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Abstract 

 Supported Ionic Liquid Phase (SILP) systems are in a crescendo development, once they are 

able to provide the benefits of both homogeneous and heterogeneous catalysis, in particular, 

excellent selectivity and reaction rates from the former and easiness in handling and separation of the 

latter. Furthermore, while joining these two classic conceptions, it promotes greener solutions, 

contributing to the increasing demand for cleaner processes. 

 The aim of this thesis is to study SILP systems on carbon supports, with a special focus on 

activated carbon spheres, using a recently discovered and highly selective Fe(II) complex catalyst for 

the hydrogenation of aldehydes. Moreover, providing insight on the full structure of the porous matrix 

is also a major point of this work, where BET, XPS, IR and DSC techniques were employed. 

 Different substrates and Ionic Liquids were tested as well as different experimental conditions, 

in particular reaction overall pressure and substrate to catalyst ratio.  

 As major results, a successful SILP was obtained. Hydrogenations using this system showed 

better results when using 4-Fluorobenzaldehyde as a substrate and pressures above 20 bar, achieving 

full conversion after 2 hours. The overall conversion was found to be extremely dependent on the 

impregnation time. Additionally, the SILP structure is manifestly heterogeneous, with the Ionic Liquid 

adopting special conformations and spatial orientation when in contact with a solid support and when 

containing catalyst dissolved. 

 

Keywords: SILP, Fe(II) PNP complex, hydrogenation, impregnation, conformational change, Ionic 

Liquid structure. 
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Resumo 

 Sistemas contendo líquidos iónicos em fase suportada estão a ter um desenvolvimento 

exponencial, uma vez que conseguem conjugar os benefícios tanto da catálise homogénea como 

heterogénea, em particular a excelente seletividade e velocidade de reação da primeira com a 

facilidade de manuseamento e separação da segunda. Em adição, ao mesmo tempo que junta estes 

dois conceitos, institui-se como uma alternativa ecológica, contribuindo para a procura crescente de 

processos sustentáveis. 

 O objectivo desta tese é estudar os sistemas acima referidos usando suportes de carbono, 

com especial enfoco em esferas de carvão ativado, usando um catalisador de Fe(II) recentemente 

descoberto, que apresenta excelente seletividade para a hidrogenação de aldeídos. O estudo da 

estrutura porosa é também um ponto-chave do trabalho, com extensiva caracterização da mesma; 

para isso técnicas como BET, XPS, IR e DSC foram usadas. 

 Diversos aldeídos e líquidos iónicos foram testados assim como diferentes condições 

experimentais, em particular a pressão total do sistema e o rácio aldeído/catalisador.  

 Como resultados principais, um sistema de líquido iónico em fase suportada foi obtido com 

sucesso. As hidrogenações usando este sistema apresentam melhores resultados usando 4-

fluorbenzaldeído e pressões acima de 20 bar, com conversão total em 2 horas. Foi descoberto que a 

conversão é extremamente dependente do tempo de impregnação na estrutura porosa. 

Adicionalmente, a estrutura é manifestamente heterogénea, com o líquido iónico a adotar uma 

conformação especial quando em contacto com o suporte sólido e quando contendo o catalisador 

dissolvido.  

  

 

Palavras-chave: líquido iónico em fase suportada, complexo Fe(II) PNP, hidrogenação, impregnação, 

alteração conformação, estrutura do líquido iónico. 
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1. Introduction 
 

1.1 Motivation 
  

 Both homogeneous and heterogeneous catalysis are largely studied worldwide; their 

advantages and drawbacks are known. The main benefits of homogenous catalytic processes are the 

high selectivity, often achieved by using asymmetric metal complexes that introduce chirality and 

produce enantiomeric pure organic compounds [1], associated with high yields due to molecular 

dispersion. On the other hand, the very hard separation of the catalyst, not only but more pronounced 

in industrial applications, constitute the main setback of this type of catalysis. For the heterogeneous 

systems, the ease of separation is undoubtedly the major advantage. The catalyst must be recycled, 

not only because of cost issues, but also because of waste and environmental considerations. In this 

way recycling of the catalyst is part of an environmentally adapted and sustainable chemistry [2]. The 

lack of good selectivity (associated with active sites distribution and affinity to different molecules) as 

well as low global yields are on the list of disadvantages of heterogeneous catalysis. 

 There is a natural feeling, transversal to all fields of knowledge, to adapt an existing theory or 

mix two theories in order to accommodate the new results. This mechanism of building over an 

existing set of results is logical. The same happens to catalysis. Curiously the weak points of 

homogenous catalysis are the strong points of heterogeneous and vice-versa.  

 A possible approach consists in immobilizing organometallic complexes, including cross-

linking with organic [3] or inorganic groups [4], fixation on solid supports, like oxides [5] or even 

polymers [6]. The results though were not what it was expected, once enantioselectivity was often 

lost in the majority of immobilisation methods [7]. 

 The idea was simple, but a bridge was needed in order to bring the best of both worlds 

together. In a first approach Ionic Liquids (ILs) were tested, in order to be the liquid phase in which 

the catalyst could be dissolved, while being stable and active. In general the rate of those reactions 

was in line with that of using only homogeneous catalysts and a high enantioselectivity was obtained 

[8]. The first steps were laid down for an all new subtopic inside catalysis where in the last 20 years a 

tremendous research work not only in academia but also in the industry [9,10] has been achieved. 

Primarily and due to some catalysts excellent immobilization in the IL, liquid-liquid biphasic processes 

were optimized, changing the common organic solvent by ILs. In this way ILs were regarded as 

alternative solvents [11]. Also, desirable low miscibility with reaction products was observed. Two 

problems were to be solved: the price and the reaction rate limitation. For the first little was to be 

done, once large quantities were required. For the second, the viscosity of the IL is a key parameter in 

ensuring the good diffusion of both reagents and products inside the IL phase. In some cases the 

reaction occurred only in a small layer, due to severe mass limitation. The correct choice of ILs would 

tune the properties but ensure that all the volume was active was a difficult task. 

 The fact that ILs presented better performances in liquid-liquid biphasic applications, was not 

enough per si, to change any industrial purposes for the aforementioned reasons. Furthermore, it 

lacked an important characteristic: it was not “green”. The current environmental concerns, that get 

stricter as the years pass by, demanded an alternative sustainable suggestion. It this way, the 

immobilization of ILs in different supports solved both, the environmental and the economic issues. 

This has become known as Supported Ionic-Liquid-Phase (SILP) [12], firstly developed by Mehnert et 

al. [13]. Mass transfer limitations concerns were also solved, once the layer inside the porous material 
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or on top of it, is normally thin (about 0.5 nm) [14] and the whole IL volume is within the diffusion 

layer. Furthermore, the supported ionic liquid catalyst shows a greater activity when compared to 

biphasic ionic liquids reaction, with TOFs at least 3 times higher [8]. These results were ascribed 

essentially to a higher concentration of the catalyst species at the interface, associated with an 

enhanced surface area provided by the support. For sure the main drawback of biphasic reactions is 

mass transfer limitation, due to the relatively high viscosity of the IL catalytic phase [15]. Due to this 

fact the majority of the IL phase is not in contact with the substrate [16] and so the overall rate of 

reaction is reduced. 

 

1.2 Objective 
 

 The objective of this work is to shed some light on the selective hydrogenation of aldehydes 

using a recently synthetized iron(II) homogeneous catalyst. It constitutes an approach, from classical 

homogenous catalysis, towards a more heterogeneous process, using for that purpose a carbon based 

support. 

 The challenge of the project is to be able to choose a proper ionic liquid to dissolve the catalyst 

and impregnate inside a porous carbon matrix, creating a supported ionic liquid phase (SILP) to 

perform hydrogenation reactions. Having in mind a green and sustainable chemistry, being able to 

recycle the SILP is most desirable. Furthermore, by means of different techniques, being able to 

characterize the support (pure and impregnated) is also part of what is intended. 
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2. State of the art 
 

2.1 Supported Ionic Liquids 
 

 A rough estimation points out that there must be around 1018 Ionic Liquids (IL) available [17]. 

This number results from the combination of the known anions and cations typically used for this 

purpose and applications on unexpected and interesting new fields are coming out [18,19].  

 An IL is defined as a melting salt, having its melting point below 100°C and extremely low 

vapor pressure (low volatility). Associated with these properties, an extensive mixability with several 

organic compounds, makes it a suitable candidate for a catalyst phase [10,20,21]. For the majority of 

the reactions it would be interesting to use an IL with special features, namely polarity and solubility 

for several components (reactants, products, catalysts, and so on) [22]. This possibility is real due to 

the large amount of available ILs. A key issue though, in the search procedure for ILs, is the affinity 

and stability of the catalyst. Typically, catalysts are very sensitive to the surroundings and their 

deactivation is a serious problem when to choose the appropriate IL. Catalysts’ properties such as 

nucleophilicity, Lewis acidity and basicity [23] are to be analysed. Furthermore, the macroscopic 

properties of the mixture (IL+catalyst) such as viscosity and density take their role in the overall system 

and need to be considered as well. 

 Inspired by heterogeneous processes and in the easy use of a support, a concept for designing 

catalysts aroused. It consisted in coating a solid support with one (or several) layer(s) of IL (thin 

preferably). The former would be mainly responsible for the structure (exceptionally the catalytic 

activity may be associated with the surface) and the latter would transport the catalyst that would be 

dispersed, acting as a homogeneous catalyst, Figure 1. Another possibility is the IL itself be the catalyst, 

with one of its ions playing that role [24]. As one may conclude by the almost infinite choices of IL, 

catalysts and supports interesting results and tailor-made catalysis may be achieved. 

 
Figure 1 - Schematic representation of supported IL; the green line represents the IL phase containing a homogeneous 

catalyst. 
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2.2 Ionic Liquids 
  

 With a melting point below 100°C [25] Ionic Liquids (ILs) are an extraordinary new class of 

materials. They consist of self-dissociated ions, which, in other words, means that there is no need of 

a solvent, like water e.g., to obtain the dissociated ions. ILs applications are several and ranging from 

electrolytes in batteries [26], active components in sensors [27], extraction solvents [28], lubricants 

[29] and much more [11]. 

 The first salt facing the required conditions to become an IL was ethanolammonium nitrate 

and ethylammonium nitrate [30] with melting points ranging from 52-55°C and 12°C, respectively. The 

biggest input arrived some years after when Wilkes [31] described an electrochemically stable IL, that 

resulted from the mixing between chloroaluminate [AlCl4]- and 1-ethyl-3-methyl imidazolium. 

However, this IL was not stable in water. Later [32] the same author reported the synthesis of 

imidazolium cations with weekly coordinating anions like [PF6], [BF4], and others, obtaining water and 

air stable ILs. Logically this input contributed enormously to the proliferation of ILs and its’ 

applications. 

 In general, the majority of ILs are designed through the combination of: a) an organic 

heterocyclic cationic structure, like imidazolium, pyrrolidinum, tetraalkylammonium, 

tetraalkylphosphnium, among others. The most common structures are represented in Figure 2; b) an 

anion that could be either organic or inorganic, such as a halide, nitrate, tetrafluroborate, and so on. 

The most commonly used anions are represented in Figure 3.  
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Figure 2 - Most common cations in IL's structures 

 



5 

 

Cl
-

Br
-

 

B
-

F

F

F

F  

P
-

F

F

F F

F

F

 

Halides Tetrafluoroborate Hexafluorophosphate 
   

N
-

S

O

O
S

O

O

F
F

F

F

F

F

 

N
+

O

O
-

O
-
 

Bis(trifluormethylsulfonyl)imide Nitrate 
  

Figure 3 - Most common anions in IL's structures 

 

 ILs have some significant physical and chemical properties that grant them a special research 

field. The most important ones are listed below. 

 High conductivity, due to high mobility of ions. 

 High polarizability. 

 Exceptional thermal conductivity and heat capacity. 

 High thermal stability, having melting point below 100°C and being in the liquid form for a 

wide range of temperatures. 

 Low vapor pressure, once ion interactions are strong. 

 Multiple combinations between anions and cations. 

 

 As previously reported, the properties of IL range from polar to nonpolar, hydrophilic to 

hydrophobic, complete miscibility with water or any other solvent to complete immiscibility with both. 

It all resumes to the appropriate choice of cation and anion. Typical cations are for example 

imidazolium or pyridinium. As for anions, almost all may be selected; because of all this list of tuneable 

properties ILs are known as designer solvents [33].  

 Nucleophilic aromatic substitution (due to its industrial application) was severely studied 

concerning the choice of IL as the liquid catalytic phase [34]. The myriad of possibilities turned out to 

some rather odd results once a small modification can have tremendous effects on the overall 

reaction.  

 ILs are for sure a good alternative to classic solvents, but like every area in science a “dark” 

side is always present. Table 1 provides a SWOT analysis of processes based or combining ILs. 
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Table 1 - SWOT analysis of ILs development. 

Strengths Weaknesses 

 Flexibility to be used in different 
settings 

 Leaching in SILPs 

 Eco-friendly processes  Industrial scale-up 

 High purity production  Insoluble substrates 

 Improved stability for specific catalysts  Full recovery  
Opportunities Threats 

 Innovative processes  Toxicity/Safety of ILs 

 Intensification of production  Cost of production and treatment 

 New technologies  Durability 
 

2.3 Support 
  

Depending on the IL choice, the support may be used without any chemical modification or 

some surface chemical treatment may be needed.  In the first situation, a physical coating strong 

enough to hold the IL in the desired porous matrix is involved. This is possible due to strong attractive 

forces between the IL and the support, specifically –OH bridges and Van der Waals interactions. 

Helping fixation, the generally high viscosity of IL plays its part as well. For catalysis purposes, 

supposing recyclability of the catalyst is intended, a physical coating may not be enough. In reality if 

the IL is intended to be stationary for long periods, the effect of gravity becomes important, and may 

lead to a change in the IL pattern. To accommodate this situation there are 2 major options. 

