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1. INTRODUCTION

1.1 Introduction 

Magnetic iron oxide nanoparticles (MNPs) attract huge interest thanks to their striking 

physicochemical properties. These materials are suitable candidates for a wide range of 

uses in many different areas of science and technology. In particular, they are attractive in 

biomedicine and biotechnology for the production of implantable devices, such as 

biosensors, drug delivery systems, catheters and micro dialysis probes, magnetic resonance 

imaging and hyperthermia therapy. In industry, MNPs are used for nanocatalysis, magnetic 

membranes, sensors and storage devices. In industrial catalysis in particular, magnetic 

nanoparticles find an increasing interest because they are able to summarize the advantages 

of traditional homogeneous and heterogeneous catalysts. Their small nano-size in fact 

increases the exposed surface area of the active component of the catalyst, enhancing the 

contact between reactants and catalyst, leading to higher reaction yield typical of 

traditional homogeneous catalysis. Moreover, thanks to peculiar magnetic properties, 

MNPs are easily and efficiently recovered from the reaction mixture.  

Magnetic separation in fact can be considered a strategic sustainable alternative to 

traditional separation methods, which are usually expensive, unsustainable, energy, solvent 

and time consuming.  

It is important to underline that MNP catalytic properties strongly depend on particle size 

shape and stability; therefore, high control of these parameters during their nanosynthesis 

is highly desired.  

In literature, numerous synthetic approaches for the preparation of magnetic iron oxides 

are described: co-precipitation, solvothermal, microemulsion, polyol, metal aerosol/vapour, 

electrochemical etc. Among these, co-precipitation and solvothermal techniques are the 

most commonly used. Both these techniques lack in size and shape particle control and 

usually require environmentally unfriendly auxiliaries. The co-precipitation method for 

example involves hazardous reducing and stabilizing agents to reach an acceptable size and 

shape control, whereas the solvothermal method deals with extremely high temperatures 

and pressures, which are dangerous, expensive and unsustainable for industrial scale up.  

 In view of tightened environmental standards and social sensitivity towards environmental 

protection, a new re-design of MNP preparation has become essential.   
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In this context, the aim of my PhD work is to develop more sustainable and greener 

synthetic approaches to produce well-defined magnetic nanostructured catalysts. In 

particular, two new synthetic approaches were developed following the green chemistry 

principles as “design rule”. The new precipitation and hydrothermal procedures were 

optimized to obtain good particle size and shape control. Both these innovative 

methodologies are characterized by: 

- The use of aqueous ethanol as a solvent;  

- The use of monomode or multimode microwave irradiation, which are highly energy 

efficient heating sources; 

- The absence of polymeric stabilizers, which could lead to the MNP surface 

passivation, decreasing both magnetic properties and catalytic activity; 

- A single reaction step; 

- Short reaction time. 

The correlations between the obtained nanostructure characteristics and the main synthetic 

parameters (such as temperature, heating sources, pH, precursor concentration and reaction 

time) were deeply investigated. These relationships are fundamental and permit us to drive 

the nanoparticles synthesis to obtain nanocatalysts with the desired properties. In fact, 

thanks to these studies it was possible to prepare diverse kinds of magnetic nanocatalysts, 

which are listed in Scheme 1.  

The numerous magnetic nanostructures obtained were subsequently employed in strategic 

industrial reactions such as:  

- Hydrogenation of cinnamaldheyde to hydrocinnamaldheyde; 

- Oxidation of 1-phenylethanol to acetophenone; 

- Oxidation of hydroxymethylfurfural to furan dicarboxylic acid; 

- Suzuki-Miyaura cross-coupling; 

- Heck-Mizoroki cross-coupling; 

- Cassar-Heck cross-coupling; 

- Direct arylation of 1-methyl-1-H-imidazole and 4-iodioanisole; 

- Hydrogenation of pchloronitrobenzene to pchloroaniline  

Moreover, in this PhD work, the effects of the main reaction parameters (such as solvent, 

temperature and pressure) on MNP catalytic performances were intensely investigated. All 

these studies were performed in the liquid phase using a Parr Autoclave. 
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In order to expand the potential catalytic applications of magnetic nanocatalysts, MNPs 

were also employed in the gas phase oxidation/condensation of ethanol using a continuous 

flow reactor. 

The promising catalytic results confirm the high control reached during nanocatalyst 

preparations and their wide range of possible industrial uses. 

Scheme 1 Diverse magnetic nanostructured systems prepared during this PhD work 

The accurate control of nanoparticle properties, reached by adopting new precipitation and 

hydrothermal procedures, guarantees not only that MNPs can be used as nanocatalysts or 

catalytic supports but also as electrostatic sensors and nanoconductors. In particular, for 

these last applications an extensive study of the effects of particle size and composition on 

magnetic and electrical properties was performed. 

Finally, in order to produce better nanoconductors and electrostatic sensors, other 

interesting nanostructures were studied. Generally, for these applications different 

nanostructured metals and their compounds are used. Among them copper and copper 

oxides show promising electrical properties, which strongly depend on nanostructure size, 

shape and geometry.  
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The accurate and efficient control of particle properties is extremely important for the 

application of nanomaterials in sensor and conductor science; therefore, a well-defined and 

reproducible synthetic procedure is highly desired.  

Several synthetic methods for the preparation of copper and copper oxides nanostructures 

are reported in literature. Unfortunately, these techniques show poor control of particle size 

and composition resorting in the use of hazardous and unfriendly stabilizing agents.  

In this context, a new sustainable approach was developed following green chemistry 

principles. This new seed mediated growth method is characterized by the use of water as 

solvent, short reaction time and mild reaction conditions. It is important to underline that 

this new procedure allows the selection of diverse copper nanostructure geometries simply 

by tuning the synthetic parameters such as kind of stabilizing agent or reaction time.  
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2. NANOCATALYSIS IN GREEN CHEMISTRY

2.1 Green chemistry principles 

The Green Chemistry concept was introduced by Anastas in 1990 [1]. Green chemistry 

can be defined as the design of chemical products and processes to reduce or eliminate 

the use and the generation of hazardous substances. It can be summarized in twelve 

principles.  

1. Waste prevention instead of remediation;

2. Atom efficiency;

3. Less hazardous/toxic chemicals;

4. Safer products by design;

5. Innocuous solvents and auxiliaries;

6. Energy efficient by design;

7. Preferably renewable raw materials;

8. Shorter syntheses (avoid derivatization);

9. Catalytic rather than stoichiometric reagents;

10. Design products for degradation;

11. Analytical methodologies for pollution prevention;

12. Inherently safer processes.

These principles have been extensively adopted for the optimization and the design of a 

wide range of processes from laboratory scale to industrial plant scale. 

The green chemistry approach attracts huge industrial and scientific interest due to 

tightened environmental standards and growing social sensitivity towards 

environmental protection. 

In this context the catalytic processes become more relevant, allowing: [2] 

• A lower amount of fresh reagents, reducing both resource depletion and

recycling of the unreacted stream.

• Mild reaction conditions, such as lower temperature and pressure, and almost

neutral pH. These aspects are particularly important because they reduce the

hazards and risks connected to the industrial plant.

• Higher yield, reducing the separation, purification and recycle stages.
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Generally, industrial catalysts are chosen and evaluated through different parameters 

such as: catalytic activity, selectivity, lifetime, catalyst regeneration, toxicity and price. 

Catalytic activity (A) is the reaction rate defined as product number of moles over 

catalyst volume per hour. It can also be expressed as Turnover Frequency (TOF) 

calculated as product number of moles over catalyst number of moles per hour. 

Selectivity (S) is a factor that shows the amount of reagent converted to the desired 

product. It is one of the most important parameters that drives the catalyst selection; in 

particular, if the selectivity is high the formation of by-products will be lower, thus 

making the purification, separation and recycle stages easier. 

The catalyst lifetime refers to the utilization time of the catalyst; in particular, it is 

defined as years of use before catalyst disposal or as amount of product over amount of 

catalyst.  In addition, this factor is very important because it is strongly connected to the 

economic and environmental process costs. A high catalyst lifetime allows less need of 

fresh catalyst minimizing the production of hazardous waste. 

Catalyst regeneration is the procedure applied to reactivate the catalytic site after each 

reaction cycle, in order to guarantee the same catalytic activity. Fast and easy 

regeneration procedures result in a longer catalytic lifetime, and in the reduction of the 

economic cost of the entire process. 

Finally, toxicity is an important factor that quantifies the environmental hazard and 

health risks connected to the use of a certain material. 

One of the most important aspects of Green Chemistry is the concept of design applied 

to chemical products and processes. In fact Green Chemistry is characterized by the 

careful planning of chemical synthesis and molecular design to reduce adverse 

consequences, adopting the twelve principles as “design rules”[3]. 

The new magnetic nanocatalysts described in this work were developed taking into 

account all of these principles, with the purpose to design new sustainable catalytic 

tools for industrial processes.  

2.2  Nanocatalysis 

Nanocatalysis is a field of catalysis in which nanoobjects are used to catalyse reactions; 

this field has undergone an exponential growth during the last few years, as can be seen 

in Figure 1, which reports the increment of the number of publications on this issue per 

year. 
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Figure 1 Number of publications dealing with nanocatalysis per year extracted from the ISI Web of Science 
(Thomson Reuters) database, searched with the combined keywords nano and catalysis 

Nanocatalysis, as traditional catalysis, can be divided in two categories[4]: 

• Homogeneous nanocatalysis when the catalyst is a colloidal dispersion of

nanoparticles.

• Heterogeneous nanocatalysis when the catalyst is a nanopowder supported on

polymers or inorganic compounds.

Traditional homogeneous catalysis shows high catalytic activity and selectivity thanks 

to the straight contact between reagents and active catalytic sites. On the other hand, 

homogeneous catalysts are difficult to recover and recycle leading to unsustainable and 

expensive purification steps. On the other hand, traditional heterogeneous catalysis 

allows an easy recovery and recycle of the catalysts but requires hard reaction 

conditions to reach an acceptable reaction yield.  

In this context nanocatalysis has emerged as a sustainable alternative to conventional 

catalysis, summing up the advantage of traditional homogeneous and heterogeneous 

systems[5]. The nanomaterials are characterized by a high surface/volume ratio that 

increases the exposed surface area of the active component of the catalyst, enhancing 

the contact between reactants and catalyst thus mimicking the homogeneous catalysis. 

Moreover, the insolubility of the catalytic nanoparticles assures the separation and 

recovery which are typical of heterogeneous systems.  
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Homogeneous nanocatalysis uses colloidal dispersion of transition metal nanoparticles 

as catalysts. In particular, the nanoparticles are dispersed in an organic or water solution 

and stabilized to prevent their agglomeration.  The better the stabilization of colloidal 

nanoparticles, the lower the catalytic activity of the entire system because the active 

surface sites will be better protected. 

Generally, colloidal dispersions are prepared by reducing a transitional metal precursor 

in the presence of a good stabilizing agent. The common reducing and stabilizing agents 

employed in homogeneous nanocatalyst preparations are reported in Table 1. 

Table 1 References to the common reducing and stabilizing agents used to prepare homogenous nanocatalysts 

Nanoparticles colloidal dispersions 

Reducing agents 

alcohols, hydrogen gas, sodium 

borohydride, hydrazine, sodium citrate, 

thermal reduction, photochemical 

reduction, sonochemical reduction, metal 

vapour condensation of organometallics, 

metal vapour condensation, 

electrochemical reduction 

Stabilizers 
polymer, block copolymers, dendrimers, 

surfactants, other ligands 

These homogeneous nanocatalysts were generally employed in diverse reactions such 

as: 

• Suzuki cross-coupling reactions;

• Heck cross-coupling reactions;

• Electron-transfer reactions;

• Hydrogenations;

• Oxidations.

However, colloidal nanocatalysts are difficult to recover from the reaction mixture due 

to their small size. Generally, the purification and recovery of metal nanoparticles 

involve extremely expensive procedures such as ultracentrifugation, electrophoresis and 

osmosis separation. 
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On the other hand, heterogeneous nanocatalysis uses transition metal nanoparticles 

supported on various matrices such as polymeric or inorganic compounds. 

Generally heterogeneous nanocatalysts are prepared following three diverse methods: 

the impregnation of nanoparticles onto supports, the grafting of nanoparticles onto 

supports or lithographic techniques.  

These catalytic systems were usually employed in diverse reactions such as: 

• Fuel cell reactions;

• Oxidations;

• Hydrogenations;

• Reduction reactions;

• Decompositions.

The recovery and recycle of heterogeneous nanocatalysts are also quite hard tasks and 

require long filtration and centrifugation stages. 

The introduction of magnetic nanostructured materials as catalytic support or catalysts 

could be a strategic choice to improve the recoverability of these promising 

nanostructured systems. 

It is well known that the catalytic performances of nanomaterials are strongly connected 

to their chemical physical properties. Therefore, it is possible to address the activity and 

selectivity of nanocatalysts by tailoring size, shape, composition and morphology of the 

nanoobjects. For this reason an accurate nanocatalyst design becomes fundamental, 

taking into account the dependence between catalytic activity and nanoparticles 

structure (shape and size). In particular, Somorjai et al.[6] and Che et al.[7] demonstrated 

the  relationships between size and catalytic activity for selected catalysts and reactions, 

classifying these reactions into four primary groups (see Figure 2): 

• Positive size-sensitivity reactions;

• Negative size-sensitivity reactions;

• Size-insensitivity reactions;

• Mix of negative and positive sensitivity.

Positive size-sensitivity reactions are those for which turnover frequency increases with 

the decrease of particle size, as shown by ethane hydrogenolysis over Pt/SiO2 (the 

adopted model reaction). Moreover, this positive size-sensitivity behaviour is 

commonly observed in reactions in which the activation of σ-bond is the rate-limiting 

step. 
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Negative size-sensitivity reactions are those for which turnover frequency increases 

with the increase of particle size, as shown by CO hydrogenation on Ru/Al2O3. In this 

class of reactions, the formation or the dissociation of π-bond is the rate-limiting step. 

Size-insensitivity reactions are those for which turnover frequency is not significantly 

dependent on particle size, as shown by benzene hydrogenation over Pt/SiO2. 

Finally, the mix of negative and positive-sensitivity are those for which turnover 

frequency has a local maximum or minimum at a particular nanoparticle size.  

Figure 2 Major classes of sensitivity, which describe the relationships between NP size and turnover frequency 
for a given combination of reaction and NP catalyst 

Transition metal nanoparticles can be synthetized in diverse shapes that are 

characterized by peculiar atomic arrangements and electronic configurations.[8] 

Nanomaterial shape and geometry influence the catalytic activity of the entire catalytic 

systems, in fact the position of the surface atoms and the electronic arrangement can 

determine the availability or the inhibition of the active catalytic sites [9].    

Consequently the design of new sustainable synthetic procedures able to control 

nanocatalyst shape and size is highly desired and could assure good selectivity and high 

yields in determined reactions. 
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2.3 Magnetic nanomaterials as recoverable nanocatalysts 

In the last few years, the use of magnetic nanoparticles (MNPs) as nanocatalysts or 

catalytic supports for metal nanoparticles has seen an extraordinary growth. Thanks to 

their reduced-size and magnetic properties, MNPs combine the high catalytic activity of 

nanostructures, discussed above, with the efficiency of magnetic separation. Usually 

nanoparticle separation is characterized by elevated solvent, time and energy 

consumption and involves complex techniques such as filtration, electrophoresis, 

osmosis, inverse osmosis, centrifugation, ultracentrifugation and dialysis.  

On the other hand MNPs can be easily recovered using a simple external magnet[10]. 

The separation and recycle of catalysts is important not only from an environmental 

point of view but also for the economical balance of the industrial process. 

Generally the catalytic systems are composed of transition or noble metals (which are 

very expensive and sometimes environmentally dangerous materials) and must be 

efficiently recovered and recycled. For these reasons, MNPs are becoming a strategic 

choice for industrial processes, opening the road to the future employment of 

nanomaterials in catalytic industrial plants.  

2.3.1 Magnetic nanomaterials 

Magnetic properties of materials arise from the spin and orbital angular moment of the 

electrons contained in the compound. The main measurements that allow the 

characterization and classification of magnetic materials are magnetic permeability, 

magnetic retentivity and magnetization of saturation as shown in the magnetic 

hysteresis curve reported in Figure 3. 

Magnetic permeability  is a function of the magnetic field which shows the ability of 

the material to let the magnetic field flow (See equation 1). 

(1)         

Where B is the induced magnetic field and H is the magnetic field force. 

Materials characterized by permeability values less than 1 are defined as diamagnetic, 

those that show permeability near to 1 are called paramagnetic; finally, materials with 

permeability higher than 1 are classified as ferromagnetic. 

Magnetic retentivity is the ability of the material to maintain magnetization after the 

external magnetic field has been removed. Retentivity is a typical property of 

µ

B = µH

23



ferromagnetic materials, which are able to maintain dipole magnetic orientation after 

the removal of the external field. 

Finally, magnetic saturation M0 is the maximum magnetization value that a material can 

reach when its magnetic domains are completely oriented in parallel to the magnetic 

field. The complete orientation of the material magnetic domains leads to the formation 

of a unique big Weiss domain. At this point, when improving the magnetic force H, the 

magnetization does not change. The M0 value arises from the atomic magnetic moment 

m and the number of the atoms n that form the material (See equation 2): 

(2)        

All these properties are represented in the hysteresis curves which show the influence of 

the magnetizing force H, and magnetization M, on the induced magnetic field B (see 

Equation 3). 

(3)         

As it is possible to observe from the hysteresis curves showed in Figure 3, when the 

material has been driven to saturation, the magnetizing field can be dropped to zero and 

the material will retain most of its magnetization (retentivity). 

Figure 3 Typical magnetic hysteresis curves where a is the saturation point M0, and b is the retentivity curve 

0M = nm

( )MHB += µ0
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Depending on magnetic properties and behaviours it is possible to classify materials as 

diamagnetic, paramagnetic, ferromagnetic and antiferromagnetic (see Figure 4). 

Figure 4 Types of magnetism with the schematic representation of typical atom dipole orientation. 

Diamagnetic materials do not show permanent magnetic atomic moment but if these 

materials are placed in a magnetic field, an atomic magnetic moment opposite this 

magnetic field is created. 

Paramagnetic materials are those materials characterized by magnetic atomic moments 

randomly oriented.  When these materials are placed in a magnetic field all the atomic 

magnetic moments can be arranged and oriented in the same way. 

Ferromagnetic materials are characterized by Weiss domains (represented in Figure 5), 

which are areas bigger than 100 nm where the atomic magnetic moments are oriented in 

the same direction. When ferromagnetic materials are placed in a magnetic field all the 

Weiss domains are oriented in the magnetic field direction and this orientation is 

maintained also when the magnetic field is removed.  
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Figure 5 Weiss domain inside a ferromagnetic material and the progressive orientation of a magnetic moment 
with an external magnetic field 

Small ferromagnetic nanoparticles characterized by size smaller than 100 nm contain 

only a single Weiss domain and show a particular magnetic behaviour defined as 

superparamagnetism. The superparamagnetic materials are single domain particles with 

a giant atomic moment composed of the magnetic moments of the atoms that form the 

particles. The orientation of this giant magnetic moment could change rapidly to 

contrast an external magnetic field as observed by Goussin et al[11]. 

It is important to underline that the magnetic behaviour of a material depends also on 

the temperature so the analysis of material magnetic behaviour should be performed at 

the temperature of utilization. 

Ferromagnetic behaviour in fact can be observed only below the Curie temperature; 

over this temperature, magnetic permeability decreases and the material behaves like 

diamagnetic one. 

Ferromagnetic materials are divided into hard ferromagnetic if characterized by a 

coercivity higher than 10 KA/m and soft ferromagnetic materials if characterized by a 

coercivity below 1 KA/m. 

Finally, antiferromagnetic materials are characterized by domains analogous to the ones 

of ferromagnetic materials but in which atomic magnetic moments are oriented in 

antiparallel way and the resultant magnetic moment is zero. 

Several transition metals and their oxides or compounds show interesting ferromagnetic 

and paramagnetic properties such as (Co, Fe, Fe2O3 Fe3O4, NiFe2O3, CuOFe2O3, 

MgOFe2O3, MnBi, Ni, MnSb, MnOFe2O3, Y3Fe5O12, CrO2, MnAs, Gd, Dy, EuO)[12]. 

Among them, iron oxides are the most interesting materials that produce sustainable 

magnetic nanocatalysts. Iron oxides in fact are the most common minerals on Earth. 

Moreover magnetic iron oxides such as maghemite and magnetite due to their low cost, 

high biocompatibility and negligible toxicity[13] have been extensively investigated for 
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biomedical applications[14]. For all these reasons, magnetic iron oxides can be 

considered interesting and promising suitable candidates as greener nanocatalysts. 

2.3.2 Iron oxides 

With the term iron oxides, sixteen iron compounds (oxides and hydroxides) are 

commonly indicated. Among them, the most interesting species studied in this work are 

hematite α-Fe2O3, maghemite γ-Fe2O3 and magnetite Fe3O4. 

Hematite is a red semiconductor mineral with a compact rhombohedral structure formed 

by octahedral planes of FeO6 (see Figure 6). This mineral is the thermodynamic stable 

isomer of maghemite. Consequently, if maghemite nanoparticles are thermally stressed 

they are easily converted to hematite as reported by X. Ye et al[15]. 

Hematite shows a peculiar magnetic behaviour, in fact at room temperature (273 K) it is 

weakly ferromagnetic, under 270 K it becomes antiferromagnetic and over its Curie 

temperature (965 K) it is paramagnetic. 

Maghemite is a semiconductor red brick mineral with a compact cubic structure where 

the octahedral and tetrahedral sites are not completely filled by iron ions (See Figure 6). 

Maghemite shows a ferromagnetic behaviour until its Curie temperature (700-800K) at 

which it is converted into hematite. 

Finally, magnetite is a semiconductor black mineral with the typical formula of inverse 

ferrite spinel MO �  Fe2O3 (where M is FeII). Magnetite shows a compact cubic 

crystalline structure analogous to maghemite, where the octahedral sites are occupied by 

FeII ions and the tetrahedral sites are occupied by FeIII ions (See Figure 6)[16]. Thanks to 

this inverse spinel structure, magnetite shows a ferromagnetic behaviour until its Curie 

temperature (850 K), over this value magnetite can be classified as antiferromagnetic. 

Figure 6 Crystalline structures of hematite magnetite and maghemite 
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Below the Curie temperature both maghemite and magnetite crystals show the typical 

Weiss domain of ferromagnetic materials. If the crystals of these iron oxides are 

characterized by a nanometric size (< 100 nm) their magnetic behaviour is classified as 

superparamagnetic.  

It is important to underline that the iron oxide phases presented above are at the 

equilibrium phase, in fact by changing the environmental condition (such as 

temperature, pressure and pH) it is possible to transform one iron oxide into the other. A 

scheme of the numerous complex reactions involved in this equilibrium is reported in 

Figure 7. This complex reaction scheme is extremely important in order to verify the 

possibility of employing a specific iron oxide as catalyst or catalytic support under 

determinate conditions. 
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Figure 7 Scheme of the reaction involved in iron oxide phase transformations[17] 

The preparation of nanoparticles composed of a single stable iron oxide phase is quite a 

hard task; therefore accurate phase identification is fundamental to ascertain the 

composition of the obtained nanomaterial. 
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As described by Schwertmann et al. it is possible to identify and characterize the 

diverse iron oxides through their physical chemical properties.[18] In particular the main 

distinctive aspects are: 

• Mineral Colour

• Mineral crystalline structure

• Magnetic properties

Colour analysis can be a simple visual analysis or a specific colorimetric analysis using 

a CIELAB colorimeter or a Spectrophotometer UV-VIS.  

The crystalline structure of the mineral is the unique digital footprint for each iron 

oxide. The crystalline parameters, the kind of Fe-O bond and the dimensions of the 

crystalline cell of each iron compound can be determined by using diverse techniques: 

X-Ray diffractometry, Raman spectrometry and FT-IR spectroscopy.  

Finally, the magnetic properties, such as the peculiar hysteresis curves, can be 

investigated by using a Vibrating Sample Magnetometer (VSM) or Superconducting 

Quantum Interface Device (SQUID).  

Mineral colour, crystalline structure and magnetic properties allows to clearly identify 

hematite, maghemite and magnetite as shown in Table 2. 

Table 2 Main characteristics of hematite, maghemite and magnetite 

Mineral Colour 
UV band 

(nm) 
Crystal shape 

FT-IR 

band 
Raman 

Magnetic 

properties 

Hematite Red 

884,649, 

529,444, 

404,380, 

319, 270 

Rhombohedral 540,470 

224,290,

408,607,

656,1316 

Weak 

Maghemite 
Red 

brick 

934,666, 

510,434, 

370,315, 

250 

Cubic 

450,470, 

570,590,

630 

308,375,

513,640,

712,1316 

Medium 

Magnetite Black 1400,300 Cubic 590 

290,408, 

518,672, 

1316 

Strong 
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3. METHODOLOGIES FOR THE SYNTHESIS OF

MAGNETIC IRON OXIDE NANOPARTICLES

3.1 Introduction 

Magnetic iron oxide nanoparticles (MNPs) find smart and increasing applications in many 

strategic fields thanks to their striking physicochemical properties[1]. These materials are 

suitable candidates for a wide range of uses in many different areas of science and 

technology. In particular, they are attractive in biomedicine and biotechnology for the 

production of implantable devices, such as biosensors, drug delivery systems, catheters and 

micro dialysis probes[2], magnetic resonance imaging[3] and hyperthermia therapy[4]. In 

industry MNPs are applied for nanocatalysis[5], magnetic membranes[6], sensors[7] and 

storage devices[8]. In particular, magnetic nanocatalysts are becoming a strategic choice for 

industrial processes, not only from an economic point of view but also for the eco-

sustainability of the entire process, because the magnetic recovery of MNPs from the 

reaction mixture is simpler and more efficient than conventional separation methods[9].  

It is important to underline that nanoparticle catalytic performances are strongly connected 

to their size, shape, composition, surface structure and stability, and these parameters are 

strongly influenced by the synthetic procedure adopted for nanoparticles preparation.  

