cheap substrates, while amines ore often 

fine chemicals needed for the synthesis of polymers and pharmaceuticals208–210. Since a 

nucleophilic addition to the carbonyl is needed for the first reaction step, substituted amines 

tend to have higher reaction rates: aromatic amines such as aniline or long-chained aliphatic 

amines such as octylamine are ideal reagents. However, the use of ammonia is often preferred 

for different reasons: it is a cheap reagent, and the obtained primary amines can be further 

manipulated and substituted as needed, giving more freedom of operation to get the wanted 

products210,211. As ammonia is the preferred reagent, H2 is the desired reducing agent. It is the 

most environmentally friendly and leads to high atom-economy, plus it is easily removed from 

the reaction at the end of the process212–214. Molecular hydrogen, however, does not react on 

its own and needs metallic catalysts to be activated. Cobalt and rhodium are two active metals 

for the reaction. One of the first examples of Co-based catalysis for the reductive amination 

of aldehydes and ketones is the work by Huang et al. where a Co/NC was prepared via pyrolysis 

and successfully applied for the conversion of different substrates215, even though the 

reaction conditions were somewhat harsh: 110 °C, 12 h, 10 bar H2. Beller et al. synthetized Co 

nanoparticles encapsulated by carbon shells216. This catalyst allowed the conversion of a large 

number of aldehyde and ketones using amines, nitro compounds or even ammonia. Also 

existing commercial drug molecules were successfully synthetized over the catalyst. Reaction 

conditions varied broadly from substrate to another, but yields were generally high, above 70 

%. Rh was successfully employed for reductive amination reaction over different supports and 

in mild conditions217,218. A particularly interesting example is the reductive amination of 

furfural to furfurylamine by Chatterjee and co-workers219. The authors used a commercial 

Rh/Al2O3, molecular hydrogen and aqueous ammonia for the reaction, achieving a high 
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selectivity (>90 %) in relatively mild conditions (80 °C, 2h, 20 bar H2) with and environmentally 

friendly approach. Indeed, the use of reductive amination for the conversion of bio-derived 

substrates is a relevant new approach for the synthesis of valuable compounds220.In this 

section, the reductive amination of different bio-derived amines and ketones is presented. 

The reactions are performed under H2 using aqueous ammonia as reagent. Commercial and 

newly made Rh- and Co-based catalysts are used for the activation of hydrogen gas in the 

reduction step. To optimize the reaction conditions, the experiments are performed under 

MW, trying to improve the conditions found in literature, especially compared with the 

excellent work of Chatterjee et al218. 

3.2.2 Reductive amination of benzaldehyde 

 Benzaldehyde (BA) is a common reagent, both in laboratory and in industrial 

syntheses: its simple but reactive structure, thanks to its aromatic moiety, is ideal for 

controlled reactions on the carbonyl group. Though is more commonly synthetized from 

scratch, it can be derived by natural feedstocks like almonds or almond oil, of which also 

strongly resembles the fragrance221. For these reasons (good reactivity, availability, natural-

derived and easy to handle) we decided to use it as a substrate to screen the optimal reaction 

conditions. The structures of BA and benzylamine are shown in Fig. 43. 

 

Figure 43: benzaldehyde and benzylamine chemical structure. 

Starting from the cited work of literature, we started the screening with a commercial 

Rh/Al2O3 5 wt.% catalysts. 100 µL of BA (0.98 mmol) and 10 mg of catalyst were dispersed in 

5 mL of an aqueous ammonia solution (25 and 32 %) in a 15 mL glass vial. The reaction was 

run under MW radiation and magnetic stirring. In this first phase, the influence of different 

reaction parameters was assessed: time, temperature, concentration of ammonia and H2 bars. 

After the reaction, the suspension was filtered on paper and the products were extracted in 5 

mL CHCl3 and diluted for GC-MS analysis. GC-FID analysis was also used for the quantification 

of the products and the yield calculation. 

Table 26: reductive amination of benzaldehyde with aqueous ammonia. 

Entry Ammonia 
(%) 

Time 
(h) 

T 
(°C) 

H2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 25 2 50 20 100 0.0 0.0 
2 25 2 80 20 100 38.5 38.5 
3 32 2 80 20 100 78.9 78.9 
4 32 2 80 10 100 58.9 58.9 
5 32 1 80 20 100 34.7 34.7 

Reaction conditions: 100 µL of BA (0.98 mmol), 5 mL ammonia solution, 10 mg Rh/Al2O3 5 wt.%. 

Conversion was complete in all cases, however selectivity varied widely depending on the 

conditions (Table 26). The most common by-product was di-benzylamine, resulting from the 
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reductive amination between benzaldehyde and benzylamine instead than ammonia. When 

hydrogen pressure was lower also the unsaturated N-benzylidene benzylamine was observed 

in small quantity. From the data emerges how below 80 °C the reaction only leads to di-

benzylamine (Table 26, entry 1) and that the concentration of ammonia had the greater 

influence over the selectivity (Table 26, entry 3). Also, time showed a significant influence 

(Table 26, entry 5): possibly at longer reaction times the equilibrium that exists in the reaction 

mixture shifts towards benzylamine. Hydrogen pressure was instead less significant. In 

general, higher temperature and ammonia concentration favour the reaction with ammonia, 

leading to the consumption of benzaldehyde with lower conversion to the secondary amine. 

After this first screening, Rh/Al2O3 was compared with a commercial Rh/C 5 wt.%. It was 

reported in literature that Al2O3 was the better support, however, in our experience that 

activated carbon is a strong MW absorber and can lead to improved results in such 

environment. Indeed, the results showed a superior activity of the latter (Table 27), allowing 

an overall reduction of reaction parameters maintaining an 88.0 % yield (Table 27, entry 4), 

higher than even the best result with Rh/Al2O3 (Table 27, entry 1). Green metrics for the 

reaction are listed in Table 28. 

Table 27: comparison between commercial Rh/C 5 wt.% and Rh/Al2O3 5 wt.%. 

Entry Catalyst Ammonia 
(%) 

Time 
(h) 

H2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Rh/Al2O3 32 2 20 100 78.9 78.9 
2 Rh/C 32 1 20 100 100 100 
3 Rh/C 32 1 10 100 98.2 98.2 
4 Rh/C 25 1 10 100 88.0 88.0 

Reaction conditions: 100 µL of BA (0.98 mmol), 5 mL ammonia solution, 80 °C. 

Table 28: reaction scheme and green metrics. The best yields for the two catalysts are considered. The 
EF considers H2 as the only waste since the ammonia can be recycled. The EMY suffers from the excess 
of ammonia solution. 

 
 AE EF EMY 
Stoichiometric 0.85 0.17 6.31 

Actual, Rh/Al2O3 0.85 8.34 0.07 
Actual, Rh/C 0.85 4.06 0.07 

 

We then tested the possibility of using a mixture of aqueous ammonia and alcohols as a 

solvent: BA has a low solubility in water (<0.1 mg/mL) but it is freely miscible with alcohols, so 

their use could improve the selectivity of the reaction. We arranged a set of experiments using 

mixtures of aqueous ammonia (32 %) with EtOH (96 %), iPrOH, 1,2-propandiol (1,2-PDO) and 

1,3-propandiol (1,4-PDO) in different ratios: 4:1, 1:1 and 1:4. Also, equal dilutions with distilled 

water were tested as reference. The results, given by the selectivity towards benzylamine, are 

visualized in the following histogram (Fig. 44).  
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Figure 44: selectivity towards benzylamine in different solvents. 

EtOH, iPrOH and 1,2-PDO gave the best, and very similar, results. It can be seen how up to 1:1 

ratio the increased solubility improves the reaction before the dilution to 4:1 impedes it again. 

The use of alcohols gave consistently better result than the dilution in water. The use of 

alcohol allowed us to compare benzaldehyde with 4-methoxybenzaldehyde and 4-

chlorobenzaldehyde (two less water-soluble derivatives) as substrates to investigate the role 

of the substituents. Results are listed in Table 29. 

Table 29: substituent effect over benzylamine yield. 

Entry Substrate Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Benzaldehyde 100 92.0 92.0 
2 4-Methoxybenzaldehyde 100 68.3 68.3 
3 4-Chlorobenzaldehyde 100 100 100 

Reaction conditions: 100 µL of substrate, 5 mL ammonia-EtOH 4:1 solution, 10 bar H2, 2 h, 10 mg Rh/C 5 wt.%. 

The data suggest that an electro-withdrawing substituent might suppress the over-alkylation, 

increasing the yield in benzylamine (Table 29, entry 3). This is also useful considering that the 

chlorine can also be easily cleaved after the conversion. 

 Finally, we tested some homemade catalysts. The reactions were run in aqueous NH3 25 %: 

these were the conditions where the activity of the commercial Rh/C started to drop, so were 

ideal to spot differences. The results (Fig. 45) show how the use of the ultrasonic horn 

improves the catalytic activity and also that metal loading plays an important role. Rh/HHT US 

5% was the only one to give some benzylamine content, even though much lower than the 

commercial catalyst, and even the di-benzylamine content was among the highest. A 

homemade Rh/C 5 wt.% was also made using conventional stirring only, but it did not result 

in any catalyst activity in such conditions, showing that US were successful in improving the 

quality of the catalysts, even if progress is still needed to reach the commercial standard. 
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Figure 45: selectivity towards benzylamine and di-benzylamine for different catalysts. 

Also, Co/C US 5% was used in the same conditions, however it showed a lesser activity respect 

to Rh/HHT: in aqueous NH3 25 % conversion was 93.5 % but with only a 2.1 % of benzylamine. 

Still, it was the only homemade catalyst supported on Norit® to convert BA to benzylamine. 

3.232 Reductive amination of different aldehydes 

Having optimized the reaction using BA, we tested other different substrates for the 

reaction (Fig. 46). Each aldehyde was treated in both NH3 32 %, NH3 25 % and NH3-EtOH 1:1 in 

the same conditions for comparison: 80 °C, 2 h, 10 bar of H2. Yields to the correspondent 

amines are displayed in the graph below (Fig. 47) since conversion was only complete; di-

benzylamine and tri-benzylamine were found as by-products. As shown, benzaldehyde was 

the most reactive substrate in these conditions, followed by furfural. 3-phenylpropanal and 

hydroxymethyl furfural (HMF) only converted in specific solvents.  

 

Figure 46: chemical structures of the aldehydes used as substrate. 

Also, vanillin and valeraldehyde were tested, however the experiments were unsuccessful for 

opposite reasons: vanillin was only converted to its secondary amine with 48.6 yield using 32 

% ammonia, while valeraldehyde was so reactive that only resulted in secondary and tertiary 

amines. 
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Figure 47: yield % of the reductive amination of different aldehydes. 

 

Interestingly, when furfural was used as substrate it was possible to record some yield to the 

corresponding primary ammine even at 50 °C, even though 80 °C remained optimal (Table 30). 

Table 30: selectivity towards furfurylamine at 50 °C. 

Entry Time 
(h) 

H2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

1 1 20 100 53.0 
2 2 10 100 59.0 

Reaction conditions: 100 µL of furfural (1.20 mmol), 5 mL ammonia 32 %, 10 mg Rh/C 5 wt.%. 

 

3.2.3 Reductive amination of ketones 

Firstly, we tested the feasibility of the reaction over acetophenone, a common 

laboratory reagent which, similarly to benzaldehyde, shows good reactivity and a simple 

structure, has a variety of uses in cosmetic and pharmacology and can be derived from natural 

sources. Acetophenone was converted to phenylethylamine starting from the same 

conditions used over benzaldehyde. The structures of acetophenone and phenylethylamine 

are shown in Fig. 48. 

 

Figure 48: chemical structure of acetophenone and phenylethylamine. 
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Table 31: solvent and conditions screening for the reductive amination of acetophenone. 

Entry Solvent Time 
(h) 

H2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 NH3 32% 2 10 100 5.5 5.5 
2 NH3 25% 2 10 100 10.9 10.9 
3 NH3 12% 2 10 100 7.6 7.6 
4 NH3-EtOH 1:1a 2 10 100 0.0 0.0 
5 NH3 32% 2 5 100 34.2 34.2 
6 NH3 25% 2 5 100 43.3 43.3 
7 NH3 25% 2 3 65.9 53.2 35.1 
8 NH3 25% 3 3 98.1 35.2 34.5 

Reaction conditions: 100 µL of acetophenone (0.84 mmol), 5 mL ammonia solution, 80 °C, 10 mg Rh/C 5 wt.%. a NH3 32 %. 