 The first approach is to coat the support for which two options are made available. A different 

IL that presents an enormous affinity to the support and to the support’s interface [35], or a polar 

dendrimer [36]. This will create a first layer in which the catalyst phase may easily attach. The purpose 

of this surface modification goes sometimes behind fixation. In some supports like Silica, in which –

OH groups dominate the surface, if this treatment is not completed, the catalyst will not endure inside 

the catalytic phase, once the majority of organometallic catalyst are readily deactivated in presence 

of the hydroxyl groups. The immobilization of the IL phase has been done in several ways. For sure 

impregnation [37] is the easiest method, but others such as polymerization, sol-gel method and 

grafting were also used [38,39]. A second approach, used in smaller scale, is to encapsulate the IL in 

semi-open pockets simultaneously with support formation [38,40]. Sometimes this encapsulation is 

known as pore trapping. 

 As one might anticipate a large surface area is most desirable for catalytic purposes, once the 

thickness of the catalytic phase must be as thin as possible to avoid diffusion limitations and allow for 

the reaction to take place inside the bulk phase, taking profit of the molecular dispersion of the 

catalyst. Naturally porous materials are the first choice, once they are able to provide large internal 

surface area and good pore volume. 

 Porosity is one key parameter and plays a major role in the choice of the support. Generally, 

materials are can be divided into 3 categories: 

 Nonporous or macroporous supports: The IL film coating is in general thick (diffusional 

problems may be involved), and the area exposed to the reaction medium is smaller than in 

other cases. Additionally, once the coating is on the surface or near to it, a accidental 

mechanical action may lead to the displacement of the IL and the catalyst, leading to a 
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decrease in activity. This situation is particularly aggressive in fixed-bed reactors, where the 

medium reaction is a liquid. 

 Mesoporous supports: The mechanical problems are avoided and the pore size (2-50 nm) is 

enough to adsorb a layer of thin IL (≈ 0.5 nm) without filling completely the pore, leaving 

enough space for the involved species to interact. Moreover, the layer size is sufficient to 

avoid major diffusional problems. 2 main effects led the IL to enter the pores: intermolecular 

forces within the IL and capillary forces. Some reports point out that even at high loads of IL 

(≈40 wt%), textural properties are kept, namely easiness in handling and working [41]. Some 

leaching is plausible to happen though. 

 Microporous supports: Albeit interest for a bunch of applications, in this situation due to the 

small pore size (<2 nm), a complete fill of the pore could be ascribed, leading to some mass 

transfer limitations. The reaction would perform appropriately on the catalyst phase near the 

outer surface of the support, reducing significantly the surface area available. However, good 

adsorption properties constitute a positive point for this pores. 

 

 For the aforementioned reasons mesoporous supports with a degree of micropores (in 

particular carbon) will take the major attention in this work. A myriad of materials have been explored 

and are available though [42]. Mesoporous silica [43], flame-dried silica [41], diatomic earth [37], 

carbon nanotubes after suitable surface modification [44] and even polymeric resins after covalently 

bounding an IL layer [35,45–47] are some examples. 

 

2.4 Catalytic function 
  

 Of the uttermost importance to understand the mechanism involved, and available 

possibilities to improve overall performance, is to know where is located the catalytic function. In 

general, 3 major scenarios are available and depicted in Figure 4. 
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C  
Figure 4 - different possibilities for the localization of the catalytic function (CF). 

 

Situation A – In this situation the catalytic active function is placed on one of the ions, with the 

possibility of one of them being the catalyst itself. In general, the layer is thin to prevent mass 

limitations and the support must not interact with the catalytic function. Additionally, a layer of a 

different IL may be used to coat the support’s surface first to avoid the referred problems. This concept 

also includes the monolayer situation. 

Situation B – When organometallics components are involved this is the characteristic situation, once 

the molecular catalyst is dissolved in the IL and can act as a homogenous catalyst. Logically the catalyst 

must be highly soluble in the IL and present a low solubility in the reaction medium, to avoid leaching. 

Similarly to situation A, the catalyst must not interact with the support, which could in turn mean the 

poisoning of the former. Organometallic complexes present here an important advantage that makes 

this kind of catalysis particularly effective. It has been reported [48] that these complexes, when 

dissolved in IL, are rapidly enclosed by ion pairs of the IL (similar to solvation) forming a “cage” that 

traps the active catalyst, Figure 5. This prevents not only possible links between metal centres but also 

stabilizes the catalytic specie. Consequently, a long-range order could be detected in this organization 

pattern. Metal nanoparticles have also been reported showing the same kind of behaviour [49]. 
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Figure 5 - schematic representation of the catalyst entrapment inside IL cluster. Lines and dots represent connections to 

ligands, not shown on purpose. 

 

Situation C – This situation is essentially a heterogeneous catalyst covered with a layer of Ionic Liquid. 

One may wonder that this layer may increase the difficulty of the involved species to reach the active 

site (that is carved on the surface). However, the major role of this layer is to change the access to the 

active centres (shape selectivity), leading to the enhancement of one reaction among several others, 

overcoming a traditional problem of heterogeneous catalysis: the lack of selectivity. For this to happen 

a cautious choice of the IL must be previously done as well as a comparison with the uncoated 

heterogeneous catalyst, once for sure mass limitations would increase.  

 At first sight it could be interesting to “by-pass” all the IL-phase and impregnate 

straightforwardly the catalyst into a chosen support. However, it is preferable to immobilize the 

catalyst in an IL-phase due to a series of advantages. (a) no further modification of the catalyst is 

needed once catalysts are typically soluble in ILs [11]; (b) IL’s ions may contribute to the activation of 

the catalyst; (c) IL phase may contribute to the effective stabilization of the catalyst [50](d) small 

changes in side chains of the IL may be of big importance in controlling the overall yield of a reaction; 

 For any kind of the above mentioned situations, co-catalysts, additives or any other 

substances may be dissolved in the thin film of IL in order to promote the best conditions for the 

performance of the catalyst. 

 

2.5 Catalysis in IL films 
  

 The solvent is a key parameter in catalytic chemical reactions, once its interaction with the 

catalyst and all the species involved, may greatly influence the chemical process. Solvents may be 

readily divided into 2 categories: non-polar and polar solvents. The formers are randomly oriented 

and may have their local dipoles oriented by applying an electric field. The latter, and especially those 

that may establish H-bonds, are structured, frequently exhibiting formation of clusters though 



10 

 

remaining randomly spread. When a charged specie is placed in this medium a redistribution occurs 

in order to accommodate the new neighbour [51]. ILs’ dielectric constants are in general high and the 

introduction of a charged metal complex will induce the re-orientation of the ion pairs of the ILs [52] 

in order to “cage” the new specie (Figure 5). The formation of ordered structures [41,53] leads to an 

increase in viscosity of the catalytic phase and of course generates a long-range ordered system 

[54,55]. It has also been reported that these structures around the molecular complexes comprise up 

to 33 ion pairs of the IL [41] and are similar to metal nanoparticles in imidazolium ILs [56]. Only at 

higher temperatures (≈70°C) these structures are broken [48]. 

 The consequences of an increase in viscosity are negative for the reaction itself, once mass 

diffusion limitations are known to increase. This aspect also reinforces the requirement of a thin layer 

of IL, so that the diffusion path is as small as possible. If this imposition is not achieved, the reaction 

will take place in the boundary of the system instead of using all the IL medium. This would 

unavoidably mean lower yields and even a change in the expected kinetics. This effect can be 

compared to that of lower reactant solubility in the IL film, yielding severe mass limitations. 

 

2.6 Applications 
  

 Although a recent research topic, ILs supported phase have been applied to the most 

important chemical industrial reactions with good results. Table 2 resumes the information available, 

including supports tested and references.  

 

Table 2 - applications of IL per kind of reaction 

Reaction Support Catalyst(s) Type Reference 

Hydrogenation 

Silica Ru and Rh complexes Slurry 53 

Molecular sieves Palladium NPs Slurry 57 

Membranes Rh complexes “Fixed bed” 58 

Mercaptopropyl 
silica gel 

Pd complex Slurry 59 

Porous Ni Ni Slurry 60 

Carbon 
nanotubes 

Rh complex Slurry 61 

Carbon cloth Pd complex Slurry 62 

Carbon nanofiber 
network 

Pd NPs Slurry 63 

Silica Ru complex Fixed bed 64 

Hydroamination 

Diatomic earth Rh(I), Pd(II), Zn(II) Slurry 37 

Silica Pd(II) complex Slurry/Fixed bed 41 

Silica Palladium complex Slurry 65 

Hydroformylation 
Silica gel Rh complex Fixed bed 12 

Silica Rh complex Fixed bed 66 

Carbonylation 
Spherical 
activated carbon 

Cu  Fixed bed 67 

Silica Rh complex Fixed bed 68 

Carboxylation 
Silica 1-butyl-3-methyl-

imidazolium ILs 
Slurry 69 
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Michael reaction 
Silica Sodium materials Slurry 70 

Silica Sc complex Slurry 71 

Mukaiyama 
reaction 

Silica Sc complex Slurry 71 

Fluorinations Polystyrene resin Imidazolium ILs Slurry 72 

Enzymatic 
reactions 

Silica Enzymes Slurry 73 

Acrylic resin Enzymes Fixed bed 74 

 

 A special focus will be given to organometallics complexes as the active catalytic function, 

once the experimental work developed aimed at the introduction of an iron (II) complex in a range of 

ILs for the selective hydrogenation of aldehydes to alcohols.  

 

2.6.1 Hydrogenation reactions 

  

 Carbonyl groups and in particular their catalytic reduction using Hydrogen represents a way 

to get valuable alcohols used for the manufacture of bulk and fine chemicals [75]. The selective 

hydrogenation of aldehydes over other carbonyl compounds persisted a main challenge until 2016 

extraordinary publication of a well-defined Fe(II) catalyst for a highly efficient and selective 

hydrogenation of aldehydes [76]. More details of the catalyst will be discussed in a proper section 

ahead in this work. 

 The big challenge is to be able to accomplish all the optimal results achieved in a 

homogeneous medium and enable the catalyst to work inside an IL confined in a porous structure. As 

an example of what can be achieved, the hydrogenation of acetophenone (using chiral Rhodium and 

Ruthenium complexes) is used to shed some light on what is happening; in a “classic” solvent, like 

ethanol or methanol, the hydrogenation of acetophenone showed no enantioselectivity, whereas 

using an IL promoted a 74% enantioselectivity [53], leaving all the other parameters of the reaction 

unchanged. What provoked this change?  

 The most accepted explanation [77] is briefly illustrated in Figure 6. It is probable that, in the 

IL cluster, acetophenone is binding to the metal via both the carbonyl group and the phenyl ring. This 

binding mode allows for transferring stereo chemical information to the metal. In contrast, the binding 

mode in common solvents only allows for the connection of the carbonyl group, impeding any 

conformational information to reach the metal centre.  
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(a) (b) 
 

Figure 6 - different binding modes expected for homogeneous catalyst in (a) Ionic Liquid (b) common solvent. Adapted 
from ref. 53 

 

 It is important to bear in mind that a repulse of the reaction product must happen or the 

efficiency of all the system is wasted. In other words, the IL and the alcohol (in this particular case) 

must be immiscible. However, some degree of miscibility should exist between the former and the 

substrate, otherwise the reaction would perform only at the interface and all the bulk desirable effect 

would be lost.  

 As one may immediately forecast the main issues are the choice of the ionic liquid and the 

support. Mixability results are important and a vast list of possible combinations was reported [78,79], 

although for alcohols oxidations and not hydrogenation of aldehydes. For the support itself the main 

point is to be sure that a good impregnation is possible based on the affinity to the IL. The majority of 

the supports were previously treated before use, in order to tune surface groups. 

 

2.7 Solvents 
  

Solvents must meet several criteria such as: 

1. Compatible with the homogeneous catalyst to allow the reaction to occur. Typically, catalysts 

are extremely sensitive to the environment. 

2. Hydrophilic to remain outside the support and let the aldehyde (reactant) penetrate the pore 

structure. In addition, the solvent should be capable of collecting the alcohol (product) 

without severe loss of material in the pores. 

3. Not mixable with the ionic liquid and not react with any of the intervenients. 

4. Being cheap, safe and readily available 
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 The first choice is unquestionably water. One of the cheapest, safe and available solvents 

available. The aforementioned properties have to be checked.  

1. The catalyst used in the reaction is an iron complex synthetized by the Kirchner group [76,80], 

extremely sensitive to oxygen but reported to be active in water as a solvent. 

2. There is nothing more hydrophilic than water, so the introduction of the aldehyde inside the 

pore structure is assured. On the other hand, the collection of the alcohol is a critical step that 

must be studied for each substrate. 

3. The IL must be hydrophobic, which is easily done choosing cations with long alkyl chains and 

not choosing anions that may be reacting in water. For both the reactant and the product a 

reaction is not expected to occur with water. 

4. For sure the safest, reliable, available and cheap of the solvents. 

 

 Although desirable as it may seem, water presents a critical issue in recovering the product. 

Some alcohols tested are not miscible with water, which makes difficult its choice. Essentially two 

solvents are immediately in line: ethanol and heptane. The first is known to dissolve both catalyst and 

ILs and so for sure the reaction would work (although homogenously); furthermore, no problems were 

expected in mixing with the reaction product. The second, representing an all class of hydrophobic 

hydrocarbons, will not dissolve the catalyst and is able to dissolve the majority of the alcohols formed. 

As a setback a certain degree of solubility with the used ILs may be pointed out.  

  

2.8 Magnetic Ionic Liquids 
 

 In some recent reviews [81,82] of Magnetic Ionic Liquids (MILs) lots of applications for this 

special ILs have been resumed. MILs are magnetic solvents similar to a classic IL, but for some magnetic 

properties incorporated either in the cation or the anion [83]. These interesting ILs present by 

themselves magnetic properties but, although being magnetic, there are no magnetic nanoparticles 

involved. 