In particular, taking into account that most of MNPs peculiar properties are strongly 

connected to their size and shape, good particle stability against aggregation results 

fundamental[10].  

Generally, metal nanoparticles are only kinetically stable and tend to aggregate with time, 

especially when inter-particle distance is short enough to permit particle attraction and 

aggregation due to Van der Waals forces. However, the stability of colloidal dispersion can 

be achieved by using specific stabilizing agents able to generate repulsive forces opposed 

to Van der Waals ones. 

Nanoparticle stabilization can be explained using the Derjiaguin-Landau-Verwey-

Overbeek theory (DLVO theory)[11], and described through the charge and steric  

interaction at particle surface. In particular, it is possible to identify three kinds of 

stabilization: electrostatic stabilization, steric stabilization and electrosteric stabilization.  
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Electrostatic stabilization is based on the use of ionic compounds and deals with the 

adsorption of ions on the particle surface. The absorption of ions causes the formation of 

an electrical double layer around the particles that generates the Coulombic repulsion 

between them. If the Coulombic repulsion is higher than Van der Waals attraction forces 

this electrostatic repulsion will prevent particle aggregations. However, this kind of 

stabilization is very sensitive to the chemical environment, and any parameter which 

influences the colloidal dispersion (such as temperature, ionic strength and concentration) 

can result in electrical double layer disruption and consequently particles aggregation. 

Steric stabilization is based on the particle surface coating with sterically bulky compounds 

such as polymers, dendrimers, amines, thiols, phosphine, silanes and aminosilanes. This 

large protective layer is able to limit the movement of the particles thus preventing 

particles aggregation. Moreover, if two particles are near enough to interpenetrate their 

protective layer, an osmotic repulsion force occurs. This osmotic force pushes the solvent 

between the particles re-establishing the initial solvent concentration. 

Finally, electrosteric stabilization is a combination of the above stabilizations and is based 

on the use of ionic surfactants. In particular, particle surfaces are coated with long and 

sterically bulky molecules characterized by a polar group and a long carboxylate chains 

that provide electrostatic and steric stabilization. 

In conclusion, to obtain well-defined stable MNPs an accurate design of the synthetic 

approach is required.  

The methodologies for the preparation of MNPs are divided into the “Top-Down” and the 

“Bottom-Up” techniques represented in Figure 1. The “Top-Down” approaches involve 

thermal, chemical or mechanical disintegration of large bulk material into nanostructures. 

The “Bottom-Up” approaches are chemical techniques which involve first the generation 

of metal atoms from salt or organometallic precursors and then their growth and 

agglomeration until a determined nano-size. Commonly, Bottom-Up approaches involve 

specific reducing agents such as dihydrogen, sodium borohydride, amineboranes, 

hydrazine, alcohols or diols and stabilizing agents such as polymers, dendrimers and 

surfactants to control nanoparticle agglomeration. 

For the preparation of MNPs the most common  “ Bottom-Up” synthetic techniques are: 

• Co-precipitation;

• Hydrothermal;

• Microemulsion;
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• Polyol;

• Areosol/vapour pyrolysis;

• Electrochemical;

• Microwave or sonochemical assisted approaches.

Figure 1 Schematic representations of Top-Down and Bottom-Up approaches for the preparation of nanoparticles 

Among them co-precipitation and hydrothermal methods are the most extensively used. In 

this work the relationship between the diverse synthetic parameters and the final textural 

particle properties were studied to better optimize and customise the synthetic procedures. 

3.2 Synthesis of iron oxide nanoparticles: the co-precipitation approach 

The traditional co-precipitation technique is based on two steps, the nucleation of 

nanoparticle seeds and their subsequent growth. In particular, the nucleation stage starts 

when the concentration of the constituent species reaches critical saturation point, then the 

obtained seeds start to grow by diffusion of solutes from the solution. This mechanism was 

described by La Mer et al.[12] and represented in Figure 2. The main disadvantage of this 

approach is the lack in nanoparticle size and shape controls. In fact, only by keeping the 
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nucleation stage well separated from the growth stage is it possible to achieve narrow 

particle size distribution.   

Figure 2 La Mer schematic mechanisms of nanoparticle nucleation and growth 

Co-precipitation is a common technique for producing magnetic iron oxides, and is based 

on the dissolution of FeII and FeIII salts in aqueous media and the subsequent precipitation 

of iron oxide nanoparticles by increasing the pH up to 8-14 (see Scheme 1).  This approach 

leads to the preparation of diverse iron oxides such as hematite, maghemite and magnetite. 

For example, Ramaya et al. showed the preparation of diverse pure iron oxide phases and 

their mixtures by changing the reaction conditions[13].  

Scheme 1 Scheme of the reactions involved in the co-precipitation of iron oxide 

1Fe2+ + 2Fe3+ + 8OH- Fe3O4 + 4H2O

Fe3O4 + 2H+ γ−Fe2O3 + Fe2+ + H2O
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Nanoparticle size, shape, magnetic properties and catalytic activity are strongly connected 

to the adopted synthetic conditions such as the type of precursor, the FeII/FeIII molar ratio, 

reaction temperature, pH value and the ionic strength of the solvent.  

 By selecting the right reaction conditions it is possible to produce well-defined iron oxide 

nanoparticles, as described also by E. Rafiee et al.[14] who reported the preparation of 

maghemite (γ-Fe2O3) nanoparticles. In more specific detail, their procedure involved the 

dissolution of iron chlorides salts. NH4OH 6 M and NH4OH at 25% wt. were then added 

to this solution and heated at boiling temperature under reflux for 1h. S. Keshavarz et 

al.[15], instead, described the preparation of magnetite, Fe4O3 nanoparticles characterized by 

an average diameter of 10 nm. These small particles were obtained starting from an iron 

aqueous solution characterised by a FeII/FeIII molar ratio of 2/1. Then 20 wt.% of 

polyacrilic acid was added to this solution and it was heated up to 95°C. When this 

temperature was reached, the pH of the resulting solution was increased up to 10 by adding 

NaOH. After 3 h the magnetite nanoparticles were collected by centrifugation.  

Finally, K. C. Souza et al.[16] showed the preparation of magnetite nanoparticles through 

precipitation of FeSO4  under aqueous alkaline pH obtained by adding KOH.  

Several other co-precipitation procedures are reported in the literature involving different 

kinds of iron salts such as chlorides[17], sulfates[18] and nitrates[19] , numerous alkaline 

precipitation auxiliaries such as sodium hydroxide[20], ammonia[21], ammonium monobasic 

phosphate[22] and hydrazine[23] and organic stabilizing agents like polyvinylalcohol[24], 

polyacrilic acid[15], citric acid[25], oleic acid and other organic compounds[26].  

The use of diverse kinds of hazardous and unfriendly auxiliaries strongly discouraged the 

use of co-precipitation as an industrial process to produce MNPs.  In fact, the growing 

interest in environmental protection and tightened environmental standards lead to re-

design the classical preparations. Moreover, efficient particle size control and high purity 

iron oxide are difficult to obtain when adopting co-precipitation methods. For these 

reasons in this work, a new, greener and efficient precipitation approach to produce well-

defined nanoparticles is proposed. 

3.3 Synthesis of iron oxide nanoparticles: the solvolthermal approach 

The solvolthermal method involves the use of solvents under moderate to high pressure 

(typically between 1 atm and 1000 atm) and temperature (typically over 100 °C). These 

harsh conditions facilitate the interaction between metal precursors during synthesis.  The 
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most common metal precursors adopted for solvothermal preparations are metal salts or 

organometallic compounds (such as chlorides, nitrates and acetates).  

In the solvothermal approach, solvent characteristics, such as ionic product, density, 

thermal conductivity, viscosity, heat capacity and the dielectric constant are extremely 

important. All these peculiar characteristics are strongly dependent on the adopted pressure 

and temperature. 

For example, the dielectric constant of solvents drastically changes with the temperature 

(see Figure 3), and rapresents a very important parameter because it determines the 

solubility of polar and ionic species, which are usually employed as precursors in the 

solvothermal preparation.  

Figure 3 Dielectric constant vs temperature for diverse solvents 

Specific nanoparticle characteristics can be obtained simply by tuning the reaction 

conditions, as pressure, temperature and kind of solvent.  

T. Adschiri et al.[27] reported the classical hydrothermal mechanism for the preparation of 

metal oxides from a salt aqueous solution. The hydrothermal mechanism, as can be 

observed in Scheme 2, is divided into two steps: salt hydrolysis and its subsequent 

dehydration. 
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Scheme 2 Classical hydrothermal reaction mechanism proposed for the preparation of metal oxides from a salt 
solution where M is the metal and X is the anion of the metal salt. 

In particular, the first step deals with the hydrolysis of the metal salts to produce the metal 

hydroxide, while the second step is the dehydration of metal hydroxides to metal oxides. 

However, the mechanism that controls the reaction is not completely understood, in fact 

the intermediate hydroxides are not stable and their structure and formation are not fully 

cleared. 

Furthermore, the hydrothermal synthesis can also start from organometallic precursors, in 

this case the decomposition of the organic part of the metal precursor must be considered 

as shown in Scheme 3.  The partial oxidation of Fe(II) to Fe(III) is guarantee by a complex 

balance between the oxidizing power of the oxygen dissolved in the water medium and the 

reducing power of the adopted alcohol. 

Scheme 3 Hydrothermal reaction mechanism proposed for the preparation of magnetite from organometallic 
precursors 

Several authors report MNP preparation through solvothermal procedures, L. Hu et al.[28] 

for example, described the preparation of diverse iron oxides through the hydrothermal 

treatment of iron chlorides in an aqueous ethanol solution. In particular, by changing the 

precursor concentration, temperature, pH and reaction time it was possible to obtain the 

different single iron oxide phases or their mixture. Y.H Zheng et al.[29] showed the 

preparation of magnetite nanoparticles utilizing iron(III) nitrate in an aqueous medium. 

M. Gotić et al.[30], instead, showed the synthesis of magnetite nanoparticles by adopting 

hydrothermal decomposition of the iron(III) acetate.  

The iron oxidation state control is a fundamental task for the solvothemical approach, 

because it can drive the synthesis toward the desired pure ion oxide. As explained in 

Chapter 2, there are a lot of complex balances between the iron(II) and iron(III) species, 

which could occur in the preparation of diverse pure iron oxides or iron oxide mixtures. 

MXx(aq) + xH2O(l) M(OH)x(s) + xHX(aq)

M(OH)x(s)  MOx/2(s) + x/2H2O(l)

 Fe(CH3COO)2+ xH2O Fe(OH)x + CH3COO- + CO2

Fe(OH)x  Fe3O4(s) + x/2H2O
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Hydrothermal processes can be used to prepare diverse nanostructured geometries such as 

sphere (0D) rod or wire (1D) and sheet (2D), controlled by manipulating solvent 

supersaturation and metal precursor concentration. However, efficient size, shape and 

composition control is difficult to reach and generally requires the addition of different 

stabilizing agents such as oleic acid[31], oleylamine[32], pyrrolidone[33], polyethilene 

glycol[34], and long reaction times. The adsorption of these stabilizing compounds on 

nanoparticle surfaces generates a protective layer, which lead to the catalyst surface 

passivation, reducing the catalytic activity. Moreover, this protective layer can act as a 

magnetic shield by decreasing the final magnetic behaviour of MNPs. For all these 

reasons, in this work a greener hydrothermal procedure, able to assure narrow particle size 

and good magnetic behaviour, is proposed. 

3.4 Synthesis of iron oxide nanoparticles: the microemulsion approach 

Microemulsion is a thermodynamically stable dispersion of two immiscible liquids, where 

the microdomains are stabilized by the presence of surfactant. For example, in water-in-oil 

microemulsions, the aqueous phase is organized as a micelles surrounded by a monolayer 

of surfactant in a continuous hydrocarbon media. It is possible to control the micelle size 

and shape simply by choosing the right kind of surfactant and water/surfactant molar ratio 

as showed in Figure 4. 

Figure 4 Water-in-oil microemulsion phase diagram with the diverse micelle geometries 
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The micelles can be used as a microreactor for metal particle synthesis and their size and 

shape strongly influences particle growth. By adding metal salts to water-in-oil 

microemulsion, the salts selectively enter into the water micelle leading to the nucleation 

of nanoparticles. The nanoparticle can grow into this microdomain reaching the maximum 

micelle size and shape. At the end of the growth process, it is possible to precipitate 

nanoparticles destabilizing the water-in-oil microemulsion by adding a polar solvent. The 

microemulsion schematic process is shown in Figure 5. 

Figure 5 Schematic representation of water-in-oil microemulsion preparation of MNPs 

Housaindokht et al.[35] reported the study of the dependence between particle size and 

surfactant hydrophilic-lipophilic balance. The surfactant hydrophilic-lipophilic balance is 

an important concept related to the interfacial packing of surfactants that are connected 

with the micelle geometry and structure. 

This technique allows the preparation of many types of magnetic nanoparticles 

characterized by a relatively wide range of controlled size and shape that strongly depend 

on the micelle structures. C. Okoli et at.[36] for example reported the preparation of 

magnetite through water-in-oil microemulsion and its inverse system underlining the 

marked difference in particle textural properties. In particular, oil-in-water systems lead to 

smaller particles characterized by the highest surface area.  

Moreover, magnetite nanoparticles with around 10 nm diameter have been prepared by Z. 

L. Liu et al.[37] by adopting controlled hydrolysis of FeCl2 and FeCl3 aqueous solutions 

within a reverse micelles generated using sodium dodecyl benzene sulphonate (DBS) as 

surfactant and toluene as the continues oil phase. Numerous analogous procedures have 

been reported for the microemulsion production of magnetic nanoparticles although the 

working windows for the microemulsion synthesis is quite narrow and the nanoparticles 

production yield is usually low if compared with those reached with the other techniques.  

In conclusion, this process is not really sustainable either from an economical and 
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environmental point of view being characterized by low process efficiency and extensive 

energy and solvent consumption. 

3.5 Synthesis of iron oxide nanoparticles: the polyol approach 

The Polyol technique is based on the use of liquid polyols acting as reaction medium, 

solvent, reducing agent and in some cases, as complexing agents for the metallic 

precursors. The metallic salts are dissolved or suspended in polyol and the final metal o 

metal oxide is precipitated under stirring and heating. The general reaction mechanism of 

polyol process is shown in scheme 4. 

Scheme 4 MNPs preparation by polyol  synthesis 

Numerous polyol procedures have been reported in the literature adopting different types 

of polyols. F. Fievet et al.[38], for example, described the use of ethylene glycol and 

polyethylene glycol as reducing agent and reaction medium. H. L. Liu et al.[39] reported the 

preparation of magnetite nanoparticles utilizing iron(III) acetylacetonate dispersed in 1,2 

hexandecanediol, octyl ether, polyvinylpirrolidone and then heated up to 120°C for 1 h. 

Analogously J. Wan et al.[40] showed the preparation of magnetite nanoparticles  through 

thermal decomposition of iron(III) acetylacetonate in triethylene glycol and D. Arndt et 

al.[41]  described the same reaction in diethylene glycole. 

By adopting this procedure it is possible to control size and shape of nanoparticles by 

selecting the kinetic profile of the precipitation and the kind of polyol involved.[42]  

C. Cheng et al.[43] studied the effect of two polyols, ethylene glycol and propylene glycol 

on nanoparticle size distribution. A better control of nanoparticle size distribution can be 

achieved keeping nucleation and growth stages well separate. For example, it is possible to 

seeds the reactive medium with well-defined metal seeds (small nanoparticles), which start 

to grow up all together at the same time, reaching almost the same size. 

However, this technique is not extensively adopted because it requires high temperatures 

and un-sustainable organic compounds. 

OHCH2CH2OH CH3CHO + H2O

Fe3+ + 2OH- + 2CH3CHO CH3COCOCH3 + Fe2+ + 2H2O

1Fe2+ + 2Fe3+ + 8OH- Fe3O4 + 4H2O
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3.6 Synthesis of iron oxide nanoparticles: metal areosol/vapour approaches 

Spray and laser pyrolysis are two metal aerosol/vapour techniques based on the pyrolysis 

of metal solution droplets. In particular, spray pyrolysis allows the preparation of solid 

nanoparticles by spraying a solution into a furnace. The obtained aerosol droplets undergo 

evaporation of the solvent and thermolysis leading to the formation of solid nanoparticles. 

On the other hand, laser pyrolysis involves the heating of a flowing mixture of gases with a 

continuous wave carbon dioxide laser, which initiates and sustains the chemical reaction. 

At certain pressure and laser power, a critical concentration of metal is reached, which 

leads to homogeneous nucleation of particles. These particle nuclei then grow and are 

collected in a filter. The laser and spray pyrolysis schemes are represented in Figure 6. 

Figure 6 Schematic representation of: a) the spray pyrolysis device and b) the laser pyrolysis device both used for 
nanoparticle preparation 
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In conclusion, the main difference between spray and laser pyrolysis is the final state of the 

obtained nanostructures. In particular, in spray pyrolysis the particles are generally more 

aggregated than in laser pyrolysis.  

In fact J. N. Wang et al.[44] evidenced the degree of aggregation of the magnetite particles 

obtained by spray pyrolysis,  and O. B. Miguel et al.[45] obtained very narrow size 

distributed magnetite nanoparticles  with the laser pyrolysis method. Aerosol/vapour 

techniques do not allow good control of particle composition,  therefore the MNPs 

obtained could contain traces of other iron oxides, with detrimental consequences on the 

magnetic and catalytic properties. 

3.7 Synthesis of iron oxide nanoparticles: the electrochemical approach 

The electrochemical synthesis of iron oxides uses a sacrificial iron anode as the metal 

source. The anode is immersed in an electrolytic solution of a quaternary ammonium salt 

and oxidized in the presence of a stabilizing agent. The oxidation of the sacrificial iron 

anode results in the formation of reactive cations that form an oxygenated species in the 

electrolytic solution. The oxygenated species can subsequently aggregate and precipitate. 

The fundamental steps of this technique are: 

1. Oxidative dissolution of the sacrificial anode;

2. Migration of the reactive cations obtained;

3. Reaction between cations and oxygenated species present in the electrolytic

solution leading to nanoparticle nucleation;

4. The end of nanoparticle growth and their stabilization with surfactant molecules;

5. Precipitation of nanostructured iron oxides.

The reactions involved in the electrochemical preparation of iron oxide nanoparticles are 

reported in Scheme 5. It important to remark that by selecting the oxidizing condition it is 

possible to prepare magnetite nanoparticles or maghemite nanoparticles as discussed by H. 

R. Khan et al.[46] 
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Scheme 5 Electrochemical mechanism of iron oxide nanoparticle synthesis 

Recently, the electrochemical procedure was adopted also for the preparation of core-shell 

magnetic nanoparticles, where the magnetite is coated by a polymeric shell[47].  

The electrochemical method presents several advantages: the absence of nanoparticles 

contamination by by-products and the control of particle size by varying the current 

density. Despite these positive aspects, this approach presents also some drawbacks, such 

as high energy consumption and the difficulties connected with the scale-up. 

3.8 Synthesis of iron oxide nanoparticles: microwave or ultrasound assisted 

approaches 

Microwave (MW) and ultrasonic irradiation are two alternative green energy sources that 

can facilitate chemical reactions.  

Microwave heating is a strategic tool for the design of greener and more sustainable 

nanosynthesis, in fact it allows a shorter reaction time, reduced energy consumption and 

higher product yields[48]. Microwave heating is based on the interaction between the 

electromagnetic radiation and the dipole moment of the molecules; therefore only polar 
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solvents and molecules characterized by dipole moments can be heated by MW-

irradiation[49].   

Microwaves are electromagnetic waves characterized by a low frequency (3 x 102 – 3 x 104 

MHz) able to cause the movement of particle charges. These rotation and migration 

movements result in molecular polarization. The dipoles of the molecules try to align 

themselves with the rapidly changing electric field of microwaves (2,4 x 109 per second) 

and this causes the heating of the solution. The extent of microwave heating is connected 

to the relative permittivity ε’ that is a measure of the ability of a molecule to be polarized 

by an electric field, and the dielectric loss ε’’ that is indicative of the ability of the medium 

to convert dialectic energy into heat. The dependence between permittivity, dielectric loss 

and heating rate is described in equation 1.[50] 

(1) tan δ = ε’/ ε’’ 

Where tan δ is the dielectric loss tangent and defines the ability of the substrate to 

transform electromagnetic energy into thermal energy. Each polar solvent or compound 

shows a different tan δ. 

Thanks to its characteristics, microwave heating shows numerous benefits if compared to 

traditional heating: 

• Fast or almost instantaneous heating;

• Lower energy consumption;

• Homogeneous in-core heating, avoiding the wall effect commonly present in

traditional thermal heating;

• Selective heating based on the ability of a certain substrate to interact with

microwaves;

• Overheating effect that allows an overheating of polar solvents in a range of 13-

26°C over their boiling point[51].

Conventional heating occurs through contact with a hot surface leading to a temperature 

profile that progressively decreases with the distance from the heat source, on the contrary 

microwave heating acts directly on the molecules, allowing an uniform temperature profile 

inside the reactor (see Figure 7).  

The rapid, selective and homogeneous heating assured by MW-irradiation is an extremely 

important factor in nanoparticle synthesis. In particular, a homogeneous temperature can 

lead to uniform nanoparticle nucleation and growth, thus resulting in narrow particle size 

distribution.  
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Figure 7 Temperature profile of conventional heating source and microwave heating system 

Another peculiar aspect of microwave heating is the overheating effect that brings solvents 

over their boiling point. This effect is more significant when large amounts of ions are 

present. 

These microwave characteristics provide the uniform nucleation and growth of the 

nanoparticles, leading to nanomaterials characterized by a wide range of geometries such 

as polygonal plates, rods, wires, parallelepipeds, shells and spheres. 

Recently the interest in microwave-assisted synthesis has grown quickly and several 

classical iron oxide preparations have been optimized adopting microwaves as the energy 

source with promising results.  

O. Pascu et al.[52] compared iron oxide nanoparticles obtained via classical thermal 

decomposition with the ones obtained through microwave assisted decomposition, 

underlining the diverse morphologies reached with these two approaches.  In detail, the 

microwave-assisted decomposition permits the adoption of a softer reaction conditions 

leading to the formation of nanoparticles with higher catalytic activity.  

Nowadays almost all classical iron oxide synthetic methodologies (such as co-

precipitation, solvothermal, microemulsion and polyol)  were reproduced by optimizing the 

processes with the use of microwave heating [18, 21-23, 29, 53].  
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The ultrasonic approach is another important tool for nanostructure synthesis. Ultrasound 

heating occurs through the acoustic cavitation effect that causes the formation, growth and 

collapse of bubbles (i.e. cavities) in the liquid media. This cavitational implosion is very 

localized and transient, characterized by a temperature above 5000 K and a pressure above 

1000 bar. The bubbles can overgrow and collapse in a very short time leading to a heating 

and cooling rate of about 1010 K/second. The sonochemical synthesis of metal 

nanoparticles has advantages over other traditional reduction methods because the 

cavitational effect permits the reduction of metal salts without chemical reducing agents. In 

particular, the sonochemical reduction of metal salts involves three steps (see Scheme 6): 

sonochemical formation of active species such as radicals, hydrolysis of the metal 

precursors (salts or organometallic compounds) and finally nucleation and growth of metal 

particles. 

Scheme 6 Sonochemical synthesis of metal nanoparticles 

Ultrasounds permits us to achieve small particles characterized by controlled shape and 

good crystallinity[54]. For example, R. Vijayakumar et al.[55] described the synthesis of 

magnetite nanoparticles through the sonochemical reduction of iron(II) acetate in water. 

Similarly C. Marchegiani et al.[56] showed the sonochemical treatment of iron(II) chlorine 

using di and tri ethylene glycol as stabilizing agents to obtain stable colloidal dispersion. 

Microwaves and ultrasounds can be considered sustainable tools to design innovative and 

greener iron oxide nanosynthesis. Moreover, both these techniques lead to a reduction of 

H2O H + OH

H + H H2

H + OH H2O

RH + OH R + H2O

OH + OH H2O2

Fe(CH3COO)2 Fe2+ + 2(CH3COO)-

2Fe2+ + H2O2 2Fe3+ + 2OH-

2Fe3+ + 1Fe2++ 8OH- Fe3O4+ 4H2O

Formation of the active species

Hydrolysis of metal precursors

Nucleation and growth
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reaction time maintaining good particle size control. For this reason, MW-irradiation is 

extensively used as an energy source in this work. 
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4. SYNTHESIS OF NANOSTRUCTURED IRON OXIDES

The synthesis of nanostructured iron oxides is an extremely important key issue because 

the final properties of nanostructured materials strongly depend on the synthetic 

conditions adopted during their preparation. In the catalytic application of 

nanostructures in particular, good control of morphology, size distribution and stability 

is fundamental[1]. 

As extensively discussed in chapter 3, the traditional techniques used to prepare 

nanostructured iron oxides are: co-precipitation, solvothermal, microemulsion, 

electrochemical, and polyol approach. Among them co-precipitation and solvothermal 

are the most commonly used thanks to their practicability and reproducibility.   

Despite these positive aspects, co-precipitation and hydrothermal methods are poorly 

sustainable from an environmental point of view. In fact in order to achieve good 

control on particle characteristics the co-precipitation technique requires the use of 

different sometimes hazardous stabilizing agents such as oleic acid[2], oleylamine[3], 

pyrrolidone[4], polyethilen glycol[5] and reducing agents such as hydrazine[6]. The 

solvothermal method, instead, involves hard reaction conditions such as high 

temperature, elevated pressure and long reaction times [7]. 

Furthermore, both these methods require the use of a steric stabilizing agent, which 

could cause particle surface passivation leading to the inhibition of catalytic sites, and 

the reduction of magnetic properties. 