Interestingly, conversion was always high confirming the good reactivity of the substrate, 

however, a number of by-products (Fig. 49) resulted in low selectivity for phenyl ethyl amine, 

mostly due to two side reactions: the hydrogenation of the benzene ring and the reduction of 

the carbonyl group to alcohol (Table 31). Indeed, when hydrogen pressure and ammonia 

concentration were both high (Table 31, entries 1 to 3) around 40-45 % content of cyclohexyl 

ethyl amine was found, indicating that amination happened successfully but the product was 

further reduced by the Rh catalyst. Reducing the H2 bars improved the selectivity towards the 

target amine, however below 5 bar conversion was incomplete. Using 3 h instead of 2 allowed 

an almost complete conversion of acetophenone, but it did not really improve the selectivity 

towards phenyl ethyl amine, instead 1-phenylethanol was the primary product (as was the 

case for all experiments except entries 5 and 6 in Table 31). The reduction of the keto-group 

is particularly tedious since it leaves no way for the amination to happen, and only further 

reduction of the benzene ring can occur. The green metrics for the reductive amination of 

acetophenone are listed in Table 32. 

 

Figure 49: observed products of the reductive amination of acetophenone. 
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Table 32: reaction scheme and green metrics. The best yield is considered. For the EF only the H2 is 
considered as a waste, while the EMY is decreased by the excess of ammonia solution and the 
incomplete yield. 

 
 AE EF EMY 
Stoichiometric 0.86 0.18 5.88 

Actual 0.86 5.03 0.03 

 

Once again, we compared the results over acetophenone with 2-methoxyacetophenone and 

4-chloroacetophenone (Table 33). The results show that bot substituents decrease the 

conversion, however the methoxy group seems to impede the hydrogenation of the aromatic 

ring, thus allowing for a better selectivity for the amine products; the opposite happens for 4-

chloroacetophenone. 

Table 33: substituent effect over phenylethylamine yield. 

Entry Substrate Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Acetophenone 100 43.3 43.3 
2 2-Methoxyacetophenone 38.2 85.7 32.7 
3a 2-Methoxyacetophenone 98.9 58.5 57.9 
4 4-Chloroacetophenone 53.7 9.3 5.0 
Reaction conditions: 100 µL of substrate, 5 mL ammonia 25 %, 80 °C, 2 h, 5 bar H2. a 4 h. 

Since mild reaction conditions seem to favour the simple reductive amination, we used the 

optimized ones for the reactions over our homemade catalysts (Table 34). 

Table 34: acetophenone reductive amination over the non-commercial catalysts. 

Entry Catalyst Time 
(h) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Rh/C 5% US 2 1.1 0.0 0.0 
2 Co/C 5% US 2 0.0 0.0 0.0 
3 Rh/HHT 5% US 2 56.4 43.8 24.7 
4 Rh/HHT 5% US 3 54.0 49.2 26.6 

Reaction conditions: 100 µL of acetophenone (0.84 mmol), 5 mL ammonia 25 %, 80 °C, 5 bar H2. 

Unfortunately, our catalysts showed little if no activity for the reaction, with the exception of 

Rh/HHT 5% US. In the 2 h reaction it showed a good selectivity for the simple reductive 

amination (Table 34, entry 3), with the main product being once again the alcohol from the 

reduction of the carbonyl group. The conversion was incomplete, however, lowering the yield 

to 24.7 %. Increasing the reaction time to 3 h did not improve the conversion, and even though 

a slight improvement in selectivity was observed there is no real difference between the 2 h 
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experiment (Table 34, entry 4). The reduction of acetophenone to 1-phenylethanol is always 

an important side-reaction due to the aqueous environment.  

After the screening over acetophenone we decided to use 4-(4-hydroxyphenyl)-2-butanone, 

known as raspberry ketone (RK), as a substrate. Once again, RK is a natural occurring molecule 

that has applications in food, cosmetic and pharmaceutics. The structures of RK and raspberry 

amine are shown in Fig. 50. 

 

Figure 50: chemical structure of raspberry ketone and raspberry amine. 

We firstly screened its reactivity over commercial Rh/C 5 wt.% using different ammonia 

solution (Table 35), as previously done with BA. RK showed good conversion to raspberry 

amine when EtOH was used (Table 35, entry 3); in all reactions the conversion was complete, 

however the hydrogenation of the aromatic ring occurred as a side reaction, lowering the 

selectivity. When the reactions were repeated at lower hydrogen pressure (5 bar) the 

selectivity improved greatly (Table 35, entries 4 to 6) allowing a 72.7 % yield with ammonia 

25 %. The primary side-product was still the aliphatic ketone. 

Table 35: solvent and conditions screening for the reductive amination of raspberry ketone. 

Entry Solvent H2 

(bar) 
Conversion 

(%) 
Selectivity 

(%) 
Yield 
(%) 

1 NH3 32% 10 100 21.2 21.2 
2 NH3 25% 10 100 23.1 23.1 
3 NH3 -EtOH 1:1a 10 100 36.0 36.0 
4 NH3 32% 5 100 69.7 69.7 
5 NH3 25% 5 100 72.7 72.7 
6 NH3-EtOH 1:1a 5 100 49.3 49.3 

Reaction conditions: 100 mg of RK (0.60 mmol), 5 mL ammonia solution, 80 °C, 2 h, 10 mg Rh/C 5 wt.%. a NH3 32 %. 

The reactions were repeated with our homemade catalysts with 25 % ammonia (Table 36). 

The results were peculiar, since both Rh/C US 5% and Co/C US 5% showed no conversion 

whatsoever while Rh/HHT US 5% not only reached complete conversion but also allowed a 

high selectivity of 63.0 % (Table 36, entry 2), competing with the hydrogenation of the 

benzene ring. Once again, the support seems to play a crucial role in the activity of the catalyst 

and opens possible further applications for ketone conversions on tailor-made catalysts. 
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Table 36: reductive amination of raspberry ketone over our non-commercial catalysts. 

Entry Catalyst Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Rh/C US 5% 0.0 0.0 0.0 
2 Rh/HHT US 5% 100 63.0 63.0 
3 Co/C US 5% 0.0 0.0 0.0 

Reaction conditions: 100 mg of RK (0.60 mmol), 5 mL ammonia 25 %, 80 °C, 5 bar H2, 2 h. 

Since we proved possible the conversion of RK we decided to test its reductive amination with 

octopamine, forming ractopamine (Fig. 51), a veterinary pharmaceutical used to enhance the 

feedstock growth. Since this was a synthesis of industrial interest, we compared different 

commercial catalysts for the reaction. 

 

Figure 51: chemical structure of ractopamine. 

110 mg of octopamine hydrochloride (0.60 mmol) and 100 mg of RK (0.60 mmol) were 

dissolved in 5 mL MeOH, 5 mg of catalyst were added. After the reaction, the catalyst was 

filtered and 100 µL of the filtrate were collected and dried in a GC-MS vial. The dried sample 

was diluted in 1 mL of pyridine and derivatized with the addition of 50 µL of N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) for GC-MS analysis. We tested the performances 

of commercial Pd/C, Rh/C, Ru/C plus our homemade Co/C all 5 wt.% to see the influence of 

the metal. Also, temperature and H2 pressure were varied to optimize the reaction. The results 

for the different experimental conditions are shown in Fig. 52. 
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Figure 52: screening of reaction conditions for the synthesis of ractopamine over different catalysts. 

 

As expected, increasing the temperature from 50 to 80 °C increased the conversion but 

lowered the selectivity. Increasing the H2 pressure had a dramatically positive effect on both 

parameters. With mild conditions Rh/C is the best performing, however when H2 pressure or 

temperature are increased its performance is equalled by Pt/C.  

When we compared the homemade catalysts with the optimized conditions (50 °C, 10 bar H2, 

3 h), we noticed that the catalytic activity was less diverse than in the reductive amination of 

BA, even though Rh remains the best performing metal and in particular Rh/HHT US 5% (Fig. 

53).  
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Figure 53: conversion of raspberry ketone and selectivity towards ractopamine over our non-
commercial catalysts. 

Up to now the general yield to ractopamine was considered, however we should also consider 

that ractopamine exists in four different isomers: RR, RS, SR, SS. Indeed, GC-MS analysis seem 

to show that different catalysts lead to different products with the same m/z (Fig. 54), 

suggesting some kind of stereoselectivity linked to the metal in use. Further investigations are 

needed: chiral HPLC analysis and NMR analysis of the purified products will be necessary to 

understand exactly what catalyst leads to what product; this is important because only the RR 

isomer has relevant biological activity. 

 

Figure 54: Pt/C 5 % and Ru/C 5 % show two different peak for ractopamine, after the same reaction 
conditions. 
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3.2.4 Conclusion 

 MW-assisted reductive amination was successfully applied over a range of substrates, 

both bioderived amines and ketones. Both commercial and newly synthesized Rh and Co-

based heterogeneous catalyst were used for the reaction. The screening of the conditions over 

benzylamine showed that it was possible to reduce both the working time (avoiding the pre-

equilibration time) and the H2 bar respect to the recent literature.  Acetophenone conversion 

was achieved in even milder conditions (only 3 bars of H2) however the selectivity towards 

phenylethylamine was difficult to control, since the hydrogenation of the benzene ring had a 

significant influence in the distribution of products. This, however, only shows the reactivity 

of Rh-based catalysts and can be used to synthetized aliphatic amines. It seems somehow that 

in our conditions overalkylation is the main side-reaction starting with aldehydes, while the 

hydrogenation of the aromatic ring is more relevant with ketones. To the best of our 

knowledge, only few examples exist in literature for the reductive amination of acetophenone 

over a heterogeneous catalyst. A comparison with literature is presented in Table 36. 

Table 37: comparison between our experiments and the results from recent literature. 

  Catalyst Cat/sub 
(g/g) 

Time 
(h) 

T 
(°C) 

H2 
(bar) 

Yield 
(%) 

Benzaldehyde Literature219 Rh/Al2O3 5 % 0.01 3 80 20 77.1 
This work Rh/C 5 % 0.1 2 80 10 98.1 

Furfural Literature219 Rh/Al2O3 5 % 0.01 3 80 20 91.5 
This work Rh/C 5 % 0.1 2 80 10 75.0 

Acetophenone Literature222 Ru/C 5 % 0.67 5 50 80 44.0 
This work Rh/C 5 % 0.1 2 80 5 43.3 

 

The newly synthetized catalyst showed a reduced activity for the reductive amination of the 

screening compounds respect to the commercial Rh/C, with the best result consistently 

obtained with the Rh/HHT US % catalyst: carbon nanofibers are clearly a promising support 

for the deposition of active metal nanoparticles. The homemade catalysts did, however, give 

good results in the synthesis of ractopamine (a pharmaceutical for veterinary use), 

comparable with the commercial Rh and Pt catalysts in the right conditions. 

In general, it was proven that MW-assisted reductive amination is a feasible reaction to 

perform over heterogeneous catalyst and a wide group of substrates, with benign reagents. 

The green metrics are favourable, except for the EMY: in laboratory scale an excess of 5 mL of 

ammonia solution is easy to handle, however the concentration of reagent should be 

increased before moving to a bigger scale. Also, further characterization of the homemade 

catalysts is needed to define a structure-to-activity correlation and to improve their 

preparation. 
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3.3.0 MW-assisted hydroformylation of olefines 

3.3.1 Introduction and state of the art 

Hydroformylation is a common reaction that uses olefins as substrate and syngas (a 

mixture of CO and H2) as reagent to produce aldehydes and alcohols. Hydroformylation has 

been extensively studied and used as an industrial synthesis for aldehydes, especially C4 or 

shorter223,224. Of course, catalysts are needed for a good conversion, and the first applications 

of metal catalysts regarded organometallic complexes which showed Rh and Co to be the most 

active225. Hydroformylation shows high conversion, selectivity, and atom economy, with the 

only drawback being the formation of aldehyde isomers as products: the branched (br) and 

linear (ln) form and controlling the selectivity towards one or the other is somewhat 

complicated. Another advantage of this reaction is that it consumes syngas, an abundant and 

cheap substrate that is far less “noble” than pure gasses. Syngas is mainly a by-product of oil 

refineries, however it can also be obtained from gasification of biomasses and municipal 

wastes226,227. It is mostly used to produce ammonia, H2 and methanol (Fig. 55), however, like 

in the case of hydroformylation, it can be used as a reagent for chemical conversions.  