 The first magnetic IL ever synthetized was 1-butyl-3-methylimidazolium tetrachloroferrate 

([BMIM][FeCl4]) [84]. Following this discovery the properties of 1-ethyl-3-methylimidazolium 

tetrachloroferrate ([EMIM][FeCl4]) [85] were studied and an increasing consciousness for this subject 

was starting to come up, especially when separation and recovery from a mixture of MILs and water 

was achieved. Ever since, several types of MILs have been developed, from imidazolium to 

phosphonium cations and Cobalt, Chromium, Manganese, Iron, Gadolinium based anions, all of them 

show some degree of paramagnetism [86].  

 For catalysis purposes this ILs show huge applicability, once recycling can be much more easily 

done. In the present research the aim of using this kind of ILs is clear. If magnetic ILs can be successfully 

impregnated into a porous support and the bulk magnetic properties be transferred to it in enough 

strength this could be a very simple way of performing a reaction and separate the catalyst from the 

reaction medium. 

 Several problems are on the table with this approach. 

1. What Magnetic Ionic Liquid is to be chosen? 

2. Can the MIL be successfully impregnated into the support? 
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3. Can the Catalyst be active inside the MIL structure? 

4. What is the better MIL:support ratio in order to have macroscopic magnetic properties? 

5. Will the MIL leach after some reaction cycles? 

 

2.9 Support and Impregnation 
 

 There are many possibilities of  bringing Ionic liquids and supports together [77]. Among them, 

wet impregnation is probably one of the simplest ways to do it. The technique [87] consists in mixing 

at the same time the support, the IL and the catalyst in presence of a suitable solvent, that should be 

miscible with the IL. Time of mixing and vacuum are crucial parameters. The first can be up to one 

week [87], depending on the support’s affinity to the Ionic Liquid. The second has been reported [88] 

as an essential driving force to lead the IL inside the pore structure. It goes without saying that the 

impregnation process used is based on physical adsorption interactions between the support and the 

IL, helped by capillary forces. It is convenient though to elucidate some terms by which the IL is 

inserted in a porous structure. Some authors [88] present the designation adsorption when the IL is 

on the outer surface of the porous material and there is no special order, leading to an amorphous 

state of the IL. On the other hand, confinement is similar, but the IL effectively penetrates the porous 

material and in some cases presents a crystalline structure inside the pores. For the latter, vacuum is 

needed. In the present research and for the sake of uniform language, confinement is used to mean 

that the wet impregnation technique was applied. 

 Although easy to describe, the nuances involved make the process very difficult. First and 

foremost, the support and its pore size distribution. Undeniably a porous material is needed, taking 

advantage of an enhancement in the surface area available. Table 3 summarizes some concerns when 

using different kinds of porous materials. A solution between micropores and mesopores seems being 

a good fit, minimizing somehow the clogging of the first [87]. 

 

Table 3 - Comparative board for different kinds of support. 

Type of pores Advantages Disadvantages Solutions 

Micropores Very good adsorption 
capacity 

Pores clogging or 
completely filled 
leading to mass 
transfer limitations 

Tuning the properties 
of the IL, in particular 
the size of the side 
chains 

Micro/Mesopores Good adsorption 
capacity 

Same as micropores 
but in less scale 

Tuning the properties 
of the IL, in particular 
the size of the side 
chains 

Mesopores Good rates of reaction Acceptable adsorption 
capacity 

Support’s surface 
treatment 

  

 The second important issue has to do with the ionic liquid itself. In order to promote a good 

physical adsorption, the IL must be as hydrophobic (or hydrophilic) as the support, to be able to 

migrate from the solvent to the support. In the majority of the cases, the support needs to be 

previously washed in order to remove impurities or even in order to tune its properties to be 
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compatible with the IL. The IL on its turn must be able to enter the pores and form a thin layer, helped 

by capillary forces and strong vacuum that at the same time removes the solvent.  

 After impregnation, the filled support may be washed in order to ensure that only the strongly 

adsorpted/confined material remains. Performing or not this step will lead to some leaching during 

the reaction [8] (though in different amounts), due to mechanical action, at least. The support’s choice 

is of course determinant for this situation. 

 The filling amount is also a key parameter. The amount generally reported to optimize this 

issue is between 10 and 30% weight of IL to the support’s pore volume [89]. However, this question is 

far from being linear; there are reports [64] where 80% impregnation loading proved not to cause 

visible mass transfer limitation and hence, coating all the supports surface, would ensure that the 

substrate would not “stick” to the available support instead of penetrating the IL and keeping the 

reaction going. 

  Figure 7 shows a schematic summary of several possibilities in order to perform 

hydrogenated catalytic reactions. 

 

 
MIL – Magnetic Ionic Liquid; IL – Ionic Liquid; CAT. – Catalyst 

 
Figure 7 - Schematic representation of different approaches to hydrogenation. 
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3. Materials and Methods 
 

3.1 Substrates 
  

 The first issue to address was to choose the pairs aldehydes/alcohols to be tested under 

hydrogenation conditions. We have selected four aromatic aldehydes, (i) with an electron 

withdrawing halogen substituent (4-fluorobenzaldehyde), (ii) with an electron donating OMe group 

(4-anisaldehyde), (iii) without substituent (benzaldehyde), (iv) a challenging α,β-unsaturated substrate 

(cinnamaldehyde), and one aliphatic aldehyde (2-ethyl-hexanal) They are also commonly used in 

industrial applications, widely reported [16,62,76], and easy to detect. Table 4 summarizes the pairs 

used under experimental conditions.  

Table 4 - Pairs Aldehyde/Alcohol used 

Aldehyde Schematic drawing Alcohol Schematic drawing 

4-Fluorobenzaldehyde 
(4-FBA) 

O

H

F  

4-Fluorobenzyl alcohol 

OH

H

F  

4-Anisaldehyde 

OCH3

O

H

 

4-Anisalcohol 

OCH3

OH

H

H

 

Benzaldehyde 

O

H

 

Benzyl alcohol 

OH

H

 

Cinnamaldehyde O

H

 

Cinnamyl alcohol 
OH

H H

 

2-Ethyl-hexanal 
(2-EH) 

CH3 O

CH3

H

 

2-Ethyl-hexanol 
CH3 OH

CH3

H H
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3.2 Ionic Liquid selection 
  

 The second issue to be addressed concerns ILs. It was previously referred that the wide variety 

of combinations between anions and cations makes it a challenge to be able to provide the best choice 

for the reaction in study. Having in mind that the carbon supports are hydrophobic, the ILs choice had 

to be in line with that fact. This guarantees a strong hydrophobic interaction between the support and 

the IL, as well as the possibility of using water as reaction solvent. Bis(trifluoromethylsulfonyl)imide 

anion [NTf2] has been chosen for the anion, since it is a weekly coordinating anion. Imidazolium, 

pyridinium, pyrrolidinium, ammonium, phosponium, DBU and pyridine based were chosen as cations. 

One magnetic IL with FeCl4 anion was also used (IL#10) . On the other hand, it is common that the 

characteristics of the support need to be tuned, which accounts for two hydrophilic ILs chosen. These 

ILs (IL#5 and 9) are basic and could have a positive impact on the reaction. Moreover, dicyanamide 

based ionic liquids have shown excellent selectivity in citral (acyclic monoterpenoid forming a 3,6-

dimethyloctane skeleton) hydrogenation [62] with dicyanamide based ionic liquid promoting the 

selective hydrogenation of the aldehyde. However, dicyanamide anion is a strongly coordinating anion 

which can poison the catalyst. Table 5 resumes the chosen ILs with their used numerical system in 

order to facilitate further discussions.  

 

Table 5 - ILs used; description and structure. 

Number IL#1 IL#2 IL#3 

Name 
1-Ethyl-2,3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 
1-Butyl-2,3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 
1-Butyl-3-methylpyridinium 

bis(trifluormethylsulfonyl)imide 
Short 
Name 

EMMIm NTf2 BMMim NTf2 BMPyr NTf2
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Number IL#4 IL#5 IL#6 

Name 1-Butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide 

1-Butyl-1-methylpyrrolidinium 
dicyanamide 

Butyltrimethylammonium 
bis(trifluoromethylsulfonyl)imide 

Short 
Name 

BMPyrr NTf2 BMPyrr N(CN)2 N1114
 NTf2 
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Structure 
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Number IL#7 IL#8 IL#9 

Name 
Methyl-trioctylammonium 

bis(trifluoromethylsulfonyl)imide 
trihexyltetradecylphosphonium 

bis(trifluoromethylsulfonyl)imide 
Trihexyltetradecylphosphonium 

dicyanamide 
Short 
Name 

N1888 NTf2 P66614 NTf2 P66614 N(CN)2 

Structure 
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Number IL#10 IL#11 IL#12 

Name 
Trihexyltetradecylphosphonium iron(III) 

chloride 
1-Butyl-1,8-diazabicyclo[5.4.0]undec-7-en-8-

ium bis(trifluoromethylsulfonyl)imide 
1-Butyl-4-dimethylaminopyridine 
bis(trifluoromethylsulfonyl)imide 

Short 
Name 

P66614 FeCl4 BDBU NTf2 BDMAP NTf2 
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 3.3 Support 
  

 Activated carbon spheres and activated carbon cloth were used as support. The first is 50% 

micro and 50% mesoporous and was gently offered by Blucher ® Company. The second is fully 

microporous and gently offered by Kynol® Company. Both were used after further treatment. For 

spheres, a wide range of treatments were applied and described in section 3.5.3. For carbon cloth, 

only thermal treatment was used. 

 

 3.4 Catalyst 
  

 There are a lot of hydrogenation catalysts; some contain precious or noble metals while some 

of them are more modest and based on abundant first-row transition metals. It is undeniably 

attractive to replace scarce, toxic and expensive noble metals by more plentiful and eco-friendly first-

row transition metals. Iron, being the most abundant transition metal in earth’s crust and displaying 

readily availability, is an excellent candidate. In the present situation the catalyst choice was evident, 

since our group recently reported an inexpensive and robust homogenous catalyst for the highly 

selective end efficient hydrogenation of aldehydes [76]. The pre-catalyst [Fe(PNPMeiPr )(CO)( H )( Br )] 

and the catalyst [Fe( PNPMeiPr )(H )2(CO)] – both a mixture of cis and trans isomers - depicted in Figure 

8 are based on 2,6-diaminiopyridine scaffold where PiPr2 moieties of the PNP ligand connect to the 

pyridine ring via NMe spacers. 
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(a) 

 

 
 

(b) 
 

Figure 8 – Iron hydride complexes from ref. 76; (a) pre-catalyst; (b) active catalyst 

 

 The reactions’ mechanism proposed by the authors is interesting. The substrate insertion 

proceeds through a mechanism in which the dihydride makes a nucleophilic attack on the aldehyde’s 

carbonyl group to give an alkoxide intermediate that is further expelled to originate the expected 

alcohol. For elucidative purposes the mechanism is showed in Figure 9 and is an exact copy of the 

model purposed by our group. 

 

 
 

Figure 9 - Simplified catalytic cycle for the chemoselective hydrogenation of aldehydes; adapted from ref.76 
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 In the proposed mechanism the role of each intervenient is clear and justifies some 

experimental decisions that were made. Firstly the use of a base is clarified; the heterolytic cleavage 

of diatomic hydrogen stimulated by the metal centre and external base lead to the formation of the 

active catalyst that is in a pseudo-equilibrium with the cis isomer. In the second place the role of a 

polar protic solvent (ethanol in this situation) is responsible for the protonation in order to obtain the 

product or is directly involved in expelling the alkoxide intermediate of the coordinating Fe sphere by 

simple replacement with the alkoxide. However, this issue is questioned by the authors on whether 

the compound with the solvent in the alkoxide place is part of the catalytic cycle or a mere resting 

situation, once there is evidence of its existence in NMR spectra.  

 It is pertinent to note that the possibility of using a polar protic solvent may be relaxed to a 

strong polar solvent like an IL. This situation has been here reported, and constitutes another 

advantage of this catalyst. However, the activated catalyst is especially sensitive to oxygen 

environment that could lead to its deactivation. 

 Based on this reference, DBU was definitely chosen as the base to be used in all 

hydrogenations performed, once it is the one that reports better results. The used amount was 5 mol% 

using substrate as a reference, which was 2 mmol, while 0.5 mol% catalyst was applied.  

 

3.5 Procedures 
 

3.5.1 General procedures 

 All manipulations were performed under Argon atmosphere by using Schlenk techniques 

or/and in a MBraun inert-gas glovebox. All solvents and substrates were purified according to standard 

procedures [90]. The deuterated solvents were purchased from Sigma-Aldrich and dried over 4 Å 

molecular sieves. Ionic liquids were acquired from Iolitec and used as received. Solvents purchased 

from Sigma-Aldrich and used after distillation.  

3.5.2 Miscibility test 

 All miscibility tests were performed by mixing 2 mmol of alcohol with 125 μL of IL inside a 

suitable tube. After 10 minutes the number of phases was noted down. The tube was agitated again 

and inserted inside an oven at 60°C for 1 hour. After that period the number of phases or any possible 

degradation was noted down. The procedure was repeated but using an ice bath (at 0°C).  

3.5.3 Carbon treatment 
 The carbons were subjected to one or several treatments in order to make them suitable for 

catalytic purposes. 

3.5.3.1 Oxygen removal 

 Under vacuum conditions, carbon spheres/carbon cloth were stirred for 24h with a 

temperature of approximately 50°C. After that, storing in a MBraun inert-gas glovebox. 

3.5.3.2 HCl treatment 

 Concentrated HCl (35 w%) was added  to the carbon sample; the mixture was stirred for 24h 

in order to remove any acid soluble impurities. Then, it was washed with deionized water until 

reaching a neutral solution and no chloride anions were detected using silver nitrate test. After that, 

the carbon was stirred under vacuum for 12h with argon flushing at least 3 times. Finally, it was 
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transferred to the glovebox. When this treatment is performed the commercial carbon spheres (CC) 

are designated by CC, HCl. 

3.5.3.3 NaOH treatment 

 Addition of 1M NaOH solution to the support (enough to cover all the sample), stirring for 24h 

and wash with water until constant pH is reached.  After that, stirring under vacuum for 12h with 

Argon flushing at least 3 times. Transfer to the glovebox. When this treatment is performed the 

commercial carbon spheres (CC) are designated by CC, NaOH. 