Taking into account all these aspects, during this PhD work two efficient and greener 

microwave-assisted procedures for the synthesis of MNPs have been developed. The 

first approach was based on the precipitation method, and permits the synthesis of 

different iron oxides (maghemite γ-Fe2O3 and hematite α-Fe2O3). The second technique 

is a hydrothermal method that leads to the preparation of pure magnetite particles 

(Fe3O4). Both these procedures can represent a valid sustainable improvement 

compared to the traditional synthesis, being characterized by a one-step reaction in an 

alcoholic aqueous medium as solvent, the absence of hazardous reducing agents, short 

reaction times and the use of microwaves as an efficient heat source. The iron oxides 

obtained were characterized by X-Ray Diffraction (XRD), Fourier Transform Infrared 
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Spectroscopy (FT-IR), Auger electron spectroscopy (AES), X-Ray Photoelectron 

Spectroscopy (XPS), Raman spectroscopy, Transmission Electron Microscopy (TEM), 

Atomic Force Microscopy (AFM), Vibrating Sample Magnetometer (VSM), BET 

surface analysis (BET) and Inductively coupled plasma-optical emission spectrometer 

(ICP-OES).  

4.1 Synthesis of iron oxides: the microwave assisted co-precipitation 

technique 

In a typical experiment FeCl3·1.5H2O (1g) and the proper amount of NaOH (see Table 

1) were dissolved in EtOH 96 wt% (44 mL) under stirring. As soon as the base was

added the mixture became darker. The resulting mixture was treated by monomode 

microwave (CEM discovery S-class equipped with the 80 mL glass vessel) at 160°C for 

15 minutes at 250W under inert atmosphere. At the end of the treatment, particles were 

collected using centrifuge at 1500 rpm for 5 minutes, washed three times with EtOH 96 

wt% (40 mL) and dried under vacuum for 12 h. They were stored under argon. 

It is well known that the precipitation method involves complex balances between 

numerous iron oxide and hydroxide phases that are strongly influenced by pH, 

temperature and electrochemical potential. Therefore, by changing the reaction 

conditions it is possible to drive the diverse species involved into the desired iron oxide 

phase[8]. The effect of Fe(III)/NaOH molar ratio on the synthesis of the different iron 

oxides is summarized in Table 1. 

Table 1 Precipitation of iron oxide nanoparticles under different Fe(III)/NaOH molar ratio 

Sample Fe(III)/NaOH 
molar ratio 

Iron oxide phase 

A 0.31 Hematite 
A bis 0.31 Hematite 

B 0.17 Maghemite 
B bis 0.17 Maghemite 

C 0.08 Hematite and Maghemite 
C bis 0.08 Hematite and Maghemite 

Reaction conditions: EtOH: 44 ml, FeCl3·1.5H2O: 5.29 mmol, MW irradiation conditions: temperature 160 °C, power 
250 W, reaction time 15 min. 
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The obtained nanoparticles were characterized by Raman, FT-IR and XRD analyses.[9] 

All these techniques together allow the identification of the nature of the different iron 

oxides.  

Figure 1 shows the Raman spectra of samples A, B and C synthetized adding different 

sodium hydroxide concentrations. 

Figure 1 Raman spectra of Sample A: hematite; Sample B: maghemite; Sample C: a mixture of hematite and 
maghemite

As it is possible to observe in Figure 1, sample A shows the typical Raman peaks of the 

hematite phase at 656, 607, 408, 290, 241, 224 1/cm. The spectrum of sample B has a 

main peak at 672 1/cm with a bump at 712 1/cm and a broad peak at 513 1/cm, proper 

to the maghemite phase. Finally, sample C shows both the typical peaks of hematite and 

maghemite phases[9c]. 

The repeated samples showed the identical spectra confirming the complete 

reproducibility of this method. The identification of iron oxide phases was also 

confirmed by FT-IR analysis. Figure 2 shows the FT-IR spectra of samples A, B and C. 
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Figure 2 FT-IR spectra of a) Sample A: hematite (green); b) sample B: maghemite (black); c) sample C: a 
mixture of hematite and maghemite (red)

As reported in Figure 2, sample A shows the adsorption bands at 470 and 540 1/cm 

corresponding to hematite, while sample B shows an adsorption peak at 630 1/cm which 

evidences the presence of maghemite. Finally, sample C shows both hematite and 

maghemite adsorption bands and this means that by using the highest sodium hydroxide 

concentration a mix of iron oxides was obtained. Moreover, in all the FT-IR spectra the 

peak of carbonate around 1400 1/cm is present, as this species is an impurity introduced 

with the used sodium hydroxide. This impurity was more abundant in samples B and C 

because their preparation involved a higher base concentration. In all spectra there is a 

broad band at 3000-3500 1/cm, which is due to hydroxyl stretching vibration of ethanol 

and water molecules trapped in iron oxide nanoparticles. In addition, the FT-IR 

spectroscopy confirmed the reproducibility of this synthetic procedure. 

The iron oxides are also characterized by different colours and magnetic behaviours, 

which give further support to oxide phase identification[10]. In particular, hematite 

(sample A) is red and does not respond to a permanent neodymium magnet, whereas 

maghemite (sample B) is brick red and follows the magnet very well, and sample C is 

reddish and reacts worst to the magnet (see Figure 3). 
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Figure 3 Photographs of samples as powder and colloidal dispersion: a) sample A, hematite b) sample B 
maghemite and c) sample C a mixture of hematite and maghemite
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Depending on the Fe(III)/NaOH molar ratio, different iron oxide phases are obtained: 

hematite at 0.31 Fe(III)/NaOH molar ratio, nearly pure maghemite at 0.17 molar ratio 

and a mixture of hematite and maghemite at 0.08 molar ratio. According to literature, 

these results can be explained by taking into account the different competitive reactions 

that take place. The addition of base to a hydrolysed Fe(III) solution causes the 

precipitation of the iron (III) ions as goethite (α-FeOOH) releasing acid species, which 

consume the OH- ions. At the end of this process, goethite is easily thermally 

dehydrated to hematite. However, under peculiar conditions able to partially reduce 

Fe(III) to Fe(II), goethite is converted to magnetite that is instable and can be quickly 

oxidized to maghemite. At this point, if the hydroxide ion concentration is extremely 

high, other reactions become competitive, in particular maghemite can be re-dissolved 

and converted to hematite. In conclusion all these reactions are competitive and the 

result is strongly dependent on OH- concentration and temperature[11].   

On the basis of these statements it is possible to rationalize the observed effect of 

Fe(III)/NaOH molar ratio on the final pH mixture and the resulting oxide phases. In 

particular, when sample A was synthesized adopting a Fe(III)/NaOH molar ratio of 0.31 

(sample A, Table 1) a marked decrease of pH was observed from the initial value of 14 

to the final one of 2.2, favouring the hematite formation as reported in literature[11c]. On 

the contrary when the Fe(III)/NaOH molar ratio of 0.17 was employed (sample B, Table 

1) it was not possible to appreciate the pH decrease due to the OH- saturation in the

mixture and a pure maghemite phase was obtained. This result can be explained by the 

partial reducing conditions guaranteed by the alkaline aqueous ethanol heated with 

MW-irradiation, which cause the transformation of goethite to magnetite. However, 

under the adopted conditions due to the presence of oxygen dissolved in the adopted 

commercial aqueous ethanol, magnetite is rapidly converted to maghemite. This 

approach allows the synthesis of a nearly pure maghemite adopting an eco-friendly, 

faster and greener procedure than those previously reported. Finally, when an extremely 

low Fe(III)/NaOH molar ratio was employed (sample C, Table 1) a mixture of hematite 

and maghemite was obtained according to the literature: in fact, under this condition, 

maghemite can be re-dissolved and partially converted to the more stable hematite[11a]. 

Taking into account the promising magnetic behaviour of maghemite samples, these 

were further characterized by XRD, AES, TEM, AFM, BET and VSM analyses.  

56



Figure 4 reports the collected X-ray powder diffraction pattern of sample B and the 

reference card for γ-Fe2O3 (Card No. 01-089-5894).  Due to the close match between the 

expected diffraction peaks of γ-Fe2O3 and the observed ones of the sample B, we can 

assert that the powder under investigation is a phase possessing the crystal structure of 

maghemite, in fact the sample B patterns can be indexed as Miller indexes of γ-Fe2O3 

maghemite like structure (311), (201), (116), (206), (009), (109), (119), (226) (219), 

(0012), (3010), (2215), (1115), (2015), (2115), (4012), (2018), (3315). 

Figure 4 XRD pattern (black line) of sample B and reference card for maghemite (red columns)

The Auger Emission Spectroscopy (AES) evidences traces of impurities such as 

carbonate, sodium and chloride, probably introduced with reagents and not completely 

removed by washing (See Figure 5).  
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Figure 5 AES analysis of sample B, maghemite

The morphology and size distribution of maghemite nanoparticles was deeply 

investigated through AFM and TEM micrographs.  

In Figure 6 the AFM micrographs of sample B are reported, which show good particle 

dispersion characterized by a huge number of small particles and few nanoclusters.  
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Figure 6 AFM micrograph of sample maghemite, Sample B 

The TEM micrographs of sample B are reported in Figure 7 and better help us to 

analyse the particle distribution. 
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Figure 7 TEM micrograph and particle size distribution of sample B

From the TEM micrographs, in fact, it is possible to evidence narrow particle size 

distribution with an average diameter of 3-4 nm. The maghemite samples (B and B bis, 

Table 1) were also characterized by a surface area of about 62 m2 /g relatively bigger 

than that commonly reported[12]. The magnetization curve of sample B is shown in 

Figure 7, where the magnetization values are reported per gram of sample. The 
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saturation magnetization M0, taken as the maximum magnetization recorded at 90 KOe 

is 9.7 emu/g. The sample does not present any coercivity, as expected for paramagnetic 

or superparamagnetic materials. The shape of the curve shows a low initial 

susceptibility and is far from saturation even at 90 KOe, suggesting the presence of ultra 

small magnetic nanoparticles[13]. 

Figure 8 Magnetization curve of maghemite, sample B. 

4.2 Synthesis of magnetite: Microwave assisted hydrothermal procedure 

The second proposed approach for the green preparation of magnetic nanoparticles in 

absence of any stabilizing agents is a new hydrothermal method based on a one-pot 

strategy. This new hydrothermal approach leads to the formation of magnetite Fe3O4, 

another iron oxide diverse from the ones obtained with the precipitate approach. 

The obtained magnetite nanoparticles exhibit interesting magnetic performances 

allowing their easy recovery from complex reaction media as shown in Figure 9. 
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Figure 9 Photograph of sample 2, Magnetite 

In a typical experiment the desired amount of Fe(OAc)2 (see table 2) was dissolved in 

EtOH 96 wt% (44 mL). Then this solution was thermally treated by monomode 

microwave irradiation (CEM discovery S-class equipped with the 80 mL glass vessel) at 

120°C for 15 minutes at 250W. At the end of this treatment, particles were magnetically 

collected using a neodymium magnet, washed and dried under vacuum for 12 h. This 

approach was also investigated using different heat sources, such as multimode 

microwave oven (MARS.6 equipped with 80 mL Teflon vessel) and 100 mL Parr 

autoclave electrically heated and the corresponding reaction conditions are reported in 

Table 2.  
Table 2 Hydrothermal syntheses of MNPs using different heat sources and Fe precursor concentrations 

Samples Fe(OAc)2
(g) 

Heating 
source 

Surface 
area 

(m2/g) 

Average 
diameter 

(nm) 

  σDm 
(nm) 

Magnetic 
saturation 
(emu/g) 

1a 0.25 MW 
Monomode 84.64 11.5 2.5 75.32 

2a 0.5 MW 
Monomode 45.14 10.4 4.5 39.49 

3a 1 MW 
Monomode 78.85 14 5.9 45.88 

4b 1 MW 
Multimode 31.98 7 1.6 16.74 

5c 1 Traditional 89.37 
Few 7,6 nm particles 

together with many big 
cluster  

N.D 

a Reaction conditions: 44 mL EtOH at 96 wt%, microwave heating: 120 °C, 15 min, 250 W 
b Reaction conditions: 44 mL EtOH at 96 wt%, microwave heating: 150 °C, 15 min, 450 W 
c Reaction conditions: 44 mL EtOH at 96 wt%, traditional heating: 120 °C, 4.5 h.  
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It is well known that nanoparticle magnetic properties are strongly related to their 

morphology, size and crystalline degree, which in turn depend on the synthetic 

conditions. The control of these properties is still a great challenge for researchers and 

for this reason the effects of some synthetic parameters, such as kind of heat source and 

iron precursor concentration on the resulting Fe3O4 properties, were investigated. As 

can be observed in Table 2, the Fe(OAc)2 concentration strongly influences nanoparticle 

size distribution and magnetic behaviour. In particular, using the lowest precursor 

amount of 0.25 g  (sample 1), it is possible to obtain nanoparticles characterized by a 

remarkably narrow size distribution and with the highest magnetic saturation, 75.32 

emu/g. By increasing the Fe(OAc)2 amount to 1 g the average diameter and its standard 

deviation increase, whereas magnetic saturation decreases. In fact, sample 3 shows 

bimodal particle size distribution and lower magnetic saturation than that measured for 

sample 1. These results suggest that by regulating the Fe(OAc)2 concentration it is 

possible to tune the size and magnetic saturation of nanoparticles[6b, 14]. Figure 10 shows 

TEM micrographs and particle size distributions for samples 1, 2, 3, 4 and 5. It is 

important to note the small average diameter and the narrow particle size dispersion of 

sample 1. Furthermore the role of different heating sources was investigated, repeating 

the reactions using the multimode microwave MARS 6 (sample 4) and the autoclave 

Parr (sample 5), ascertaining a marked effect on the characteristic of MNPs. In fact, 

samples 1, 2 and 3 obtained using monomode microwave show a magnetic saturation 

many times higher than that observed for sample 4 synthetized using multimode 

microwave. In this context, it is important to highlight that monomode and multimode 

microwave reactors are characterized by a different instrumentation design. In fact, 

monomode reactors have small compact cavities, in which not only the distribution of 

the electromagnetic field is well known and controllable but also microwave irradiation 

is directly focused on the reaction mixture, providing in this way high microwave field 

density and fast heating rates. On the other hand, multimode reactors have large 

cavities, in which the microwave field is distributed in a random manner. In fact, in this 

case, the waves are reflected from the cavity walls and the modes in which the 

electromagnetic waves interact with the cavity are multiple, leading to a reactor 

geometry not optimized for any specific compounds. The random distribution of 

microwaves in the multimode reactor causes the irregular growth of nanocrystals thus 

lower magnetic properties.  
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Figure 10 a) TEM Micrographs of sample 1 prepared using 0.25 g of iron precursor , b) TEM Micrograph of 

sample 2 prepared using 0,5g of iron precursor and c) TEM Micrograph of sample 3 prepared using 1g of iron 

precursor, d) TEM Micrograph of sample 4 prepared adopting multimode microwave and e) TEM 

Micrograph of sample 5 prepared adopting traditional thermal heating 

The XRD analysis clearly shows that for samples synthetized using monomode 

microwave a higher crystallinity degree is observed than that achieved using multimode 

microwave, again suggesting that only monomode microwave is able to guarantee an 

ordered growth of magnetite crystals, thus improving their magnetic saturation. Finally, 

the MNPs prepared under traditional heating in autoclave (sample 5) show the largest 

and most heterogeneous particle size dispersion together with big particle aggregates. 
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This result can be related to the main drawbacks of the conventional batch autoclaves 

whose wall dimensions are designed for high-pressure applications: the heating and 

cooling of the steel body of the reactor involves time, leading to an irregular and non-

uniform warming with marked temperature gradients and high thermal inertia. In 

addition, during the long transient heating/cooling intervals different and undesirable 

reactions could take place, making the reaction control difficult [15]. On the contrary, 

MW-irradiation represents a sustainable, efficient, cost effective and powerful tool for 

conducting processes, involving lower energy demanding conditions, rate enhancement, 

higher yields and greater selectivities compared to those achieved adopting traditional 

heating.  In particular, MW-irradiation results in an almost instantaneous “in core” 

heating of materials in a homogeneous and selective manner allowing rapid transfer of 

the energy into the bulk of the reaction mixture, eliminating the wall effects[16]. All 

samples were prepared in duplicate and characterized by Raman, FT-IR, AES, XRD, 

TEM and VSM analyses. Raman spectrum of sample 1 (see Figure 11) clearly shows 

the strong band at 669 1/cm typical of magnetite. Moreover, a little peak at 945 1/cm 

was observed which could result from iron (II) acetate employed as precursor during the 

synthesis. 

Figure 11 Raman spectrum of sample 1, magnetite. 
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The FT-IR spectra of all samples confirm the above results and the adsorption bands at 

590 1/cm and 630 1/cm of the Fe-O bonds in the tetrahedral Fe3O4 sites are 

ascertained.[17] Moreover, two big peaks between 1400 1/cm and 1600 1/cm show the 

presence of acetate, underlining that the organic part of the iron precursor was not 

completely decomposed and removed (see Figure 12). 

Figure 12 FTIR spectrum of sample 1, magnetite 

All the X-ray diffraction peaks collected for sample 1 can be indexed by the Miller 

indexes of the cubic Fe3O4 magnetite-like structure (220), (311), (222), (400), (422) 

(511), (440), (620), (533) and (622) (Figure 13). For this reason, the sample under 

investigation can be considered a pure polycrystalline Fe3O4 compound with magnetite 

structure. The calculated lattice parameter (8.360(1) Å) is quite similar to the one 

reported in the literature for magnetite (8.3941(7) Å). The broadness of the diffraction 

peaks reveals the nanocrystalline nature of the powder, as confirmed by TEM reported 

in Figure 10. 
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Figure 13 XRD patterns of magnetite, sample 1. 

The purity of the obtained magnetite samples was ascertained by AES analysis, as 

shown in Figure 14. 

Figure 14 AES analysis of sample 1, magnetite 

Promising magnetic behaviour was observed by placing a neodymium permanent 

magnet near the vessels containing MNPs and better determined with the vibrating 

sample magnetometer (VSM). The magnetization curves are shown in Figure 15 for 
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samples 1, 2 and 4, where the magnetization values are reported per gram of measured 

sample. The saturation magnetizations, M0, taken as the maximum value measured at 90 

KOe, are 75.3, 45.9 and 16.7 emu/g for samples 1, 2 and 4 respectively. This M0 value 

ascertained for sample 1 is relatively higher than that which was commonly reported[1a,

18]. The samples do not present any coercivity, as expected for superparamagnetic 

materials. The comparison of the shape of the curve in Figure 9, however, presents 

significant differences. In particular, samples 1, 2 and 4 show large initial magnetic 

susceptibility reaching saturation at high fields, thus presenting typical 

superparamagnetic behaviour consistent with a set of iron oxide nanoparticles with an 

average size of about 10 nm. 

Figure 15 Magnetization curves of sample 1 (blue), sample 2 (red) and sample 4 (green). 
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5. SYNTHESIS OF MAGNETIC NANOCATALYSTS

Nowadays transition and noble metal nanoparticles attract huge interest in catalysis 

thanks to their promising properties.  

Unfortunately, as deeply discussed in Chapter 2, these interesting nanomaterials due to 

their small size are difficult to separate from the reaction mixture leading to 

unsustainable separation and purification steps. In order to overcome these onerous 

steps, transition and noble metal nanoparticles can be supported or trapped inside 

magnetic nanostructures.  

Traditionally these kind of magnetic bimetallic nanosystems are prepared following two 

diverse techniques: wet impregnation or co-precipitation[1].  

It is important to underline that the chosen synthetic approach strongly influences the 

nanocatalytst structure and the arrangements of catalytic active sites, thus defining its 

final catalytic performances[2]. In particular, the wet impregnation method leads to the 

formation of hierarchical nanostructures, where the core is composed of magnetic iron 

oxide and is surrounded by metal particles. Instead, the co-precipitation technique 

allows us to obtain complex bimetallic structures where the metal nanoparticles are 

trapped inside the iron oxide nanocrystal. Both these particular structures present 

advantages and disadvantages from a catalytic point of view. In fact, hierarchical 

structures lead to a more direct contact between active metal sites and reagents resulting 

in a higher catalytic activity but due to this aspect, these kinds of systems can easily 

occur in deactivation by poisoning or leaching. The complex catalytic systems usually 

obtained by co-precipitation methods are more stable and more difficult to deactivate 

through poisoning or leaching than those with a hierarchical structure. Despite this 

positive aspect, the complex structure suffers limited transportation of reagents toward 

the active metal site resulting in low catalytic activity. In conclusion, the final structure 

of the catalytic systems is fundamental and must be carefully considered during the 

catalyst selection in order to design the best system for a certain reaction. 

The traditional wet impregnation approach is based on two steps: firstly the magnetic 

nanosupport is impregnated with a metal salt solution, and then the metal salts adsorbed 

on the support surface are reduced under strong reducing media[3]. Several authors 

describe in more detail the preparation of the magnetic iron oxide support through 
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classical alkaline precipitate or solvothermal procedures, its subsequent wet 

impregnation with a metal chlorines or nitrate solution and the final reduction of the 

metals through strong reducing agents or heavy calcination processes.[4] For example Li 

et al.[5] describe the preparation of magnetite nanoparticles through the alkaline 

precipitation of iron salts. The obtained magnetic particles are then impregnated with a 

palladium salt solution and the palladium is then reduced using an excess of sodium 

borohydride.  

Moreover, in literature metal wet impregnation on commercial magnetic nanostructures 

is reported.[6] Other authors describe the immobilization of metal nanoparticles over 

magnetic nanosupports, using organic ligands[7] or reducing the metal nanoparticles 

through ultrasound treatment[8].  

On the other hand the co-precipitation technique is based on the contemporary 

precipitation of magnetic nanocystal and metal particles[9]. For example Wand et al.[10] 

show the co-precipitation of iron, platinum and ruthenium salts in the presence of 

diluted ammonia and hydrazine.  

In literature, other interesting procedures for preparing magnetic bimetallic 

nanomaterials are reported. For example Liu and Zhang et al.[11] report a two-step 

approach based on the co-calcination of iron and palladium precursors and the 

subsequent reduction under hydrogen flow of the calcinated products. Basinska et al.[12] 

show another interesting calcination technique, where firstly the maghemite support is 

prepared through the calcination of the iron hydroxide and is subsequently impregnated 

with a ruthenium solution. Finally, the system is calcinated in air at 400°C to partially 

reduce the ruthenium salts.  

The main drawback of all these methods is the use of different hazardous stabilizing and 

reducing agents. These process auxiliaries are not only unsustainable from an 

environmental point of view but influence also the final properties of nanomaterials.   

In fact, the stabilizing agents can generate a protective layer around the particles, 

resulting in active catalytic site passivation. [13]  

For all these reasons in this work the new greener precipitation and hydrothermal 

procedures were employed for the preparation of diverse magnetic bimetallic systems. 

In particular diverse transition and noble metal nanoparticles are supported or trapped 

inside magnetic iron oxide nanoobjects (M@Fe3O4 and M@γ-Fe2O3 (M: Pd, RuOX, Pt, 

CuO)). 
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All the obtained nanocatalysts were characterized by X-Ray Diffraction (XRD), Fourier 

Transform Infrared Spectroscopy  (FT-IR), Auger electron spectroscopy (AES), X-Ray 

Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM), Atomic 

Force Microscopy (AFM), Raman spectroscopy, BET surface analysis (BET), Vibrating 

Sample Magnetometer (VSM), Temperature Programmed Reduction analysis (TPR) 

and Inductively coupled plasma-optical emission spectrometer (ICP-OES).  

5.1 Synthesis of magnetic palladium nanocatalysts 

Palladium nanocatalysts attract huge interest for their surprising activity in a wide range 

of important industrial reactions such as hydrogenation[14], oxidation[15] and C-C 

coupling[16].  

In this context the immobilization of palladium nanoparticles over magnetic 

nanostructure  become of great importance and could be a strategic choice able to 

guarantee an efficient and easy recovery[17].  Moreover magnetic separation avoids the 

use of auxiliary substances, making the process cleaner, safer and faster than the normal 

separation procedure[18]. 

In this PhD work, two different sustainable approaches to prepare palladium 

nanoparticles over magnetic nanostructure have been optimized.  

The first approach is a two-step procedure for preparing a hierarchical magnetic 

palladium system characterized by palladium nanoparticles anchored on magnetite or 

maghemite nanostructures. The magnetite was prepared through the new hydrothermal 

procedure and the maghemite nanoparticles were obtained with the new precipitate 

procedure. The second approach is a one-pot synthesis developed from the new 

hydrothermal approach. This procedure deals with the contemporaneous precipitation of 

magnetite and palladium leading to the formation of a complex nanostructure where 

palladium particles are trapped inside the iron oxide nanocrystals.  

5.1.1 Palladium nanoparticles anchored over iron oxide nanocrystal 

Palladium nanoparticles anchored over iron oxide nanocrystal were prepared following 

a two-step procedure. Firstly, the magnetic nanostructures were prepared following the 

new hydrothermal or precipitate procedure described in Chapter 4. 
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Then the palladium salts were reduced over the surface of the iron oxide through MW-

irradiation. In more detail, 0.5g of iron oxide nanopowder and 0.05g of palladium 

acetate (Pd(OAc)2) were dispersed in 44 ml di aqueous ethanol. Then the obtained 

dispersion were MW-irradiated at 120°C for 15 min. At the end of this treatment the 

particles were magnetically collected and dried under vacuum.  

Table 1 summarizes the characteristics of palladium nanoparticles anchored on three 

diverse supports such as maghemite which is prepared following the precipitate method, 

reference magnetite (Fe3O4 ref., magnetite Sigma Aldrich) and magnetite prepared 

following the hydrothermal procedure. 