 

Figure 55: industrial consumption of syngas for different processes. 

In this section the study of hydroformylation of olefins over heterogeneous catalysts and MW 

irradiation is presented. The objective was to improve the results from the literature and move 

towards greener conditions and protocols. Also, since the reductive amination of aldehydes 

was studied with the same catalysts, a one-pot synthesis of amines from olefines is presented. 

To mimic the use of syngas, 50:50 mixture of pure H2 and CO were used in the experiments. 

3.3.2 Hydroformylation experiments 

In a recent article by Shi and co-workers a heterogeneous Rh catalyst supported over 

sulphated carbon nitride (Rh/S-g-C3N4) was prepared228. This catalyst showed remarkable 

activity for the hydroformylation of styrene to benzene acetaldehyde, reaching practically 

complete yield in aldehydes, with a branched to linear ratio of 53:47. The reaction was run in 

a stainless-steel autoclave using toluene as solvent, in 3 h and at 100 °C using 60 bars of syngas. 

Results could also be reproduced over 1-hexene, 1-octene and cyclohexene. Literature reports 
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the hydroformylation of styrene to benzene acetaldehyde over a commercial Rh/C 5 wt.% 

catalyst. This excellent work of literature was the starting point of our investigation, with the 

objective of optimizing the reaction conditions, test the applicability of MW and testing both 

commercial and homemade catalysts. The structures of styrene and benzene acetaldehyde 

are shown in Fig. 56. 

 

Figure 56: chemical structure of styrene and 3-phenyl propanal. 

For the reaction condition screening, we started at 100 °C and 40 bars of syngas for 4 h; also, 

different solvents were tested to replace toluene which is toxic and environmentally 

problematic. In a typical reaction, 500 µL of styrene (4.3 mmol) are dissolved in 9.5 mL of 

solvent and 10 mg of commercial Rh/C 5 wt.% are added. After the reaction the catalyst is 

filtered on paper, the filtrate is diluted to 2 mg/mL in an appropriate solvent for the GC-MS 

analysis. The green metrics for the reaction are listed in Table 39. 

Table 38: screening of solvent and conditions for the hydroformylation of styrene. 

Entry Solvent T 
(°C) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Toluene 100 55.5 100 55.5 
2 CHCl3 100 22.9 100 22.9 
3 EtOAc 100 92.0 88.1 81.0 
4 EtOH 100 69.4 69.3 48.1 
5 iPrOH 100 13.4 14.4 1.9 
6 GVL 100 0.0 0.0 0.0 
7 H2O 100 0.0 0.0 0.0 
8 EtOAc 120 100 97.6 97.6 
9a EtOAc 120 66.6 100 66.6 
10b EtOAc 120 78.4 95.9 75.2 

Reaction conditions: 500 µL of styrene (4.32 mmol), 9.5 mL of solvent, 40 bar syngas, 4 h, 10 mg Rh/C 5 wt.%. 

Table 39: reaction scheme and green metrics. Hydroformylation is a green reaction, in the laboratory 
scale however it suffers from the excess of syngas which is not recovered. The EMY only accounts 
styrene (a carcinogenic) as non-benign reagent. 

 
 AE EF EMY 

Stoichiometric 1.00 - 1.29 

Actual 1.00 53.3 1.15 
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Interestingly, in our conditions, toluene was not the best performing solvent (Table 38, entry 

1) but it was outperformed both by EtOH (Table 38, entry 4) and EtOAc (Table 38, entry 3). 

The yield does not seem tightly related to the polarity of the solvent since both highly polar 

solvent like water and non-polar solvents like GVL and CHCl3 gave poor results, it might be the 

case that an intermediate polarity is the optimal as is the case for EtOAc. Rising the 

temperature to just 120 °C allowed a complete conversion of styrene and almost a complete 

selectivity, with ethyl benzene being the prevalent by-product in all experiments. If the 

reaction time is halved also conversion drops, however the use of acetic acid in catalytic 

amount (50 µL) allowed a good conversion even in 2 h (Table 38, entry 10).  

Despite the presence of ethyl benzene as the only by-product, selectivity was usually high in 

general, however we should also discriminate the selectivity between the linear and the 

branched aldehyde, which is somehow influenced by the choice of solvent but less so by 

temperature. The different branched to linear aldehydes ratios are listed in Table 40. 

Table 40: branched to linear aldehyde ratios. 

Entry Solvent T 
(°C) 

Branched/linear 

1 Toluene 100 1.5 
2 CHCl3 100 2.8 
3 EtOAc 100 1.3 
4 EtOH 100 1.3 
5 iPrOH 100 0.8 
6 EtOAc 120 1.0 

 

In all cases, except with iPrOH (Table 40, entry 6) a slight excess of the branched aldehyde is 

found post-reaction. Unfortunately, the results did not translate as well over the homemade 

Rh catalysts, especially because of the low conversion of styrene, so we only relied on 

commercial Rh/C for further tests. Interestingly, the two catalysts showed identical activity in 

these conditions (Table 41). 

Table 41: hydroformylation of styrene over our non-commercial catalysts. 

Entry Catalyst Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Rh/C 5% US 20.0 90.0 18.0 
2 Rh/HHT 5% US 20.0 89.3 17.9 

Reaction conditions: 500 µL of styrene (4.32 mmol), 9.5 mL EtOAc, 120 °C, 40 bar syngas, 4 h. 

Having established a greener procedure for hydroformylation over Rh/C we decided to use 

different olefines ad substrates: 1-hexene, trans-stilbene, 1,7-octadiene and 1,1-diphenyl 

ethylene (1,1-DPE). Their structures are depicted in Fig. 57. 
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Figure 57: chemical structure of the different alkenes used as substrate. 

Since the differentiation of the products becomes more difficult with the complexity of the 

starting material, both because of the formation of branched and linear products and the 

isomerization of olefins at high temperature that shifts the position of the double bonds, the 

raw yield and selectivity to aldehydes is presented as a result (Table 42). In hope to reduce 

the isomerization occurrence experiments with the addition of 50 µL of acetic acid (Table 42 

entries 5 to 8). 

Table 42: hydroformylation experiments over different alkenes, with and without acetic acid. 

Entry Substrate Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 1-hexene 100 88.2 88.2 
2 1,7-octadiene 51.7 46.8 24.2 
3 trans-stilbene 0.0 0.0 0.0 
4 1,1-DPE 0.0 0.0 0.0 
5 1-hexenea 100 100 100 
6 1,7-octadienea 64.3 71.2 45.8 
7 trans-stilbenea 0.0 0.0 0.0 
8 1,1-DPEa 0.0 0.0 0.0 

Reaction conditions: 500 µL of substrate, 9.5 mL EtOAc, 120 °C, 40 bar syngas, 4 h, 10 mg Rh/C 5 wt.%. a 50 µL of acetic acid. 

The addition of acetic acid did non influence the distribution of aldehydes significantly; 

however, it did however improve the conversion and the selectivity towards the formation of 

aldehydes, except for trans-stilbene which showed no conversion at all, possibly because of 

the strong hindrance around its double bond. Common by-products for the 1,7-octadiene 

were cyclization products. This improvement may be attributed to the protonation of CO 

which could increase it electrophilicity for the addition to the double bond.  

The addition of acetic acid also allowed us to improve the conversion of styrene over our 

homemade Rh/HHT 5 w.t.% using the same reaction conditions of the first test (120 °C, 4h, 40 

bar of syngas). We varied the concentration of acetic acid to spot the ideal quantity, however 

results show that acetic acid is already active in low concentrations (Fig. 58). Also, since it can 

drastically improve the conversion of styrene while being in a molar deficit suggests that it is 

involved in a catalytic cycle. 
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Figure 58: conversion and selectivity of styrene hydroformylation with acetic acid over our Rh/HHT 5 
wt.% catalyst. 

 

3.3.3 One-pot hydroformylation and reductive amination of olefines 

Having established a reliable protocol for hydroformylation we decided to try to unite 

the two reactions on the same catalyst: hydroformylation of olefines to aldehydes first, and 

reductive amination of aldehydes to amines as second step. This would be an efficient and 

appealing process, dramatically increasing the efficiency of the amine synthesis (Fig. 59). 

 

 

Figure 59: reaction scheme of the one-pot conversion of styrene to 3-phenylproan-1-amine. 

 

At first, the reaction conditions were optimized using styrene. The most intuitive way to 

perform a one-pot synthesis was simply to put the amine together with the substrate from 

the beginning a d use the H2 of the syngas for the amination also. For the amination we used 

both the 32 wt.% ammonia solution and octylamine and ρ-anisidine in pure form, since 

aqueous ammonia is not ideal to react with organic mixtures and may not lead to good 

conversions. When the ammonia is used, 5 mL of solvent are mixed with 4.5 mL of ammonia 

solution. When the organic amines are used, they are simply dissolved in the solvent before 

the reaction; they are added in 1:1 molar ratio to the substrate. Results are listed in Table 43. 
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Table 43: one-pot synthesis of amines with different reagents. 

Entry Solvent Amine Conversion 
(%) 

Aldehydes 
(%) 

Amines 
(%) 

Yield 
(%) 

1 EtOAc ammonia 0.0 0.0 0.0 0.0 
2 EtOH ammonia 1.0 100 0.0 0.0 
3 EtOAc octylamine 87.4 0.0 44.6 39.0 
4 EtOAc ρ-anisidine 100 0.0 24.4 24.4 

Reaction conditions: 500 µL of styrene (4.32 mmol), 9.5 mL EtOAc, 120 °C, 40 bar syngas, 4 h. 

From the first trials it was clear that a one-step process was not ideal with ammonia: not only 

it did not result in any amination, but it impeded hydroformylation also. Results were a little 

better for the organic amines, which form a homogeneous system and facilitate the mass 

transfer. To improve the results, we decided to split the conversion in two steps: 

hydroformylation was performed first for 2 hours, then the amines would be added, and the 

amination would take place for other 2 h under 20 bars of H2. Results are listed in Table 44. 

Table 44: two-step one-pot synthesis of amines from styrene. 

Entry Solvent Amine Conversion 
(%) 

Aldehydes 
(%) 

Amines 
(%) 

Yield 
(%) 

1 EtOAc ammonia 83.8 8.1 68.3 57.2 
2a EtOAc ammonia 90.1 2.3 61.9 55.8 
3a EtOH ammonia 81.0 4.0 54.9 44.5 
4 EtOAc octylamine 97.1 0.0 68.7 66.7 
5 EtOAc ρ-anisidine 88.8 0.0 47.2 41.9 

Hydroformylation conditions: 500 µL of styrene (4.3 mmol), 4.5 mL EtOAc, 120 °C, 40 bar syngas, 2 h. a 150 °C. Reductive 

amination conditions: 4.0 mL ammonia 32 %, 20 bar H2, 80 °C, 2 h. 

The improvement with the two-step approach is dramatic with ammonia (Table 44, entry 1), 

however in EtOAc only the over-alkylated amine is observed, while with EtOH the primary 

amine is obtained: this difference persists even though the concentration of ammonia is 

virtually equal. Some experiments were performed at 150 °C to compensate for the halved 

reaction time (Table 44, entries 2 and 3), however this did not appear to lead to significant 

benefits, so 120 °C is still advised. In EtOH, aqueous ammonia performs surprisingly similar to 

the organic amines, leading to a good selectivity towards the primary amine. If the general 

yield to amines is considered, ammonia still gives good results, however the best performing 

is octylamine, which is not surprising since its aliphatic chain leads to a better reactivity and 

solubility in the organic solvent (Table 44, entry 4). When octylamine is used, however, about 

20 % content of the tertiary amine is found in the products: this is still a reductive amination 

product, albeit a less desirable one. Still, this demonstrates the robustness of the approach 

and the good activity of the catalyst under MW radiation. 

To conclude the investigation, we decided to run some one-pot synthesis on 1-hexene as 

substrate, since it showed excellent reactivity towards the hydroformylation (Table 45). Once 

again, since a wide variety of products can be observed (derived by the shift of the double 

bond leading to different branched products) the crude selectivity in amines is reported. 
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Table 45: two-step one-pot synthesis of amines from 1-hexene. 