3.5.3.4 Thermal treatment 

 Under vacuum conditions, carbon spheres/carbon cloth were stirred for 6h with a 

temperature of approximately 300°C provided by an oil bath, with Argon flushing at least 3 times. 

Following that period, 12h of vacuum at room temperature. After that, storing in a MBraun inert-gas 

glovebox. 

3.5.4 NMR measurements 
 1H, 19F{1H}, and 31P{1H} NMR spectra were recorded on Bruker AVANCE-250 spectrometer 

controlled by Topspin and the resulting spectra were analysed using MestReNova version 6.0.2-5475. 
1H NMR spectra were referenced internally to residual proto-solvent, and reported relative to 

tetramethylsilane (δ = 0 ppm). 19F{1H} and 31P{1H} NMR spectra were referenced externally to CFCl3 (δ 

= 0 ppm) and H3PO4 (85%) (δ = 0 ppm), respectively. 

 

3.5.5 Elemental Analysis/ICP 

 The determination of the Fe, Co, Ni and Mn concentration was done using an inductively 

coupled plasma optical emission spectrometer PerkinElmer OPTIMA 8300 equipped with an SC-2 DX 

FAST sample preparation system. In general, non-matrix elements are determined via axial view and 

triple determination followed by an arithmetic averaging. A customized single-element (Merck, Roth) 

standard was used for the calibration. C, H, N, S and O contents were double-determined utilizing an 

ELEMENTAR Vario Macro elemental analyzer (CHNS-mode, WLD) and an ELEMENTAR Vario EL (O2-

mode, WLD). The provided results are arithmetic mean values. 

 

3.5.6 XPS measurements 

 XPS is a powerful technique to get an insight into the properties on, and up to roughly 10 nm 

deep (in the present situation), of the surface. It is part of a class of surface analysis techniques, which 

involves irradiating the sample with photons, under vacuum, and determine the kinetic energy of 

possible emitted electrons. The scope of information this technique may provide is tremendous, 

ranging from quantitative data (for example, atomic percentage) to qualitative (for example, oxidation 

states). The advent of new materials and technologies is enlarging the spectra of applications. 

However, the underlying principle is the famous photoelectric effect, where photons penetrate the 

sample and the energy of any possibly emitted electrons is detected. This technique is commonly 

labelled as a surface technique, once the level of penetration is in the order of micrometers. 

Essentially, the excited electrons which strongly interact with matter, have a short inelastic free path, 

meaning that deeper electrons will lose their energy by several interactions with matter. As a 

consequence, only surface emitted electrons are able to be detected. Eq. 1 represents the basic 

equation modelling the technique. KE stands for kinetic energy, BE for Binding Energy, h is Plank 

constant, υ is the frequency and φanalyser is the working function of the electron analyser. 
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𝐾𝐸 = ℎ. 𝜐 − 𝐵𝐸 − 𝜙𝑎𝑛𝑎𝑙𝑦𝑠𝑒𝑟  (1) 

 

 The emitted (photo)electrons should find no gas molecules in the path towards the analyser. 

This reason justifies the use of Ultrahigh vacuum (UHV). If not, these electrons would be scattered and 

possibly lost. Moreover, the number of gas molecules upon the sample surface is practically inexistent 

and possible dissolved gases and impurities, like water or any kind of common solvents, would be 

quickly vaporized.  In the present situation a vacuum of 10-10 mbar is available to ensure the required 

conditions.  Lastly a reliable source of photons is essential. Common X-ray sources for XPS have either 

Mg of Al anodes, using Mg KR radiation at 1253.6 eV or Al KR radiation at 1486.6 eV, respectively. 

 

 All X-ray photoelectron spectroscopy (XPS) were carried out on a SPECS XPS-spectrometer 

equipped with a monochromatised Al-Kα Xray source (µFocus 350) and a hemispherical WAL-150 

analyser (acceptance angle: 60°). Samples were mounted onto the sample holder using double sided 

Cu tape or Ta. Pass energies of 100 eV and 30 eV and energy resolutions of 1 eV and 100 meV were 

used for survey and detail spectra respectively (excitation energy: 1486.6 eV, beam energy and spot 

size: 70 W onto 400 μm, angle: 51° to sample surface normal, base pressure: 6x10-10 mbar, pressure 

during measurements: 2x10-9 mbar). Data analysis was performed using CASA XPS software packages 

employing Shirley backgrounds [91] and Scofield sensitivity factors [92]. Charge correction was applied 

so the adventitious carbon peak (C-C peak) was shifted to 284.8 binding energy (BE). Curve fits using 

combined Gaussian-Lorentzian peak shapes were used to discern the components of detail spectra. 

To reduce charging effects a broad spot low energy electron source (SPECS FG 22 flood gun) was used 

for charge compensation (5eV/25μA).  

 The detection limit in survey measurements lies around 0.1-0.5 at%, depending on the 

element. The accuracy of XPS measurements is around 10-20% of the values shown and the maximum 

depth is about 7-10 nm. 

 

3.5.7 BET measurements 

 Textural properties were analyzed by N2 physisorption (ASAP 2020 Micrometics GmbH), 

using the Brunauer−Emmett−Teller (BET) theory for determining the surface area and the 

Barret−Joyner−Halenda (BJH) method for obtaining the pore size distribution. 

 

3.5.8 DSC measurements 
 Thermal behaviour by Differential Scanning Calorimetry (DSC) was investigated using NETZCH 

analyser (STA 449 F1) and software Proteus Thermal Analysis version 7.1. Samples were heated using 

alumina crucibles under air atmosphere and a heating rate of 10°C/min from -50 to 400°C. The 

instrument was calibrated using melting points of Indium, Aluminium and Lead. 

 

3.5.9 Infrared measurements 
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 Infrared spectra were recorded with a Bruker Vertex 80 FTIR spectrophotometer using a 

narrow band MCT detector, measuring diffuse reflectance. 256 scans were collected for each 

spectrum with 4 cm−1 resolution. The data is provided using Kubelka Munk conversion and OPUS 

software version 7.5.   

 The use of solid samples led to the use of Potassium Bromide (KBr) as the reference spectrum 

as well as the support to grind all the samples. The grounding was manually done for 10 minutes in 

order to obtain a homogeneous powder. 

3.5.10 Density measurements 

 Density of IL+Catalyst was measured using an analytical balance and an automatic pipette, 

considering 100 μL volume. This volume was removed with an automatic pipette and weighted in 

order to indirectly obtain a density value.  

 

3.5.11 Impregnation procedure 

 In a flask, a mixture containing the support, IL and catalyst was stirred in 2 mL of ethanol for 

approximately 5 minutes, under inert atmosphere. After that period, evaporation under vacuum 

(about 10-2 mbar) was used in conjunction with an oil bath at 60°C until the spheres presented rolling 

behaviour again (about 10 minutes). 

  

3.5.12 Hydrogenation reactions procedure 

 All hydrogenation reactions were performed in an autoclave (Figure 10) at room temperature 

(25 °C), exceptionally at 75°C, under Hydrogen atmosphere between 10 and 40 bar using a 90 mL 

Fisher- Porter tube, which was flushed several times with Hydrogen prior to the addition of the 

reaction solution. For the preparation of the reaction solutions a vial was charged with the specified 

amount of impregnated support and several times flushed with Argon and vacuum. Subsequently, 

DBU, solvent and substrate were taken up into a syringe and transferred to the Fisher- Porter tube. 

After flushing 3 times with hydrogen, the desired pressured was established. After stirring the solution 

for the stated time, pressure was carefully released, and a sample for NMR was taken. If pressure was 

needed again, the procedure of gas admission was repeated. 

 In all experiments, except when stated otherwise, 2 mmol of substrate was used and 0.5 mol% 

of catalyst as well, leading to a Substrate to Catalyst ratio (S/C) of 200. The first value was chosen with 

the requisite of being enough to allow NMR measurements without compromising the reaction. The 

value for the catalyst is to ensure that the reaction is indeed catalytic and the value goes according to 

some homogenous data provided on this catalyst [76,80]. 
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Figure 10 - autoclave and Fisher- Porter tube. 

 

3.5.13 Recyclability tests 

  

 Aiming to recycle the SILP system, recyclability tests were performed at 40 bar. After 2 hours 

the autoclave was open and all the possible supernatant was pulled out with a syringe and fresh 

substrate/DBU/heptane was added, replicating the steps followed in the previous rubric.  
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4. Results and discussion 
  

4.1 Measured properties 
 

 Miscibility conditions were the first to be tested between the IL and the alcohol (at different 

temperatures) in order to find out how many phases were formed. Table 6 summarizes the results 

observed, where number 1, 2 are 1 phase or 2 phases observed, respectively. D and F mean 

Decomposition and Frozen, respectively. 

.  

Table 6 - Miscibility test at 25 (R.T.), 60 and 0°C. 

 IL#1 IL#2 IL#3 IL#4 IL#5 IL#6 IL#7 IL#8 IL#9 IL#10 IL#11 IL#12 

4-Fluorobenzyl alcohol 
T = 25°C 

1 1 1 1 1 1 1 1 1 1 1 1 

4- Fluorobenzyl alcohol 
T = 60°C 

1 1 1 1 1 1 1 1 1 1 1 1 

4- Fluorobenzyl alcohol 
T = 0°C 

1 1 1 1 1 1 1 1 1 1 1 1 

             

Cinnamyl alcohol 
T = 25°C 

1 1 2 1 1 1 1 2 1 1 1 2 

Cinnamyl alcohol  
T = 60°C 

1 1 1 1 D 1 1 2 D D D 1 

Cinnamyl alcohol  
T = 0°C 

1 1 2 1 1 1 F F 1 F 1 2 

             

2-EthylHexanol 
T = 25°C 

1 1 1 2 1 2 1 1 1 1 1 1 

2-EthylHexanol  
T = 60°C 

1 1 1 2 1 2 1 1 1 1 1 1 

2-EthylHexanol  
T = 0°C 

F F 2 2 1 2 1 1 1 1 1 2 

             

4-Anisalcohol 
T = 25°C 

1 1 1 1 1 1 1 D 1 1 1 1 

4-Anisalcohol 
T = 60°C 

1 1 1 1 1 1 1 D 1 1 1 1 

4-Anisalcohol 
T = 0°C 

F F F F 2 F F F F F F F 

             

Benzaldehyde T = 25°C 1 1 1 1 1 1 1 1 1 1 1 1 

Benzaldehyde T = 60°C 1 1 1 1 1 1 1 1 1 1 1 1 

Benzaldehyde T = 0°C 1 1 1 1 1 1 1 1 1 1 1 1 
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 These measurements were only preliminary data in order to discover possible outcomes. If an 

alcohol was found that was not miscible with an IL, it was possible to have a spontaneous separation 

after the reaction, thus avoiding the use of a solvent. For example 4-Fluorobenzyl alcohol is soluble in 

all IL thus a solvent is needed, which dissolves the alcohol better than the IL. For example, heptane 

may be used, in order to have the driving force to release the product to the solvent medium. Cinnamyl 

alcohol is readily released when using IL#3 and IL#8 and the temperature is close to 25°C. For 2-

EthylHexanol, IL#3, 4, and 6 seem to be the most appropriate for a reaction with spontaneous 

separation. Finally, 4-Anisalchohol seems to have a change in solubility for IL#5 when the temperature 

decreases. This first information was taken into consideration on the set of experiments. However, 

from these results nothing is stated on the suitability of the catalyst to work with these substrates and 

ILs, and of course these results do not ensure that the spontaneous separation will occur after the 

reaction, since there are some additional species (catalyst, base) that can change the solubility 

properties of the alcohols. 

 Then, the solubility of catalyst in the ILs was tested. In order to ensure that the reaction follows 

a classic homogeneous path, the catalyst must be completely solubilized in the IL phase, regarding 

biphasic or supported catalysis as well. Table 7 provides the values for all the ILs studied. Density 

values were obtained from supplier’s catalogue [93] but for the magnetic IL, IL#11 and 12 whereas the 

values were obtained by experimental measurement. V1 means the volume of IL that is needed to 

completely dissolve, under ultrasonication in 30 minutes, 5 mg of catalyst, which is further used in 

homogeneous and biphasic reactions. However, during the preparation of the heterogeneous SILP 

catalysts, ethanol is used to dissolve the catalyst and IL, which is further evaporated to ensure the 

impregnation of carbon with IL + catalyst. The solubility of catalyst under similar conditions was 

investigated. By adding 2 ml ethanol to 5 mg of catalyst and a certain amount of IL, and subsequently 

performing ethanol evaporation, it was observed that ethanol promoted the dissolution of catalyst in 

IL since in this way less amount was needed (V2) This fact really decreases the amount of IL that has 

to be used in the SILPs.  

Table 7 - catalyst solubility in different ILs. 

Ionic Liquid Density (g/cm3) V1 (μL) V2 (μL) adding ethanol 

IL#1 1.49 300 50 
IL#2  1.42 300 50 
IL#3 1.41 350 50 
IL#4 1.40 150 50 
IL#5 1.02 100 50 
IL#6 1.40 250 50 
IL#7 1.15 400 50 
IL#8 1.07 300 50 
IL#9 0.90 300 50 

IL#10 1.08 250 50 
IL#11 1.45 300 50 
IL#12  1.46 350 50 
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4.2 Homogeneous reactions 
 

 Homogeneous reactions were performed in order to obtain answers to the following major 

questions. Does the catalyst survive in IL? Does the catalyst survive in the presence of substrates? Can 

spontaneous separation be performed with suitable candidates? For the reactions, in a hydrogenation 

flask, 5 mg of catalyst, the corresponding amount of IL according to Table 7 (V1), 2 mmol of substrate 

and 16 μL of DBU were mixed. Reactions were performed using 10 or 40 bar H2 pressure. 4-

Fluorbenzaldehyde was chosen in order to investigate if the catalyst survives the corresponding IL. 

Table 8 shows the results obtained.  

Table 8 - Homogeneous reactions results for 4-FBA. 