Table 1 Characteristics of palladium nanoparticles supported on the surface of diverse iron oxides 

Samples Magnetic
support 

AAS 
(Pd 

%wt) 

BET 
(m2/g) 

Core 
diameter 

(nm) 

Palladium 
diameter 

(nm) 

VSM 
M0 

(emu/g) 

Pd1a γ-Fe2O3 2.1 74.4 5.6 N.D 9.96 
Pd2b Fe3O4 ref. 4.5 99 50 3.7 75 
Pd3c Fe3O4 4.3 112.1 14 2.8 55 

a Palladium nanoparticles supported over maghemite which was prepared following the new precipitate method. 
b Palladium nanoparticles supported over reference magnetite 
c Palladium nanoparticles supported over magnetite which was prepared following the new hydrothermal method

From Table 1 it is possible to observe that Pd2 (Pd@Fe3O4 ref.) and Pd3 (Pd@Fe3O4) 

samples show a bigger palladium amount than Pd1 sample (Pd@γ-Fe2O3). This can be 

explained by the diverse interaction between palladium and the two iron oxides. In 

particular, palladium shows more affinity with magnetite than maghemite probably due 

to the presence of diverse iron oxidation states. 

Pd2 and Pd3 samples present diverse particle size distribution and surface area. In 

particular, sample Pd2 prepared using the reference magnetite is characterized by 

smaller palladium nanoparticles than the ones observed in sample Pd3. 

It is noteworthy that Pd3 shows the biggest surface area underlining that the new 

hydrothermal method permits the production of small particles characterized by a high 

surface area. This last aspect is particularly important in catalysis because a high surface 

area can result in an easier and closer contact between reagents and catalysts, thus 

improving the reaction yield. The magnetization curves of samples Pd1, Pd2 and Pd3 do 

not permit any hysteresis as expected for superparamagnetic materials. Moreover the 

magnetic saturation values of Pd1 and Pd2 systems are the same as the iron oxide used 
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as supports, whereas the M0 of sample Pd3 results higher than the magnetite ones. The 

M0 improvement observed in sample Pd3 can be due to the strong interaction between 

magnetite and palladium atoms, which was highlighted also by XRD and BET 

analysis.[19] The comparison between the magnetization curves of magnetite support and 

sample Pd3 is shown in Figure 1.  

In conclusion, sample Pd3 presents promising magnetic properties, the highest surface 

area and small particle size, characteristics that are very interesting for its catalytic 

applications. 

Figure 1 Comparison between the magnetization curves of sample Pd3 in red and the magnetite particles used 
as support in red 

FT-IR spectra of samples Pd1, Pd2 and Pd3 are reported in Figure 2. In particular the 

FT-IR spectrum of sample Pd1 (black line) shows well defined peaks at 630 1/cm 

typical of maghemite, broad peaks at 1400 1/cm ascribable to impurities of carbonates 

and a band at 3300 1/cm due to the hydroxyl group of ethanol trapped inside the 

maghemite structure. Conversely, the FT-IR spectra of both samples Pd2 and Pd3 

(green and red lines respectively) show a big peak at 590 1/cm typical of the Fe-O 

bonds in the tetrahedral Fe3O4 sites. Moreover, in the FTIR spectrum of sample Pd3 it is 

possible to observe two big peaks between 1400 1/cm and 1600 1/cm ascribable to 

acetate impurity derived from the iron precursor. 
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Figure 2 FT-IR spectra of samples: Pd1, palladium nanoparticles over maghemite nanocrystals (black), Pd2, 
palladium nanoparticles over reference magnetite nanoctrystals  (green) and Pd3 palladium nanoparticles 
over hydrothermal magnetite nanoctrystals (red) 

The identification of iron oxide phases further confirmed the Raman and XRD analysis. 

In particular, the Raman spectrum of Pd1 reports a main peak at 672 1/cm with a bump 

at 712 1/cm and a broad peak at 513, proper to the maghemite phase, whereas the 

Raman spectra of samples Pd2 and Pd3 clearly show the strong band at 669 1/cm 

typical of magnetite. The Raman spectrum of sample Pd3 shows also a little peak at 945 

1/cm, which could be due to the iron (II) acetate employed as precursor in the 

hydrothermal synthesis.  

The XRD patterns of samples Pd1, Pd2 and Pd3 are reported in Figure 3. The Pd1 XRD 

diffractogram presents broad reflection peaks, which can be indexed as Miller indexes 

of γ-Fe2O3 maghemite like structure (206), (119), (0012), (1115), (3315) as observed for 

the XRD of maghemite sample in Chapter 4.1 (sample B). It was not possible to reveal 

the presence of metallic palladium in sample Pd1, probably due to the smaller palladium 

particle size. 

The XRD diffractograms of Pd2 and Pd3 samples clearly show the well-defined 

patterns of magnetite and the typical peaks of metallic palladium. In particular for both 

samples it was possible to index the reflection peaks by the Miller indexes of the cubic 

Fe3O4 magnetite like structure (220), (311), (222), (400), (422), (511), (400), (620), 
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(530), (622). Moreover in the Pd2 and Pd3 samples it was possible to identify the (111), 

(200), (220) (311) (222) reflection patterns due to metallic palladium. 

All the reflection pattern attributions agree with the ones reported in literature for 

palladium/magnetite nanostructures.[11a] 

The calculated cell parameters for Pd2 and Pd3 samples are respectively 8.355(1) and 

8.357(1) quite similar to the ones reported for magnetite. Finally, it was observed that 

the XRD patterns of the Pd2 sample are more definite than the ones acquired for the 

Pd3 sample, probably due to the bigger particle size of reference magnetite used as 

support in its preparation. 
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Figure 3 XRD diffractogram of samples Pd1, Pd2 and Pd3. 

The presence of metallic palladium in each sample was also ascertained by AES 

analysis and quantified through ICP-OES analysis. 
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Figure 4 TEM micrographs and palladium particle size distribution of samples: a) Pd1 Pd@γ-Fe2O3, b) Pd2 
Pd@Fe3O4 ref and c) Pd3 Pd@Fe3O4 

As it is possible to observe in Figure 4, sample Pd1 is characterized by the smallest 

magnetic particles with an average diameter of 5.6 nm. Due to the small size of the 

c)
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maghemite used as support and the smaller palladium particles it was not possible to 

determine the palladium particle distribution.  

The Pd2 and Pd3 samples were prepared using magnetic support characterized by 

bigger particles than the ones used for the synthesis of sample Pd1. In more detail, the 

magnetic particle used as support for samples Pd2 and Pd3 show average diameters of 

50 nm and 14 nm respectively. In these two samples, it is possible to observe palladium 

particles with average diameters of 3.7 nm and 2.8 nm (for samples Pd2 and Pd3 

respectively).  
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Figure 5 XPS analysis of sample Pd1 

Figure 5 reports the XPS analysis of sample Pd1. From this analysis it is possible to 

observe the two components of palladium present in the sample, one at low binding 

energy (335,5 eV) and another at high binding energy (337,7 eV). The low binding 

energy peak can be attributed to metallic palladium slightly positively charged because 

of chemical interaction with the support.[3e, 11a] 

The high energy peak is attributed to unreduced Pd(II). In particular 60% of the 

palladium present in Pd1 samples is metallic palladium and the remaining 40 % is 

Pd(II). The peaks at the binding energy of 200 eV are ascribable to Cl 2p underlining 

the presence of chlorine ions, which can be due to the iron precursor used. Furthermore 

iron shows two components at binding energy of 710.5 eV and 713,3 eV, both 

ascribable to Fe 2p3/2. The other peaks observed at high energy could be attributed to 

surface species or some iron chloride species. 
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Following a procedure based on the new hydrothermal method described in Chapter 4.2 

it was possible to prepare palladium nanoparticles trapped inside magnetite nanocrystal, 

Pd@Fe3O4. 

The Pd@Fe3O4 nanoparticle preparation deals with the contemporaneous decomposition 

of iron acetate (Fe(OAc)2), and palladium acetate (Pd(OAc)2) through MW-irradiation 

at  120°C for 15 minutes. At the end of this treatment, the particles were magnetically 

collected, washed and dried. This preparation was repeated adopting diverse palladium 

amounts as summarized in Table 2. Moreover, this hydrothermal approach was also 

investigated using diverse heating sources such as multimode microwave MARS 6 and 

traditional heating with 100 ml Parr autoclave. 

Table 2 Characteristics of palladium nanoparticles intercalated in magnetite nanocrystal 

Samples Composition 
AAS 
(Pd 

%wt) 

BET 
(m2/g) 

VSM 
M0 

(emu/g) 

Pd4a 1% Pd@Fe3O4 0.89 93.8 56.79 
Pd5a 2% Pd@Fe3O4 1.6 103.8 N.D 
Pd6a 5% Pd@Fe3O4 4.7 106.5 63 
Pd7a 10% Pd@Fe3O4 8.8 101.1 N.D 
Pd8b 5% Pd@Fe3O4 4.3 85.8 47.86 
Pd9c 5% Pd@Fe3O4 5.02 90.5 N.D 

a Reaction conditions: 1g of Fe(OAc)2, 0.05g Pd(OAc)2, 44 mL EtOH at 96 wt%, microwave heating: 120 °C, 15 
min, 250 W  
b Reaction conditions: 0.25g Fe(OAc)2 0.0125g Pd(OAc)2, 44 mL EtOH at 96 wt%, microwave heating: 120 °C, 15 
min, 250W. 
c Reaction conditions: 1g of Fe(OAc)2, 0.05g Pd(OAc)2, 44 mL EtOH at 96 wt%, traditional heating: 120 °C, 4.5 h.  

As can be observed in Table 2, by increasing the amount of palladium the surface area 

of the samples changes. In particular, comparing samples Pd4, Pd5, Pd6 and Pd7, it is 

possible to observe an increase of the surface area with an increase of the sample 

palladium amount, until a maximum of palladium content of about 4.7 % is reached. 

Over this value, the surface area does not change any more (see Figure 6). This trend 

can be due to the strong influence of palladium atoms on the magnetite crystalline 

arrangement. In fact, the introduction of palladium atoms inside the crystalline cell of 

magnetite can result in the generation of defects, which lead to a modified surface area. 

5.1.2 Palladium trapped inside magnetite nanocrystal 
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However, when the palladium amount is greater than 4,7 % not only no increase in the 

surface area of samples was ascertained but a little decrease of sample surface area was 

observed. 

Furthermore, when samples Pd4 and Pd6 prepared adopting the same synthetic 

procedure were compared, it was observed that by increasing the quantity of palladium 

the magnetic saturation of the catalytic system increases. In fact, the metallic interaction 

between Fe and Pd inside the magnetite crystal can improve conductibility and 

magnetic saturation of the materials. This strong interaction was observed only in the 

hydrothermal samples, when palladium particles are trapped inside the Fe3O4 and not in 

the hierarchical samples described in Chapter 5.1.1. 

Figure 6 Influence of palladium content on surface area samples 

The Raman spectra of all samples confirmed the identification of magnetite as the iron 

oxide phase, in fact each spectrum reports the typical magnetite strong band at 669 

1/cm.  

Figure 7 shows the FT-IR spectra of samples Pd4, Pd5, Pd6, Pd7 and Pd9, which 

present the typical strong band at 590 1/cm ascribable at Fe3O4, whilst the peculiar 

bands of maghemite phase in the spectral range of 740-620 1/cm are absent. These 

results show that the hydrothermal method allows the synthesis of pure magnetite 

crystal also in the presence of the noble metal.  Moreover, all FT-IR spectra show the 

peak at 1240 1/cm ascribable to acetate, impurity due to the metal precursors adopted in 

the synthesis and a broad band at 3000-3500 1/cm, which is caused by the hydroxyl 

stretching vibrations of ethanol and water molecules trapped in iron oxide nanoparticles. 
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Figure 7 FTIR spectra of samples: Pd4, 1% Pd@Fe3O4 in red, Pd5 2% Pd@Fe3O4  in light blue, Pd6 5% 
Pd@Fe3O4 in blue, Pd7 10% Pd@Fe3O4 in black and Pd9 5% Pd@Fe3O4, obtained with traditional 
heating, in green 

The X-ray diffraction patterns of samples Pd4, Pd6 and Pd9 are shown in Figure 8 and 

were compared with magnetite reference card 98-001-2141 from the ICSD database in 

red, matching for 93-98%. The diffraction peaks of these samples can be indexed by the 

Miller indexes of the cubic Fe3O4 magnetite-like structure (220), (311), (222), (400), 

(422), (511), (400), (620), (533) and (622). Furthermore, the broad diffraction peaks 

around 2θ = 40 are compatible with the presence of nanocrystalline metallic palladium. 

The refined lattice parameters for Pd4, Pd6 and Pd9 are respectively 8.371(1) Å, 

8.360(1) Å, (8.370 (1) Å and the observed microstrains are respectively 0.0018, 0.0024 

and 0.0023. These microstrains are double than ones calculated for the pure magnetite 

thus underlining the presence of defects inside the crystalline magnetite structure, 

showing again the high interaction that occurs between palladium nanoparticles and 

iron oxide structure. 
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Figure 8 XRD diffractograms of sample: Pd4 in red, Pd6 in black and Pd9 in blue 

The TEM images of samples Pd6 and Pd9 reported in Figure 9 evidence the effect of 

the adopted heating source on particle size distribution. In fact, the MNPs prepared 

under traditional heating in autoclave (sample Pd9) show the largest and most 

heterogeneous particle size dispersion characterized by an average diameter of 10 nm 

together with big particle aggregates. The particles obtained using monomode 

microwave (sample Pd6) show a narrow and homogeneous particle size distribution 

characterized by particles with an average diameter of about 8 nm. 

This result can be related to the main drawbacks of the conventional batch autoclaves 

whose wall dimensions are designed for high-pressure applications: the heating and 

cooling of the steel body of the reactor involve time leading to an irregular and non-

uniform warming with marked temperature gradients and high thermal inertia. On the 

contrary, MW-irradiation results in an almost instantaneous “in core” heating of 

materials in a homogeneous and selective manner allowing rapid transfer of the energy 

into the bulk of the reaction mixture, eliminating the wall effects. The effect of the 
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heating source on particle characteristics was observed also in the magnetite preparation 

described in Chapter 4.2, confirming that the best heating source for the preparation of 

well-defined nanoparticles is the monomode microwave irradiation. 

Figure 9 TEM micrograph and particle size distribution of sample Pd6 and Pd9 

The oxidation state of the palladium species present in Pd6 sample was determined by 

XPS analysis. As it is possible to see in Figure 10 the palladium of sample Pd6 has two 

components, one at low binding energy (335,5 eV) and another at high binding energy 

(337,9 eV). The low binding energy peak can be attributed to metallic palladium, 

slightly positively charged because of chemical interaction with the support.[3e, 11a] 

The high energy peak is attributed to highly charged Pd(II). In particular 90% of the 

palladium present in Pd6 sample is metallic palladium and the remaining 10 % is Pd(II). 
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Furthermore, iron shows two components at binding energy of 710.5 eV and 713,7 eV 

both ascribable to Fe 2p3/2. 

Figure 10 Photoemission spectrum of sample Pd6. 

The temperature programmed reduction (TPR) profile of sample Pd6 is displayed in 

Figure 11 and can be separated into two zones: before and after 300°C. The big broad 
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band after 300°C, which corresponds to the last event, can be assigned to the bulk 

reduction of the magnetite to FeO and Fe, [20] whereas on the zone before 300°C, a 

small reduction peak might indicate that the Pd species content in the samples is not 

completely reduced to the metallic form as confirmed also by the XPS analysis. 

Figure 11 TPR analysis of sample Pd6 

The magnetic behaviour of the synthetized systems was measured at room temperature 

with a vibrating sample magnetometer (VSM). The magnetization curves of samples 

Pd6, Pd8 and Pd9 are shown in Figures 12 and 13. 

89



Figure 12 The comparison between the magnetization curves pure magnetite in blue and the sample Pd6 in red 

Figure 13 Magnetization curve of samples Pd4 in black and Pd8 in red 
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Pd4 and Pd8 samples show a superparamagnetic behaviour as confirmed by the absence 

of magnetic hysteresis (Figure 13), while this is visible for pure magnetite and sample 

Pd6 (Figure 12) in the adopted representation scale.  

As known from literature, the magnetic behaviour of iron oxide nanoparticles is very 

sensitive to particle size and to crystallinity, as well as to the presence of other 

molecules or metals. In fact, from the magnetic analysis reported in Figures 12 and 13 it 

was possible to observe the effect of palladium content on sample magnetization 

saturation values. In particular, by comparing samples Pd4 and Pd6 with pure magnetite 

it is possible to see that by increasing the palladium content, the magnetization 

saturation values increase. In more detail, the measured M0 for magnetite, Pd4 and Pd6 

samples are respectively 45.88 emu/g, 56.79 emu/g, 63 emu/g.   

Furthermore, a strong effect of particle crystallinity and particle size distribution on the 

magnetic behaviour was also observed. In fact, taking into account samples Pd6 and 

Pd8 characterized by the same palladium content but obtained using two diverse heating 

sources, two diverse M0 values were measured, 63 emu/g and 47.86 emu/g respectively.  

This difference is due to the their diverse structure as observed  with XRD 

diffractograms and TEM images. In fact sample Pd6 presents a higher crystalline degree 

and narrow size distribution (see Figures 8 and 9). In conclusion the introduction of 

palladium atoms in a high crystalline magnetite can improve its magnetic properties 

leading to higher magnetization saturation values.[21] 

5.2 Synthesis of ruthenium magnetic nanocatalysts 

Ruthenium oxide nanocatalysts attract huge interest for their surprising activity in a  

wide range of important industrial reactions such as hydrogenation[13c], oxidation[22] and 

water gas shift [12c].  

In this context, as underlined for the palladium nanoparticles in Chapter 5.1, the 

introduction of magnetic nanosupports could be a strategic choice able to guarantee an 

efficient and easy separation[17].  Moreover, magnetic separation avoids the use of 

auxiliary substances, making the process cleaner, safer and faster than normal 

separation procedures[18]. 
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The ruthenium oxide magnetic nanocatalysts, RuOx@Fe3O4 are prepared following a 

procedure based on a new hydrothermal method similar to that described in Chapter 

5.1.2 for the preparation of Pd@Fe3O4 samples.  

The reactive process involved in the RuOx@Fe3O4 sample preparation is shown in 

scheme 1. 

 3n Fe(OAc)2+ EtOH + y Ru(acac)3 n RuyOx-Fe3O4 +q CH3COO- + p CO + m CO2  
Scheme 1 General reaction scheme for the hydrothermal preparation of RuOx@Fe3O4 

In particular, the RuOx@Fe3O4 nanoparticles were prepared through the 

contemporaneous decomposition of iron acetate (Fe(OAc)2), and ruthenium 

acetylacetonate (Ru(acac)3) under MW-irradiation. This approach was repeated 

adopting diverse ruthenium amounts and the results are summarized in Table 3. 

Table 3 Characteristics of ruthenium oxide nanoparticles intercalated in magnetite nanocrystal 

Samples Composition 

AAS 
(Pd 
%w

t) 

BET 
(m2/g) 

Diameter 
(nm) 

VSM 
M0 

(emu/g) 

Ru1a 2% RuOx@Fe3O4 0.85 62.0 ND ND 
Ru2b 5% RuOx@Fe3O4 1.87 66.6 10.1 40 

a Reaction conditions: 1g of Fe(OAc)2, 0.088g Ru(acac)3, 44 mL EtOH at 96 wt%, microwave heating: 120 °C, 15 
min, 250 W 
b Reaction conditions: 1g Fe(OAc)2 0.035g Ru(acaca)3, 44 mL EtOH at 96 wt%, microwave heating: 120 °C, 15 min, 
250. 

The increase in ruthenium content results in an increase in the particle surface area as 

can be observed in Table 3. This positive effect of metal content on the particle surface 

area was observed also for the palladium samples described in Chapter 5.1.2. 

Although the new hydrothermal procedure permits the production of samples 

characterized by a high surface area, it is less efficient in ruthenium reduction. In fact, 

the measured ruthenium loads for samples Ru1 and Ru2 are a third of the theoretical 

values calculated on the basis of the amount of ruthenium precursor adopted for the 

preparation. Probably the energy supplied by the adopted temperature was not enough 

to reach the complete redaction and deposition of the ruthenium species present in the 

solution.  However it was not possible to increase the reaction temperature due to the 

microwave reactor safety pressure limits. In fact under the adopted condition (aqueous 
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ethanol as solvent and 120°C as reaction temperature) the instrumental pressure limit 

was reached. 

The FT-IR spectra reported in Figure 14 shows the adsorption band at 590 1/cm typical 

of the Fe-O bonds in tetrahedral Fe3O4 sites. Furthermore, the Ru1 and Ru2 spectra 

show two low absorbance bands at 900 1/cm and 960 1/cm ascribable to ruthenium 

oxide species in agreement with what is reported by Key et al.[23] These two last peaks 

are more evident in sample Ru2 (red line, Figure 14) due to its higher ruthenium 

content. 

Both Ru1 and Ru2 spectra also present strong peaks around 1400 1/cm ascribable to 

acetate traces introduced with the metal precursor, and a broad band at 3000-3500 1/cm, 

which corresponds to water and ethanol molecules trapped in the magnetite particles. 

The good overlapping of the FTIR spectra of samples Ru1 and Ru2 at low 

wavenumbers underline the stability and reproducibility of the adopted hydrothermal 

methods. 

Figure 14 FTIR spectra of samples Ru1 2% RuOx@Fe3O4 in black and Ru2 5% RuOx@Fe3O4 in red 

Ru1 and Ru2 sample compositions were also ascertained by AES and Raman analysis. The 

Raman spectra of both samples in fact report the typical magnetite strong band at 669 1/cm.   

The XRD diffractogram of sample Ru2 is portrayed in Figure 15. The diffraction patterns can 

be indexed as the Miller indexes of the cubic magnetite-like structure (220), (311), (222), (400), 

(422), (511), (400), (620), (533) and (622). The calculated cell parameter is identical to the ones 
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reported for magnetite, 8.367(1) Å. Moreover the crystal plans of Ru2 samples show the 

presence of defects probably due to the presence of ruthenium atoms inside the crystalline cell 

of magnetite. The calculated microstrain of Ru2 samples is 0.0024(1) similar to the ones 

observed for palladium samples. 

This last characteristic is an interesting aspect for the catalytic application of 

RuOx@Fe3O4 samples; in fact if the active metal is trapped inside the support structure, 

the deactivation by poisoning and leaching could be reduced.  

Figure 15 XRD diffractogram of Ru2 sample 

TEM micrographs and particle size distribution reveal the morphology of these catalytic 

systems (see Figure 16). In particular, sample Ru2 presents good particle dispersion 

characterized by close size distribution of magnetite particles with an average diameter 

of 10.1 nm and a standard deviation of 0.1 nm. It was not possible to detect ruthenium 

nanoparticles due to their small size and their position inside the magnetite crystal. 
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Figure 16 TEM micrographs and particle size distribution of sample Ru2, 5 %wt RuOx-Fe3O4 

The surface composition of samples Ru1 and Ru2 was investigated with the X-Ray 

Photoelectron Spectroscopy. As it is possible to see in Figure 17, the ruthenium of 

samples Ru1 and Ru2 show the binding energy of component Ru 3d5/2 at low binding 

energy 282.4 eV and component Ru 3d3/2 at the binding energy of 286.4 eV. The Ru 3d 

components with the presence of the signals of C 1s is ascribable to ruthenium at high 

oxidation state, possibly as Ru(III) or Ru(IV) as reported also in literature.[13b, c] 

However, an unequivocal determination of the ruthenium oxidation state is not possible 
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because the binding energy of ruthenium species is strongly influenced by the presence 

of iron oxides. In fact, as reported in literature, the strong interaction between Fe3O4 and 

ruthenium can result in a positive shift of the ruthenium species binding energy.[10] 

Furthermore, iron shows two components at binding energy of 710.6 eV and 713,6 eV 

both ascribable to Fe 2p3/2.  
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Figure 17 XPS analysis of :(a) sample Ru2, 5 %wt RuOx-Fe3O4 and (b) sample Ru1, 2%wt RuOx-Fe3O4 

The temperature programmed reduction (TPR) profile for sample Ru2 is displayed in 

Figure 18 and can be separated into two zones: below and above 300°C. The big broad 

band above 300°C, which is the last event, can be attributed to the bulk reduction of the 

magnetite to FeO and Fe [12b, 20], whereas in the former zone below 300°C, it is possible 

to observe the peak ascribable to the reduction of RuOx species. 
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Figure 18 TPR analysis of sample Ru2 

In the magnetization curve of sample Ru2 it is no possible to recognize the presence of 

magnetic hysteresis confirming the superparamagnetic behaviour of this sample (Figure 

19). The magnetic saturation values measured for this sample are about 40 emu /g lower 

than the ones observed for magnetite samples. The introduction of ruthenium species 

inside the magnetite structure causes the reduction of the sample magnetic properties. 

However, this negative effect does not compromise the recoverability of the sample; in 

fact, Ru2 displays sufficient magnetic behaviour, which guarantees its separation from 

liquid media.  
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Figure 19 Magnetization curve of sample Ru2 

5.3 Synthesis of magnetic platinum nanocatalysts 

Platinum nanoparticles are a very interesting material used in diverse technological and 

industrial fields. In fact platinum nanoparticles are studied as catalysts in many 

industrial and organic reactions[24] and they are employed for the production of 

sensors[25], or biocompatible materials[26].  In catalysis, in particular, platinum 

nanoparticles are very promising but their extensive application is strongly limited not 

only by their high cost but also for the difficult separation and recycle steps. 

In this context, the introduction of magnetic nanosupports could be again a strategic 

choice able to guarantee an efficient and easy separation. 

The platinum magnetic nanoparticles Pt@Fe3O4 are prepared following a procedure 

similar to that adopted for the preparation of ruthenium samples. In fact the Pt@Fe3O4

nanoparticles were prepared through the contemporaneous decomposition of iron 

acetate (Fe(OAc)2), and platinum acetate ([Pt4(OAc)8] • 2HOAc) under MW-irradiation.  

This approach was investigated by adopting two different heating sources, the 
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monomodal microwave CEM discovery S Class and the multimode microwave MARS 

6, and the results are summarized in table 4.  