Entry Catalyst Amine Conversion 
(%) 

Amines 
(%) 

Yield 
(%) 

1 Rh/C 5 w.t.% ammoniaa 100 100 100 
2 Rh/C 5 w.t.% octylamine 100 100 100 
3 Rh/C 5 w.t.% ρ-anisidine 100 81.1 81.1 
4 Rh/HHT 5 w.t.% ammoniaa,b 100 100 100 
5 Rh/HHT 5 w.t.% octylamineb 100 56.0 56.0 
6 Rh/HHT 5 w.t.% ρ-anisidineb 100 90.1 90.1 

Hydroformylation conditions: 500 µL of 1-hexene (4.0 mmol), 9.5 mL EtOAc, 120 °C, 40 bar syngas, 4 h. Reductive amination 

conditions: 20 bar H2, 80 °C, 2 h. a 4.0 mL ammonia 32 %. b 50 µL of acetic acid. 

1-hexene was fully converted in all experiments, with excellent yields towards the relative 

amines. However, only the secondary amines were observed, showing that the primary 

aliphatic amine is very reactive while possibly the secondary amine is hindered enough to stop 

further alkylation.  

3.3.4 Conclusion 

 The synergy between MW irradiation and the heterogeneous Rh/C catalyst for the 

hydroformylation of olefines was demonstrated. We drastically reduced the amount of syngas 

(which is the primary waste of the synthesis) respect to literature achieving a 97.6 % yield 

from styrene in 4 h, and of 75.2 % in only 2 h with the addition of acetic acid in catalytic 

amounts. It was even possible to substitute toluene with ethyl acetate as solvent, further 

reducing the EMY of the reaction. The solvent can be evaporated and recycled, thus it does 

not weight on the EF. A comparison with literature is presented in Table 46. 

Table 46: comparison between our experiments and the results in recent literature. 

  Catalyst Solvent Cat/sub 
(g/g) 

Time 
(h) 

T 
(°C) 

Syngas 
(bar) 

Yield 
(%) 

Styrene Literature228 Rh/S-g-C3N4 Toluene 0.001 3 100 60 99.9 
Literature229 Rh(I)/MnMOF Toluene 0.002 18 80 80 100 
Literature230 Rh black Toluene 0.2 4 100 60 77.0 
This work Rh/C 5 % EtOAc 0.02 4 120 40 97.6 

 

Our catalytic system showed a preference for terminal alkenes such as 1-hexene and 1,7-

octadiene, while substituted alkenes showed no conversion. With 1-hexene a complete yield 

to aldehydes was possible with the addition of acetic acid in catalytic amounts. After these 

good results we moved on to a one-pot synthesis of aliphatic amines from olefins. A one-step 

approach did not achieve satisfactory yields, seems the presence of amines seemed to impede 

the hydroformylation step. When the two reactions were separated in two steps (one with 

syngas at 120 °C and one with H2 at 80 °C, for a total of 4 h) results improved greatly both 

using aqueous ammonia and organic amines for the amination. In 4 h styrene achieved almost 

full conversion with an average yield in amines of 53.2 %, while 1-hexene was always fully 

converted with an average amine yield of 97.3 %. To the best of our knowledge, this is the first 

time that this one-pot synthesis of amines is reported over a heterogeneous Rh catalyst, and 

it has huge potential for further scale-up and application.  
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3.4.0 One-pot MW-assisted synthesis of isosorbide from glucose 

3.4.1 Introduction and state of the art 

Isosorbide is a bio-derived chemical building block that has drawn much attention in 

recent years thanks to its stability, non-toxicity, and the possibility to functionalize its two 

hydroxyl groups to obtain tailor-made products. Isosorbide can be obtained from glucose via 

hydrogenation to sorbitol and two dehydrations (intra-molecular condensations) to form the 

double-ring structure. Three possible isomers can form: isosorbide, isomannide and isoidide 

(Fig. 60). These three molecules can be directly obtained starting from the appropriate 

substrate (sorbitol, mannitol or iditol) or can be isomerized in reaction conditions231. Of the 

three, isosorbide is the most interesting: its structure has one hydroxyl in endo and one in eso 

configuration, this gives it greater reactivity compared to isomannide and even if isoidide 

would be even more reactive it is primarily synthetized from idose, which is not found in 

nature, otherwise is produced only in small quantities from epimerization. The endo group is 

the most reactive of the two232, thanks to its enhanced nucleophilicity because of the intra-

molecular bond that forms, however the eso group might react preferably with sterically 

encumbering substrates: this tunability grants isosorbide much flexibility as a substrate for 

chemical modifications. Indeed, many examples exist of its application for the synthesis of 

high-boiling green solvents, bio-polymers and bio-fuels or fuel additives233,234. One interesting 

example is the synthesis of poly(isosorbide)terephthalate (PIT): a polymer with excellent 

physical properties and candidate for the substitution of the oil-derived PET235. Another 

important application is the synthesis of isosorbide dinitrate: an active principle for the 

prevention of chest pain in humans236,237. Dimethyl isosorbide is a promising high-boiling 

green solvent for organic chemistry reactions27  that can be directly synthetized from sorbitol 

in dimethyl carbonate, another green solvent238. 

 

Figure 60: chemical structure of isosorbide and its isomers isomannide and isoidide. 

It is clear that isosorbide is a potent building-block for sustainable productive processes and 

that the research interests over this molecule are well justified. Despite the number of 

experiments and studies on its synthesis, however, it can still be a tricky reaction especially 

when a direct conversion of glucose or cellulose is wanted. Glucose reduction to sorbitol can 

be catalysed by transition metals and can be performed in water using molecular hydrogen or 

alcohols as hydrogen donors for the proper reduction239–242. Many works report the use of Ru-

based heterogeneous catalysts for the reaction, given its excellent properties for 

hydrogenation reactions243,244.  Sorbitol dehydration to isosorbide has 1,4-sorbitan as 

intermediate as the C1 hydroxyl is protonated and cyclization occurs on the C4 carbon. 

However different sorbitans can form (Fig. 61), leading to formation of humins instead of 
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isosorbide: this is one of the main drawbacks of the reaction and can lead to low selectivity. 

3,6-sorbitan also leads to isosorbide but is usually formed in negligible quantities245,246. 

 

Figure 61: possible pathways for the dehydration of sorbitol245. 

This reaction step can be acid-catalysed using mineral acids or, more interestingly, 

heterogeneous acids such as zeolites or acid resins247–249. If the catalyst is active enough, the 

reaction can also happen in water, as demonstrated by Otomo et al. in their work250. They 

obtained an excellent yield (80 %) in isosorbide over β zeolites working at 200 °C for 18 h; it 

was found that high Si:Al ratios improved the activity of the catalyst: they proposed that Al-

rich zeolites coordinated more water, thus slowing the mass transfer and impeding the 

dehydration. Temperature also played a crucial role: at temperature lower than 200 °C 

conversion was slow, while above it side-reactions begin to occur more prominently. Similar 

results were also found in the study by Kobayashi and co-workers: once again a zeolite 

screening resulted in β zeolites giving the best yields in isosorbide, with the Si:Al ratio playing 

an important role251. The best result was a 76 % yield working at 126 °C for 2 h; notably, the 

reaction was performed in neat conditions using a temperature above sorbitol melting point 

(95 °C). 

One-pot syntheses of isosorbide from glucose or even cellulose are reported in literature and 

are the most attractive examples for the scalability of the reaction. Many of these examples 

rely on mineral acids for the dehydration step252 while one of the first examples of 

heterogeneous acid catalyst employed the acidic resin Amberlyst 70 while the reduction was 

performed with a commercial Ru/C catalyst: the best result was a 56 % yield, however reaction 

conditions were pretty harsh: 16 h, 50 bar H2 and 180 °C253. A much more recent and 

interesting approach was taken by Brandi and co-workers: they managed to set up a flow 

process for the one-pot conversion of an aqueous glucose feed to isosorbide in a two-step 

approach. Firstly, glucose was hydrogenated to sorbitol over a Ni-based catalyst supported 

over N-doped carbon and H2 (25 mL/min at 40 bars) at 150 °C followed by the dehydration 

step over a β zeolite at 220 °C, allowing a final yield of 56 % in isosorbide254. To the best of our 

knowledge, nobody reported the interaction between such heterogeneous catalysts and MW 

radiation for the conversion of glucose to isosorbide. In this section, the study and 
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optimization of the conversion of glucose to isosorbide are presented, aiming for a one-pot 

synthesis enhanced by MW. Trials for the direct conversion of cellulose are also presented.  

3.4.2 Glucose hydrogenation to sorbitol 

At first, we started investigating the possibility to use iPrOH for the reduction of 

glucose by hydrogen-transfer (Fig. 62). As for the use of H2, the hydrogen transfer is often 

catalysed by noble metals, so we compared at first three Ru-based catalysts synthetized by 

the research group of professor Cavani at the University of Bologna: Ru/C, Ru/TiO2 and 

Ru/Al2O3 all 1 wt.%. For the reaction, 100 mg of glucose (0.56 mmol) were dissolved in 3 mL 

of iPrOH and 10 mL H2O and 50 mg of catalyst were added. The reaction was run at 180 °C for 

4 h. After the reaction, the catalyst was filtered, and the filtrate was evaporated under 

vacuum. 2 mg of sample were then collected and dissolved in 1 mL of pyridine and derivatised 

with BSTFA for GC-MS analysis. In these conditions, only Ru/C 1 % resulted in only a 3.5 % yield 

in sorbitol while the other catalysts only produced xylitol, erythritol and, oddly, short-chained 

acids such as acetic and lactic acid. When Ru/C 3 wt% was used, however, the yield drastically 

increased to 86.0 %. 

 

Figure 62: reaction scheme of the hydrogenation of glucose to sorbitol with iPrOH or H2. 

Since no H2 pressure was needed for these tests, we then decided to run further optimization 

tests in an Anton Paar Monowave 300 reactor (Table 47): differently form Synthwave, inside 

the Monowave is a standing wave that has always the maximum intensity over the sample. 

Monomodal reactors such ad Monowave enhance the efficiency of MW ensuring maximum 

energy transfer to the reaction vessel. Indeed, it was possible to maintain a high yield with 

much lower temperature and reaction time. However, the selectivity drastically dropped 

when water was not added (Table 47, entries 3 and 4). 

Table 47: catalytic hydrogen transfer in iPrOH for the hydrogenation of glucose to sorbitol. 

Entry iPrOH 
(mL) 

H2O 
(mL) 

Time 
(h) 

T 
(°C) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 3 10 2 150 100 83.2 83.2 
2 3 10 1 120 95.6 86.5 86.5 
3 3 - 1 120 84.7 0.0 0.0 
4 5 - 1 120 100 5.5 5.5 

Reaction conditions: 100 mg of glucose (0.56 mmol), 50 mg Ru/C 3 wt.%. 

On one hand, the monomodal setup drastically improved the activity of Ru/C 3%, on the other 

it was still not possible to remove water from the solvent: this would have been a problem for 

the subsequent dehydration, so we once again performed hydrogenation tests under H2 

pressure in the Synthwave. We also decided to remove the solvent at once, running the 
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reaction at 155 °C, just above glucose melting point. We compared the catalysts again and this 

time it was Ru/TiO2 to give the best performance: it was possible to have complete conversion 

and high selectivity in just 1 h under 20 bar H2. Ru/TiO2 3% was then the catalyst of choice for 

the hydrogenation, to be performed under H2 pressure. 

3.4.3 Sorbitol dehydration 

Once sorbitol is formed, it still needs two dehydration steps to convert to isosorbide 

(Fig. 63). However, different dehydration products are possible, among which only 1,4-

sorbitan leads to sorbitol, while the others lead to complex condensation products called 

humins. We decided to test some solid dehydrating agents instead than mineral acids as often 

reported in literature. We tested three commercial zeolites and Na2SO4 for the dehydration 

of sorbitol. The two zeolites were, as described in a previous paragraph, a Hβ with SiO2/Al2O3 

of 360 and two HY with ratios of 30 and 5.1.  

 

Figure 63: reaction scheme of the dehydration of sorbitol to isosorbide over Na2SO4 or zeolites. 

Sorbitol has a melting point of only 95 °C, so we firstly screened the materials at 120 °C using 

a weight ratio of 1:1 to the substrate, for 2 h. Results are presented in Table 48. 