4-FBA 
Conversion 

10 bar 

IL#1 100% - 7 min. 
IL#2 100% - 1h 
IL#3 100% - 1h 
IL#4 100% - 1h 
IL#5 0% - 24h 
IL#6 100% - 1h 
IL#7 100% - 1h 
IL#8 100% - 1h 
IL#9 0% - 24h 

IL#10/MIL 0% - 24h 
IL#11 100% - 1h 
IL#12 100% - 1h 

 

 It is evident that IL#5, IL#9 and IL#10/MIL do not allow for the catalyst to be active. This 

suggests a coordination of the dicyanamide anion to the iron complex in the two former cases and a 

coordination by FeCl4
- to the iron complex in the MIL case. 31P NMR confirmed the coordination of the 

anions to the complex since the 31P peak of the catalyst was shifted from the expected position (164.1 

ppm) to 63.2 ppm. All the others work once NTf2 anion is a very weekly coordinating anion. 

Interestingly, in basic ILs (#11, #12), the catalyst could catalyse the reaction without adding DBU to 

the reaction mixture. 

 According to the miscibility testes, Cinnamaldehyde was used particularly with IL#3 and IL#8, 

while 2-EthylHexanal with 3, 4, 6, to determine whether spontaneous separation occurs after the 

reaction. 4-Anisalcohol showed spontaneous separation with IL#5 which coordinates to the catalyst, 

thus it was not tested. Table 9 shows the aforementioned results. 

 

Table 9 - Homogeneous reactions results; 10 bar Hydrogen pressure 

Substrate Cinnamaldehyde 2-EthylHexanal 4-Anisaldehyde Benzaldehyde 

IL#1 100% - 1h -- 100% - 1h 100% - 1h 

IL#2 100% - 1h -- 100% - 1h 100% - 1h 
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IL#3 93% - 1h 

98% - 2h 

99% - 3h 

100% - 4h 

0% - 24h -- -- 

IL#4 100% - 1h 0% - 24h -- -- 
IL#5 0% - 24h -- -- -- 
IL#6 100% - 1h 0% - 24h -- -- 
IL#7 100% - 1h -- -- -- 
IL#8 21% - 1h 

33% - 2h 

50% - 3h 

71% - 4h 

99.2% - 5h 

-- -- -- 

IL#9 0% - 24h -- -- -- 
IL#10 0% - 24h -- -- -- 

 

 Unfortunately, after the reactions, Cinnamyl alcohol did not show spontaneous separation, 

with only one phase observed. Moreover, it can be seen that the hydrogenation of cinnamaldehyde 

in some ILs is slower than in others, due to the low solubility of the aldehyde. The hydrogenation of 2-

EthylHexanal was not successful. This substrate contains some ethylhexanoic acid impurity which 

could not be removed by distillation, and the acid decomposed the Fe(II) complex (31P NMR shifted to 

64.3 ppm).   

 As a conclusion for homogeneous reactions, 4-FBA is a good substrate to quickly test 

conversions. ILs with strongly coordinating anions are coordinating to the Fe(II) complex blocking its 

activity. Spontaneous separation could not be performed after the reactions, thus a solvent is required 

for product extraction. 

 

4.3 Biphasic reactions    
  

 Successful testing in homogeneous reactions revealed the need for a solvent, which dissolves 

the product better than the IL and (conveniently) is not miscible with the IL. Biphasic reactions are the 

following logical step in order to test interactions between IL phase and substrate/product, as well as 

between those and the solvent.  

 The troubled question of the solvent needs to be faced. Bearing in mind the importance of 

green chemistry nowadays as well as safety, water is undoubtedly the first solvent to be taken into 

consideration. Water would be a good candidate, however it is not miscible with the ILs. Furthermore, 

it does not dissolve the used organic alcohols properly, thus using water makes the extraction of the 

product difficult, if not impossible. The second possibility was to use a hydrocarbon that would allow 

for the extraction of the alcohol. Heptane was used, since it is apolar and not miscible with most of 

polar ILs; however ILs with long carbon chains would definitely mix with heptane taking into 

consideration the hydrophobic character of both, the chain and the heptane. 
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 4-fluorobenzaldehyde was chosen as substrate, taking into account the fact that both the 

substrate and the product were very easy to identify via 19F NMR (Figure 11). In addition the fact of 

showing the best performance in the homogeneous reactions with different ILs as well as in previous 

studies of the catalyst [76,80], deem this substrate the most suitable. Additionally, if the IL leaches to 

the solvent phase, it is easily identifiable by the 19F NTf2 anion peak.  

 

 
Figure 11 - 19F NMR spectra; 4-fluorobenzaldehyde peak (-102.30 ppm), 4-fluoroalcohol (-114.69) and NTf2 anion (-78.22). 

 

 Table 10 provides the results obtained, using different ILs and solvents. It can be concluded 

that the Fe(II) complex catalyses the hydrogenation of 4-FBA under biphasic conditions as well. As it 

was expected, the product stayed in the IL phase using water as solvent, both with long and short 

chain ILs, despite the addition of enough water (12 ml) to dissolve the amount of produced alcohol, 

due to the low solubility of the corresponding alcohol in water compared to the IL.  Using heptane as 

solvent resulted in the extraction of alcohol from the IL, with only slight amounts of product remaining 

in the IL phase. As it was expected long chain ILs dissolved in heptane. For this table and the next to 

come conversion was calculated by NMR integration, being 4-fluorobenzyl alcohol the only reaction 

product. 

 

Table 10 - Biphasic reactions. Reaction conditions: 2 mmol of 4-FBA, 0.5 mol% catalyst, 2 mL solvent and IL amount 
according to Table 7; Pressure: 10 bar. 

IL Solvent Conversion Comments 

IL#1 heptane >99% -- 
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IL#2 heptane >99% -- 

IL#2 water >99% Alcohol in IL phase 

IL#3 heptane (2ml) 45 % -- 

IL#4 heptane 95% -- 

IL#6 heptane >99% -- 

IL#7 heptane >99% IL in heptane phase 

IL#8 heptane >99% IL in heptane phase 

IL#8 water (12 ml) >99% Alcohol in IL phase 

IL#11 heptane >99% No DBU 

IL#12 heptane >99% No DBU 

 

 These results are in perfect agreement with the majority of reports on biphasic reaction using 

ILs, and are to a certain extent what motivates searching for a supported solution, that retains the IL 

and allows for the reaction to be smooth and efficient.  

 

4.4 Heterogeneous reactions 
  

 As already pointed out, starting from the classical homogeneous reaction and introduce some 

characteristic elements of heterogeneous reactions, is the core of this thesis. In order to do such, 

supported reactions were performed. Figure 12 tries to illustrate in a simplified way the overall 

process.  
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Figure 12 - Simplified diagram block of the overall process 

 

 The heart of the all process is the hydrogenation; in an industrial scenario it would be a 

reactor. However in the present situation and since the reaction is in batches, an auto-clave was used 

as the one depicted in Figure 10 (vide section 3.5.12). With an overall limit of 200 bar of pressure and 

all made of stainless steel, it is a suitable equipment in where the reaction can be performed.  

 After the reaction itself, the separation between impregnated support and product is of great 

importance. The following diagram (Figure 13) tries to illustrate the desirable situation in the 

supported reaction. The reaction is to be carried at room temperature (≈25°C) and absolute pressures 

ranging from 10 to 40 bar.  

 

CAT – Catalyst; IL – Ionic Liquid; SUP – Support 
 

Figure 13 – Schematic representation of the desired hydrogenation 
mechanism and separation in supported catalysis. 

 

 A schematic representation of the SILP concept applied to the present case is depicted in 

Figure 14. A thin layer is formed which contains the catalyst dissolved in the IL and allows for the 
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substrate’s penetration and consequent reaction. Although an easy to understand concept, the 

presence of a support may change dramatically any conclusion based either on homogeneous or 

biphasic reactions.  

 

 

 

Figure 14 - Schematic representation of SILP catalysis. 

  

 

4.5 Activated Carbon Spheres 
 

4.5.1 Support characterization 

  

 A commercial carbon was used, based on previous reports [94] of its suitability for catalytic 

purposes, in particular, an excellent surface composition (with basic groups dominating the surface), 

an appropriate porosity and pore size distribution and finally a good BET surface area.  The commercial 

carbon was gently ceded by Blucher ® Company; the core business of the company is water treatment 

plants and so this carbon was developed to suit that specific application. 

 The spherical activated carbon, also referred as commercial carbon, is protected by 2 patents 

[95,96] where the process of synthesis is described. As an overview, the carbon spheres are produced 

by a non-porous polymer (based on styrene and divinylbenzene) that is treated/activated using an 

oxidizing agent and carbonized above 900°C for a certain amount of time. All this process is enough 

to create rolling spheres with the desired degree of porosity, by controlling the different 

concentrations, time of exposure and range of temperatures. 

 It is crucial to have a full picture of the used support, once the addition of a third element to 

the classic biphasic reaction may have, at first look, unpredictable results. For a start, both the 
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elemental composition as well as the surface chemistry are of uttermost importance. They both 

decisively influence the adsorptive characteristics and selectivity. On the one hand oxygen groups on 

the carbon surface affect polarity and acid-base properties. On the other hand organic impurities have 

an influence on both physical and chemical adsorption [97]. 

 The company assured 99.9% carbon content based on their research paper [98]. We also 

performed elemental analysis on the provided carbon. Table 11 summarizes the values obtained.  

Table 11 - elemental analysis summary; * - below the detection limit. 

Element Ref. 98 Elemental analysis 

Carbon (C) 99.88% 97.88% 
Iron (Fe) 

0.1 % 
0.11% 

Silica (Si) * 
Oxygen (O) - 0.67% 
Cr,Ni,Ca, Na 0.01% * 

Mg, Mn 0.01% 0.002% 
Others 0.001% 1.338% 

 

 Clearly there seems to exist a difference between what is stated by the company and our 

results. Although roughly 2% in absolute difference for the carbon content, this value can be used to 

justify some not well succeeded experiments, once the catalyst is extremely sensitive to its 

surroundings. 

 It is described in the patents and in the information provided by the company that the 

particles’ size is in maximum 0.8 mm and, in this context, 95% of all particles are between 0.315 and 

0.58 mm. Ref. 98 provides light microscopic images of different sizes of this spherical particles and 

scanning electronic microscopy (SEM) images. Figure 15 shows those experimental results. No doubts 

remain concerning the actual shape of the particles. Furthermore the process of synthesis associated 

with the particles’ size and shape leads to an abrasion resistance much superior to typical values [98]. 

(a) 
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(b) 

 
Figure 15 – light microscopic images of different carbon particles (a) and SEM image (b); obtained from ref. 98 

 

 Surface area and pore size distribution are the two remaining key parameters to assess on the 

provided carbon. Table 12 shows the results obtained for the Commercial Carbon (CC). These values 

are good, once a considerable surface area and pore volume are available. It was also found that CC 

contains 60% mesopores and 40% micropores. 

 

Table 12 - BET measurements on pure carbon support. 

Sample 
BET surface area 

(m2/g) 
Pore volume 

(cm3/g) 

CC 1,420 1.11 

 

 Lastly, an insight into the carbon surface by means of X-ray photoelectron spectroscopy (XPS) 

provides a way of quantifying the total amount of surface oxygen.  Reference 98 states the content to 

be lower than 5 wt-% with 4% C-O bond and 1% C=O bonds.  

 Table 13 quantifies that the surface (up to 10 nm deepness) of mesoporous carbon consist of 

95.3 at% C and 4.7 at% O. The C 1s spectrum of the pristine carbon, Figure 16, quantifies the carbon 

bonds on the surface. It revealed that the mesoporous carbon shows mainly C–C (78 at.%), C–O (7 

at.%), and C=O (4 at.%) signals. In addition we can also evidence the shakeup satellite peak around 

290-291 eV. 

Table 13 - XPS surface elemental analysis; * below detection limit. 

Element At. % 

Carbon (C) 95.3  
Iron (Fe) * 

Oxygen (O) 4.7  
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Figure 16 - XPS pristine carbon surface spectra and quantification; Shake-up stands for other π interactions; black line represents experimental 

data and red lines the used fittings. 

 

 The immediate question is: How is the surface? What specific groups are there? It has been 

reported in a review on activated carbon [97] the astonishing quantity of surface groups available to 

interact with substrates, catalysts, solvents and products. Figure 17 illustrates what the previous 

review states about surface groups. 

C-C 

C-O 

C=O Shake-up 
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Figure 17 - surface groups on activated carbon surface; image from ref. 97 

 

 On the one hand, basic groups are expected to cause no major problem on our catalyst’s 

activity, once it has been reported to be fully active in basic environment. On the other hand, acidic 

groups are the cause of ready deactivation of our catalyst. XPS data shows that the surface does not 

contain O–C=O bonds, which belong to very acidic functionalities, such as carboxylic group, which in 

turn are extremely dangerous to our catalyst. This absence is in good agreement with the 900°C heat 

treatment used in the activation step of the carbon spheres, once this high temperature can selectively 

remove some of the acidic groups from the activated carbon surface [97]. However, some weakly 

acidic phenol groups can be imagined on the surface, since the carbon contains 7 At. % C–O bond 

which can be attributed to phenol and ether functionalities. By measuring CC pH it can be assessed 

whether it is rather basic or acidic. Table 14 shows the measured pH. 

 

Table 14 - Support used and respective pH. 

Carbon pH 

Commercial Carbon – CC 8.4 

 

 Once the measured value for the CC lies in the basic region it can be assumed that the 

temperature treatment successfully removed the majority of acidic groups allowing the carbon to be 

suitable for catalytic applications. 
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4.6 Reaction optimization  
 

 Introducing the CC support may change dramatically the results based either on 

homogeneous or biphasic reactions. This interaction is still nowadays a difficult aspect to explain [77], 

once multiple factors are plausible to affect the outcome. For example the interaction 

support/IL/catalyst as well as changes in viscosity and density are possible factors.  