Table 4 Characteristics of platinum nanoparticles trapped inside magnetite nanocrystal 

Samples AAS 
(Pt wt%) 

BET 
(m2/g) 

Core 
diameter 

(nm) 

σDm 
(nm) 

Pt 
diameter 

(nm) 

Pt1a 6.7 101.9 9.1 0.3 2.2 
Pt2b 4.8 N.D 10 0.2 2.1 

a Reaction conditions: 1g of Fe(OAc)2, 0.45g [Pt4(OAc)8]⋅2HOAc, 44 mL EtOH at 96 wt%, monomode microwave 
heating: 120 °C, 15 min, 250 W 
b Reaction conditions: 1g Fe(OAc)2 0.45g [Pt4(OAc)8]⋅2HOAc, 44 mL EtOH at 96 wt%,multimode microwave 
heating: 120 °C, 15 min, 1800W. 

As can be observed in table 4, the particles obtained using the monomode microwave 

irradiation contain a higher amount of platinum than the ones obtained using the 

multimode microwave. This difference can be explained by the ability of the 

monomode microwave to heat homogeneously the reactor thus permitting an efficient 

energy transfer between the reactor and the reagents, whereas the multimode microwave 

supplies microwave radiations randomly directed resulting in an inefficient and 

discontinuous energy transfer. The differences between monomode and multimode 

microwave reactors were also discussed for the synthesis of magnetite reported in 

Chapter 4.2. 

Furthermore, Pt1 has a higher surface area than the ones measured for magnetite. Thus, 

the introduction of platinum species inside the magnetite structure results in an increase 

of sample surface area, as previously observed also for palladium and ruthenium 

samples (see Chapter 5.1.2 and 5.2). 
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Figure 20 FTIR spectra of sample Pt1 in black and Pt2 in red 

The FT-IR spectra of samples Pt1 and Pt2 show the adsorption band at 590 1/cm typical 

of the Fe-O bonds in tetrahedral Fe3O4 sites (see Figure 20). The two narrow peaks 

between 1400 1/cm and 1600 1/cm are due to acetate traces, introduced with the iron 

precursor. Finally, the broad band at 3000-3500 1/cm is ascribable to water and ethanol 

molecules trapped in magnetite particles.  

The Raman spectra of both Pt1 and Pt2 samples report the typical magnetite strong band 

at 669 1/cm confirming the identification of the iron oxide phase. 
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Figure 21 XRD diffractograms of: Pt1 in red and Pt2 in black 

The XRD patterns of samples Pt1 and Pt2 are reported in Figure 21. Both the Pt1 and 

Pt2 XRD diffractograms present reflection peaks, which can be indexed as Miller 

indexes of the cubic Fe3O4 magnetite like structure (220), (311), (222), (400), (422), 

(511), (400), (620), (530), (622) and little bumps ascribable to metallic platinum. The 

platinum bumps can be indexed according to literature as Miller indexes (111) and 

(200). [27] 

The calculated cell parameters for Pt1 and Pt2 samples are respectively 8.362(1) and 

8.357(1) and quite similar to the ones reported for magnetite. Finally, the crystalline 

structure of samples Pt1 and Pt2 present a microstrain of respectively 0.0017 and 

0.0019 underlining the presence of structural defects in magnetite nanocrystal. 
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Figure 22 TEM micrographs and particle size distributions of samples a) Pt1, Pt@Fe3O4 obtained using 
monomode microwave and b) Pt2, Pt@Fe3O4 obtained using multimode microwave 

The Pt1 and Pt2 samples are characterized by narrow magnetite size distribution with an 

average diameter of about 9.1 nm and 10 nm respectively (see Figure 22). Furthermore, 

in both samples palladium nanoparticles are well-dispersed and extremely small, about 

2 nm in diameter.  No marked effects of the kind of heating source adopted on particle 

size distribution was observed in contrast with what was appreciated in magnetite 

preparation (see Chapter 4.2). 
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Figure 23 Magnetization curve of sample Pt1, 6,7Pt@Fe3O4 

The Pt1 sample shows a superparamagnetic behaviour as confirmed by the absence of 

magnetic hysteresis (Figure 23). The magnetic saturation values measured for this 

sample are about 35 emu/g lower than those observed for magnetite and ruthenium 

samples. The introduction of platinum species inside the magnetite structure causes the 

reduction of the magnetic properties as was observed for the ruthenium samples in 

Chapter 5.2. However, this negative effect does not compromise the recoverability of 

these systems; in fact Pt1 displays sufficient magnetic behaviour which guarantees its 

separation from the liquid media.  

5.4 Synthesis of magnetic copper oxides nanocatalysts 

Particular transition metals gain huge success in catalysis due to their low price and 

good availability. Nowadays an ever-increasing number of industrial and organic 

reactions are studied using transition metals such as copper, iron, vanadium, etc. Among 
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them copper and copper oxides find interesting application in oxidation and coupling 

reactions. 

For this reason, in this PhD work a new magnetic copper oxide catalyst was developed. 

The copper oxide magnetic nanoparticles, Cu2O@Fe3O4, are prepared following the 

hydrothermal procedure similar to the ones used to prepare Pd, Ru and Pt  based 

systems described in the previous chapters. In particular, the Cu2O@Fe3O4

nanoparticles are prepared adopting the contemporaneous decomposition of iron acetate 

(Fe(OAc)2) and a copper precursor. For the preparation of magnetic copper 

nanostructures two kinds of copper precursors were studied, the commercial copper 

acetate (Cu(OAc)2) and the  copper carbamato complex (Cu2(O2CNEt2)4 • 2NHEt2) 

which was prepared in collaboration with the Prof. Pampaloni laboratory, following the 

procedure reported by Agostinelli et al.[28] In a typical preparation Fe(OAc)2 and the 

chosen copper precursor are dissolved in aqueous ethanol, then the solution is MW-

irradiated at 120°C for 15 minutes and at the end of this treatment the particles are 

magnetically collected, washed and dried.  In order to better understand the role of the 

support on nanoparticle growth and on the final catalytic performances, copper oxide 

nanoparticles were supported also on γ-alumina.  In more detail, 1g of γ-Al2O3 and the 

right amount of copper precursor were dispersed in 44 ml of aqueous ethanol and MW-

treated at 120°C for 15 minutes. 

The results are summarized in table 5.  

Table 5 Characteristics of copper oxide nanoparticles trapped inside magnetite nanocrystal 

Samples Support 
Theoretic 
Cu load 
(%wt) 

BET 
(m2/g) 

Core 
diameter 

(nm) 

σDm 
(nm) 

Cu1a Fe3O4 5 60 6.1 0.1 
Cu2b Fe3O4 5 56.8 5.5 0.2 
Cu3a γ-Al2O3 5 154.6 51.5 1.8 
Cu4b γ-Al2O3 5 152.1 17.1 0.5 

a Obtained using a synthetic copper precursor (Cu2(O2CNEt2)4 • 2NHEt2) provided from the Prof. Pampaloni 
laboratory 
b Obtained using a commercial copper precursor Cu(OAc)2 

As can be observed in Table 5 and in the TEM images displayed in Figure 24, samples 

Cu1 and Cu2 present a similar magnetite particle distribution characterized by an 

average diameter of 6.1 nm and 5.5 nm respectively. Furthermore from TEM images of 

samples Cu1 and Cu2 it is no possible to appreciate the copper oxide size distribution. 
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On the other hand sample Cu3 supported on alumina is characterized by alumina 

acicular particles with an average length of 51.1 nm and small spherical and cubic 

copper oxide particles with an average diameter of 5.2 nm (see Figure 25a). Sample 

Cu2 shows spherical alumina particle with an average diameter of 17.1 nm and small 

copper oxide particle with a diameter of 4.1 nm. The different final alumina shape can 

be due to the interaction with the two diverse copper precursors used during the sample 

preparations. 

Figure 24 TEM micrographs and particle size distributions of samples a) Cu1, Cu2O@Fe3O4   obtained using 
the copper carbamato complex as copper precursor and b) Cu2, Cu2O@Fe3O4 obtained using the copper 
acetate as copper precursor. 
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Figure 25 SEM immages and size distribution of samples a) Cu3, Cu2O@Al2O3   obtained using the copper 
carbamato complex as copper precursor and b) Cu4, Cu2O@Al2O3 obtained using the copper acetate as 
copper precursor. 

The FT-IR spectra of samples Cu1 and Cu2 (see Figure 26) show a large peak around 

590 1/cm which can be associated with the Fe-O vibrations of tetrahedral Fe3O4. 

Moreover both samples present a big bump near the mean magnetite peak (around 592 

1/cm) that can be related to the Cu-O vibrations of Cu2O and the peaks at 1121 1/cm 

and 1360 1/cm ascribable to the  Cu-OH vibrations of Cu(OH)2 species.[29] 

 As was observed in the palladium, ruthenium and platinum samples, the two narrow 

peaks between 1400 cm-1 and 1600 cm-1 can be related to acetate traces, introduced with 

the iron precursor, and the broad band at 3000-3500 cm-1 to water and ethanol 

molecules trapped in the magnetite particles. 

107



Figure 26 FTIR spectra of samples: Cu1 in black and Cu2 in red 

Figure 27 Raman spectra of samples: Cu1 in bleck and Cu2 in red 
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Figure 28 Raman spectrum of sample Cu3, Cu2O@Al2O3 

In Figure 27 the Raman spectra of samples Cu1 (red line) and Cu2 (black line), show 

peaks at 296 1/cm 625 1/cm and 961/cm ascribable to copper monoxide[30]. Moreover, 

an overlapping of the peaks at 625 1/cm, which correspond to the Cu2O species, and a 

big peak at 699 1/cm typical of magnetite was observed, due to the broadness of the 

observed peaks. 

The Raman spectrum of sample Cu3 shows the peaks at 296 1/cm 625 1/cm and 961/cm 

ascribable to copper monoxide but it is not possible to detect any signal ascribable to γ-

alumina (see Figure 28). As is well known  in literature, γ-Al2O3 does not show any 

Raman signal from 100 1/cm to 1100 1/cm.[31] 

The structure of the magnetite and alumina support used in the preparation of samples 

Cu1, Cu2, Cu3 and Cu4 were further investigated through XRD analysis (see Figures 

29 and 30). 
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Figure 29 XRD diffractograms of Cu1 (red line) and Cu2 (black line) 
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Figure 30 XRD patterns of samples Cu3, CuO@Al2O3 

The XRD diffractograms of samples Cu1 and Cu2 (Cu2O@Fe3O4) present the reflection 

peaks, which can be indexed as Miller indexes of the cubic Fe3O4 magnetite like 

structure (220), (311), (222), (400), (422), (511), (400), (620), (530), (622) (see Figure 

28), whereas the patterns displayed in the XRD diffractograms of samples Cu3 can be 

indexed as Miller indexes of γ-Al2O3 alumina structure (311), (400), (440) (see Figure 

30)[32]. 

In all samples, it was not possible to observe the copper oxide reflection peaks due to 

the small size of the copper oxide nanoparticles. 

111



5.5 References 

[1] F.-h. Lin, W. Chen, Y.-H. Liao, R.-a. Doong and Y. Li, Nano Research 2011, 4, 
1223-1232. 
[2] A. Basińska, A. Nowacki and F. Domka, Reaction Kinetics and Catalysis Letters 
1999, 66, 3-11. 
[3] a) V. Polshettiwar and R. S. Varma, Chemistry-A European Journal 2009, 15, 1582-
1586; b) B. Baruwati, V. Polshettiwar and R. S. Varma, Tetrahedron Letters 2009, 50, 
1215-1218; c) A. Venugopal, J. Aluha, D. Mogano and M. S. Scurrell, Applied 
Catalysis A: General 2003, 245, 149-158; d) K. Yamaguchi and N. Mizuno, 
Angewandte Chemie International Edition 2002, 41, 4538-4542; e) H. A. Hui-Feng 
Wang, Rhys Dowler, Martin Sterrer, Hans-Joachim Freund, Journal of Catalysis 2012, 
286, 1-5; f) D. J. R. n. Rafael Cano, Miguel Yus, Tetrahedron 2011, 67, 5432-5436; g) 
H. Hildebrand, K. Mackenzie and F.-D. Kopinke, Applied Catalysis B: Environmental 
2009, 91, 389-396. 
[4] a) J. K. Edwards, B. E. Solsona, P. Landon, A. F. Carley, A. Herzing, C. J. Kiely 
and G. J. Hutchings, Journal of Catalysis 2005, 236, 69-79; b) K. Mori, S. Kanai, T. 
Hara, T. Mizugaki, K. Ebitani, K. Jitsukawa and K. Kaneda, Chemistry of Materials 
2007, 19, 1249-1256. 
[5] J. L. J. R. G. Y. P. W. H. L. X. S. L. C. J.-T. M. R. Li, Materials Science and 
Engineering B 2010, 172,  
207-212. 
[6] a) R. Cano, D. J. Ramón and M. Yus, The Journal of Organic Chemistry 2011, 76, 
5547-5557; b) M. Kotani, T. Koike, K. Yamaguchi and N. Mizuno, Green Chemistry 
2006, 8, 735-741. 
[7] a) J.-B. K. Ji-Young Jung, Abu Taher, and Myung-Jong Jin, Bull. Korean Chem. 
Soc. 2009, 30, 3082-3084; b) Q. Z. Mingliang Ma, Dezhong Yin, Jinbo Dou, Hepeng 
Zhang, Hailong Xu, Catalysis Communications 2012, 17, 168-172; c) P. X. Zhifei 
Wang, Bin Shen, Nongyue He, Colloids and Surfaces A: Physicochem. Eng. Aspects 
2006, 276, 116-121; d) S. C. P. Zhu Yinghuai, A. Emi, Su Zhenshun, Monalisa, Richard 
A. Kemp, Adv. Synth. Catal. 2007, 349, 1917-1922. 
[8] a) M. Y. Hiroaki Nitani, Takahiro Ono, Takashi Nakagawa, Satoshi Seino, Kenji 
Okitsu, Yoshiteru Mizukoshi, Shuichi Emura, Takao A. Yamamoto, Journal of 
Nanoparticle Research 2006, 8, 951-958; b) M.-J. K. Yunwoong Kim, Bull. Korean 
Chem. Soc. 2010, 31, 1368-1370; c) Y. Mizukoshi, K. Sato, T. J. Konno, N. Masahashi 
and S. Tanabe, Chemistry Letters 2008, 37, 922-923. 
[9] a) E. K. B. Keith A. Porter in Synthesis and use of intermetallic iron palladium 
nanoparticle compositions 
, Vol.  2011; b) Y. Jang, J. Chung, S. Kim, S. W. Jun, B. H. Kim, D. W. Lee, B. M. Kim 
and T. Hyeon, Physical Chemistry Chemical Physics 2011, 13, 2512-2516; c) K. A. 
Porter and E. K. Barnhardt in Synthesis and Use of Intermetallic Iron Palladium 
Nanoparticle Compositions, Vol.  Google Patents, 2011. 
[10] Y. Wang, Y. Yang, Y. Li, J. Lai and K. Sun, Catalysis Communications 2012, 19, 
110-114. 
[11] a) B. S. Jun Liu, Jiye Hu, Yan Pei, Hexing Li, Minghua Qiao, Journal of Catalysis 
2010, 274, 287-295; b) J. N. Fengwei Zhang, Haibo Wang, Honglei Yang, Jun Jin, Na 
Liu, Yubin Zhang, Rong Li , Jiantai Ma, Materials Research Bulletin 2012, 47, 504-
507. 

112



[12] a) A. Basińska and K. Pawełczyk, Reaction Kinetics and Catalysis Letters 2006, 
89, 325-331; b) A. Basińska, W. K. Jóźwiak, J. Góralski and F. Domka, Applied 
Catalysis A: General 2000, 190, 107-115; c) A. Basińska and F. Domka, Reaction 
Kinetics and Catalysis Letters 1999, 67, 111-116; d) A. Basińska, R. Klimkiewicz and 
F. Domka, Applied Catalysis A: General 2001, 207, 287-294; e) A. Basińska, Reaction 
Kinetics and Catalysis Letters 1997, 60, 49-56. 
[13] a) A. Baykal, E. Karaoglu, H. Sözeri, E. Uysal and M. Toprak, Journal of 
Superconductivity and Novel Magnetism 2013, 26, 165-171; b) V. V. Costa, M. J. 
Jacinto, L. M. Rossi, R. Landers and E. V. Gusevskaya, Journal of Catalysis 2011, 282, 
209-214; c) M. J. Jacinto, O. H. C. F. Santos, R. F. Jardim, R. Landers and L. M. Rossi, 
Applied Catalysis A: General 2009, 360, 177-182. 
[14] a) F. A. Harraz, S. E. El-Hout, H. M. Killa and I. A. Ibrahim, Journal of Catalysis 
2012, 286, 184-192; b) C. P. Ruas, D. K. Fischer and M. A. Gelesky, Journal of 
Nanotechnology 2013, 2013, 6; c) Y. Wang, J. Yao, H. Li, D. Su and M. Antonietti, 
Journal of the American Chemical Society 2011, 133, 2362-2365; d) H. K. Afef Mehri, 
Stéphane Daniele, Violaine Mendez, Abdelhamid Ghorbel, Gilles Berhault, Journal of 
Colloid and Interface Science 2012, 369, 309-316. 
[15] a) M. Mifsud, K. V. Parkhomenko, I. W. C. E. Arends and R. A. Sheldon, 
Tetrahedron 2010, 66, 1040-1044; b) J. Yang, C. Tian, L. Wang and H. Fu, Journal of 
Materials Chemistry 2011, 21, 3384-3390. 
[16] a) A. Balanta, C. Godard and C. Claver, Chemical Society Reviews 2011, 40, 4973-
4985; b) Yin and J. Liebscher, Chemical Reviews 2007, 107, 133-173; c) D. Astruc, 
Inorganic Chemistry 2007, 46, 1884-1894; d) A. R. Siamaki, A. E. R. S. Khder, V. 
Abdelsayed, M. S. El-Shall and B. F. Gupton, Journal of Catalysis 2011, 279, 1-11. 
[17] D. Wang and D. Astruc, Chemical Reviews 2014, 114, 6949-6985. 
[18] V. Polshettiwar, R. Luque, A. Fihri, H. Zhu, M. Bouhrara and J.-M. Basset, 
Chemical reviews 2011, 111, 3036-3075. 
[19] J. Liu, B. Sun, J. Hu, Y. Pei, H. Li and M. Qiao, Journal of Catalysis 2010, 274, 
287-295. 
[20] a) A. Khan and P. G. Smirniotis, Journal of Molecular Catalysis A: Chemical 
2008, 280, 43-51; b) J. Zieliński, I. Zglinicka, L. Znak and Z. Kaszkur, Applied 
Catalysis A: General 2010, 381, 191-196. 
[21] C. A. Elisa Bertolucci; Anna Maria Raspolli Galletti, Mirko Marracci, Bernardo 
Tellini, Fabio Piccinelli, Ciro Visone in Chemical and Magnetic Properties 
Characterization of Magnetic Nanoparticles, Vol.  IEEE, Pisa, 2015. 
[22] a) M. Pagliaro, S. Campestrini and R. Ciriminna, Chemical Society Reviews 2005, 
34, 837-845; b) T. Mallat and A. Baiker, Chemical Reviews 2004, 104, 3037-3058; c) 
Y. Gorbanev, S. Kegnæs and A. Riisager, Catalysis Letters 2011, 141, 1752-1760. 
[23] J. G. Kay, D. W. Green, K. Duca and G. L. Zimmerman, Journal of Molecular 
Spectroscopy 1989, 138, 49-61. 
[24] a) J. R. Applegate, D. McNally, H. Pearlman and S. D. Bakrania, Energy & Fuels 
2013, 27, 4014-4020; b) A. K. Shil and P. Das, Green Chemistry 2013, 15, 3421-3428; 
c) R. Narayanan and M. A. El-Sayed, Nano Letters 2004, 4, 1343-1348; d) C. Wang, H.
Daimon, T. Onodera, T. Koda and S. Sun, Angewandte Chemie International Edition 
2008, 47, 3588-3591. 
[25] a) M. Yang, Y. Yang, Y. Liu, G. Shen and R. Yu, Biosensors and Bioelectronics 
2006, 21, 1125-1131; b) S. Hrapovic, Y. Liu, K. B. Male and J. H. T. Luong, Analytical 
Chemistry 2004, 76, 1083-1088. 

113



[26] a) P. Erika, L. Samuel, R. Hynd, U. Noriko, K. Katsumi, F. Yoshiya, S. Claude Le 
and L. Sandrine, Nanotechnology 2010, 21, 085103; b) P. V. Asharani, Y. lianwu, Z. 
Gong and S. Valiyaveettil, Nanotoxicology 2010, 5, 43-54. 
[27] M. R. Buck, J. F. Bondi and R. E. Schaak, Nat Chem 2012, 4, 37-44. 
[28] Elisabetta Agostinelli, Daniela Belli Dell'amico, Fausto Calderazzo, Dino Fiorani 
and G. Pellizzi, Gazzetta Chimica Italiana 1988, 118, 729-740. 
[29] S. K. Shinde, D. P. Dubal, G. S. Ghodake, P. Gomez-Romero, S. Kim and V. J. 
Fulari, RSC Advances 2015, 5, 30478-30484. 
[30] S. Wang, Q. Huang, X. Wen, X.-y. Li and S. Yang, Physical Chemistry Chemical 
Physics 2002, 4, 3425-3429. 
[31] I. E. Wachs, Catalysis Today 1996, 27, 437-455. 
[32] S. Lu, H. Chunfeng, S. Yoshio and H. Qing, Journal of Physics D: Applied Physics 
2012, 45, 215302. 

114



6. ELECTRICAL AND MAGNETIC PROPERTIES OF
MAGNETITE NANOPOWDERS 

Metal oxide nanoparticles gain huge interest for their catalytic, electrical, and magnetic 

properties, which are strongly different from those of their bulk counterparts[1]. In 

particular, magnetite Fe3O4 is the most common mineral on Earth with a cubic inverse 

spinel structure with fcc close packed oxygen and Fe cations occupying interstitial 

tetrahedral and octahedral sites. Thanks to its properties and biocompatibility, this 

material has a wide range of applications in different fields, such as energy storage 

devices, sensors, drug delivery systems, magnetic resonance imaging and 

nanocatalysis.[2]  In particular in catalysis, magnetite nanoparticles modified with noble 

metals show promising results. The electrical and magnetic properties of these 

nanostructures are not completely understood, thus the characterization and the study of 

the influence of the final textural particle characteristics on electrical and magnetic 

properties has become fundamental[2]. 

In this work the magnetic and electrical behaviour of reference and synthetized 

nanopowders were deeply studied. In particular, the influence of noble metals and 

nanoparticle size distribution on magnetization curves and dielectric permittivity were 

analysed.  

6.1 Magnetic characterization of magnetite nanopowders 

The magnetic properties of materials can be analysed through diverse kinds of magnetic 

field sensors. Magnetic field sensors can be divided into vector sensors, which detect 

the vector components of a magnetic field and scalar sensors that measure the 

magnitude of the vector magnetic fields.  The vector types can be further divided into 

sensors able to measure low fields (commonly called magnetometers) and high fields 

(named gaussmeters). 

Among them the most common instruments used to study the magnetization of 

materials are the Vibrating Sample Magnetometer (VSM), the Superconducting 

Quantum Interference Device (SQUID) and the voltamperometric device.  
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VSM systems are used to measure the magnetic properties of materials as a function of 

magnetic field, temperature and time. Powders, solids, liquids, single crystals, and thin 

films are all readily accommodated in a VSM. The operating principle is based on the 

exhibition of a magnetic moment by a magnetic sample placed within a uniform 

magnetic field. By mechanically vibrating the sample within suitably placed sensing 

coils, a voltage is induced along the sensing coils. The measurement of the induced 

voltage can be related to the magnetic moment of the sample. The magnetic field may 

be generated by an electromagnet, or a superconducting magnet while variable 

temperatures may be achieved using either cryostats or furnace assemblies. 

Figure 1 shows the Lake Shore© vibrating sample magnetometer used to analyse the 

nanopowder prepared in this PhD work. 

Figure 1 Lake Shore vibrating sample magnetometer

The nanopowders were embedded in a suitable plastic cylindrical holder, as shown in 

Figure 2. The centring of the sample was performed through the so-called “saddling 

procedure” aimed to seek the saddle point of the field around the centre of the pole caps 

that guarantees the perfect centring of the sample in the gap. 

It should be stressed that as the samples are made of powder, the shape of the sample, 

i.e. its geometry, is not well defined inside the holder. This does not allow us to 

“extract” the demagnetizing field component from the measurement. An accurate 

estimation of the demagnetizing field appears to be a critical task in these 

measurements. At a first analysis, if we are interested in coercing field and saturation 
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magnetization (not affected by the demagnetizing field), the measurements are however 

not critical and data can be considered relatively accurate. 

Figure 2 VSM cylindrical sample holder

Superconducting Quantum Interference Devices are the most sensitive of all 

magnetometers. The operating principles of a SQUID magnetometer is based on the “dc 

Josephson effect” that reveals low magnetic field strength or slight changes in the 

magnetic field; the schematic representation of the SQUID is reported in Figure 3.  

Figure 3 SQUID apparatus
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These sensors operate at a near to absolute zero temperature and require cooling with 

liquid helium or nitrogen. For these reasons, the SQUID is more expensive, less rugged 

and less reliable than the VSM magnetometer. Like the VSM instrument the SQUID 

can also analyse powders, solids, liquids, single crystals and show the same problems 

connected with the geometry of the sample inside the sample holder. 

Finally, volt-amperometric devices are based on the volt-amperometric theory, which 

shows that the magnetic flux density and magnetic field values can be reconstructed via 

the Ampère and Faraday-Neumann laws obtained by the measurement of the primary 

current and secondary voltage of a two-coil winding system wound on a magnetically 

closed sample. The volt-amperometric method is generally applied in order to 

characterize symmetric cycles of soft materials[3], even if it has been shown how to 

extend such a technique to the measurement of asymmetric cycles as well as to more 

complex behaviours[4]. In general, the demagnetizing field does not represent a critical 

task for such a method, while its main limitations are the tight window of work 

frequency and the practical inability to reach high field values. A combined use of 

magnetometers and the volt-amperometric method appears to be a reasonable approach 

to meet the requirements for a magnetic analysis of nanopowders.  