Table 48: yield % in isosorbide over different dehydrating materials. 

Entry Dehydrating 
agent 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

1 Na2SO4 50.7 60.2 30.5 
2 Zeolite Hβ 40.0 87.5 35.0 
3 Zeolite HY 5.1 100 0.0 0.0 
4 Zeolite HY 30 29.5 65.9 19.4 

Reaction conditions: 100 mg of sorbitol (0.55 mmol), 100 mg of dehydrating agent, 120 °C, 2 h. 

Surprisingly, despite its low acidity, Zeolite Hβ was the best performing (Table 48, entry 2) 

and, when temperature was risen to 190 °C in subsequent tests the selectivity towards 

isosorbide grew to 98.0 %. As for zeolite HY 5.1, it was too strong a dehydrating agent, 

resulting only in short-chained acids and humins. Na2SO4 gave good results, however the 

recovery of the products was challenging, requiring washings with MeOH and filtrations to get 

close to a complete recovery, so it was ultimately discarded. 
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3.4.4 One-pot reaction 

The two reaction steps were optimized in two very different temperatures so, since it 

is desirable to perform a synthesis at the lowest temperature possible, two possibilities were 

considered: running the conversion in one step at an intermediate temperature or divide it in 

two steps each at its appropriate temperature (Fig. 64).  

For the one-pot one-step process a temperature of 175 °C was used and substrate, catalyst 

and Hβ zeolite are present from the start under 20 bar H2 for 2 h. With this, the conversion of 

glucose was of 77.3 % but sorbitol was still present in the products leading to a yield of only 

4.9 % of isosorbide. For the one-pot two-steps process the hydrogenation of glucose was run 

at 155 °C for 1 h, after which the Hβ zeolite is added, and the dehydration is run at 190 °C for 

1 h under 20 bars of N2. This improved the conversion to 100 % but again with sorbitol residues 

and an isosorbide yield of 16.0 %. The result was again improved when 200 mg of zeolite were 

used instead of 100 mg, this enabled a total conversion of sorbitol and an isosorbide yield of 

54.9 %. The green metrics for the one-pot reaction are listed in Table 49. 

 

Figure 64: visual representation of the one-pot conversion of glucose to isosorbide in one step or two 
steps. 



88 
 

Table 49: reaction scheme and green metrics. Considering the 54.9 % yield in the one-pot one-step 
approach, both the AE and the EMY are excellent since no toxic reagents are involved in the synthesis 
and water is the only side-product. 

 
 AE EF EMY 

Stoichiometric 0.80 0.38 - 

Actual 0.80 35.5 - 

 

Attempts were also made to obtain isosorbide directly from cellulose, in a one-pot conversion. 

The difficulty is that cellulose crystalline structure is very tight and does not allow good contact 

with the liquid reagents or solvent, despite its high hydrophilicity. To convert cellulose is 

necessary to hydrolyse it to smaller chains or to glucose directly, and often mineral acids are 

used for the task. However, in a green chemistry mindset, mineral acids were avoided and 

substituted with formic acid: formic acid (FA) would not only be an acid catalyst for hydrolysis 

and dehydration, but it was also intended as an H-donor for the hydrogenation of glucose. 

Indeed, FA is an excellent source of H2, and, over the right metal catalyst, it decomposes to 

give H2 and CO2. Even though the emission of CO2 is not desirable, it is still safe and easy to 

remove as a waste. As dehydrating agents CaCl2 and Na2SO4 were used (Table 50). After the 

reaction, the suspension was filtered: this time not only the catalyst, but also unreacted 

cellulose remained on the paper filter. The weight difference between the filtrate and the 

starting cellulose was used to calculate its conversion. Results show how isosorbide is 

obtained with good selectivity, albeit lower than starting from glucose. Glucose was never 

observed, however significant quantities of levulinic acid (LA) were found as by-product: this 

is not surprising since the acid environment is ideal for glucose hydrolysis to LA. The 

conversion is the real problem however: cellulose is much less reactive and despite the harsh 

conditions, the most part was not transformed. Further research is needed to achieve better 

and scalable results on this substrate, even though our experiments show that it is possible to 

use FA for cellulose conversion. A pre-treatment of cellulose or the substitution of Ru with Pd 

(a catalyst often used for the generation of H2 from FA) may improve the result. Another 

possibility is to use an appropriate co-solvent or form a deep eutectic solvent between FA and 

choline chloride to enhance the conversion of cellulose, which is the primary obstacle. 

Table 50: yield % in isosorbide from cellulose using different dehydrating agents. 

Entry Dehydrating 
Agent 

Conversion 
(%) 

LA 
(%) 

Isosorbide 
(%) 

Yield 
(%) 

1 CaCl2 7.5 92.2 1.6 0.1 
2 Na2SO4 12.6 15.6 13.4 1.7 
3a Na2SO4 10.0 0.0 17.0 1.7 
Reaction conditions: 100 mg of cellulose, 5.0 mL FA, 200 °C, 2 h, 50 mg Ru/C 3 wt.%. a 4h. 
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3.4.5 Conclusion 

We successfully investigated and developed a green approach for the synthesis of 

isosorbide starting from glucose. The reduction of glucose to sorbitol was achieved both with 

the H-transfer mechanism using iPrOH as a reactive solvent and with gaseous H2. We also 

avoid the use of solvents, working above the melting point of the reagents; this had a great 

impact on the EMY of the synthesis and simplified the recovery of the products. Also, the use 

of mineral acids has been avoided in favour of Hβ zeolite as heterogeneous acid catalyst. 

The screening of different Ru-based catalysts showed that Ru/TiO2 3 wt.% had the greatest 

activity, thanks to the positive interaction between the metal nanoparticles and the support. 

These screening allowed the development of a one-pot synthesis, both in one and two steps. 

The one-step approach run at 175 °C for 2 h led to the complete conversion of glucose and an 

isosorbide yield of 54.9 %. MW had a huge role in allowing a complete process in such a short 

reaction time. The green metrics of the process are good, since the reaction is stoichiometric 

and avoids toxic additives, however the EF still suffers from two criticalities: the high pressure 

of H2 needed and the difficulty in the recovery of the mixed zeolite and catalyst after reaction. 

The deposition of Ru nanoparticles over an acidic support, perhaps zeolites itself, may solve 

the latter. As for now, a comparison with literature is presented in Table 51. 

Table 51: one-pot results compared with those in recent literature. 

  Catalyst Acid catalyst Cat/sub 
(g/g) 

Time 
(h) 

T 
(°C) 

H2 
(bar) 

Yield 
(%) 

One-pot Literature254 Ni/NDC Hβ zeolite 0.53 50a 230 40 83.0 
Literature255 Ru/C H2SO4 0.19 2 220 40 60.0 
This work Ru/TiO2 Hβ zeolite 0.20 2 175 20 54.9 

a flow system. 

Preliminary experiments starting directly from cellulose were attempted using formic acid 

both as H-donor and to hydrolyse the substrate and using molten salts both as solvents for 

cellulose and as dehydrating agents. Though promising, this approach only achieved low 

conversions, since cellulose is difficult to attack without strong acids to dissolve it. The best 

yield to isosorbide so far was only of 1.7 % using FA and Na2SO4. In most cases the formation 

of LA occurred as side-reaction. More research is needed, but these tests demonstrated that 

it is possible to obtain isosorbide directly from cellulose avoiding the use of mineral acids or 

other toxic reagents. 

 

References 

 

191.  Rohmer M, Seemann M, Horbach S, et al. J Am Chem Soc, 1996, 118, 2564–2566. 

192.  Pham DM, Boussouira B, Moyal D, et al. Int J Cosmet Sci, 2015, 37, 357–365. 

193.  Lozano-Grande MA, Gorinstein S, Espitia-Rangel E, et al. Int J Agron, 2018, 2018, 1–13. 

194.  Popa O, Băbeanu NE, Popa I, et al. Biomed Res Int, 2015, 2015, 1–16. 

195.  Rosales-Garcia T, Jimenez-Martinez C, Davila-Ortiz G. Int J Environ Agric Biotechnol, 2017, 2, 



90 
 

1662–1670. 

196.  Krulj J, Brlek T, Pezo L, et al. J Sci Food Agric, 2016, 96, 3552–3558. 

197.  Czaplicki S, Ogrodowska D, Zadernowski R, et al. Polish J Food Nutr Sci, 2012, 62, 235–239. 

198.  Gunawan S, Kasim NS, Ju Y-H. Sep Purif Technol, 2008, 60, 128–135. 

199.  Chang CJ, Chang Y-F, Lee H-Z, et al. Ind Eng Chem Res, 2000, 39, 4521–4525. 

200.  Ibrahim N ‘Izzah, Mohamed IN. Life, 2021, 11, 1–19. 

201.  Farvin KHHS, Anandan R, Kumar SHS, et al. J Med Food, 2006, 9, 531–536. 

202.  Reddy LH, Dubernet C, Mouelhi SL, et al. J Control Release, 2007, 124, 20–27. 

203.  Reddy L, Couvreur P. Curr Pharm Des, 2008, 14, 1124–1137. 

204.  Wang JJ, Sung KC, Yeh CH, et al. Int J Pharm, 2008, 353, 95–104. 

205.     Pandarus V, Ciriminna R, Béland F, et al. ACS Omega, 2017, 2, 3989-3996. 

206.  Liu J, Song Y, Ma L. Chem – An Asian J, 2021, 16, 2371–2391. 

207.  Irrgang T, Kempe R. Chem Rev, 2020, 120, 9583–9674. 

208.  Vardanyan R, Hruby VSynthesis of Essential Drugs, 1st ed. Cambridge: Academic Press. 

208.  Lawrence SA, Amines : synthesis, properties, and applications. Cambridge: Cambridge 
University Press, 2004. 

210.  Kim H, Chang S. Acc Chem Res, 2017, 50, 482–486. 

211.  Kim J, Kim HJ, Chang S. European J Org Chem, 2013, 3201–3213. 

212.  Sukhorukov AY. Front Chem, 2020, 8, 215. 

213.  Bähn S, Imm S, Neubert L, et al. ChemCatChem, 2011, 3, 1853–1864. 

214.  Mäki-Arvela P, Simakova IL, Murzin DY. Catal Rev - Sci Eng. Epub ahead of print 2021. DOI: 
10.1080/01614940.2021.1942689. 

215.  Mao F, Sui D, Qi Z, et al. RSC Adv, 2016, 6, 94068–94073. 

216.  Jagadeesh R V., Murugesan K, Alshammari AS, et al. Science, 2017, 358, 326–332. 

217.  Huang L, Wang Z, Geng L, et al. RSC Adv, 2015, 5, 56936–56941. 

218.  Sajiki H, Ikawa T, Hirota K. Org Lett, 2004, 6, 4977–4980. 

219.  Chatterjee M, Ishizaka T, Kawanami H. Green Chem, 2016, 18, 487–496. 

220.  He J, Chen L, Liu S, et al. Green Chem, 2020, 22, 6714–6747. 

221.  Paula Dionísio A, Molina G, Souza de Carvalho D, et al. In: Natural Food Additives, Ingredients 
and Flavourings. Woodhead Publishing, 2012, pp. 231–259. 

222.  Ikenaga T, Matsushita K, Shinozawa J, et al. Tetrahedron, 2005, 61, 2105–2109. 

223.  Sheldon RA. Springer, Dordrecht, pp. 86–103. 

224.  Bohnen HW, Cornils B. Adv Catal, 2002, 47, 1–64. 

225.  Srivastava VK, Bhatt SD, Shukla RS, et al. React Kinet Catal Lett, 2005, 85, 3–9. 

226.  Centi G, Perathoner S. Catal Today, 2020, 342, 4–12. 



91 
 

227.  El-Nagar RA, Ghanem AA. Sustain Altern Syngas Fuel. Epub ahead of print 27 November 2019. 
DOI: 10.5772/INTECHOPEN.89379. 