 Firstly, optimizing reaction conditions regarding pore filling degree and impregnation time 

were essential. The impregnation step of the IL inside the porous matrix is crucial to effectively allow 

for the catalytic phase to stay inside the structure. Ethanol was an easy choice for a solvent, once the 

catalyst is soluble in it and does not decompose. Furthermore, all the ILs studied are soluble in ethanol, 

making it the easiest choice. In accordance with previous good results, reactions’ optimizations were 

achieved using IL#1. 

 In  Figure 18 two pictures a) and b) are presented to illustrate the beginning and the end (after 

applying vacuum) of impregnation. 

 

 

 

(a)  (b) 

Figure 18 – beginning (a) and the end (b) of impregnation step. 

 

 A way of assessing the impregnation is to look for an IL peak in NMR spectra after performing 

hydrogenations, since NTf2 anion has a strong peak at -78.1 ppm in 19F so is easily detected in case of 

leaching. 

 The general reaction in Figure 19 was used to optimize the supported reactions with different 

pore filling degrees (α). Taking into consideration that CC has a pore volume of 1.11 cm3/g, the pore 

filling degree was tested starting from 20%, which means that the volume of IL is 20% of the total pore 

volume of CC. These initial experiments are included in Table 15 in order to provide a visually attractive 

way of summarizing the available information; any observations, when relevant, are provided in the 

comments section. 
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Figure 19 – model reaction for optimizing reaction conditions 

 

Table 15 – pore filling degree testing on supported reactions; support: 100 mg of CC; IL#1: 50μL. 

α 
(%) 

Time 
(h) 

Conversion 
(%) 

Comments 

20 24 0 -- 

30 24 0 -- 

40 24 0 -- 

50 24 0 IL leaching 

60 24 0 Texture changed 

 

 The results clearly show that the SILPs did not catalyse the reaction at all. The addition of CC 

changed the previous results, suggesting that something poisoned the catalyst. However, the majority 

of impregnations were successful, meaning that indeed IL could enter the pores and get fixed inside 

the porous matrix. Moreover, different pore filling degrees can change the texture of the overall 

support. Figure 20 clearly illustrates this situation; on the one hand the desirable situation is depicted 

in Figure 20-a) where all the carbon particles stay in the bottom of the flask (α = 20, 30, 40%) allowing 

for the recovery of the supernatant and allowing for recyclability of the SILP system. On the other 

hand, Figure 20-b) shows a total mixture between particles and supernatant making it much more 

difficult to recycle (α = 60%). It is good to keep in mind that the recycle process must be as fast as 

possible, once contact with oxygen is lethal for the catalyst. 
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(a) (b) 

Figure 20 – macroscopic view of 2 samples with (a) desirable and (b) undesirable texture. 

  

 One possible reason for the inactivity of the catalyst may be assigned to impurities found in 

the carbon as revealed by elemental analysis. In order to remove them, CC was treated with HCl 

and/or NaOH as described in the experimental part. Unfortunately, after the cleaning procedure the 

conversion was still 0%. 

 Another reason could be that the confinement of IL has changed its physical properties. 

Confinement effects on ILs have been widely reported. It is consensual that the viscosity of an IL 

strongly increases when confined inside a porous matrix [99,100,101]. The degree to which it increases 

is dependent on the IL nature and pore diameter. Not so consensual though, and an open field for 

further studies, is the effect on the melting point (MP) of the samples. On the one hand there are a 

considerable number of publications [102,103] that found a decrease in MP; on the other hand, at 

least one [104], found out an increase in MP, up to 200°C. 

 What if the Ionic Liquid is no longer a liquid but turns up in a solid inside the pores? What if, 

a crystallization or freezing step happens inside the pores, traps the catalyst and does not allow for 

penetration of DBU, hydrogen and aldehyde? This possibility might be responsible for the non-working 

experiments. If one considers this possibility, all the results could be explained by this phase transition 

on the IL phase. The catalyst would be trapped inside a solid, and neither Hydrogen nor substrate 

would reach the catalytic site. 

 In order to solve this question, Differential Scanning Calorimetry (DSC) measurements were 

performed. Two samples were analysed; one is a SILP with α = 30 % and the other one is the pure IL#1, 

in order to have a control. IL#1 is relatively small and the impregnation was considered successful, 

with no leaching of IL detected by NMR measurement as discussed above. The experimental data is 

presented in Figure 21. 
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(a) (b) 

Figure 21 – DSC (green) and mass percentage (black) plots for (a) pure IL#1 and (b) impregnated sample with α = 30% 

 

 The analysis of the raw data allows for concluding that there is no IL freezing inside the pores. 

The DSC curves are very similar and, at lower temperatures (between -50°C and 0°C), the data is not 

consistent, once the heating rate was not stabilized. However, if a phase change was to happen, a big 

peak would be noticed. A final remark would go to some decomposition at high temperatures (about 

350°C) for the pure IL and a curious decomposition at much lower temperatures, starting at 120°C for 

the impregnated IL; although confinement clearly does not freeze the IL inside the porous structure, 

some change happened to allow for this lower degradation temperature. 

 Another reason for the SILPs’ inactivity could be that the oxygen removal from the pores of 

the CC was not sufficient when applying vacuum for 24h at 50°C, once CC contains 40% of micropores, 

which adsorbs O2 strongly. This is why a 300°C thermal pre-treatment under vacuum conditions was 

used. After this pre-treatment, the reactions were performed again. The results are shown in Table 

16. 

 

Table 16 - pore filling degree testing on supported reactions; support: 100 mg of CARB; IL#1: 50μL. 

α 
(%) 

Time 
(h) 

Conversion 
(%) 

Comments 

20 24 >99 -- 

30 24 >99 -- 

40 24 >99 -- 

50 24 >99 IL leaching 

60 24 >99 Texture changed 
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 Finally, the inactivity problem was effectively solved, with all the SILPs catalysing the reaction. 

To confirm the presence of air in the micropores, BET measurements were performed using both 300 

and 50 °C as degassing temperature. The results are depicted in Table 17, where it seems clear that 

24h degassing at 50°C is not enough to remove the air from the micropores. 

  

Table 17 - BET results for CARB and CC. 

Sample 
BET surface area 

(m2/g) 
Pore volume 

(cm3/g) 
Degassing 

temperature (˚C) 
Mesopores:Micropores 

(%) 

CARB  1,728 1.18 300 50:50 

CC 1,420 1.11 50 60:40 

 

  The optimum pore filling degree was still to be found. According to the previous results, it has 

to be between 20 and 50%. CARB 20, 25, 30, 40, and 50, corresponding to 20, 25, 30, 40, and 50 pore 

fillings respectively, were tested. The best catalytic phase amount was determined, meaning the one 

that maximizes conversion for a certain period of time. Experiments were made using 40 and 10 bar 

of pressure. The results are available in Figure 22 and Figure 23 respectively.  

 

 

Figure 22 - 40 bar pressure hydrogenation results; experimental condition: 100 mg of support; 2 mmol of substrate(4-FBA); 5 mg 
of catalyst; 2 ml of solvent (heptane); 16μL of DBU; 24-60 μL of IL#1. 

 

 It is clearly seen that when using 40 bar H2 pressure, both CARB 20 and 40, reach full 

conversion in approximately 2 hours. However, it must be noted, that for the preparation of CARB 20 

only 24 μL of IL were used. This amount is not enough to dissolve the catalyst, meaning that the 

catalyst leached to the heptane phase and a homogeneous reaction was taking place as well, 

consequently 100% conversion was achieved. 10 bar pressure provided a slower reaction but was used 

to confirm the best volume amount; indeed CARB 40 seemed to be the optimum pore filling. 
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Figure 23 – 10 bar pressure hydrogenation results; experimental condition: 100 mg of support; 2 mmol of substrate(4-FBA); 5 mg 
of catalyst; 2 ml of solvent (heptane); 16μL of DBU; 30-60 μL of IL#1. 

 

 Two other important parameters were lacking: the support amount and the impregnation 

time. For the first, keeping the optimum IL:support ratio, thus using α = 40% and 10 bar pressure, the 

effect of support quantity was tested.  

 Figure 24 shows conversion results when using S = 50, 100 and 150 mg of support and the 

results are awfully sensitive. When using 50 mg of support, the impregnation was not successful 

meaning that the yellow characteristic colour of the catalyst did not disappear during the process, 

leading, to some extent, to a homogenous reaction outside the porous matrix. Nevertheless, a 

foregone conclusion can be outdrawn; 100 mg support amount is the best choice available and the 

catalyst activity seems to be extremely sensitive to the amount of support.  
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Figure 24 - support's amount results; experimental condition: 50-150 mg of support; 2 mmol of substrate (4-FBA); 5 mg of 
catalyst; 2 ml of solvent (heptane); 16μL of DBU; 24-70 μL of IL#1; pressure: 10 bar. 

 

 Lastly, the impregnation time was meticulously tested in order to determine the best time to 

promote vacuum evaporation of the solvent. In Figure 25 conversion results are presented for 4 

different impregnation times.  

 

 

Figure 25 – impregnation time experiment; experimental condition: 100 mg of support; 2 mmol of substrate (4-FBA); 5 mg of catalyst; 2 ml 
of solvent (heptane); 16μL of DBU; 50 μL of IL#1; pressure: 10 bar; points represent experimental data; lines were created just to fit data. 
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 It is readily comprehensible that, as impregnation time increases, IL and consequently the 

catalyst are allowed to penetrate deeper inside the porous matrix. On the one hand after only 1 

minute, leaching was detected in 19F NMR, thus indicating that a substantial amount of catalytic phase 

lays outside the carbon support. On the other hand, after 60 minutes of impregnation, the phase is so 

deep in the pores that substrate and/or Hydrogen have a hard time reaching it, and consequently 

there is no conversion after 4h. From this set of experiments, it seems wise to consider 5 minutes the 

best impregnation time once no leach is detected, rolling spheres texture is kept and the conversion 

achieved is maximized.  

 Summarizing the results, the optimal determined conditions for SILP system using IL#1 are: 

100 mg support, 50 μL of IL (α = 40 %) with 5 minutes impregnation time. This material is referred as 

CARB 40. 

 

4.7 Characterization of CARB 40 
 

4.7.1 FTIR measurements 
 

 Infra-red measurements constitute a way of assessing the impregnation step and draw 

possible assumptions on whether, and how, does the IL and catalyst interact with each other and with 

the support itself. Being a vibrational spectroscopy, the information provided is on molecular bonds. 

For that purpose, the catalyst, IL#1 and CARB were analysed as well as CARB impregnated only with 

IL#1 (100 mg of carbon and 50μL of IL#1) and with IL#1 and catalyst (100 mg of carbon, 50μL of IL#1 

and 5 mg of catalyst); the conditions pretend to imitate the compositions used in the reaction 

scenario. The results are provided in Figure 26. 

 The results provided clearly point for a successful impregnation of the IL and IL+Cat. inside the 

porous structure, since characteristic peaks of IL can be seen in the spectrum of CARB 40, Figure 26 –

(b).  The strong peaks between 1400 and 1000 cm–1 are related to the vibrations of the anion. The 

peak at 1054 cm–1 is assigned to the S=N stretch, the vibration at 1190 cm–1 corresponds to the C–F 

stretch, while the bands at 1350 and 1140 cm–1 belong to the asymmetrical and symmetrical S=O 

stretching vibration, respectively. The peaks between 1600 and 1400 cm–1 are related to the cation as 

N–C–H and H–C–H vibrations [105].  However, the peaks of the catalyst are fairly seen when the 

catalyst is present in the impregnation medium, since its amount is 20 and 15 times lower than the 

support and IL respectively. 
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Figure 26 – IR results of (a) all samples measured and (b) catalyst and IL in detail; ** - results from subtracting CARB 
spectrum from CARB 40 spectrum. In (b), the spectra were baseline corrected. 
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4.7.2 BET and density measurements 

  

 An open question that was still remaining concerned the real pore filling degree of all the 

samples used. Table 18 provides BET measurements not only for the pure carbon support but also for 

carbon impregnated with IL and carbon impregnated with IL and catalyst. The amounts used were 

always 100 mg of support, 50 μL of IL#1 and 5 mg of catalyst. Concerning the preparation of both 

impregnated samples, the procedure was exactly the same but for the fact that one contains catalyst. 

Table 18 - BET measurements on carbon samples. 

Sample 
BET surface area 

(m2/g) 
Pore volume 

(cm3/g) 
Theoretical 

Pore filling (%) 
Real Pore 
Filling (%) 

CARB 1,728 1.18 - - 

CARB+IL 292 0.34 40 72 

CARB 40 177 0.24 40 80 

 

 The volumes used of IL and IL+Catalyst correspond theoretically to 40% of the total free 

volume available inside the porous structure. Not surprisingly, when the impregnation is made, due 

to some clogging of the pores (Figure 27) the real impregnation percentage is 72 and 80%, 

respectively. It seems that when the catalyst is in the IL, there is a volume expansion, compatible with 

a conformational change in the IL structure and/or an effect on the viscosity and density of IL upon 

confinement [99]. 

 

 

Figure 27 - representation of possible pore clogging. 

  

 Some basic density measurements were made to check for a sudden change in this property. 

Table 19 presents density results where it is possible to assess some changes in this property, 

corroborating the idea of an expansion due to the catalyst presence.  

 

Table 19 - Density results for IL and IL+Cat. 

Sample Density (g/cm3) Error margin 

IL#1 1.61 ± 0.05 
IL#1 + Catalyst 1.38 ± 0.09 
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4.7.3 XPS results 

  

 Complementary to the empirical conclusion provided in Figure 20 and to NMR spectra, some 

XPS measurements were conducted in order to access not only the successful impregnation but also 

the proper dissolution of the catalyst in the IL structure. For that purpose CARB, CARB+IL, IL#1, Cat., 

IL#1+Cat and CARB 40 were used. 

 An overall elemental analysis (angle-integrated quantification) can be found in Table 20 which 

results from the integration of the full survey depicted in Figure 28. It is relevant to note that due to 

charging effects the results for the catalyst alone should only be considered an estimation. It is 

immediate that the impregnation of the IL inside the carbon was successful. Both CARB+IL and CARB 

40 present a decrease in Carbon amount and an increase in Fluor, Nitrogen, Oxygen and Sulfur. 