In this PhD work both VSM magnetometer and volt-amperometric devices were used to 

analyze the macroscopic magnetic behavior of MNPs. Indeed, the aim is to characterize 

magnetic nanoparticles under equivalent macroscopic conditions that is not clearly 

discussed in literature. [5] 
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Figure 4 Representation of voltamperometric setup

The volt-amperometric system adopted in this work is displayed in Figure 4. In 

particular, a signal generator drives a power amplifier connected in a transconductive 

configuration, thus working as a current generator and imposing the current in the 

primary coil.  

The primary current i1 is measured through a shunt with a frequency range from DC to 

10 kHz. The declared shunt accuracy is ±0.1 % while the phase error is below 1o at 100 

kHz. The voltage drop across the shunt and the secondary voltage v2 are measured 

through two 16-bit analog to digital converters (ADCs). 

The magnetic field H and flux density B are reconstructed using the Ampère and 
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Faraday–Neumann laws through the primary current i1 and the open-circuit voltage 

induced in secondary coil v2, as reported in (1) and (2). 

(1)             H =
N1i1
L

(2)           
v2 = N2S

dB
dt

Where N1 and N2 represent the turn numbers of the primary and secondary windings and 

S is the effective cross-section area. As the ratio between the external and internal 

diameter of the sample is greater than 1.1, L was chosen according to the expression 

thus representing the mean field line. 

(3)      
L =

π Dext −Dint( )

ln Dext

Dint
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#
$
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Commercial and synthesized powders were inserted into a hollow glass torus to prepare 

a magnetically closed sample over which the secondary (inner) and primary (outer) 

windings are wound.  

A secondary winding of 98 turns is wound directly on the glass support, while the 

primary winding of 124 turns is distributed along three sheets of about 40 turns each 

one. Such sheets are separated one from each other by an insulating tape and the turns 

are arranged to obtain a uniform winding distribution, as shown in Figure 5. The 

insulation tape among the sheets and the larger separation among the turns avoid a 

possible short circuit among the turns as a consequence of the relatively high current 

values in the primary winding. 
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First (inner)
sheet

Second (intermediate)
sheet

Third (outer) Complete
sheet primary winding

Figure 5 Schematic representation of primary  and  secondary windings arrangement. 

The control of the local temperature of the copper wire along the primary winding is in 

general a complex task and care must be taken to avoid damage to the circuit. The 

current density adopted for our experiments varied from about 10 A/mm2 to 400 

A/mm2. For higher current density values, we could reach 70 kA/m magnetic field 

values close to the beginning of the saturation region for the materials investigated. It is 

clear how such current density values are critical from a thermal point of view for our 

apparatus and how this is an intrinsic limit of the adopted measurement method. On the 

other hand, we could find a compromise solution between the obtainable magnetic field 

values and the thermal stress of the copper wire. The thermal inertia of the magnetic 

sample positioned in a climatic chamber during the test was evaluated high with respect 

to the constraints relevant to the primary copper wire.  

Particular care was taken during sample preparation to guarantee an approximately 

homogeneous distribution of the powder within the glass torus holder. The packing of 

the powders appears to be a critical task that can affect measurement accuracy, thus the 

repeatability of the filling up of the chosen glass torus by an easy vibration technique 

was verified first.  

The uncertainty of the filling up method was evaluated so as not to exceed 1% in weight 

for each sample, thus ensuring the same geometry for each tested nanopowder. This in 

particular defined the measurand well, and it seems to respond in part to a lack of 

discussion in literature, i.e. in the field of nanoparticle magnetic characterization from a 
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macroscopic point of view. The simplicity of the packing method and the geometry of 

the glass holder make the method easy to use in different laboratories, thus enabling the 

reproducibility of our approach. 

In more detail, commercial and synthesized powders were inserted into the glass torus 

using a vibrating device and sonication to obtain the complete packing of the internal 

volume. This ensured the powder would form a macro-continuous system inside the 

sample holder. The packing procedure reproducibility was assured by repeating the 

packing procedure five times for each powder and the relative standard deviation of the 

measured weight was less than 1%. Of course, different commercial and synthesized 

nanoparticles show different final sample weights, because of different micro-

arrangements inside the sample holder. Indeed, materials characterized by different 

textural, chemical and physical properties (such as density, porosity, nanoparticle size 

and shape) show different packing fraction. On the other hand, it was ensured that the 

macroscopic sample geometry was repeatable for each powder as well as for different 

powders in agreement with our purpose and discussion. 

A photograph of the glass torus sample with commercial nanopowder without (left plot) 

and with (right plot) the secondary and primary windings is shown in Figure 6. 

Figure 6 Glass toroid sample without (left plot) and with (right plot) the secondary and primary windings. 

This voltamperometric setup allows us to obtain repeatable and reproducible measures 

to characterize the magnetic behaviour of nanoparticles from a macroscopic point of 

view, contrary to the VSM and SQUID analysis.  

To better analyze the differences between the VSM magnetometer and the adopted 

voltamperometric technique, these two analyses were employed in the characterization 

of the reference nanopowder. This reference nanopowder is Sigma Aldrich commercial 

magnetite characterized by an average particle diameter of 50 nm. 

The VSM magnetometer permits the analysis of the variations of sample magnetization 
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by varying the applied magnetic field from 10 Oe to104 Oe, leading to material 

magnetic saturation and to the building of the typical magnetic hysteresis curves. 

Figure 7 reports the hysteresis curves of the reference nanopowder. 

Figure 7 Hysteresis curves of Sigma Aldrich magnetite nanopowder obtained with VSM magnetometer

The same nanopowder was analysed adopting the voltamperometric setup, which 

permits a more accurate scan of material magnetization variations in a short range of 

magnetic fields (0-300 Oe).  Thanks to this deep analysis, it is possible to observe minor 

hysteresis loops of the material as shown in Figure 8. 
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Figure 8 Minor hysteresis loop of magnetite nanopowder obtained with the voltamperometric technique.

In conclusion, the VSM analysis allows us to obtain a complete description of the 

magnetic hysteresis curve and to quantify the material magnetization saturation value 

M0. Instead, the voltamperometric technique permits an extremely accurate evaluation 

of material magnetic behaviour in a short range of magnetic fields. This short range of 

magnetic fields is particularly important because they correspond to ones commonly 

used in industrial application. 

Therefore, by combining the information obtained using VSM and voltamperometric 

instruments it is possible to obtain a satisfactory magnetic description of a nanopowder.  

By adopting these two techniques, it was possible to deeply investigate the correlation 

between magnetic properties and chemical and morphological characteristics of 

nanoparticles. In particular, in order to better understand the relationship between 

particle characteristics and properties the synthesized Fe3O4 and M@Fe3O4 (M: Ru, Pd 

or Pt) nanopowders described in Chapter 4 and 5 and the reference magnetite 

nanopowder (Fe3O4 ref 5um and Fe3O4 ref 50-100 nm) were further analysed. 

The main characteristics of the synthesized Fe3O4 samples and the different bimetallic 

systems M@Fe3O4 (M: RuOx, Pd or Pt), are summarized in Table 1, together with those 

of reference Fe3O4 nanopowders.  
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Table 1 Main morphological and chemical characteristics of reference and synthetized nanopowders 

Sample 
Noble 
metal 
(wt%) 

Surface area 
(m2/g) 

Mean 
diameter 

(nm) 
s.d (nm) Msat 

(emu/g) 

Fe3O4 ref 5um - - 132.0 18,4 - 

Fe3O4 ref 50-100 nm - > 60 26.1 0.5 50 

Fe3O4 - 78.8 4.8 (16.3) 0.6 (0.2) 37 

Pd@Fe3O4 4.70 106.8 8.2 0.3 47 

Ru@Fe3O4 1.87 62.0 10.1 0.1 40 

Pt@Fe3O4 6.01 101.9 9.1 0.3 35 

As can be observed in Table 1, the synthesized Fe3O4 and M@Fe3O4 samples show 

higher surface area than the commercial samples; this peculiar aspect can be explained 

by the different synthetic approach employed for the preparation of Fe3O4 and 

M@Fe3O4 nanoparticles. In fact, the final textural, magnetic and electrical 

characteristics of nanoparticles are strongly influenced by the adopted synthetic 

procedures[6].  The bimetallic systems (Pd@Fe3O4, RuOx@Fe3O4 and Pt@Fe3O4) 

synthetized following the same procedures show a marked difference in noble metal 

content that can be explained by the different affinity of these noble metals with the 

magnetite structure and the different reduction potential of the noble metal precursors.  

125



126



Figure 9 TEM micrographs and particles size distribution of commercial and synthetic samples: 
a) Fe3O4 ref 5 um, b) Fe3O4 ref 50-100, c)  Fe3O4, d) Pd@ Fe3O4, e) RuOx@ Fe3O4 and f) Pt@ Fe3O4
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Commercial and synthetic samples show a marked difference in shape and particle size 

distribution (see Figure 9). In particular Fe3O4 ref 5um shows cubic morphology while 

Fe3O4 ref 50-100, Fe3O4, Pd@Fe3O4 and Ru@Fe3O4 samples show spherical morphology; 

this difference could be explained by the shape evolution that occurs during long 

particle growth[7]. Moreover, the reference nanoparticles show broad particle size 

distribution characterized by high standard deviation compared with the synthetic 

counterpart. The synthetic Fe3O4 has a bimodal size distribution characterized by a 

bigger particle population with an average diameter of 16.3 nm and a smaller one with 

an average diameter of 4.8 nm. Finally, the synthetic Pd@Fe3O4, RuOx@Fe3O4 and 

Pt@Fe3O4 samples show remarkably narrow particle size distribution characterized by 

an extremely low standard deviation. These results ultimately confirm that the synthetic 

approach drastically affects the textural and morphological particle characteristics and 

confirms the good size control reached during synthesis.   

The magnetic behaviors of the synthesized and commercial samples were analyzed at 

room temperature with the voltaperometric system and their magnetization curves are 

reported in Figures 10 and 11. 
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Figure 10 Magnetic behaviour of reference magnetite 5 µm (red curve), reference magnetite 50-100 nm (black 

129

curve) and synthesized magnetite (blue curve) 



Figure 11 Magnetization curves of Pd@Fe3O4 (black), Pt@Fe3O4 (blue), RuOx@Fe3O4 (pink), nanoparticles. 

The saturation magnetization value of the synthesized reference nanostructured Fe3O4 

was 37 emu/g, a smaller value than the 90 emu/g of bulk magnetite. In particular, when 

comparing samples (Fe3O4 ref 5um , Fe3O4 ref 50-100 and Fe3O4) it is possible to observe that 

by increasing the diameter of the particles the M0 increases.  However, it is remarkable 

that when passing from a diameter of 132 nm (Fe3O4 ref 5um sample) to a diameter of 26.1 

nm (Fe3O4 ref 50-100 sample) the decrement of  the M0 is less marked because particles 

characterized by a dimension below the Weiss domain dimension (100 nm) show a 

superparamgnetic behaviour that can compensate the loss of magnetic moment due to 

the decrease  in crystal size. 

As known from literature, the magnetic behaviour of iron oxide nanoparticles is very 

sensitive not only to particle size and to crystallinity, but also to the presence of other 

molecules on the surface of nanoparticles. The introduction of palladium changes the 

magnetic behaviour of the magnetic nanopowders with respect to that made by pure 
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magnetite. In fact, the Pd@Fe3O4 sample show a significant reduction of hysteresis and 

an evident increment of the saturation magnetization value that reaches in this case the 

47 emu/g value. RuOx@Fe3O4 and Pt@Fe3O4 samples instead show an evident 

reduction of hysteresis and slight variations of the saturation magnetization value 

limited to a few percentage points.  The ruthenium and platinum effect on magnetic 

saturation agrees with the study reported by Andreev at al.[8] The correlation  between 

textural particle characteristics and electrical and magnetic properties has been 

published[9]. 

6.2  Electrical characterization of magnetite nanopowders 

The dielectric permeability of synthesized Fe3O4 and M@Fe3O4 (M: RuOx or Pd) 

nanopowders described in Chapters 4 and 5 and the reference magnetite nanopowder 

(Fe3O4 ref 5um and Fe3O4 ref 50-100 nm) were tested via spectroscopic analysis of the 

equivalent electrical properties of the samples. A capacitor was made by inserting each 

nanopowder or pellet between two copper plates and connected to an E4980A Agilent 

LCR meter (see Figure 12). The equivalent parallel conductance (Gp) and capacitance 

(Cp) values were estimated via an impedance spectroscopy technique. 
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Figure 12 Examples of setup for spectroscopic analysis IES on nanopowders and pellets 

The capacitance Cp of all nanostructured samples was measured at room temperature 

using an impedance spectroscopy, equipped with a specific handmade probe (see Figure 

12), from the frequency of 102 to 106 Hz. In particular, in this work we studied the effect 

of nanoparticle size and noble metal presence on magnetite relative dielectric 

permittivity ξr. Sample dielectric permittivities ξ were obtained following the standard 

equation 4. 

(4)          ξ = (Cp * d)/ S 

Where Cp is the measured capacitance of the material, d is thickness of the sample and S 

is the surface of the sample involved in the measurement. The relative permittivity ξr

was calculated as: 

(5)               ξr = ξ / ξ0
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Where ξ0 is vacuum permittivity (ξ0 = 8.852 pF/m). 

Figure 13 Curves of relative dielectric permettivity as a function of the applied frequency for commercial and 
synthetic magnetite nanopowder: Fe3O4 com 5um (in green), Fe3O4 com 50-100 (in red), Fe3O4 (in blue) 

Figure 13 shows the variation of relative dielectric permittivity (ξr) with frequency at 

room temperature for reference magnetite nanopowders (Fe3O4 ref 5um (green line), Fe3O4

ref 50-100 (red line)) and synthetic Fe3O4 nanopowder (blue line). The relative dielectric 

permittivity decreases, thus decreasing magnetite nanoparticle size. A strong 

dependence between size of nanoparticles and electrical properties was observed also 

for other nanostructured metals as reported by M. Anwar et al.[10] 

Moreover, the commercial samples (Fe3O4 ref 5um, Fe3O4 ref 50-100) show a resonance effect 

of dielectric permittivity, underlining the ionic polarization that occurs at the interface 

between the nanoparticles. Ionic polarization or interfacial polarization in fact, is caused 

by the accumulation of free ions at the interfaces between materials having different 

conductivities and dielectric constants[11]. In particular, reference magnetite 

nanoparticles characterized by a bigger size (Fe3O4 ref 5um) show a more marked 

resonance effect than magnetite of a smaller size (Fe3O4 ref 50-100), while for the synthetic 

magnetite samples no resonance effect was appreciated probably due to their extremely 

small size. The dielectric permittivity values obtained are comparable with the ones 

reported in literature for the same materials[12]. 
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In order to better understand the size and morphology effects on the dielectric 

permittivity of the samples both the commercial magnetite and the synthetic one were 

pressed in pellets using a manual press. The pellets were prepared using 100 mg of 

nanopowder per pellet, ten pellets for each sample were placed between the copper 

plates as shown in Figure 12 and analysed. In this last case, dielectric permittivity ξ was 

calculated taking into account the amount of air between the pellets, ξ = (Cp –Caria)* d)/ 

S where Cp is the measured capacitance of the material, Caria is the capacitance of the air 

between the pellets (calculated as Caria = ξ0 *(Sp-S)/d), d is thickness of the pellets, S is 

the sum of the surface of ten pellets and Sp is the surface of the copper plate. Relative 

dielectric permittivity was calculated as previously reported using the vacuum 

permittivity ξ0 of 8.852 pF/m. 

Figure 14 Comparison between the curves of relative dielectric permettivity as a function of the applied 
frequency for the Fe3O4 ref 5um   nanopowder in blue and pellets in red. 
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Figure 15 Comparison between the curves of relative dielectric permettivity as a function of the applied 
frequency for the Fe3O4 ref 50-100   nanopowder in blue and pellets in red. 

Figure 16 Comparison between the curves of relative dielectric permettivity as a function of the applied 
frequency for the Fe3O4   nanopowder in blue and pellets in red. 
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As can be seen in Figures 14, 15 and 16, by pressing the nanopowders in pellets their 

dielectric permittivity increases due to the improvement in the interfacial polarization 

and the reduction of air between the nanoparticles. In particular, in synthetized Fe3O4

pellets the resonance effect became appreciable while in the same materials as 

nanopowders it was not observed. Futhermore, the resonance effect of Fe3O4 ref 50-100   

pellets results shifted to a higher frequency  compared to the one observed in Fe3O4 ref 50-

100 nanopowders.  

Finally, in the Fe3O4 ref 5um pellets the resonance effect was not appreciated, probably 

because it  had shifted to a higher frequency which our instrument could not reach. 

Taking into account the differences between powder and pellets observed for the same 

materials, it became extremely important to characterize these kinds of nanostructures 

under the final application conditions. 

Figure 17 Comparison between relative permittivity as function of frequency for synthetic Fe3O4 and 
M@Fe3O4 nanopowders :a) dielectric permettivity curves of Pd@Fe3O4 nanopowders (red) b) dielectric 
permettivity curves of Ru@Fe3O4  nanopowders (blue) c) dielectric permettivity curves of Fe3O4 nanopowders 
(green). 

Finally, the introduction of ruthenium or palladium in the magnetite structure seems to 

promote the mobility of charge increasing interface polarization, in fact Pd@Fe3O4 and 

Ru@Fe3O4 have a higher dielectric permittivity than pure synthetic magnetite Fe3O4. 

Furthermore, for all these samples no resonance effect was appreciated due to their 

small size.  
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7. SYNTHESIS OF MAGNETIC NANOCOMPOSITES

Magnetic nanocomposites (MNCs) find smart and increasing applications in diverse 

technological and medical fields.  In particular, these materials are attractive in 

biomedicine and biotechnology for the production of magnetic imaging agents[1], cancer 

treatments[2], and targeted drug delivery[3]. In industry, MNCs are applied to 

information storage devices[4], printing inks[5], fuel cell membranes[6], catalysts[7] and 

sensors[8]. 

Typically, magnetic nanocomposites show a core-shell structure characterized by a 

magnetic core and a polymeric shell. This hierarchical multilayer structure is very 

versatile because by selecting the opportune polymeric shell it is possible to obtain 

MNCs with diverse properties. The polymeric shell in fact can be functionalized with 

the desired groups able to drive the MNC properties such as acidic or alkaline strength, 

electrical behaviour, stability and chemical compatibility to a selected medium.[9] These 

aspects are extremely important for the design of new MNC based materials. 

Despite these positive aspects, the presence of the polymeric shell around magnetic 

particles causes the passivation of their surface, decreasing their magnetic behaviour. 

Generally, the magnetic core is composed of iron oxides, which are cheap, 

biocompatible and involve the most abundant mineral on Earth. Instead, for the 

preparation of the polymeric shell a wide range of polymers can be used, in particular 

the selected polymer must be able to arrange itself in polar and apolar regions that can 

be filled by the metal precursors. In this class of polymeric compounds, there are resins, 

dendrimers and copolymers. Moreover, it is possible to use a polymer characterized by 

a high coordinative group such as nitrogen and oxygen based functional groups. 

It is well known that the magnetic, electrical and catalytic properties of MNCs are 

strongly connected to their size, shape, composition and stability, thus to their synthetic 

procedure. There are numerous procedures reported in literature for the preparation of 

MNCs using a wide range of polymeric shells.  

For example Ma et Al.[10] described the preparation of MNCs using sodium alginate as a 

biocompatible polymeric shell. In more detail, they describe the alkaline co-
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precipitation of iron oxides and subsequently the addition of sodium alginate as a 

polymeric shell.  Conversely, Ngomsik and Idris et Al.[11] developed a two-step 

procedure to produce a smaller maghemite/alginate system based on the alkaline 

precipitation of magnetite particles, their oxidation to maghemite in acid media and the 

final treatment with alginate and organic extractants.  

Keshavars et Al.[12] showed the preparation of MNCs using polyacrylic acid as a  

sustainable polymeric shell. Finally Zhang et Al.[13] developed a microwave assisted 

one-pot procedure to prepare a magnetite/polypyrrole nanocomposite. 

Other interesting synthetic procedures report the use of diverse polymers as a polymeric 

shell, such as alginate[14], polyvinylpyrrolidone[15], polyvinyl alcohol[16], 

polycaprolactone[17], polystyrene[18] and other copolymers[19]. 

Furthermore, it is possible to prepare MNCs characterized by acidic behaviour suitable 

as recoverable heterogeneous acid catalysts.  Several important industrial reactions such 

as hydrolysis[20], transesterification[21] etc. are acid catalysed and generally involve the 

use of traditional homogenous acids. Nowadays the use of homogeneous acids is 

strongly discouraged due to their hazardous and corrosive nature, thus leading to 

environmental and health risks. 

In fact, homogeneous acids are difficult to recover and separate from the reaction 

medium resulting in the production of huge amounts of hazardous waste. Moreover, the 

corrosive nature of these compounds causes the rapid deterioration of industrial plants, 

increasing process costs. [22] 

Taking into account all these problems, the development of new acid magnetic 

nanocomposite catalysts became extremely important. In fact, these new materials show 

an extremely small size able to guarantee a closer contact between reagents and 

catalytic active sites, thus mimicking the homogenous catalyst. Moreover, the magnetic 

nature of MNCs assures an easy and efficient recovery and recycle. 

Several procedures are reported in literature for the preparation of acid MNCs, 

involving diverse acid polymeric or organic compounds such as sulfamic acid[23], oleic 

acid[24], Nafion resin[25], poly lactic acid[26], humic acid[27] etc. 

The acidity of these catalysts, thus their catalytic activity, strongly depend on their 

chemical composition and final structure as underlined by Fujii et Al.[28] 

In this context, diverse biocompatible and sustainable magnetic nanocomposites were 

prepared following the new greener precipitate and hydrothermal procedures described 

in Chapters 4.1 and 4.2. 
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In particular, two acidic MNCs were prepared following the new precipitate procedure 

and four biocompatible MNCs were prepared through the new hydrothermal procedure. 

The acidic MNCs are composed of a maghemite (γ-Fe2O3) core, which is surrounded by 

Nafion 177 (Perfluorinated resin) or Nafion SAC-13 (Nafion/Silica composites).  

Instead, the biocompatible MNCs are composed of a magnetite core (Fe3O4), which is 

surrounded by diverse biocompatible polymers such as alginate, polyvinylpyrrolidone 

and polyvinyl alcohol at high (85000-146000 Mw) and low (31000-50000 Mw) 

molecular weight. 

7.1 Synthesis of acid magnetic nanocomposites: the microwave assisted 

precipitate approach 

The acid MNCs were prepared following a procedure based on the new precipitate 

method described in Chapter 4.1. In particular FeCl3·1.5H2O (1g) and NaOH (1.5g) 

were dissolved in EtOH 96 wt% (44 mL) under stirring. The proper amount of Nafion 

alcohol suspension was neutralized by adding NaOH and added at iron basic solution.  

The resulting mixture was treated by monomode microwave (CEM discovery S-class 

equipped with an 80 mL glass vessel) at 160°C for 15 minutes at 250W under inert 

atmosphere. At the end of the treatment, particles were collected using centrifuge at 

1500 rpm for 5 minutes, washed three times with EtOH at 96 wt% (40 mL) and dried 

under vacuum for 12 h. They were stored under argon. 

This preparation was repeated using two kinds of Nafion resins, Nafion 117 and Nafion 

SAC-13, characterized by diverse acidity. In particular Nafion 117 presents an acidity 

of 0.91 meq H+/g, whereas Nafion SAC-13 of 0.12 meq H+/g.[29] The final 

characteristics of the obtained MNCs are summarized in Table 1. 

Table 1 Magnetic acid nanocomposites 

Samples Composition BET (m2/g) Diameter (nm) σDm (nm) 

MNC1 50%Nafion 117@γ-Fe2O3 36.7 6.1 0.6 

MNC2 50%Nafion SAC13@γ-Fe2O3 47.7 3.3 0.3 
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The MNC1 and MNC2 samples show lower surface areas than those observed for 

maghemite γ-Fe2O3 (62 m2/g) due to the presence of Nafion chains, which influence the 

growth of maghemite particles filling the surface irregularity of maghemite 

nanoparticles.  Moreover, the MNC2 sample obtained using Nafion SAC-13 shows a 

smaller particle diameter than the MNC1 sample prepared using Nafion117. 

This size difference could be explained by the peculiar characteristic of Nafion SAC-13, 

which is a nanocomposite of Nafion with 20-30% wt. of porous silica. Nafion SAC-13 

is characterized by pores with a diameter of about 10 nm and a volume of 0.6 mL/g. 

These nano-pores can influence particle growth leading to a smaller size. 

It is remarkable that both MNC1 and MNC2 nanocomposites have a narrow size 

distribution characterized by an average diameter of 6.1 nm and 3.3 nm, respectively 

(see Figure1). 
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Figure 1 TEM micrographs and size distribution of samples: a) MNC1 obtained using Nafion117 and b) 
MNC2 prepared using Nafion SAC-13 

The structural nature of the iron oxide phase was investigated by FT-IR and XRD 

analysis. 

Figure 2 FT-IR spectrum of sample MC1, magnetite/Nafio117 nanocomposite 

The FT-IR spectrum of sample MNC1 reported in Figure 2 shows strong peaks at 1220 

1/cm and 1147 1/cm ascribable to C-F stretching of CF2 groups, a strong peak at 1056 

1/cm due to S-O stretching of the SO3 group and the band around 981 1/cm which 

corresponds to C-O-C stretching. All these peaks are ascribable to the diverse functional 
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groups present in Nafion 117 chains, in agreement with literature[30]. Moreover sample 

MNC1 displays the typical band of the maghemite phase at 630 1/cm, the peaks around 

1400 1/cm ascribable to acetate trace and the broad band around 3300 1/cm due to the 

O-H stretching of water and ethanol trapped in the nanoparticle structure. 

Figure 3 Comparison between the FT-IR spectra of Nafion SAC-13 and MNC2 sample 

The comparison between the FT-IR spectra of Nafion SAC-13 (green line) and sample MNC2 

(red line) is reported in Figure 3. 