228.  Shi Y, Lu Y, Ren T, et al. Catalysts, 2020, 10, 1–13. 

229.  Tang P, Paganelli S, Carraro F, et al. ACS Appl Mater Interfaces, 2020, 12, 54798–54805. 

230.  Liu S, Dai X, Wang H, et al. Chinese J Chem, 2020, 38, 139–143. 

231.  Nôtre J Le, Van Haveren J, Van Es DS. ChemSusChem, 2013, 6, 693–700. 

232.  Lemieux RU, McInnes AG. Can J Chem, 1960, 38, 136–140. 

233.  Fenouillot F, Rousseau A, Colomines G, et al. Prog Polym Sci, 2010, 35, 578–622. 

234.  Rose M, Palkovits R. ChemSusChem, 2012, 5, 167–176. 

235.  Storbeck R, Ballauff M. Polymer (Guildf), 1993, 34, 5003–5006. 

236.  Brewster LM. ESC Hear Fail, 2019, 6, 487–498. 

237.  ECHASubstance information: 2-methyl-2H-isothiazol-3-one, 
https://echa.europa.eu/it/substance-information/-/substanceinfo/100.001.583. 

238.  Aricò F, Aldoshin AS, Tundo P. ChemSusChem, 2017, 10, 53–57. 

239.  Zhang X, Durndell LJ, Isaacs MA, et al. ACS Catal, 2016, 6, 7409–7417. 

240.  Gong B, Yan L, Chen M, et al. Chinese J Org Chem, 2017, 37, 3170–3176. 

241.  Jin X, Yin B, Xia Q, et al. ChemSusChem, 2018, 71–92. 

242.  García B, Moreno J, Morales G, et al. Appl Sci, 10. Epub ahead of print 1 March 2020. DOI: 
10.3390/app10051843. 

243.  Mishra DK, Dabbawala AA, Park JJ, et al. Catal Today, 2014, 232, 99–107. 

244.  Guo X, Wang X, Guan J, et al. Chinese J Catal, 2014, 35, 733–740. 

245.  Dabbawala AA, Mishra DK, Huber GW, et al. Applied Catal A, Gen, 2015, 492, 252–261. 

246. Dussenne C, Delaunay T, Wiatz V, Wyart H, Suisse I, Sauthier M, Green Chem., 2017, 19, 5332-
5444. 

247.  Barbaro P, Liguori F, Moreno-Marrodan C. Green Chem, 18. Epub ahead of print 2016. DOI: 
10.1039/c6gc00128a. 

248.  Jeong S, Jeon KJ, Park YK, et al. Catalysts, 10. Epub ahead of print 2020. DOI: 
10.3390/catal10020148. 

249.  Morales G, Iglesias J, Melero JA, et al. Top Catal, 2017, 60, 1027–1039. 

250.  Otomo R, Yokoi T, Tatsumi T. Appl Catal A Gen, 2015, 505, 28–35. 

251.  Kobayashi H, Yokoyama H, Feng B, et al. Green Chem, 17. Epub ahead of print 2015. DOI: 
10.1039/c5gc00319a. 

252.  Bonnin I, Mereau R, Tassaing T, et al. Beilstein J Org Chem 16143, 2020, 16, 1713–1721. 

253.  Yamaguchi A, Sato O, Mimura N, et al. Catal Commun, 2015, 67, 59–63. 

254.  Brandi F, Khalil I, Antonietti M, et al. ACS Sustain Chem Eng, 2021, 9, 927–935. 

255.  Keskiväli J, Rautiainen S, Heikkilä M, et al. Green Chem, 2017, 19, 4563–4570. 



92 
 

4.0 Scaled processes 

As discussed in the general introduction, minimizing the working volume of a process does 

not mean reducing the output of product but instead making the process more efficient 

overall. So, a scale-up done properly can still meet the terms of PI and bring forth the principles 

of green chemistry. In this chapter, some processes that were optimized and scaled-up to the 

gram size are presented. It will also be discussed how this meets with green chemistry and PI. 

4.1 MW-assisted hydrogenation of LA to GVL in a flow reactor 

Levulinic acid is a ketoacid obtained from glucose or fructose via hydrolysis256–258. It is 

a flexible platform chemical that can be converted to a variety of compounds of interest such 

as succinic acid (for the synthesis of biopolymers) or levulinic esters (high-boiling green 

solvents). It can also be hydrogenated to γ-valerolactone (GVL) and 1,4-pentanediol (1,4-

PDO)170. GVL has numerous applications as green solvent for organic chemistry259 and biomass 

conversion260. The reaction scheme is presented in Fig. 65. 

 

Figure 11: reaction scheme of the hydrogenation of LA to GVL. 

GVL is a colourless liquid with a boiling point of 205 °C, its distinctive aroma makes it and 

ingredient for perfumes and food additives261. It can be classified as a polar aprotic solvent 

and its remarkable stability allows its use in different reactions, however it can still be 

converted to other useful chemicals such as valeric acid which is a green fuel additive262,263. 

As a solvent, GVL can be used to solubilize cellulose and lignin to convert them to high added-

value products such as furfural or HMF264,265, or to run proper organic reactions such peptide 

synthesis266. The hydrogenation of LA to GVL is extensively reported in literature, often using 

supported Ru catalysts and hydrogen pressure267–271. However, few examples exist on the 

application of MW for this process: in the following pages the optimization (from previous 

work) of the MW-assisted batch hydrogenation of LA to GVL is presented together with the 

follow-up translation to a flow reactor. The passage from batch to flow not only allowed the 

intensification of the process, but also a scale up of the synthesis was performed. 

During my master’s degree work of thesis, our research group developed a fast and green 

hydrogenation process from LA to GVL, both with molecular hydrogen and iPrOH as a H-donor. 

The two processes were optimized separately in two different systems: the hydrogenation 

with H2 was performed in the MW autoclave Synthwave, while Anton Paar Monowave 300 

was used for the H-transfer reactions. Also, two catalysts synthetised by Professor Cavani’s 

research group at the University of Bologna were used for the study: Ru/C for the 

hydrogenation and Ru/TiO2 for the hydrogen transfer.  
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The optimized conditions for both processes are reported in Table 52 and Table 53.  

Table 52: optimized batch conditions for LA hydrogenation with catalytic hydrogen transfer. 

Entry Catalyst Loading 
(wt.%) 

Time 
(h) 

Conversion 
(%) 

Selectivity 
(%) 

1 Ru/C 3 1 100 94.4 
2 Ru/C 3 0.5 100 100 
3 Ru/TiO2 1 1 94.0 100 
4 Ru/TiO2 3 1 100 100 

Reaction conditions: 25 µL of LA (0.25 mmol), 5 mL iPrOH, 150 °C. 

Table 53: optimized batch conditions for LA hydrogenation with H2. 

Entry Catalyst Loading 
(wt.%) 

Time 
(min) 

H2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

1 Ru/C 3 2 7 100 100 
2 Ru/C 3 1 7 89.6 100 
3 Ru/TiO2 3 2 7 10.3 100 
4 Ru/TiO2 3 2 10 100 100 

Reaction conditions: 25 µL of LA (0.25 mmol), 150 °C. 

These fast conversions were only possible thanks to MW radiation and allowed us to 

investigate the possibility to transfer the reaction from batch to flow, while also achieving a 

scale-up of it. Indeed, for the flow tests a flow MW reactor (Milestone FlowSynth) was used, 

with modification to work with a three-phase system. The batch experiments were in neat LA 

(without solvent), however this would not have been possible for larger scale, so aqueous 

solutions were prepared. The liquid and the H2 gas could be pumped simultaneously thanks 

to a three-way connection followed by a non-return valve. A scheme is provided in Fig. 66. 

 

Figure 66: scheme of the process of the MW-assisted flow hydrogenation of LA to GVL. 
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The heterogeneous catalysts and the LA solution were stirred together before being pumped 

into the reactor to allow good homogeneity and to diminish the stress on the solid catalyst 

due to MW radiation: each portion is irradiated for 2 min only and not for the entire process 

of 30 min. The reaction chamber had a volume of 20 mL, so a 10 mL/min flux was set in order 

to reproduce the optimized reaction time of the batch experiments. A back-pressure valve just 

before the output regulated the internal pressure to 10 bar avoiding the boiling of water and 

again to mimic the previous experiments with H2 gas. A sample of 2 mL was taken every 2 min 

(equal to the residence time in the reactor) once the operating conditions were reached, for 

a total of 30 min. A 15 min heating ramp was used, during which the output was discarded. 

Both Ru/C 3 wt.% and Ru/TiO2 3 wt.% were tested for two consecutive runs: after the first, the 

catalyst was centrifuged, recovered and reused in the same conditions. 

 

 

Figure 67: GVL content over time for the two catalytic runs over Ru/C 3 wt.% and Ru/TiO2 3 wt.%. 

As shown in Fig. 67, both catalysts performed well and could reach complete selectivity in the 

time of the experiment, with Ru/C being more active already at the start of the sampling. It 

can be observed that the delay to reach the 100 % selectivity is longer on the second run, 

possibly because now, other than the stabilization of temperature inside the reactor, also the 

re-activation of the catalyst is happening in situ. However, we could reproduce the results of 

the batch trials but in a much larger scale: treating not 25 µL but 0.5 L of solution at a time. 
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4.1.1 Conclusion 

 We successfully run a green, MW-assisted flow synthesis of GVL starting from LA over 

two Ru-based heterogeneous catalysts. We started from an in-depth study with batch 

experiments that allowed an optimization of reaction conditions both with molecular H2 and 

with iPrOH as H-transfer. The MW irradiation allowed a fast conversion of LA in just 2 min, 

which then allowed for the transition from batch to flow. 

With the flow setup we could dramatically improve the productivity, processing 2.8 g of LA 

(instead of 30 mg) in a 20 mL reactor (instead of 1 L reactor in batch), perfectly in line with the 

PI requirements, maintaining a complete conversion and selectivity to GVL. The successful 

application of different reaction mechanism, catalysts and the transition from batch to flow 

show how promising this reaction is for the synthesis of a green platform chemical using MW 

as an enabling technology for PI. 
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4.2.0 Caffeine and chlorogenic acid isolation from green coffee extract 

Caffeine is a well-known bioactive alkaloid found in plants, especially in coffee and tea 

plants272,273. Pure caffeine has pharmaceutical applications but is mostly used as an ingredient 

for energy drinks274–276. The extraction of caffeine is indeed performed for two reasons: to 

have a caffeine-free product (de-caffeinated coffee and tea) and to re-sell the extracted 

natural caffeine as a high added-value product. Traditionally, caffeine extraction was 

performed using non-polar organic solvents, such as chloroform or dichloromethane in which 

caffeine has a high solubility272,277. Extraction with supercritical CO2 (scCO2) is the most 

common process nowadays for foods: caffeine can be solubilized in scCO2 and co-solvents and 

this method has the advantage that at ambient pressure the solvents are immediately 

removed, avoiding the risk of contamination278–280. The use of scCO2 is a well-established 

technology, however it still has important operative costs, which reduce the profit margin 

especially when starting from a low-priced raw product such as an extract. More recently, 

some research works are pushing beyond the aviable technologies, looking to improve results 

and sustainability using new solvents or applying MW and US for the extraction of active 

compounds281–283.  

 

Figure 68: chemical structure of caffeine and chlorogenic acid. 

Another valuable class of compounds found in vegetable extracts are chlorogenic acids. 

Chlorogenic acids (ChlA) are a class of polyphenols that shares the basic structure with 

chlorogenic acid which is the ester between caffeic and quinic acid. ChlA have antioxidant 

properties, especially when hydrolysed to caffeic acid which is a strong antioxidant, as well as 

anti-inflammatory, anti-microbial and possibly antitumoral284–286. ChlA can be extracted from 

plants or be naturally consumed with vegetable foods287. Given their many possible 

applications for pharmaceutics and nutraceutics, they make for a valuable target for 

extraction and purification. The structures of caffeine and ChlA are shown in Fig. 68. 

 Our goal was to test new possible methodologies for the extraction of natural caffeine and 

ChlA without the use of toxic reagents or solvents. We decided to test CD complexation and 

the adsorption onto ion-exchange resins as green and scalable alternatives. Indeed, caffeine 

and ChlA complexation with βCD is extensively reported in literature288–291. We started from 

a crude caffeine with a certified composition of 50 wt. % caffeine and 20-30 wt.% ChlA (Table 

54).  
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Table 54: list of components in the crude caffeine. 

Component Content 
(wt.%) 

Caffeine 50.0 
Chlorogenic acids 20.0-30.0 
Lipids 0.3 
Oligosaccharides 1.5 
Polysaccharides 14-15 
Proteins 5.0 
Other 11.0-13.0 

 

4.2.1 Caffeine isolation via CD complexation 

Caffeine and ChlA are present together in the starting material and are its major components. 