Furthermore, the dissolution of the catalyst in the IL (IL+Cat.) is evident as well, with a significant 

increase in Fe content as well as P. The catalyst presence in the impregnated sample (CARB 40) is 

indisputable however its low amount does not allow to be detectable with XPS.  

 

Table 20 - XPS elemental analysis. 

Sample / Elements 
(at. %) 

Br C F Fe N O P S 

CARB  95.3    4.7   

IL  36.8 25.6  12.8 16.4  8.3 

CARB+IL  74.9 5.3  2.5 15.9  1.5 

Cat. 5.1 65.0  2.4 7.2 15.5 4.8  

IL+Cat. 0.9 61.3 8.5 1.9 4.9 17.0 1.6 3.9 

CARB 40  72.0 6.8  2.5 17.5  1.2 
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Figure 28 – XPS survey scan spectra and elemental identification; measurements at 51° relative to sample surface 
normal. 

 

 All the peaks present in the survey scan (Figure 28) are compatible with the structure of the 

intervenient species, although with some minor cross-contaminations in the Carbon spectrum for 

Fluorine (e.g.). Taking the best of XPS technique, besides analysing the full survey, elemental spectra 

analysis provides a way of getting an insight into what is occurring in the near surface. Figure 29 

considers C 1s and Figure 30 N 1s, F 1s and S 2p spectra of the relevant intervenients.  

 Concerning the IL, in C 1s region, a set of peaks are observed; the C 1s peak at the highest 

binding energy, that is, at 292.7 eV, is labelled as CF3 in Figure 29. It arises from the two CF3 groups of 

the [NTf2]- anion, corroborating previous results [106,107]. These carbon atoms are the most 

electropositive due to covalent bonding to fluorine atoms (electron withdrawing by nature) and were 

fitted accordingly. The carbon signals at lower binding energies are assigned to the imidazolium ring, 

where carbon atoms exist with different chemical environments. These environments are generally 

classified as Chetero, corresponding to carbon atoms bonded to heteroatoms, and Calkyl, corresponding 

to atoms bonded to other carbons and hydrogen. However, inside these categories a range of sub-

categories are accepted [107,108], namely carbons that are classified as Calkyl and are next to the 

imidazolium ring, are logically assigned to higher binding energies, due to the presence of a more 

electronegative atom in its surroundings. A classification and deconvolution of the peaks is presented 

as well in Figure 29, with carbons labelled from C1 to C5 according to their chemical environment. The 

C1:C2:C3:C4:C5 ratio obtained is 1:2:2.5:1.25:1.25, which is in line with the theoretical ratio of 1:2:2:1:1. 

Furthermore the experimental ratio CF3:C3 is 1:1 in perfect agreement with theoretical expectations. 

Fe2p F1s O1s C1s N1s S2p P2p Br3p 
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Figure 29 – XPS C 1s spectra and IL#1 structure and peak assignment; measurements at 51° relative to sample surface normal. 

  

 C 1s spectra contain more information, in particular for IL+Cat. and CARB 40. In the former, 

the dissolution of the catalyst is clear, once (e.g.) CF3 peak intensity is decreased. In truth this peak 

comes only from the IL structure, and so the increase in other Binding Energies is due to the catalyst 

dissolution and interaction. Concerning the latter, and comparing with the pure Carbon spectrum, the 

impregnation step was successful, meaning that indeed the IL and the catalyst were able to penetrate 

the porous structure.  
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Figure 30 – N1s, S2p and F 1s XPS spectra for major samples; measurements at 51° relative to 
sample surface normal. 

 

 Complementary to C 1s and the full survey, 3 other major elements were analysed and 

contributed to analyse the successful impregnation. 

 N 1s spectra emphasize again the success of the impregnation. On the one hand the IL 

spectrum shows both cation and anion peaks, in the ratio 2:1, which is compatible with the IL 

structure, once there are two equal Nitrogen in the imidazolium ring and a Nitrogen in the anion. The 
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dissolution of the catalyst changes this ratio to 1.1:1. The catalyst contributes with 3 Nitrogen atoms 

as previously shown in Figure 8. Finally for CARB 40 the ratio is roughly 2:1. This result points that 

indeed the IL is inside the carbon structure. One could advocate though, that the ratio should be closer 

to 1.1:1, once the catalyst is dissolved in the IL matrix. However, this situation is not necessary, once 

the amount of catalyst is below the detection limit.  

 For S 2p, it could be noted again a successful impregnation. However, there are two major 

peaks in the IL and IL+Cat. spectra. This could be misleading and as actually created, for years, 

erroneous publications on XPS studies on ILs [109]. The phenomena is known as spin orbit coupling. 

In this situation, for 2p level, there are two peaks, 2p1/2 and 2p3/2, with different binding energies. In 

accordance with the degeneracy of the magnetic quantum numbers for j = 1 /2 (mj = -1 /2, +1 /2) and 

j = 3 /2 (mj = -3 /2, -1 /2, +1 /2, +3 /2), the intensity ratio is 1:2. This ratio is indeed confirmed in the 

present situation. A further detail to notice is the shifting in binding energy, namely towards higher 

values, when the catalyst is present. This shift is present as well for the impregnated sample. 

 F 1s spectra confirm that when the catalyst is added, higher values of binding energy are 

available. The shift is approximately 0.5 eV when the dissolution occurs. This situation is in agreement 

with a conformational change in the liquid structure when the catalyst is added and compatible with 

the cluster image already described by some authors [53,77] and discussed in the State of the art.  

 A deep understanding of the interface nature is of great interest not only for this specific 

application, but for a wide range of them [16]. Typically the discussion on IL surface structure involves 

two aspects: surface composition and molecular orientation. For the former, specific molecules may 

trigger special affinities towards a specific ion or group leading to preferential adsorption. This 

situation leads to a depletion of that ion in the bulk composition. For the latter, detailed and geometric 

ordering of the ions is relevant, even more when a foreign specie (like a catalyst) is present. 

 There are plenty of information and data concerning orientation of pure ILs when in contact 

with a support [109,110]. XPS has been widely used in order to show particular ionic distribution in 

ILs, with or without a solid support. However, a consensual explanation for that fact is still lacking. 

Rather some minor details are explored and explained. XPS is not very sensitive to meticulously 

describe geometry effects such as molecular orientation but is useful for determining the depth 

distribution of certain elements, in other words, the surface composition [111]. 

 The colour maps depicted from Figure 31 to Figure 35, shed some light on how specific 

element changes in atomic percentage with increasing deepness. It should be noted that deepness 

values are not fixed for all the elements. Indeed they depend on the kinetic energy, which depends on 

the binding energy, which consequently depends on the element. For all the following Figures the 

smallest deepness corresponds to 75° and the biggest to an angle of 27°. 
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                                                                   Carbon 

 
 

Figure 31 – XPS angle dependant results for Carbon element; values in atomic percentage. 

 

                                                                       Nitrogen 

 
 

Figure 32 - XPS angle dependant results for Nitrogen element; values in atomic percentage. 
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Sulfur 

 
 

Figure 33 - XPS angle dependant results for Sulfur element; values in atomic percentage. 

 

Fluor 

 
 

Figure 34 - XPS angle dependant results for Fluor element; values in atomic percentage. 
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Oxygen 

 
 

Figure 35 - XPS angle dependant results for Oxygen element; values in atomic percentage. 

 

 The results could be no more interesting. Concerning elemental carbon, depicted in Figure 31, 

from both CARB+IL and CARB 40 it seems clear that the impregnation step was successful, with atomic 

percentages decreasing when compared to the carbon sample and increasing when compared to the 

IL. The curious effect of adding a catalyst to the IL is once again reported in this data. Without any 

support (IL+Cat.) there is a clear evidence of a preferential placement of carbon atoms in more 

superficial regions. Since carbon atoms are present in both IL and catalyst it is difficult to draw a 

definite conclusion based only in this spectrum. However, it is plausible to assume a higher amount of 

catalyst in the surface region, along with reported XPS carbon contamination [112]. It is relevant to 

note as well, that adding the support (containing a huge amount of carbon elements), associated with 

the experimental error associated with the technique, would reveal unwise any conclusions based on 

the supported samples.   

 Elemental nitrogen (Figure 32) displays the same problem as carbon, once it is present in both 

catalyst and IL. Nevertheless, the non-homogeneity of this element in all the scenarios (but for the IL, 

where it is homogeneous as expected) translate the idea that a change occurred not only because of 

the catalyst, but also in the impregnation step, with higher values of nitrogen in deeper regions. 

 The remaining 3 elements should be analysed simultaneously for a better picture of what is 

happening. Sulfur (Figure 33) and fluor (Figure 34) on the one hand, are only present in the IL anion 

(NTf2). On the other hand, oxygen (Figure 35) is present in the IL, catalyst and to some extent on the 

carbon surface. 

 For the IL, as a separate entity, the results are in perfect agreement with a homogeneous 

liquid, with all the elements equally distributed in both bulk and surface. When the catalyst is added 

(IL+Cat.) though, the bulk of the liquid is the preferred location for the anion, with significantly higher 

values compared to the surface. Adding a support to the homogeneous IL (CARB+IL) creates 

immediately a conformational adaption to the surface. This situation is known to happen [110] and is 

corroborated from the sulfur and fluorine maps where an increase with increasing deepness is 

obtained. The oxygen amount shows also an increase, although slight, with increasing deepness. The 
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curious result arises from the supported sample impregnated with both the IL and catalyst (CARB 40). 

In this setting, sulfur and fluorine contents increase with increasing deepness, and oxygen values are 

the opposite of what would be expected, taking into consideration previous results. A possible 

interpretation would focus not only on the anion itself but on its groups’ spatial orientation. It is 

described, for example, a particular orientation of CF3 groups towards the surface of the liquid when 

in contact with a surface [110]. This could be used to justify the rather amorphous result of fluorine. 

In addition, this interpretation could be also used for oxygen, where this element would have more 

affinity to be pushed to the outer space. However, up to now, there is no published data concerning 

this effect. The particular study of ILs on carbon surfaces is a somewhat emerging area, where a range 

of techniques may be applied.    

 In summa, it could be pointed from XPS data that the impregnation was deemed successful 

and that the IL structure, with catalyst alone and inside the porous structure (SILP), is totally 

heterogeneous, due to several interactions, ranging from electrostatic and Van der Walls forces to 

capillary and adsorption interactions.  

 

4.8 Reactions using the optimized CARB 40 
 

4.8.1 Substrate to catalyst ratio (S/C) 

 

 All the systems studied up to this point had a substrate to catalyst ratio (S/C) of 200. It is 

relevant to test the limits of the present SILP by increasing this ratio. In order to do so, the amount of 

substrate was increased to obtain ratios of 400 and 1000. Experiments were made at 10 and 40 bar 

(Figure 36). 
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(b) 

Figure 36 - S/C ratio experiments at (a) 10 bar and (b) 40 bar; experimental condition: 100 mg of support; 2-10 mmol of substrate; 5 mg of 
catalyst; 2 ml of solvent (heptane); 16μL of DBU; 50 μL of IL#1; pressure: 10;40 bar. 

  

 Not surprisingly, results at 40 bar are generally better than at 10 bar; moreover S/C ratios of 

1000 are too harsh for the catalyst concentration. An interesting result is provided by S/C ratio of 400, 

where at 40 bar the reaction is completed after 2h. However, at 10 bar, after approximately 3 hours 

the conversion changes no more, stabilizing at approximately 20%. This result is tremendous to 

conclude that, for an optimum situation, the catalyst must be supplied with both Hydrogen and 

substrate in the right proportions, in order to avoid possible resting states. 

 

4.8.2 Mass transfer limitations 

  

 Homogeneous reactions using S/C ratio of 200 and using ethanol as solvent, achieve full 

conversion after only 6 minutes with 10 bar of pressure [76]. However, supported reactions here 

described at 10 bar, only achieve full conversion after 3h. It seems logical to assume severe mass 

transfer limitations on the overall process. In particular, 2 major limitations are immediate to identify 

and schematically represented in Figure 37. As a remark, C∞ and Csat. are concentrations typically used 

when describing interfacial relations, and correspond to the concentration of H2 in the gas phase 

(given as C =P/RT) and the maximum concentration of H2 achievable in heptane (well described by 

Henry’s Law), respectively.  

 The first mass limitation is what is commonly known as external mass limitation, although in 

a rather broader way. It is firstly intended to describe the resistance experienced by the Hydrogen (H2) 

from the gas phase to the liquid medium and secondly the one from the bulk liquid to IL phase on the 

outer surface of the carbon sphere. H2 solubility in heptane can be excellently described by Henry’s 

law, which predicts the amount of gas as a function of pressure [113,114]. However, this study goes 

beyond the scope of this work and the relevant conclusion is to acknowledge that the higher the 
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hydrogen pressure, the faster the reaction will be, once the saturation value (Csat.) will be higher. A 

second mass transfer limitation happens inside the IL, where Hydrogen must find the proper place to 

be part of the catalytic cycle. 

 

 

Figure 37 - Schematic representation of major mass transfer limitations; C∞ - concentration of H2 in the gas phase; Csat. – 
maximum concentration of H2 in heptane. 

 

 Figure 38 shows the effect of changing pressure, and consequently the maximum bulk 

concentration of H2 in the hydrogenations studied.  

 

Figure 38 - effect of changing H2 pressure; experimental condition: 100 mg of support; 2 mmol of substrate(4-FBA); 5 mg of catalyst; 2 
ml of solvent (heptane); 16μL of DBU; 50 μL of IL#1; pressure: 10-40 bar. 
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 Unexpectedly, Hydrogen pressure and consequently concentration in the heptane phase 

seem to be only relevant below 20 bar of working pressure. This result is a clear demonstration that, 

although H2 plays its part for mass limitations problems, when reaching 20 bar, the limitation is no 

longer present. Effectively, the diffusivity of gases in liquids is known to be higher than that of liquids 

in liquids. This leads to the conclusion that mass transfer limitation is more serious with the process 

of admitting the substrate inside the IL phase and liberating the alcohol.  