The big multiple peaks between 1200 1/cm and 945 1/cm of Si-O-Si stretching ascribable to the 

silica present in Nafion SAC-13 is clearly visible in both Nafion SAC-13 (green line) and 

MNC2 (red line) spectra.[31] In the MNC2 spectrum, the peak due to the silica has shifted 

slightly compared to the ones observed for pure Nafion SAC-13 highlighting the strong 

interactions between maghemite and Nafion SAC-13. Moreover, in both these spectra it was not 

possible to appreciate the C-F peaks due to the presence of the strong silica peak. The spectrum 

of the MNC2 sample shows the strong band at 630 1/cm typical of the Fe-O stretching of 

maghemite, the peaks around 1400 due to the presence of acetate trace and the broad band at 

3300 1/cm due to the water and ethanol trapped in the sample structure. 
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Figure 4 XRD diffractograms of MNC1 sample, magnemite/Nafiion 117 nanocomposite in red, MNC2 sample , 
maghemite/Nafion SAC-13 in blue and maghemite in green 

Figure 4 reports the collected X-ray powder diffraction patterns of MNC1 (red line), 

MNC2 (blue line) and maghemite (green line) samples. These diffractograms present broad 

peaks due to the polycrystalline nature of these samples as confirmed also by the TEM analysis 

displayed in Figure 1. 

The patterns observed for all these samples can be indexed as Miller indexes of γ-Fe2O3 

maghemite like structure  (206), (009), (119), (0012), (1115), (4012), (3315) confirming 

the identification of the maghemite as a magnetic iron oxide phase.  
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The presence of Nafion chains in MNC1 and MNC2 samples was confirmed also by 

elemental analysis, which shows a strong carbon signal (see Figure 5). Sample MNC1 

Figure 5 AES analysis of samples: a) MNC1 obtained using Nafion117 and b) MNC2 prepared using Nafion 
SAC-13 

145



also presents the signals of chlorine, an impurity introduced with the iron precursor and 

not completely removed. 

Conversely, the MNC2 sample shows the characteristic signal of silica due to the 

presence of Nafion SAC-13. 

In conclusion, the precipitate procedure permits the preparation of magnetic 

nanocomposite materials characterized by strong acidic functional groups and by the 

presence of maghemite as unique iron oxide. 

7.2 Synthesis of magnetic nanocomposites: the microwave assisted 

hydrothermal approach 

Diverse biocompatible magnetic nanocomposites were prepared following the new 

hydrothermal procedure described in Chapter 4.2. These nanocomposites are 

characterized by a core-shell structure and they can be applied in the biomedical field or 

the technological industry for polymeric smart materials. 

The MNCs show a magnetic core composed of a magnetite nanocrystals and a 

polymeric biocompatible shell. The polymer shells were selected for their sustainability 

and biocompatibility (polyvinyl alcohol, polyvinylpirrolidone and alginate).  

In a typical preparation, iron acetate Fe(OAc)2 (1g) and the selected polymer were 

dispersed in ethanol 96% wt. (44ml) and treated by multimode microwave (MARS6 

equipped with 6 Teflon vessels) at 150°C for 15 minutes. Finally, nanoparticles were 

collected using an external magnet, dried and characterized. 

This method was employed to prepare different types of nanocomposites, which are 

summarized in table 2. 

Table 2 Magnetic nanocomposite characteristics 

Samples Composition Diameter (nm) σDm (nm) VSM M0 (emu/cm3) 

MNC3 10%Alg-Fe3O4 5.2 0.1 20.84 

MNC4 10%PVP-Fe3O4 13.2 0.2 51.76 

MNC5a 10%PVA+-Fe3O4 12.7 0.1 34.35 

MNC6b 10%PVA--Fe3O4 10.6 (16.2) 0.2 (0.3) 17.44 
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a Magnetite nanoparticles functionalized with poly vinyl alcohol characterized by low molecular weight (MW 31000-

50000) 
b Magnetite nanoparticles functionalized with poly vinyl alcohol characterized by high molecular weight ( MW 

85000-146000) 

Sample MNC3 shows a narrow particle size distribution characterized by the smallest 

diameter (5.2 nm). This result could be due to the complex and bulky structure of 

alginate, which arranges its chains in microdomain able to control particle growth.  

As can be observed in Figure 6, MNC3, MNC4 and MNC5 present a narrow 

monomodal particle size distribution characterized by an average diameter of 5.2 nm, 

13.2 nm and 12.7 nm respectively. Instead, sample MNC6 obtained using polyvinyl 

alcohol at low molecular weight presents bimodal size distribution characterized by a 

main particle population with a diameter of 10.6 nm and a small particle population 

with a diameter of 16.2 nm. This bimodal distribution is similar to the ones observed for 

pure magnetite; the polyvinyl alcohol at lower molecular weight (MW 31000-50000) 

probably has shorter chains not able to arrange themselves in a domain enough big to 

control the particle growth. 

147



148



Figure 6 TEM micrographs and particle size distributions of samples: a) alginate magnetic nanocomposites 
MNC3, b) polyvinylpyrrolidone magnetic nanocomposite MNC4, c) polyvinyl alcohol at higher molecular 
weight nanocomposite MNC5 and d) polyvinyl alcohol at lower molecular weight nanocompoiste MNC6. 

The SEM images of sample MNC3 confirm again the presence of an alginate shell on 

magnetite surface (see Figure 7). 

Figure 7 SEM micrographs of alginate magnetic nanocomposite , MNC3. 

The Selected Area Electron Diffraction (SAED) rings of samples MNC3, MNC4, 

MNC5 and MNC6 evidence the high polycrystalline nature of the nanocomposites (see 

Figure 8). 
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Figure 8 SAED diffraction rings respectively of samples a) alginate magnetic nanocomposites MNC3 b) 
polyvinylpyrrolidone magnetic nanocomposite MNC4 c) polyvinyl alcohol at higher molecular weight 
nanocomposite MNC5 and d) polyvinyl alcohol at lower molecular weight nanocompoiste MNC6.  

The MNC3, MNC4, MNC5 and MNC6 diffraction patterns can be indexed as Miller 

indexes of cubic magnetite like structure as confirmed by XRD analysis reported in 

Figure 12. 
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Figure 9 Comparison between FT-IR spectra of alginate in black and alginate magnetic nanocomposites 
MNC3 sample in red. 

The FT-IR spectrum of sodium alginate shows peaks at 950 1/cm and 1035 1/cm due to 

C-O-C bond stretching. Peaks 1416 1/cm and 1630 1/cm are ascribable to carboxylic 

groups and 3380 1/cm is caused by the presence of OH groups that are present in 

alginate chains.[32]As can be observed in Figure 9 the peaks observed in the sodium 

alginate FT-IR spectrum (black line) are clearly visible also in the alginate magnetic 

nanocomposite MNC3 sample (red line). 

Moreover, MNC3 shows typical magnetite peaks at 590 1/cm and 630 1/cm and big 

peaks around 1580 1/cm due to acetate trace introduced with an iron precursor. 
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Figure 10 FT-IR spectrum of polyvinylpyrrolidone magnetic nanocomposite MNC4 

The MNC4 FT-IR spectrum displayed in Figure 10 shows a narrow peak at 931 1/cm 

due to C-C bond breathing, a bump at 1290 1/cm due to  C-H bending, a big peak at 

1415 1/cm ascribable to C-N stretching, the peak at 1675 1/cm due to the C=O and C-N 

amide stretch and a broad band around 3450 due to O-H vibration. All these peaks can 

be attributed to polyvinylpyrrolidone chains in agreement with literature. [33] 

Moreover, in the MNC3 spectrum big double peaks at 590 1/cm and 630 1/cm due to 

Fe-O bond of magnetite are clearly visible. 
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Figure 11 FT-IR spectra of polyvinyl alcohol magnetic nanocomposites samples MNC5 (red line) and MNC6 
(black line) 

The spectra of MNC5 and MNC6 samples are reported in figure 11, which show the 

typical signals of polyvinyl alcohol such as the peak of C-O bond vibration at 1080 

1/cm, C-O-C stretching at 1200 1/cm, the peak at 1460 due to CH2 groups , the peak at 

1715 typical of C=O stretching, peaks at 2860 1/cm and 2910 1/cm ascribable to C-H  

and the broad band around 3473 due to O-H stretching .[34] 

Furthermore, both MNC5 and MNC6 spectra have peaks at 590 1/cm and 630 1/cm due 

to Fe-O bond of magnetite. 

The magnetite structure of all these nanocomposites was further investigated through 

XRD analysis. 
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Figure 12 X-Ray Diffractograms of samples: a) alginate magnetic nanocomposites MNC3 (black line) b) 
polyvinylpyrrolidone magnetic nanocomposite MNC4 (green line) c) polyvinyl alcohol at higher molecular 
weight nanocomposite MNC5 (red line) and d) polyvinyl alcohol at lower molecular weight nanocompoiste 
MNC6 (blue line). 

The X-ray diffraction peaks collected for sample MNC3 (black line), MNC4 (green 

line), MNC5 (red line) and MNC6 (blue line) can be indexed by the Miller indexes of 

the cubic Fe3O4 magnetite-like structure (220), (311), (222), (400), (422) (511), (440), 

(620), (533) and (622) (see Figure 12). For this reason, the samples under investigation 

can be considered pure polycrystalline materials with magnetite structure as observed 

from the SAED analysis (see Figure 8). The calculated lattice parameters are (8.381(1) 

Å), (8.378(1) Å), (8.370(1) Å) and (8.379(1) Å) respectively and microstrain of 

(0.00179), (0.000201), (0.00234) and (0.00084) respectively. It is remarkable that 

sample MNC4 obtained using polyvinylpyrrolidone is composed of magnetite particles 

characterized by a smaller size and higher crystallinity degree as confirmed by its lower 

microstrain.  

154



Figure 13  Magnetic curves of samples: a) Alginate magnetic nanocomposites MNC3 ( pink line), b) 
polyvinylpyrrolidone magnetic nanocomposites MNC4 ( yellow line), c) polyvinyl alcohol at higher molecular 
weight (green line) and d) polyvinyl alcohol at lower molecular weight (black line).  

The magnetic curves of samples MNC3, MNC4, MNC5 and MNC6 shown in Figure 13 

do not present any hysteresis, which indicated that the nanoparticles are 

superparamagnetic according to literature.[10] 

It is noteworthy that MNC3, MNC4, MNC5 and MNC6 samples have bigger magnetic 

saturation than those observed for pure magnetite prepared at the same conditions 

(16.74 emu/g), in fact the introduction of a polymeric shell around magnetite particles 

generally decreases their magnetic behaviour (see Table 2). This surprising result could 

be due to more controlled crystal growth reached in the presence of the polymeric 

chains. Moreover the polyvinylpyrrolidone magnetic nanocomposite (sample MNC4) 

has higher magnetic saturation due to its higher crystallinity as observed by XRD and 

SAED analysis reported in Figures 8 and 12. 

7.2 References 

[1] a) A. Joshi, S. Solanki, R. Chaudhari, D. Bahadur, M. Aslam and R. Srivastava, Acta 
Biomaterialia 2011, 7, 3955-3963; b) C.-R. Lin, R.-K. Chiang, J.-S. Wang and T.-W. 
Sung, Journal of Applied Physics 2006, 99, 08N710. 

155



[2] C. Wang, H. Xu, C. Liang, Y. Liu, Z. Li, G. Yang, L. Cheng, Y. Li and Z. Liu, ACS 
Nano 2013, 7, 6782-6795. 
[3] N. Işıklan and G. Küçükbalcı, European Journal of Pharmaceutics and 
Biopharmaceutics 2012, 82, 316-331. 
[4] P. Tartaj, M. P. Morales, T. Gonzalez-Carreño, S. Veintemillas-Verdaguer and C. J. 
Serna, Advanced Materials 2011, 23, 5243-5249. 
[5] M. Singh, H. M. Haverinen, P. Dhagat and G. E. Jabbour, Advanced Materials 2010, 
22, 673-685. 
[6] H. Wang and J. A. Turner, Journal of Power Sources 2004, 128, 193-200. 
[7] C. S. Gill, B. A. Price and C. W. Jones, Journal of Catalysis 2007, 251, 145-152. 
[8] K. Suri, S. Annapoorni, A. K. Sarkar and R. P. Tandon, Sensors and Actuators B: 
Chemical 2002, 81, 277-282. 
[9] T. Phenrat, N. Saleh, K. Sirk, R. D. Tilton and G. V. Lowry, Environmental Science 
& Technology 2007, 41, 284-290. 
[10] H.-l. Ma, X.-r. Qi, Y. Maitani and T. Nagai, International Journal of 
Pharmaceutics 2007, 333, 177-186. 
[11] a) A.-F. Ngomsik, A. Bee, J.-M. Siaugue, V. Cabuil and G. Cote, Water Research 
2006, 40, 1848-1856; b) A. Idris, N. S. M. Ismail, N. Hassan, E. Misran and A.-F. 
Ngomsik, Journal of Industrial and Engineering Chemistry 2012, 18, 1582-1589. 
[12] S. Keshavarz, Y. Xu, S. Hrdy, C. Lemley, T. Mewes and Y. Bao, Magnetics, IEEE 
Transactions on 2010, 46, 1541-1543. 
[13] H. Zhang, X. Zhong, J.-J. Xu and H.-Y. Chen, Langmuir 2008, 24, 13748-13752. 
[14] a) S. Gao, Y. Shi, S. Zhang, K. Jiang, S. Yang, Z. Li and E. Takayama-Muromachi, 
The Journal of Physical Chemistry C 2008, 112, 10398-10401; b) K. L. Chen, S. E. 
Mylon and M. Elimelech, Langmuir 2007, 23, 5920-5928. 
[15] A. Millan, F. Palacio, A. Falqui, E. Snoeck, V. Serin, A. Bhattacharjee, V. 
Ksenofontov, P. Gütlich and I. Gilbert, Acta Materialia 2007, 55, 2201-2209. 
[16] A. A. Novakova, E. V. Smirnov and T. S. Gendler, Journal of Magnetism and 
Magnetic Materials 2006, 300, e354-e358. 
[17] R. Turcu, A. Nan, I. Craciunescu, O. Pana, C. Leostean and S. Macavei, Journal of 
Physics: Conference Series 2009, 182, 012081. 
[18] Z. Qian, Z. Zhang and Y. Chen, Journal of Colloid and Interface Science 2008, 
327, 354-361. 
[19] N. A. D. Burke, H. D. H. Stöver and F. P. Dawson, Chemistry of Materials 2002, 
14, 4752-4761. 
[20] a) I. S. Goldstein, H. Pereira, J. L. Pittman, B. A. Strouse and F. P. Scaringelli, 
Hydrolysis of cellulose with superconcentrated hydrochloric acid, 1983, p. Medium: X; 
Size: Pages: 17-25; b) R. Rinaldi and F. Schüth, ChemSusChem 2009, 2, 1096-1107. 
[21] a) N. U. Soriano Jr, R. Venditti and D. S. Argyropoulos, Fuel 2009, 88, 560-565; 
b) D. Y. C. Leung, X. Wu and M. K. H. Leung, Applied Energy 2010, 87, 1083-1095.
[22] A. Corma and H. García, Chemical Reviews 2003, 103, 4307-4366. 
[23] M. A. Nasseri, B. Zakerinasab and M. M. Samieadel, RSC Advances 2014, 4, 
41753-41762. 
[24] N. V. Jadhav, A. I. Prasad, A. Kumar, R. Mishra, S. Dhara, K. R. Babu, C. L. 
Prajapat, N. L. Misra, R. S. Ningthoujam, B. N. Pandey and R. K. Vatsa, Colloids and 
Surfaces B: Biointerfaces 2013, 108, 158-168. 
[25] D.-J. Kim, Y.-K. Lyu, H. N. Choi, I.-H. Min and W.-Y. Lee, Chemical 
Communications 2005, 2966-2968. 
[26] C. Grüttner, S. Rudershausen and J. Teller, Journal of Magnetism and Magnetic 
Materials 2001, 225, 1-7. 

156



[27] J.-f. Liu, Z.-s. Zhao and G.-b. Jiang, Environmental Science & Technology 2008, 
42, 6949-6954. 
[28] S. Fujii, Y. Cai, J. V. M. Weaver and S. P. Armes, Journal of the American 
Chemical Society 2005, 127, 7304-7305. 
[29] E. Lam, E. Majid, A. C. W. Leung, J. H. Chong, K. A. Mahmoud and J. H. T. 
Luong, ChemSusChem 2011, 4, 535-541. 
[30] a) K. Kunimatsu, T. Yoda, D. A. Tryk, H. Uchida and M. Watanabe, Physical 
Chemistry Chemical Physics 2010, 12, 621-629; b) J. Liu, H. Wang, S. Cheng and K.-
Y. Chan, Chemical Communications 2004, 728-729; c) D. G. Abebe and T. R. Farhat, 
Soft Matter 2010, 6, 1325-1335. 
[31] H. L. Tang and M. Pan, The Journal of Physical Chemistry C 2008, 112, 11556-
11568. 
[32] a) S. A. Pablo, D. Lorena, S. N. Alba, I. A. Javier and N. M. Miriam, Journal of 
Encapsulation and Adsorption Sciences 2011, Vol.01No.04, 8; b) S. Koburger, A. 
Bannerman, L. M. Grover, F. A. Muller, J. Bowen and J. Z. Paxton, Biomaterials 
Science 2014, 2, 41-51; c) X. Q. Xu, H. Shen, J. R. Xu, M. Q. Xie and X. J. Li, Applied 
Surface Science 2006, 253, 2158-2164. 
[33] a) M. A.-F. Basha, Polym J 2010, 42, 728-734; b) J. Zhao, Y. Cheng, X. Yan, D. 
Sun, F. Zhu and Q. Xue, CrystEngComm 2012, 14, 5879-5885. 
[34] A. Singhal, M. Kaur, K. A. Dubey, Y. K. Bhardwaj, D. Jain, C. G. S. Pillai and A. 
K. Tyagi, RSC Advances 2012, 2, 7180-7189. 

157



8. SYNTHESIS OF MAGNETIC CARBON

NANONOCATALYSTS 

Carbon nanostructures find a wide range of applications in different industrial and 

technological fields thanks to their often unique electrical, chemical and physical 

properties[1] . These materials are deeply investigated for their application as sensor[2], 

photovoltaic[3], fuel cell[4], supercapacitor[5], composite [6], gas storage[7] and catalytic 

materials [8]. 

Carbon nanomaterials see an increasing interest especially in catalysis due to the fact 

that metal nanoparticles anchored over nanostructured carbon surfaces exhibit an 

improved catalytic activity compared with their colloidal dispersion.[9] Despite this 

positive effect, for liquid-phase reactions, nanostructured catalytic systems are difficult 

to recover and recycle from the reaction mixture, which affects the sustainability and 

the cost of the entire catalytic processes. To overcome these limitations, the introduction 

of magnetic nanoparticles anchored on the surface of carbon nanomaterials is an 

interesting alternative to solve the recovery and recycling issues connected with the 

extremely small size of these nanocatalysts.[10] Moreover, magnetic separation is a green 

process that permits energy, time and solvents to be saved, which paves the way to the 

industrial application of these nanostructured catalysts.[11]  

The synthesis of magnetic carbon nanostructures has been poorly investigated and 

generally involves two steps, long reaction times, and hazardous reducing agents. The 

carbon nanostructures are usually impregnated with an iron salt solution and then the 

adsorbed Fe ions are reduced in the presence of stabilizing agents.[12] For example, 

Zafour-Hadj-Ziane et Al.[13] described the alkaline precipitation of iron oxide particles 

over a carbon nanotube surface. Another interesting procedure to obtain a magnetic 

carbon nanosupport is described by Korneva et Al.[14] in which the carbon nanotube was 

filled with commercial ferrofluids, obtaining a material characterized  by high magnetic 

saturation. 

There are several protocols to support metal nanoparticles over carbon nanostructures: 

deposition from solutions; self-assembly methods; electro- and electrophoretic 

deposition and deposition from the gas phase. The final properties and morphology of 

nanoparticles attached on the surface of carbon nanostructures are strongly influenced 

by the adopted procedure. 
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The deposition from solutions is the most common technique and involves the 

impregnation of the carbon nanostructure surface with a solution of the metal precursor, 

followed by a reduction step.  This reduction step is the crucial point of this preparation 

and generally involves non eco-friendly, hazardous compounds and long reaction times. 

Several methodologies have been reported for the preparation of noble-metal 

nanoparticles over carbon nanostructures.[15] For example, Deng et al. described the 

impregnation of carbon nanotubes (CNTs) with a solution of RuCl3 and their 

subsequent reduction under an H2 flow.[16] Antonetti et al. reported a wet-impregnation

method that involves the use of microwaves an alcohol solution for the reduction of Ru 

nanoparticles on carbon nanostructures.[17] Yoon and Wai proposed an alternative 

technique based on the microemulsion template deposition of Ru nanoparticles on the 

CNT surface.[18] 

In this context, and due to the fact that the decoration of carbon nanostructures with 

magnetic nanoparticles has been poorly investigated, a new greener synthetic procedure 

to prepare magnetic carbon nanocatalysts was developed. In particular ruthenium and/or 

magnetite nanoparticles were anchored on diverse carbon nanostructures to investigate 

their catalytic properties.[19] 

8.1 Carbon nanostructures 

Carbon is the most abundant element on Earth and it is naturally present under diverse 

allotropic forms. [20]   

At atmospheric pressure, carbon is organized in a graphite structure, which is 

characterized by a hexagonal arrangement of carbon atoms, hybridized sp2. At high 

pressure, instead, carbon can organize itself in diamond tetrahedral structures, where 

carbon atoms are hybridized sp3.  

Moreover, there are several interesting carbon nanostructured materials characterized by 

peculiar atom arrangement such as fullerene, black carbon, active carbon, graphene, 

carbon onion, single-walled carbon nanohorns, nanofibers, nanotube, nanodiamonds 

etc. Thanks to their unique atomic structures, these allotropes of carbon show surprising 

mechanical, electrical, optoelectronic, and thermal properties diverse from their bulk 

counterpart and are extensively investigated for a wide range of industrial and 

technological applications. 
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In particular, fullerenes C60 was discovered in 1985 by Kroto, Curl and Smalley during 

the laser vaporization of graphite. Fullerenes, named also buckyballs, have a truncated 

icosahedron structure characterized by 20 hexagons and 12 pentagons.[21] More recently 

other interesting fullerene-like structures characterized by a higher carbon atom number 

organized in hallow spheres or ellipsoids were discovered, such as C70, C76, C78, C84 

C540 etc. (see Figure 1).  Fullerene family nanostructures show good conductibility and 

are classified as semiconductors. These carbon materials find their application in drug 

delivery and superconductors.[22] 

Figure 1 Fullerene structures: C60, C540 and C70 respectively. 

Black carbon is a polycrystalline carbon material characterized by a high surface area to 

volume ratio. It presents atomic structures similar to graphite.[23] Black carbon is 

generally obtained through partial oxidation of hydrocarbons and thanks to its 

mechanical properties is commonly employed as a pigment or reinforcing filler for a 

wide range of polymeric materials.[24] 

The activated carbon has an amorphous structure characterized by graphitic domains 

randomly oriented (see Figure 2). This peculiar arrangement results in high porosity and 

leads to extraordinary adsorption properties.[25] Activated carbon can be obtained 

through the pyrolysis of diverse natural carbonaceous materials and the kind of 

carbonaceous precursor adopted strongly influences the porous structure of activated 

carbon.[26] 
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Figure 2 Schematic representation of amorphous activated carbon 

Graphene is an interesting 2D carbon nanomaterial discovered in 2010 by Geim and 

Novoselov. It is composed of a flat monolayer of carbon atoms hybridized sp2 

organized in a regular hexagon (see Figure 3).  

Thanks to its structure, graphene presents extraordinary mechanical and electrical 

properties, if fact it is stronger than steel and can efficiently conduct electricity and 

heat.[27] Moreover, graphene has a theoretical surface area bigger than nanodiamonds, 

fullerenes and nanotubes. Graphene is considered the building block for the formation 

of nanotubes and fullerenes.[28] It is generally prepared by exfoliation, chemical vapour 

deposition, nanotube slicing and carbon dioxide reduction. 

Figure 3 Schematic representation of graphene structure 

Carbon onions have a complex hierarchical 0D structure where fullerenes are 

encapsulated one inside the other like onion shells (see Figure 4). It is generally 

prepared through laser pyrolysis, chemical vapour deposition or electrochemical 

methods.[29] 
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Figure 4 Schematic structure of carbon onion 

The single walled nanohorns (SWNHs) are 1D nanomaterials with an irregular and 

unique graphene form characterized by a diameter between 2-5 nm, a length of about 

30-50 nm and a conic tip as shown in Figure 5. This peculiar carbon nanostructure can 

be synthetized by arc discharge or laser pyrolysis of graphite. Single walled nanohorns 

are employed in diverse technological and biotechnological fields such as drug delivery, 

hydrogen and methane storage and sensors.[30] 

Figure 5 Schematic structures of single walled nanohorns 

Carbon nanofibers are 1D nanomaterial with a regular structure composed of diverse 

graphene planes equally oriented. On the basis of the graphene plane orientation it is 

possible to divide the nanofibers into three classes, such as fishbone type, platelet type 

and ribbon type (see Figure 6).[31]  It is remarkable that all these structures show diverse 

mechanical and electrical properties. Carbon nanofibers are commonly employed as 

reinforcing filler for automotive materials.[32] 
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Figure 6 Classification of the diverse fibre structures

Carbon nanotubes are 1D cylindrical carbon structures formed by one or more rolled 

graphene planes. Carbon nanotubes can be classified in a single-walled nanotube 

(SWCNT) if composed of a single rolled graphene layer or a multi-walled nanotube 

(MWCNT), if composed of numerous graphene layers (see Figure 7).  