They can form complexes with each other, increasing their solubility in water at room 

temperature: it was indeed possible to dissolve 20 g of crude caffeine (10 g of caffeine) in 50 

mL of water, whereas caffeine solubility at room temperature would be of 1.1 g in the same 

volume. Both molecules, however, can be complexed by βCD so we aimed for caffeine 

complexation and precipitation at low temperature. The formed solid could then be filtered 

and pure caffeine recovered via EtOH (50 %) washings. With caffeine removed, ChlA would 

concentrate in the mother liquors up to 60 wt.%. βCD are preferred over others because of 

their low price and because their solubility (and the solubility of their complexes) is lower at 

room temperature, so they are easy to recover.  

In a typical experiment, 20 g of crude caffeine are dissolved in 50 mL of hot (80 °C) water under 

magnetic stirring. To the homogeneous mixture is then added an equimolar amount (70 g) of 

βCD to caffeine, both room temperature and 70 °C were tried for the complexation step. For 

the room temperature experiments, longer complexation time were necessary so we tested 

both a 3 h stirring and an overnight (15 h) stirring so tee how it would impact the recovery. 

For the recovery of the complex, it was precipitated at 3 °C, once again leaving the sample to 

rest for 3 h or overnight. A general scheme is presented in Fig. 69. 

 

Figure 69: scheme of the process for caffeine complexation: βCD are added to the suspension and 
stirred, when the temperature is decreased the complex precipitates. 
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Once finished the complexation and precipitation step, the mixture is collected and filtered 

through a por.3 glass filter: in order to maintain a low temperature, not to redissolve the 

precipitated complex, every piece of glassware was priorly stored in an ice bath. Vacuum 

filtration was performed and the filtrate (caffeine mother liquor) was collected for UV-Vis 

analysis. The solid residue was then washed again with 3x15 mL of cold (3 °C) water and the 

washings collected as well for analysis. The obtained solid was then freeze-dried and a portion 

of it was dissolved in water (20 mg/L) for UV-Vis analysis. 

Table 55: time and temperature screening for the caffeine complexation and removal. 

 Complexation Precipitation    

Entry T 
(°C) 

Time 
(h) 

T 
(°C) 

Time 
(h) 

Precipitate 
(g) 

Caffeine 
Content 
(wt.%) 

Yield 
(%) 

1 r.t. 3 3 3 64.5 7.7 48.5 
2 r.t. 15 3 3 64.6 7.6 40.4 
3 70 0.5 3 3 62.1 4.3 26.5 
4 r.t. 3 3 15 63.3 8.0 50.1 
5 r.t. 15 3 15 63.2 7.1 45.0 

 

 

Figure 70: UV-Vis of the samples from the 3 h stirring and cold precipitation protocol. 

For this one-step protocol, the best result is 3 h r.t. stirring followed by 15 h of rest at 3 °C 

(Table 55, entry 4), however the difference in caffeine removal is so small compared with the 

3 h resting experiment (Table 55, entry 1) that these second are considered as the optimal 

conditions. As seen from the UV-Vis analysis (Fig. 70) the caffeine peak (273 nm) has a sharp 

fall after the treatment, but it is still present. Also, the relative concentration of ChlA red-shifts 

the caffeine peak to higher nm; in the solid caffeine is practically pure and its peak falls on the 

theoretical position. However, the observed concentration also tells that the weight % of 

caffeine in the precipitate is only of 0.08 % which is not convenient for easy manipulation. Also 

unfortunately, caffeine removals all fall around 40-50 %, which is not acceptable as a final 

result. The only outlier is the 70 °C experiment which has the lowest solid recovery and 

caffeine removal as well, so high temperature processes were discarded.  

Since caffeine is still present in the first mother liquor, attempts were made to add a second 

26 g portion of βCD to it and repeat the process to increase caffeine removal, however the 

higher relative content of ChlA impeded CD complexation and even contaminated the 
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complexes, so only traces of caffeine were present in the second solid without a significant 

improvement. It is important to underline that since the complex between caffeine and ChlA 

is very soluble, it is impossible to completely remove caffeine as long as ChlA are present. 

With these results a scale-up of the process was not possible, since βCD were not efficient 

enough and a huge quantity was needed to treat even a small amount of crude caffeine. We 

then proceeded with the ion-exchange resins process instead. 

4.2.2 Ion-exchange resin treatment of crude caffeine 

Ion-exchange resins are functionalized polymers able to exchange small ions with a liquid 

solution; their most common application is the softening of waters exchanging Ca2+ with Na+ 

to prevent carbonates precipitation. Many different resins exist in the market, different both 

for their polymer structure and for their functionalization; 

commonly they are classified as weak or strong. Weak resins 

have carboxylic (weak acid) or tertiary amino (weak base) 

residues, while strong resins have sulfonic (strong acid) or 

ammonium salts (strong base) residues (Fig. 71).  

Our target, this time, was the adsorption of ChlA on a strong 

anionic (basic) resin: in solution, the ChlA would separate from 

their counterions and bond to the resin, while a OH- is released 

in exchange. Once ChlA are removed, caffeine is expected to 

precipitate from the liquid.  

In a first experiment, 10 g of crude caffeine are dissolved in 30 

mL of water. To that, 5 g of dry anionic resin were added. The 

suspension was magnetically stirred for 5 h, then put in the 

fridge at 3 °C overnight to allow a complete precipitation of 

caffeine.  

The mixture was once again transferred to a glass filter. After 

the filtration the mother liquor is collected, and the solid is 

washed 3x10 mL of cold water. After that, to recover the 

caffeine, the solid is washed again but with 3x10 mL of boiling 

water: this purified caffeine is collected and freeze dried to 

obtain the dry solid. Finally, the washed resin is collected for the 

recovery of ChlA. A general scheme is presented in Fig. 72. 
Figure 71: possible 
composition of a strong 
cationic and a strong anionic 
resin. 
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Figure 72: scheme of the process of ChlA adsorption onto ion-exchange resins. As ChlA are adsorbed 
by the anionic resin caffeine precipitates. 

This first experiment resulted in a 70.2 % of caffeine recovery, directly as a dry solid. The rest 

of the caffeine stayed in the mother liquor because UV-Vis analysis revealed that ChlA had not 

been completely removed. As long as ChlA remain in solution they will solubilize caffeine, 

reducing the yield. We then set-up another experiment where the anionic resin was added 

portion-wise instead than all together. Finally, for 10 g of crude caffeine, 7.5 g of anionic resin 

were necessary to completely remove ChlA from the solution. This resulted in a staggering 

95.0 % removal of caffeine (Fig. 73). The isolated caffeine was dried and analysed both via UV-

Vis and 1H-NMR resulting in a purity of 98 % (Fig. 74). 

 

Figure 73: caffeine (274 nm) and ChlA (323 nm) content of the liquid over time. 
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Figure 74: 1H NMR in D2O of the crystallized caffeine and peak identification. 

These good results allowed us to plan a scale-up to 200 g of substrate. The 200 g of crude 

caffeine were dissolved in 400 mL water; the suspension was stirred by a mechanical head-

stirrer with a Teflon propeller and the resin was added portion-wise. Samples were collected 

periodically for UV-Vis analysis to check the adsorption of ChlA (Fig. 75): if all ChlA were 

removed the process stopped, otherwise we continued with the addition of resins and 

periodic analysis. Finally, the process lasted 5 h and 160 g of dry anionic resin were used. 

After the adsorption process, the solids were washed as previously descripted. The boiling 

water containing the caffeine was allowed to cool to room temperature, then it was kept in 

fridge overnight to allow the crystallization; the crystals were filtered and washed and the 

solid dried. 79 g of caffeine were isolated directly from the first crystallization and another 12 

g were isolated from the washings and the supernatant, adding up to a 91 % removal from the 

crude.  

 

Figure 75: caffeine (273 nm) and ChlA (323 nm) content in the liquid over time. 
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4.2.3 Chlorogenic acids recovery  

 Having successfully removed caffeine from the crude material without the use of toxic 

solvents or costly equipment, we still needed to address the recovery of chlorogenic acids 

from the anionic resins. ChlA are polyphenols with various nutraceutical applications. We 

decided to test different desorption processes starting from a “model” material: ChlA 

adsorption was performed again from a ChlA-rich (50 wt.%) green coffee extract in the same 

conditions as with the crude caffeine. The objective was only to have enough material rich in 

ChlA to test different desorption conditions. All desorption experiments involved 15 g of resin 

suspended in 30 mL of solution under magnetic stirring in an 80 mL glass Beker. The resins 

were left to exchange for 1 h. 

The tested possibilities were: 

- Desorption in brine: a simple 20 wt.% NaCl solution was prepared, exchanging the 

adsorbed ChlA with the Cl- ions. This would be the simplest and cheapest method. The 

only detain to mind is that, since resin was used in excess respect to the mmol of ChlA, 

OH- ions were also exchanged leading to a rapid increase in pH as the exchange 

progressed. To avoid the decomposition of ChlA, concentrated HCl was added 

dropwise to maintain pH below 7. Finally, when no more pH increasing was measured, 

HCl additions were used to reach pH 2 ensuring protonation of ChlA in solution. 

- Desorption with NaOH 5 M: a solution of NaOH 5 M was added in 250 µL portions until 

the theoretical amount (20 mmol) to regenerate the 15 g of resin was reached. After 

every portion a 5 min pause was used to allow the resin to exchange with the solution. 

The pH was not controlled, and a deep-green coloration was immediately seen. 

- HCl additions: 2 mL of concentrated HCl were added to exchange the ChlA with the 

chloride ions, directly obtaining the protonated product. Since acidic conditions can 

lead to ChlA hydrolysis, a 50 % EtOH solution was used as a solvent to slow the 

degradation. This process was also tested both at r.t. and 65 °C. 

- CD complexation: using the HCl addition to desorb the ChlA, we tested the possibility 

to immediately complex them with a stochiometric amount of βCD (15.0 g) or RAMEB 

(17.0 g). This with the double objective of impeding the degradation of ChlA and shift 

the equilibrium towards their desorption. RAMEB were added at r.t., however 65 °C 

were needed with βCD to solubilize them in the liquid. Since CD are poorly soluble in 

alcohols, 80 mL of distilled water were used instead of EtOH 50 %. 

After the desorption the mixtures were filtered, a portion of the filtrate diluted 1:2000 in 

distilled water and analysed at UV-Vis to check for the content of ChlA. The rest of the filtrate 

was dried and weighted. The yield is calculated from the expected ChlA content of 4.7 g for 15 

g of resin. Results are presented in Table 56. 
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Table 56: ChlA desorption and recovery with different methodologies. 

Entry Desorption 
Method 

Dried filtrate 
(g) 

ChlA content 
(%) 

Yield 
(%) 

1 Brine 14.4 25.2 77.2 
2 NaOH 5 M 10.8 9.7 22.3 
3 HCl r.t. 0.9 18.2 3.5 
4 HCl 65 °C 0.8 0.2 0.0 
5 HCl RAMEB 16.0 8.7 29.6 
6 HCl βCD 15.3 9.0 29.3 

 

Surprisingly, the use of NaOH was less harmful to ChlA respect to warm HCl, however 

degradation was still observed. The best result, by far, was with simple NaCl, which is an 

optimal result. The use of CD hugely improved the yield respect to HCl alone, however the 

results were not good enough to justify their use, also because further separation steps would 

be needed to recover ChlA from the complex.  

To check if a complete yield was possible, the 15 g of resin treated with brine were treated 

again with a clean brine solution and then with 30 mL of NaOH 5 M. However, these two 

portions did not result in a significant amount of ChlA: the second brine solution was 

practically clean, while the NaOH decomposed the residual ChlA.  

We then applied the one-step brine desorption methodology to the resins coming from the 

200 g processes, both in one ad two steps. Resins were suspended in 360 mL of NaCl 20 %, 

using concentrated HCl to control the pH. The resins were then filtered, the filtrate dried under 

vacuum. Since this first filtrate still contains mostly inorganic salts, it was resuspended in 300 

mL of EtOH (96 %) and filtered: the deep-red filtrate contained the ChlA, while the sodium 

salts remained on the filter as a pale-yellow solid. The second filtrate was dried again under 

vacuum, obtaining the final solid product. The ChlA contents were calculated via UV-Vis 

analysis; also, portions of the solids were put to the muffle and heated to 600 °C to calculate 

the inorganic content (Table 57). 