 

4.8.3 Leaching 

 

 The extension of leaching was necessary to have a qualitative interpretation of how severe 

the loss of catalyst/IL was and how this loss could affect the reaction results in subsequent 

experiments. ICP results for iron are provided in Table 21. Leaching percentage was calculated 

knowing the amount of iron determined by ICP in the heptane phase and the original amount inside 

the SILP. 

 

Table 21 - ICP results for leaching detecting; ** - leaching was detected by NMR. 

Sample Pressure (bar) IL Substrate Leaching (%) 

CARB 25 10 IL#1 4-FBA 0.2 

CARB 25 40 IL#1 4-FBA 0.4 

CARB 30 40 IL#1 4-FBA 0.1 

CARB 40 10 IL#1 4-FBA 0.3 

CARB 40 40 IL#1 4-FBA 0.3 

CARB 60 40 IL#1 4-FBA **1.2 

 

 It was found that the new SILP catalyst, with the optimum pore filling CARB 40, was highly 

active in the hydrogenation of 4-FBA without significant leaching of both the complex and the IL. 

  

4.8.4 Recyclability 

 

 One of the biggest issues concerning supported ILs has to do, besides being able to perform 

the reaction, with being recyclable. Figure 39 presents recyclability results, under the best possible 

tested conditions. Conversions were obtained after exactly 2 hours from the addition of fresh 

substrate and two experimental sets were made, named #1 and #2. 
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Figure 39 - recyclability tested; experimental conditions: 100 mg of support; 2 mmol of substrate (4-FBA); 5 mg of catalyst; 2 ml of 
solvent (heptane); 16μL of DBU; 50 μL of IL#1; pressure: 40 bar. 

 

 In absolute analysis the results obtained are not the best possible; indeed a severe decrease 

in conversion is identifiable after the 2nd/3rd run. However, the protocol followed and described in the 

experimental section partially allows for justification. The fully converted supernatant is pulled out 

with a syringe, which in turn is not able to remove all the liquid. This situation (of not removing all the 

product) has consequences in the subsequent run. Moreover, this step has to be performed as quickly 

as possible in order to avoid the infiltration of oxygen. Furthermore, once the substrate is fully 

consumed, the catalyst is thought to reach a resting state [76,80], which in turn may lead to the results 

presented. 

 A possible solution would be a continuous flow reactor, for example a plug flow, where the 

catalyst is constantly in contact with fresh substrate, avoiding reaching a resting state.  

  

4.8.4.1 Substrate screening 

 

 In all the experiments, 4-fluorobenzaldehyde was the elected substrate, once it is known to 

yield excellent results with the catalyst. In order to enlarge the spectra of possible, and useful 

reactions, several others were tested. Table 22 depicts the obtained results.  
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Table 22 - Substrate screening; experimental condition: 100 mg of support; 2 mmol of substrate; 5 mg of catalyst; 2 ml of 
solvent (heptane); 16μL of DBU; 50 μL of IL#1; pressure: 10 bar. 

Substrates Time Conversion 

O

H

F  

 

4-FBA 

3 h >99% 

O

H

 

 

Cinnamaldehyde 

4 h >99% 

CH3 O

CH3

H

 

 

2-Ethyl-Hexanal 

24 h 0 % 

O

O CH3

H

 

 

4-Anisaldehyde 

4 h >99% 

O

H

 

 

Benzaldehyde 

3 h >99% 
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 Under these reaction conditions, aromatic substrates without substituent (benzaldehyde) or 

bearing both electron withdrawing halogen substituents such as p-fluorbenzaldehyde or electron 

donating groups such as OMe in 4-anisaldehyde are susceptible of being easily hydrogenated by the 

supported iron(II) complex catalyst. Moreover, after the hydrogenation of a challenging α,β-

unsaturated substrates (cinnamaldehyde), the C=C double bond remained unaffected. This 

emphasizes the high chemoselectivity of the present system. The liquid reaction mixtures were 

analysed again after the reaction and it was found that merely 0.2 mol% Fe leached with respect to 

the initial loading in all cases. 

 

4.8.4.2 IL screening 

 

 Hitherto it was made clear that using 50 μL of IL and 100 mg of support (CARB 40) are the best 

conditions for the reaction. Moreover, the amount of support is as important as the pore filling degree. 

The second important parameter to check is the IL influence on the overall conversion. As already 

discussed, the structure of the IL plays a significant role in the catalyst stability and, as a consequence, 

on the catalyst activity. All ILs that would have a chance to work well with the catalyst were tested 

and results are displayed in Figure 40. Predictably, all the “small” ILs, namely IL#1, 2, 4 and 6 were able 

to perform well, showing no measurable leaching. For the “big” ILs (IL#7 and 8), a degree of leaching 

was expected, since they are soluble in heptane and entering the pores is a difficult task when having 

big chains attached. This situation allows for the IL to stay poorly adsorbed in the outer surface of the 

support, thus being easily removed once the reaction starts. As it was expected, detectable leaching, 

both with 19F NMR and ICP (1.7 %), was affecting big ILs.  A final remark on these figures goes for 

comparing IL#1 and IL#2; they are exactly the same but for the lateral chain. The former has an ethyl 

and the later a butyl chain; this small difference affects the overall result of the reaction. First, 

catalyst’s solubility is different and second the increase in length may affect the filling of the pores, 

eventually leading to different degrees of clogging, not allowing for all the reaction to take place inside 

the porous matrix but only in the entrance of the pores. Unfortunately basic ILs, showed no conversion 

without adding DBU, which is the opposite of the homogeneous results. 
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Figure 40 - ILs testing; experimental condition: 100 mg of support; 2 mmol of substrate(4-FBA); 5 mg of catalyst; 2 ml of solvent (heptane); 16μL of DBU; 
50 μL of IL; pressure: 10 bar. 

 

 Up to this point all possible questions regarding the choice of IL, amount of support and IL 

seem to have been extensively discussed and settled, with all data pointing towards small ILs, in 

particular CARB 40 using 50 μL of IL#1 and 100 mg of support.  

 

4.9 Carbon Cloth – Activated carbon fibers 
   

 Carbon fibers used were made available by Kynol® company; the carbon cloth consists of 

highly porous carbon fibers with specific surface areas ranging from 700 to 3000 m2/g and pore volume 

from 0.4 to 0.8 cm3/g. Fiber’s diameter is typically 10 μm and the pore structure is essentially 

micropores, with an average pore width of 1 nm. Having this into consideration, adsorption dynamics 

are expected to be much superior to those of conventional (granulated or powdered) activated 

carbons. Applications are several and range from electrical/electronic applications to a more 

conventional filtration medium. Nowadays it has been explored as a useful coating for hunters in order 

to avoid having their scent detected by the preys.   

 The raw material is a novolac resin, made by polymerization of phenol and formaldehyde and 

containing approximately 78% carbon. This resin suffers a series of transformations releasing some 

functional groups as the temperature is increased until the desired result is obtained and the fiber is 

completed. Figure 41 shows a picture of the fibers used while Table 23 summarizes the relevant 

information on the 4 kinds of carbon cloth available. 
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Figure 41 - Carbon cloth example. 

 

Table 23 - Carbon cloths main characteristics. 

Carbon Cloth Ref. ACC-5092-10 ACC-5092-20 ACC-507-15 ACC-507-20 

Specific Surface 

Area (m2/g) 
1,000 2,000 1,500 2,000 

Carbon Fiber 

Content (%) 
100 100 100 100 

Thickness (mm) 0.66 0.55 0.47 0.43 

Pore volume 

(cm3/g) 
0.4 0.8 0.5 0.7 

Weight (g/m2) 205 150 115 105 

I2 adsorption 

(mg/g) 
1,300 1,700 1,500 1,700 

pH 6.5 7.5 7.1 8.0 

 

 Mikkola and co-workers [62] used Pd catalyst with ionic liquid supported carbon cloths in the 

hydrogenation of citral. Their results are very interesting, however it seems that carbon cloths are not 

suitable supports in the present case. They do not reach the desired aim in terms of reaction 

conversion. Table 24 shows the results obtained. It is noteworthy that the procedure followed was 

exactly the same used for carbon spheres, including several optimization steps. 
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Table 24 - Carbon cloths results. Experimental conditions: 100 mg of support; 1 mmol of substrate (4-FBA); 2.5 mg of 
catalyst; 2 ml of solvent (heptane); 8 μL of DBU; 40 μL of IL#1; pressure: 40 bar. 

Sample designation Time Conversion 

ACC-5092-10 24 h 1 % 
ACC-5092-20 24 h 2 % 
ACC-507-15 24 h 2 % 
ACC-507-20 24 h 3 % 

 

 These results are disappointing, but relatively easy to explain. The cloth is 100% microporous, 

which means that the IL completely fills the pores, leaving no space for the starting materials to reach 

the catalyst. Since the pores are clogged, the reaction does not take advantage of the incredible 

surface area available inside.  

 

4.10 Overall resume 
 

 The best results concerning experiments performed in homogeneous, biphasic and supported 

reactions are compiled in  

Table 25. Furthermore, for all data, TON and TOF values were calculated, according to Eq. (2) and (3) 

respectively. 

𝑇𝑂𝑁 =  
𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
  (2) 

 

𝑇𝑂𝐹 =  
𝑇𝑂𝑁

𝑡𝑖𝑚𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (ℎ)
  (3) 

 

Table 25 – Resume Conditions: Biphasic: 2 mmol of substrate; 5 mg of catalyst; 2 ml of solvent (heptane); 16 μL of DBU; IL 
according to Table 7;  Supported: 100 mg of support; 2 mmol of substrate; 5 mg of catalyst; 2 ml of solvent (heptane); 16 μL 

of DBU; 50 μL of IL; pressure: 10/40 bar.* - no DBU added. 

Condition Substrate S/C P (bar) Time (min) Conversion (%) TON TOF (h-1) 

Homogeneous IL#1 4-FBA 200 10 7 >99 200 1714 

Biphasic IL#1 4-FBA 200 10 60 > 99 200 200 

Biphasic IL#2 4-FBA 200 10 60 > 99 200 200 

Biphasic IL#6 4-FBA 200 10 60 > 99 200 200 

Biphasic IL#11* 4-FBA 200 10 60 > 99 200 200 

Biphasic IL#12* 4-FBA 200 10 60 > 99 200 200 

CARB 40 IL#1 4-FBA 200 10 180 > 99 200 67 
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CARB 40 IL#1 4-FBA 200 40 120 > 99 200 100 

CARB 40 IL#1 4-FBA 400 40 120 > 99 400 200 

CARB 40 IL#1 4-Anisaldehyde 200 10 240 > 99 200 50 

CARB 40 IL#1 Benzaldehyde 200 10 180 > 99 200 67 

CARB 40 IL#1 Cinnamaldehyde 200 10 240 > 99 200 50 

CARB 40 IL#2 4-FBA 200 10 240 85 170 43 

 

 From all the successful SILPs performed using activated carbon spheres, the best results are 

the ones with 40% theoretical pore filling degree.  This new SILP catalyst, with the optimum pore 

filling, was highly active in the hydrogenation of aromatic aldehydes, exhibiting TONs and TOFs of up 

to 400 and 200 h-1. TON and TOF values for supported reactions are more modest than those of 

homogenous and biphasic, in accordance with mass transfer limitations experienced by the SILP; 

however, it eliminates their main drawbacks, i.e., difficult separation and large amounts of IL needed, 

thus making the SILP catalyst more sustainable. 

 

5. Conclusions and future work 
 

 SILP catalysis has a lot to offer to both academic and industrial applications. In the present 

work a successful SILP system was created, comprising mesoporous carbon spheres, an iron(II) 

complex catalyst and an imidazolium based IL. As major results, full conversion was achieved after 3 

and 2 hours at 10 and 40 bar, respectively, using 4-Fluorobenzaldehyde as a substrate. Furthermore 

TONs and TOFs up to 200 and 400 h-1, respectively were attained. Pressure was found to be important 

up to 20 bar, situation when mass transfer limitation is no longer on the Hydrogen but on the 

aldehyde/alcohol movement. Another major result concerns the amount of support used. In truth, 

the SILP system is extremely sensitive to that parameter, with a small variation leading to huge 

changes in overall conversion. Recyclability was tested and, due to catalyst deactivation, progressive 

loss of activity was found out. 

 Some curious results concern the structure of the IL when the catalyst is dissolved, and when 

this mixture is successfully impregnated/confined in the carbon porous structure. Indeed all the 

employed techniques reveal some curious data concerning this interaction. BET results point for the 

fact that, when the same amount of IL and IL+catalyst are impregnated, the former has an effective 

occupied volume that is below that of the latter. XPS data provides an incredible range of data. On the 

one hand, binding energies shifting towards higher energies and, on the other hand, angle dependent 

analysis of all the elements, clearly shows a special adaptation of the system when the catalyst is 

present. IR measurements go again in the way of showing the same as the previous techniques. DSC 

shows a decrease in decomposition temperature, of approximately 200°C, when the IL is present in 

the porous carbon, in comparison with a pure IL sample. 
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 A very interesting side result is the overall reaction conversion dependency with the 

impregnation time. From a hypothetical point of view, the longer the impregnation, the deeper will 

both IL and catalyst be. However, there is no major reason for showing no conversion at all after 4h.  

 Concerning future work, there are a lot of interesting possibilities. For a start it would be 

interesting to have, in place of a batch reactor, a continuous one, for example a plug flow reactor. This 

situation would be suitable to test for recyclability conditions. The catalyst would be fixed inside the 

reactor, and a continuous source of substrate would be always available, avoiding a possible 

deactivation of the catalyst due to lack of substrate. Another interesting possibility would be to 

explore all the side data concerning the structure of samples when the catalyst is present. As an 

example, some electrochemical techniques to explore charge distributions inside the IL containing 

catalyst would be relevant, as well as using these techniques to study what is happening indeed in the 

deepness of the porous structure. 
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