Table 57: comparison of the ChlA recovery in one or two steps. 

Entry Process Dried filtrate 
(g) 

ChlA content 
(%) 

Inorganics 
(%) 

Yield 
(%) 

1 One-step 40.0 55.1 1.0 44.2 
2 Two-steps 66.0 39.4 59.6 52.0 

 

Interestingly, the two products differed much for the inorganics content, which was much 

higher in the two-step process. However, the simplest explanation might be an incomplete 

protonation of ChlA after the desorption. Yields were similar, both around 50 %, with a small 

advantage again for the two-steps process. Finally, the best results for the upscaled process 

reached a 91 % removal of caffeine and a 52 % ChlA recovery from the resin.  
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4.2.4 Conclusion 

 The development of a green procedure for caffeine and chlorogenic acids purification 

from a crude substrate is reported. The first attempt to recover caffeine via complexation 

inside βCD was only partially successful: the high concentration of ChlA prevented a complete 

recovery of caffeine (≈ 50 %) and also the huge excess of CD needed for the complexation 

made the methodology highly impractical. However, the use of ion exchange resins proved 

very effective: the strong anionic resins bonded the ChlA, allowing caffeine to precipitate from 

the liquid. The precipitated caffeine was removed with hot (80 °C) water and crystallized, while 

the ChlA were desorbed with brine and separated from the salts in EtOH. This process allowed 

the treatment of 200 g of sample (a tenfold increase from preliminary experiments) with a 91 

% removal of caffeine. The recovery of ChlA proved more problematic, remaining at 52 %. 

Starting from a low value material we were able to isolate two highly valuable target 

compounds with good yield using only benign solvents and recyclable resins for the adsorption 

process. This process was also easily scaled maintaining the results from the preliminary trials, 

showing the possibility for larger scale application. The use of toxic organic solvents was 

avoided and only cheap and readily aviable materials and reagents were used to treat the 

substrate (water, NaCl, EtOH). 
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5.0 General conclusion 

In this work of thesis, the topics of green chemistry and process intensification were studied 

and presented with different approaches. The synthesis of new heterogeneous materials was 

first described: the objective was to test new preparation methods with green materials to 

obtain samples for catalysis, adsorption and antimicrobial application. The use of green 

solvents and bioderived reagents was coupled with heterogeneous catalysis and the use of 

enabling technologies for the synthesis of different high added-value compounds. 

The solventless synthesis of 200 g of βCD-based cross-linked polymer and of 20 g of RAMEB-

based polymer under ball-mill resulted in active materials for the adsorption of pollutants 

from wastewaters which is a topic of huge importance in pharmaceutical and chemical 

industries. The insoluble polymers were successfully tested for the adsorption of dyes and 

bioactive compounds of different structures both in batch and in flow also resulting in 

improved performances compared to a commercial βCD-based equivalent. Also, the polymers 

were used as support for the deposition of Rh and Au nanoparticles with three different 

impregnation procedures: mechanical stirring, US and ball-mill. The obtained catalysts were 

tested in model hydrogenation and oxidation reaction with great results, even better than the 

commercial equivalents. These experiments showed the flexibility of such materials, obtained 

from cheap and benign materials. 

The US-assisted metal nanoparticles deposition was also tested over citrus pectin for the 

deposition of Au and Ag nanoparticles. The effect of US and reducing agents was investigated, 

showing that US significantly helped in improving the dispersion and reducing the size 

distribution altogether. The pectin was also doped with the broad spectrum antibiotic 

oxytetracycline and the antimicrobial capacity of such materials was tested with the zone of 

inhibition experiments over gram-positive and gram-negative bacteria; results showed that 

the pectin prepared with US had superior activity and the presence of metal nanoparticles 

enhanced the activity of the drug, possibly acting as antibiotic carriers. 

A series of Rh-based heterogeneous catalysts was also prepared under US. The use of carbon 

nanowires drastically improved the activity of the catalyst respect to simple activated carbon 

in all the subsequent experiments, sometimes also achieving results comparable with the 

commercial Rh/C equivalent. A Co/C catalyst was also prepared as a possible alternative to Rh 

(which is very expensive) and in some reductive amination experiments it achieved 

competitive results. However, improved preparations need to be developed since up to know 

the commercial Rh/C was still the best performing catalyst. 

The synergy between MW irradiation and the heterogeneous catalysts allowed us to improve 

the results of different syntheses compared to literature. The reductive amination of 

aldehydes and even ketones over Rh and Co-based catalysts was performed with good yields, 

especially with ketones it was possible to work with mild conditions: a result that is rarely 

reported in literature. The hydroformylation of olefines to aldehydes was also performed with 

complete yields with Rh/C. This also allowed us to setup a one-pot conversion of olefines to 

amines in only 4 h once again with 100 % yield. Finally, the MW-assisted one-pot synthesis of 

isosorbide from glucose is reported with 54.9 % yield: the procedure used no solvent and even 

substituted mineral acids (common in literature) with a heterogeneous Hβ zeolite. 
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To conclude, two examples of scaled-up processes are reported. The first is the hydrogenation 

of LA to GVL in a flow MW reactor. The synthesis was first optimized in batch and then 

translated to the flow equipment: this allowed us to convert 1.4 g of LA in 30 min instead of 

the 28 mg in each batch, without increasing the size of the reactor. The synthesis was 

performed over two Ru-based catalysts (Ru/C and Ru/TiO2) which were also successfully 

reused for a second catalytic test maintaining complete selectivity towards GVL. Also, the 

extraction and purification of caffeine and chlorogenic acids from a crude natural substrate is 

reported. The use of recyclable ion-exchange resins allowed the complete adsorption of 

chlorogenic acids and the subsequent precipitation of caffeine. After crystallization caffeine 

was recovered with >90 % purity and 91 % yield. Chlorogenic acids were desorbed with brine 

and separated from the salts with EtOH washings allowing a 52.0 % recover. The procedure 

avoided the use of toxic organic solvents and expensive equipment and it allowed a scale up 

from 10 g to 200 g of treated crude per batch. 
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6.0 Materials and methods 

6.1 Synthesis and characterization of cyclodextrin insoluble polymers 

For the synthesis of βCDPIS dried food-grade βCD were used, while dried RAMEB 

purchased from Sigma-Aldrich were used for Me βCDPIS. A high-energy planetary ball mill 

Retsch PM100. The ball-mill is equipped with stainless steel balls using a 50 mL stainless steel 

jar and can work up to 33.3 g (650 rpm). In our case a 450 rpm speed was used, inverting the 

rotation every 15 min. Epichlorohydrin purchased from Sigma-Aldrich was used for the cross-

linking. 

The FESEM images were recorded with a Tescan S9000G FESEM 3010 microscope (30 kV) 

equipped with a high brightness Schottky emitter and fitted with energy dispersive X-ray 

spectroscopy (EDS) analysis by a Ultim Max Silicon Drift Detector (SDD, Oxford). The powdered 

samples were deposited on a stub coated with a conducting adhesive and inserted in the 

chamber by a fully motorized procedure.  

The adsorption isotherms were obtained maintaining the samples in motion over a Heidolph 

Synthesis 1 equipped with an oscillating plate (up to 1000 rpm) and twelve sample positions 

for 50 mL glass vials distributed over four zones: every zone can be heated independently up 

to 180 °C. For our work the heating was disabled, and the rotation was set to 450 rpm. 

The UV-Vis analysis was performed with a Cary 60 UV-Vis spectrophotometer (Agilent 

Technologies) recording the whole spectra between 200-800 nm with an acquisition rate of 

600 nm/min using a 3 mL quartz cuvette. 

The reagents used for the adsorption tests, the nanoparticles preparation and the catalytic 

tests were all purchased by Sigma-Aldrich. The BM catalysts were prepared with the Retsch 

PM100, the US catalysts were prepared with a titanium ultrasonic horn connected to a 

Hainertech (Shouzou) ultrasound generator working at 21.0 kHz and 50 W.  

6.2 Synthesis and characterization of doped pectin 

Pectin Citrus was purchased from Alfa Aesar. AuCl3 (anhydrous), AgNO3 and NaBH4 (98 

%) were all purchased from Sigma-Aldrich; L-ascorbic acid (sodium salt, 99 %) was purchased 

from Alfa Aesar. For the antibiotic coupling oxytetracycline hydrochloride, EDC (98 %) and N-

hydroxysuccinimmide (98 %) were all purchased from Alfa Aesar.  

The US pectin were prepared using an ultrasonic plate connected to a MG 200 TFDMF 40-80-

120 ultrasound generator (Weber Ultrasonics). The generator can work up to 200 W of power 

and with frequencies of 40, 80 or 120 kHz. A steel serpentine immersed in the bath was used 

to maintain ambient temperature during the sonication.  

The UV-Vis quantification of oxytetracycline was performed with a Cary 60 UV-Vis 

spectrophotometer (Agilent Technologies) recording the whole spectra between 200-800 nm 

with an acquisition rate of 600 nm/min using a 3 mL quartz cuvette. The DR-UV-Vis spectra of 

the Au@pectin samples were recorded with a Cary 5000 UV-Vis-NIR spectrophotometer. 
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6.3 Synthesis of Rh and Co-based catalysts 

 RhCl3 and Co(II) acetate were purchased from Sigma-Aldrich. For the catalysts 

supported on activated carbon Norit CA1 from wood (Sigma-Aldrich) was used. Carbon 

nanowires (HHT) were given us from the Chemistry Department of the University of Milan. 

The US samples were prepared with a titanium ultrasonic horn connected to a Hainertech 

(Shouzou) ultrasound generator working at 21.0 kHz and 50 W. 

6.4 MW-assisted syntheses and relative analysis 

 For the MW-assisted experiments two reactors were used. For most of the 

experiments a SynthWAVE reactor (Milestone srl.) was used. The reactor is a multimode MW 

equipped with multiple gas inlets, able to operate up to 300 °C and 199 bars. Integrated 

sensors continuously monitor the internal pressure and temperature allowing the software to 

adjust, in real-time, the applied MW power to follow a predefined temperature profile. The 

MW cavity has a 1 L volume, however we worked with 50 mL or 15 mL glass vials put in multi-

position holders, immersed in 200 mL of brine solution. For some tests a monomode MW 

reactor Monowave 300 (AntonPaar) was used to maximize the MW density over the sample. 

30 mL glass vials were used, stirred at 450 rpm. The reactor can work up to 300 °C and 30 bar 

of internal pressure. The temperature is monitored continuously by an IR sensor in contact 

with the vial while the internal pressure is measured from the rubber cap. 

For the flow hydrogenation of LA a flow MW reactor (Flowynth, Milestone srl.) was used. The 

multimode system is equipped with a vertical PTFE-TFM flow-through reactor (VR: 20 mL), 

which can work up to a maximum of 200 °C temperature and 30 bar, able to operate in open 

or closed loop mode. A three-way connection fitted with a nonreturn valve allows to pump 

simultaneously solutions and gaseous feeds, even under pressure. 

When needed, derivatization of protic compounds was performed adding 50 µL of BSTFA to 1 

mL of sample at a concentration between 2-4 mg/mL. The sample was then left to react at 60 

°C for 1 h in an oil bath to ensure complete derivatization. 

The GC-MS analysis were performed with a 6850 Network GC System with a 5973 Network 

Mass Selective Detector and 7683B Automatic Sampler. GC-FID analysis were performed with 

a 7820A Network GC System. Both were equipped with a Mega snc. capillary column (OV1701; 

length 25 m; i.d. 0.25 mm; film thickness 0.30 μm). 

6.5 Caffeine and chlorogenic acids isolation 

 Shelf-dry food grade βCD were used for the complexation of caffeine. For the 

adsorption of chlorogenic acids a strong anionic resin was used: Ambersep 900 (quaternary 

ammonium, 64 wt.% moisture, 0.8 meq/mL) purchased from Sigma-Aldrich. 

 The pH was monitored with a pH 211 (Hanna instruments) pH-meter equipped with a glass-

bulb sensor directly in contact with the liquid. UV-Vis analysis were performed with a Cary 60 

UV-Vis spectrophotometer (Agilent Technologies) recording the whole spectra between 200-

800 nm with an acquisition rate of 600 nm/min using a 3 mL quartz cuvette. 
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