Figure 7 Schematic structures of  single wall nanotube and multi wall nanotube 

The carbon nanotubes present a hybrid structure between the graphite and the diamante 

ones. It is possible to distinguish three diverse nanotube types on the basis of carbon 

Fishbone type Platelet type Ribbon type
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atom arrangements. In particular when the angle of the graphene sheet enrolment θ is 

30°, nanotubes are classified as armchair, whereas when θ is 0° as zigzag and finally, 

when the θ angle is between 0° and 30° as chiral (see Figure 8).  The final atom 

arrangements strongly influence the electrical mechanical and thermal nanotube 

properties.  In fact the armchair type nanotube presents a metallic behaviour whereas 

the zigzag and chiral type nanotubes present a semiconductor behaviour.[33] These 

carbon nanostructures are generally prepared through arc discharge of graphite 

electrodes, the laser-furnace method or chemical vapour deposition.   

Figure 8 Carbon nanotube types a) armchair b) zigzag and c) chiral

Finally, nanodiamonds are small carbon nanostructures whose dimension is about 4-5 

nm (see Figure 9); they are formed by carbon atoms hybridized sp3 and are classified as 

0D nanostructures. 

In particular, nanodiamonds are characterized by a high surface area and promising 

mechanical and optical properties. They present high hardness, elevated Young’s 

modulus, good biocompatibility, high thermal conductivity and electrical resistivity.[34] 
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Figure 9 Schematic structures of  nanodiamod 

Moreover, it is possible to functionalize carbon surface with other heteroatoms to 

improve and modulate the catalyst dispersion and loading and thus catalytic activity, 

selectivity and stability. The most common functionalization is the oxidation of the 

carbon surface, which generates diverse oxygen-containing moieties such as carboxylic 

acids, phenols, carboxylic anhydrides, ethers, quinones, aldehydes, lactones, pyrones, 

carbonyls, and lactols. This kind of carbon surface modification generally involves 

nitric acid and results in the creation of various oxygen-containing surface groups 

(phenol, carboxylic acid, carbonyl, quinone, anhydride, and lactone), in which 

carboxylic acid, carboxylic anhydride, and lactone groups play an important role for 

metal grafting, especially for Ru.[35] Moreover these functional groups are fundamental 

for the dispersion and stability of carbon nanostructures in polar solvents.[36] 

Furthermore, it is possible to modify the carbon surface with other dopant heteroatoms 

such as B, N, S, F, and P. Among them, N possesses advantages in several aspects, such 

as a facile doping process and effective modulation of graphitic structure and properties 

to maintain high electrical conductivity. [37] 

For all these aspects and thanks to their outstanding thermal[38], electrical[39], optical[40], 

and mechanical properties[41], as well as higher specific surface areas, shown in Table 1, 

carbon nanostructures can be considered suitable candidates to support metal 

nanocatalysts.  
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Table 1 Mechanical electrical and thermal characteristics of the main carbon nanostructures 

Materials D. 

(g/cm3) 

S. 

area 

(m2/g) 

Porosity 

(cm3/g) 

Young 

module 

(TPa) 

E.R.  

(Ωcm) 

E.C. 

(S/cm) 

T.C. 

(W//mK) 

BC <2 20-

2500 

0.001-

0.003 

*** 0.0001 *** *** 

AC <2 500-

3000 

1 *** 0.001-1 *** *** 

G 0.03-

0.15 

*** *** 1 10-6 2000 5000 

C60 1.72 1-170 *** 0.014 *** 2 0.4 

FC 0.3-1.4 10-

250 

0.2-2 

(meso) 

0.3-0.7 1.5-3 300 1500-

2500 

SWCNT 0.5-1 400-

900 

0.15-0.3 

(micro) 

1.05-

1.3 

0.0061 550 300-3000 

MCWCNT 0.02-

0.3 

150-

450 

0.5-2 

(meso) 

0.5-1.2 0,0006-

0,002 

80-1000 1000-

6000 
BC black carbon, AC activated carbon, G graphene, FC carbon fibre, SWCNT single wall carbon nanotube, 

MWCNT multi wall carbon nanotube, D density, S. area Surface area,  E. R. electrical resistance, E.C. electrical 

conductibility, T.C. thermal conductibility. 

8.2 Synthesis of mono and bimetallic carbon nanocatalyts by Microwave 

assisted procedure 

The mono and bimetallic carbon nanocatalysts were prepared following a green 

hydrothermal procedure, developed on the basis of the ones reported in Chapter 4.2.  

Adopting these procedures, diverse monometallic and bimetallic carbon nanocatalysts 

were prepared, in particular ruthenium and/or magnetite nanoparticles were anchored on 

different carbon nanostructures such as multi walled carbon nanotubes (CNT), graphene 

oxides (GO), nanodiamonds (Nd) and N doped multi walled carbon nanotubes (N-

CNT). Monometallic nanocatalysts were obtained by the decomposition of 0.0785 g of 

ruthenium acetylacetonate [Ru(acac)3] or 1g of iron acetate [Fe(OAc)2] in 40 mL of 

isopropanol in the presence of 1 g of the corresponding carbon support (GO, CNT, or 
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NCNT, Nd) using MW irradiation. The [Fe(OAc)2] precursor can be easily oxidized to 

give FeIII species by a weak oxidant or traces of oxygen. The partial oxidation of 

[Fe(OAc)2] to the sole magnetite phase under sonochemical irradiation in the presence 

of water has been reported.[42] In the presence of commercial isopropanol, which 

contains water, under MW irradiation, FeII is oxidized to the sole spinel iron phase 

magnetite. The presence of the alcohol medium under MW irradiation allows also the 

partial reduction of [Ru(acac)3] to Ru0 as described previously.[17]  

Bimetallic nanocatalysts (Ru-Fe3O4/GO, Ru-Fe3O4/CNT, Ru-Fe3O4/NCNT and Ru-

Fe3O4/Nd) were prepared with a two-step procedure: first Fe3O4 nanoparticles were 

prepared by the decomposition of 1 g of [Fe(OAc)2] by MW irradiation in 40 mL of 

isopropanol in the presence of the respective 1 g pf carbon support. Then the 0.1184 g 

of [Ru(acac)3] compound was added to the dispersion, which was treated again with 

MW irradiation to reduce the Ru precursor to ruthenium nanoparticles . The resulting 

nanocatalysts are summarized in Table1. 

Table 2 Metal content, mean size and magnetic saturation vales of mono and bimetallic nanocatalysts 

Samples Diameter 
Ru (nm) 

σD 
(nm) 

Diameter 
Fe3O4 
(nm) 

σD (nm) Ms
(emu/g) 

Ru-GOa 2.59 0.07 *** *** *** 
Ru-CNTa 1.56 0.03 *** *** *** 
Ru-NCNTa 2.29 0.09 *** *** *** 
Ru-Nda *** *** *** *** *** 
Fe3O4/GOb *** *** 3.20 (7.45) 0.32(1.02) 14.02 
Fe3O4/CNTb *** *** 6.09 0.13 34.21 
Fe3O4/NCNTb *** *** 1.76 (3.25) 0.03 (0.07) 53.66 
Fe3O4/Ndb *** *** *** *** 1.34 
Ru-
Fe3O4/GOc 1.5 0.1 5.01 0.06 7.32 

Ru-
Fe3O4/CNTc *** *** 5.40 0.12 36.45 

Ru-
Fe3O4/NCNTc *** *** 2.86 0.05 43.20 

Ru-Fe3O4/Ndc *** *** *** *** 2.68 

a Reaction conditions: Temperature 180°C, Pressure limit 200 PSI, Power 250W and Time 12 minutes 
b Reaction conditions: Temperature 120°C, Pressure limit 200 PSI, Power 250W and Time 15 minutes 
c Reaction conditions: First step :Temperature 120°C, Pressure limit 200 PSI, Power 250W, time 15 minutes and 
second step: Temperature 180°C, Pressure limit 200 PSI, Power 250W, time 12 minutes 
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The nature of the support plays an important role on the final characteristics of the 

catalysts (see Table 2).  

Moreover the carbon nanosupports influenced also the final ruthenium and/or iron 

nanocatalyst loadings, in fact as it is possible to see in Table 3 the carbon nanosystems 

show different ruthenium and/or iron loadings although they were prepared using the 

same theoretical amount of metal. 

In particular low surface-area graphene oxide stabilizes Ru nanoparticles poorly 

compared to CNTs and NCNT, as the Ru nanoparticles are bigger (2.58 nm) while the 

Ru loading is the lowest (0.77% Ru). CNTs better stabilize Ru nanoparticles and 

provide small nanoparticles on the surface (1.56 nm). The high affinity of Ru for the 

CNT surface is mainly because of the presence of carboxylic groups created by the 

oxidation treatment of the CNT surface. [35] These results indicate indirectly that the 

functional groups able to anchor well Ru nanoparticles are less accessible and/or less 

abundant on the GO support. The good dispersion obtained on NCNT can be related to 

the presence of N-containing groups.[43] The diverse functionality degree was also 

confirmed by the potentiometric titrations of carbon nanostructure, after the acid 

treatment. [44] 

Table 3 ICP analysis of mono and bimetallic carbon nanostructured catalysts 

Samples Ru (%) Fe(%) C(%) H(%) N(%) 

Ru-GO 0.77 *** 94.46 0 *** 

Ru-CNT 1.5 *** 91.61 00.1 *** 

Ru-NCNT 0.91 *** 82.16 *** 5.68 

Ru-Nd 0.33 *** 86.99 0.66 *** 

Fe3O4-GO *** 16.36 62.26 1.32 *** 

Fe3O4-CNT *** 15.8 62.97 0.88 *** 

Fe3O4-NCNT *** 10.18 66.32 0.84 4.11 

Fe3O4-Nd *** 20.91 61.16   1.07 *** 

Ru-Fe3O4/GO 0.58 18.09 79.96 0.12 *** 
Ru-Fe3O4/CNT 1.13 13.54 70.34 0.60 *** 
Ru-Fe3O4/NCNT 1.03 13.6 66.51 0.51 4.15 
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Interestingly, size distribution and Fe loading of the magnetic carbon nanocomposites 

show that GO stabilizes Fe3O4 nanoparticles better than CNTs (see Table 2 and 3). 

Indeed, the nanoparticles are significantly smaller in Fe3O4/GO (3.20 nm) than in 

Fe3O4/CNT (6.09 nm), and the Fe content is the highest on GO (16.36%). These results 

suggest the existence of different anchoring sites for Fe3O4 and Ru. However, NCNT 

can stabilize very small Fe3O4 (1.76 nm) particles. Therefore, the different behaviour of 

NCNTs compared to CNTs is probably because of the presence of N-containing groups 

on the CNT surface.[43]  

In conclusion, due to the diverse functional groups on the CNT and NCNT surfaces, 

they show diverse affinity for Ru and Fe3O4. In particular, the carboxylic groups present 

on CNT samples (Ru-CNT, Fe3O4/CNT, Ru- Fe3O4/CNT) determine higher Ru and 

Fe3O4 loadings than pyridinic, pyrrolitic quaternary and pyrridinic-oxyde groups present 

in N-doped CNT (samples Ru-NCNT , Fe3O4/NCNT, Ru- Fe3O4NCNT).  

Finally, nanodiamonds show the highest Fe3O4 load and the lowest Ru load probably 

due to the surface functional groups (typically lactones and carboxylic anhydrides). [45] 
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Figure 10 TEM micrographs and particle size distributions a) Graphene oxide supported catalysts, Ru-GO, b) 
Carbon nanotube supported catalysts, Ru-CNT, c) N doped carbon nanotube supported catalysts, Ru-NCNT, 
d) Graphene oxide supported catalysts, Ru-Fe3O4/GO, e) Carbon nanotube supported catalysts, Fe3O4/CNT, f)
N doped carbon nanotube supported catalysts, Fe3O4/NCNT g) Graphene oxide supported catalysts Ru-
Fe3O4/GO, h) Carbon nanotube supported catalysts, Ru-Fe3O4/CNT and i) N-doped carbon nanotube 
supported catalysts, Ru-Fe3O4/NCNT. 

TEM images reported in Figure 10a, b and c show Ru nanoparticles anchored on the 

surface of the diverse carbon supports. The mean diameters of the Ru nanoparticles are 

as follows: Ru/FLG 2.59 nm, Ru/CNT 1.56 nm, and Ru/NCNT 2.29 nm, whereas the 
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TEM images of magnetic monometallic systems show small nanoparticles 

homogeneously dispersed on the carbon surfaces (Figure 10d, e and f). In particular, on 

CNT, the particle size distribution is monomodal, centered at 6.09 nm. The nanoparticle 

size distributions of Fe3O4/GO and Fe3O4/NCNT are bimodal: Fe3O4/GO shows two 

populations centred at 3.20 and 7.45 nm and Fe3O4/NCNT presents two populations 

centred at 1.76 and 3.25 nm. The different nanoparticle size distributions obtained on 

NCNT and GO might be due to the presence of two different kinds of sites for 

adsorption on these supports: more reactive N-doped and less reactive undoped sites for 

NCNT, which leads to small and large particle sizes, respectively, and poorly reactive 

basal and more reactive edge sites for GO.  

The TEM images of bimetallic samples (Figure 10g, h and i) show that in all samples 

the nanoparticles were well dispersed on the support with a mean diameter of 5.01 nm 

for Ru- Fe3O4/GO, 5.40 nm for Ru- Fe3O4/CNT, and 2.86 nm for Ru- Fe3O4/NCNT 

(Figure 3). It was not possible to distinguish Ru and Fe3O4 nanoparticles due to their 

small size; these mean diameters correspond to both Ru and Fe3O4 nanoparticles. 

Moreover, it was not possible to appreciate the ruthenium or magnetite particle size in 

nanodiamond supported catalysts (Ru-Nd, Fe3O4/Nd,Ru-Fe3O4/Nd) due to the small 

nanodiamond size and the smaller metal particle size. 
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Figure 11 HRTEM images of: a) Ru-Fe3O4/GO and b) show the Ru and Fe3O4 nanoparticles on the GO 
surface; c and d) show 5 nm of Fe3O4 nanoparticles that display crystalline structure.

The high-resolution transmission electron microscopy (HRTEM) images of Ru- 

Fe3O4/GO confirmed the presence of two kinds of metal nanoparticles, small Ru 

nanoparticles (mean diameter of 1.5 nm) and larger Fe3O4 nanoparticles (mean diameter 

of 5 nm; Figures 11a and 11b). The HRTEM images of Fe3O4 nanoparticles highlight 

the crystalline nature of Fe3O4, and the insets show the corresponding fast Fourier 

transform (FFT) images (see Figures 11c and d). All the spots of the FFT patterns 

obtained from the HRTEM images can be indexed to face-centred cubic Fe3O4. 

Unfortunately, the Ru nanoparticles were too small to obtain a well-resolved image of 
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the crystal structure. The crystalline nature of Fe3O4 was further investigated through 

XRD analysis.

175



Figure 12 XRD diffractograms of carbon nanostructures supported catalysts a) Graphene oxide supported 
catalysts, Ru-GO in red, Fe3O4/GO in blue and Ru-Fe3O4/GO in green, b) Carbon nanotube supported 
catalysts, Ru-CNT in red, Fe3O4/CNT in blue and Ru-Fe3O4/CNT in green, c) N doped carbon nanotube 
supported catalysts, Ru-NCNT in red, Fe3O4/NCNT in blue and Ru-Fe3O4/NCNT in green, and d) 
Nanodiamond supported catalysts, Ru-Nd in red, Fe3O4/Nd in blue and Ru-Fe3O4/Nd in green. 
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The XRD patterns of samples Ru-GO, Ru-CNT, Ru-NCNT reported in Figures 12a, b, c 

(red line) show only diffraction peaks at 2θ = 26.2 and 42.98, which are assigned to the 

hexagonal graphite structures (002) and (100) respectively, in agreement with 

literature.[46] The diffractogram of sample Ru-Nd shown in Figure 12d (red line) reports 

only one peak at 2θ = 42.98 ascribable to the carbon nanodiamond structure.[47] 

Furthermore, in all these ruthenium nanocatalysts no diffraction peaks characteristic of 

metallic ruthenium were ascertained due to the small Ru particle size.  
The diffractograms of magnetic nanocatalysts Fe3O4/GO Fe3O4 /CNT , Fe3O4 /NCNT 

and Fe3O4 /Nd are displayed in Figures 12a, b, c, d (blue lines) and show broad 

reflections at 2θ = 30.1, 35.5, 43.1, 53.4, 56.9, and 62.48, which can be assigned to the 

(222), (311), (400), (422), (511), and (440) crystal planes of cubic magnetite, 
respectively. The broad peaks confirm the smaller size of the Fe3O4 crystal as observed 

by TEM analysis (see Figure 11).  

The XRD pattern of Fe3O4/NCNT, instead, only shows peaks of the support at 2θ = 

26.2 and 42.98 as observed also in the Ru/NCNT sample (Figure 12c red line), and the 
peaks of Fe3O4 were not observed due to the smaller size of the Fe3O4 nanoparticles (< 

3 nm). Finally, the XRD diffractograms of the bimetallic nanocatalysts Ru- Fe3O4/GO, 

Ru- Fe3O4/CNT, Ru- Fe3O4/NCNT and Ru-Fe3O4/Nd reported in Figures 12a, b, c and d 

(green lines) were similar to those of the monometallic Fe3O4 nanocatalysts and 

displayed broad reflections at 2θ= 30.1, 35.5, 43.1, 53.4, 56.9, and 62.48, which 

correspond to the crystal planes of cubic magnetite and carbon supports. In this case, the 
Ru-Fe3O4/NCNT sample also shows a broad reflection caused by the Fe3O4 

nanoparticles, which were not observed for Fe3O4/NCNT, confirming the increased 

nanoparticle size revealed by TEM (see Figures 10f and i). In the bimetallic samples, no 

reflection of the Ru nanoparticles was observed, because of the small Ru particle size. 

The high crystalline structure of magnetite nanoparticles in monometallic and bimetallic 

samples was also confirmed by the magnetic behaviour of these samples. The samples 

in fact react very well to an external neodymium magnet, as can be observed in Figure 

13.  
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Figure 13 Example  of the magnetic behaviour of Fe3O4/GO sample 

The magnetic curves of Fe3O4 and Ru-Fe3O4 nanocatalysts measured at 273 K are 

shown in Figure 14. Generally, CNT and NCNT present low intrinsic magnetic 

saturation values (M0) caused by the metal impurities trapped inside their structure 

during preparation (the intrinsic M0 observed were 0.37 and 1.50 emu/g for CNT and 

NCNT, respectively), whereas GO and Nd did not present any magnetic behaviour (see 

Table 2). The M0 values of these diverse carbon supports increased significantly if 

magnetite nanoparticles were anchored on their surfaces (Table 2). The M0 values of 

Ru- Fe3O4 samples are slightly lower than those of Fe3O4 ones on GO and NCNT 

supports. This behaviour could be related to the increase of defects in the Fe3O4 

crystalline structures caused by the introduction of Ru nanoparticles, which decreases 

the magnetic properties of the sample. An analogous effect of the introduction of Ru on 

the magnetic properties of different magnetite samples has been recently reported.[48] 

This decrease was not observed for the CNT and Nd supported samples in which the 

magnetic properties were essentially the same for Fe3O4 monometallic and Ru- Fe3O4 

bimetallic systems, which suggests that Ru nanoparticles do not interact with Fe3O4 

nanoparticles, probably because of the high affinity of Ru to CNT and Nd surfaces. In 

spite of the lower magnetization compared with the bare magnetite particles (62 emu/g 

at T=300 K and H=2 kOe),[49] which can be attributed to a significant contribution of 

the small superparamagnetic Fe3O4 nanoparticles at room temperature,[50] the solid can

be separated readily from the liquid medium by using a small permanent neodymium 

magnet. In conclusion, the magnetic carbon nanostructures show promising magnetic 

properties with magnetic saturation values higher than those reported in literature.[51] 
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Figure 14 Magnetic curves of a) Graphene oxide supported catalysts, GO in blue, Fe3O4/GO in red and Ru-
Fe3O4/GO in green, b) Carbon nanotube supported catalysts, CNT in blue, Fe3O4/CNT in red and Ru-
Fe3O4/CNT in green, c) N doped carbon nanotube supported catalysts, NCNT in blue, Fe3O4/NCNT in red and 
Ru-Fe3O4/NCNT in green, and d) Nanodiamond supported catalysts, Nd in red, Fe3O4/Nd in blue and Ru-
Fe3O4/Nd in green. 
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9. SYNTHESIS OF COPPER NANOOBJECTS

9.1 Introduction 

Copper and copper oxide nanoobjects are very important materials due to their high 

electrical and thermal conductivities. These nanomaterials in fact are widely 

investigated for their application in photothermal, photoconductive, superconductor[1], 

sensor[2], piezoelectric[3],  catalytic[4] and antibacterial materials[5]. 

Several procedures are reported in literature for copper and copper oxide nanoparticle 

preparation such as thermal decomposition, metal salt reduction, micro emulsion 

techniques, laser ablation, the polyol method, the solvothermal method, sonochemical 

reduction and seed mediated growth techniques.  

For example, Salavati-Niasari et Al.[6] described the preparation of copper oxide 

nanoparticles through [bis(salicylaldiminato)copper(II)] decomposition in the presence 

of oleylamine. Chandra et Al.[7] obtained narrow particle size distribution by reducing 

nitric copper salt in the presence of ligands.   

Furthermore, it is possible to prepare nanoobjects characterized by diverse complex 

shapes, such as one-dimensional, prism, core-shell, interior hollow structures, nanorods, 

nanowire and two-dimensional sheets, which show peculiar optical, magnetic, and 

catalytic properties. These complex structures are generally obtained with an accurate 

size and shape control, involving inorganic or organic template or surfactants such as 

porous alumina[8], peptides[9], cellulose[10], gluconate[11], viruses[12], lysozyme[13] etc. 

For example, Panigrahi et Al.[14] studied glucose seed mediated growth techniques 

showing the influence of glucose concentration on the final copper shape. Wei et Al.[5] 

reported a controlled thermal decomposition method to produce copper nanoparticles or 

nanorods, whereas Patra et At.[4] investigated the influence of ethylenediamine on the 

formation of copper nanorods or nanospheres.  

However, by adopting also templates and stabilizing agents, which are generally 

unsustainable from an environmental and economic point of view, a mixture of shapes 

is generally obtained. In fact, Zhang et Al.[15] showed the preparation of copper 

nanorods  with rectangular cross sections through the controlled reduction of nitric 
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copper salt, underlining the by-production of spherical nanoparticles. Other authors 

report the co-production of spherical and cylindrical copper nanoobjects through salt 

reduction techniques under controlled conditions. [16] The co-presence of diverse 

nanostructured shapes could be a serious limitation for certain optical and electrical 

applications. 

Furthermore, most of these methods are complicated and require long reaction steps, 

expensive equipment and unfriendly compounds.  

Taking into account all these aspects, the development of greener reproducible methods 

for the production of well-defined copper and copper oxide nanostructures is a key issue 

of significant importance in fundamental studies. For this reason the effect of diverse 

reducing/templating agents, reaction times and heating source on copper nanoobject 

shapes were deeply investigated, with the aim of their successive catalytic application. 

9.2 Synthesis of copper nanoparticles 

In a typical experiment, Cu(NO3)2 � 3H2O (80mg), Polyvinyl alcohol  (0.1g) and 

ascorbic acid (1.3 g) were dissolved in ethylene glycol (40 ml) under stirring, and MW-

irradiated at 140°C and 150W for 25 minutes. After the MW treatment the copper 

nanoparticles were formed as confirmed by the suspension colour, which turned from 

light blue for the presence of free Cu2+ ions to reddish (see Figure 1). 

This preparation was repeated at diverse reaction times and the results are summarized 

in Table 1. 

Table 1 Reaction time effect of copper nanoparticles formation 

Run Cu(NO3)2·3H2O
(g) 

Ethylene 
glycol 
(ml) 

PVA (g) Ascorbic 
acid (g) 

Reaction time 
(min) 

CuNP4 0.0812 40 0.1 1.3 10 

CuNP6 0.0856 40 0.1 1.3 20 

CuNP8 0.0817 40 0.1 1.3 25 
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The UV-Vis spectrum of sample CuNP4 obtained with the lowest reaction time does 

not show the adsorption peak at 540 nm, typical of metallic copper nanoparticles. Only 

by increasing the reaction time up to 20 (sample CuNP6) is possible to observe copper 

reduction underlining that the moderate temperature and the adopted weak reducing 

media require a longer reaction time to guarantee an efficient reduction of copper salt. 

The UV-Vis spectrum of sample CuNP8 obtained with a reaction time of 25 minutes 

reported in Figure 1, in fact, shows a big peak at 450 nm ascribable to copper 

nanoparticles. 

Figure 1 UV-Vis spectrum of sample CuPN8 obtained with a reaction time of 25 minutes. 

The reduction of copper was confirmed also by X-Ray diffractograms as reported in 

Figure 2, which shows peaks at 2θ = 45°, 52°, 72° and 86° indexed as Miller indexes of 

face-centred cubic copper crystals (111), (200), (220) and (311) respectively.[4, 16a] 

The broad peaks at low 2θ can be ascribable to polyvinyl alcohol used as a stabilizer 

during sample preparation. 

Moreover, the XRD analysis underlines the polycrystalline nature of the CuNP8 

sample, which is composed of particles with an average diameter of 150 nm. 

186



Figure 2 XRD diffractograms of sample CuNP8 obtained after a reaction time of 25 minutes 

In order to develop a greener synthetic procedure the ethylene glycol was replaced with 

water and the temperature was decreased to 120 °C. In a general preparation, Cu(NO3)2 

� 3H2O (0.24g), Polyvinyl alcohol  (0.2g) and ascorbic acid (1.3g) were dissolved in 

distilled water (40ml) under stirring, and MW-irradiated at 120°C and 150W.  

The syntheses were performed using diverse heating sources to better understand their 

effect on copper reduction. In particular, monomode microwave (CEM discover S.class 

equipped with an 80 ml glass vessel), 300ml and 150 ml Parr autoclave electrically 

heated were employed and the corresponding reaction conditions are reported in Table 

2. 
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a Reaction conditions: Temperature 120° , 4h 
b Reaction conditions: Temperature 120°, 20 minutes 

Unfortunately, the reaction conditions adopted did not permit an efficient reduction of 

copper as confirmed by UV-Vis spectra of samples CuNP9, CuNP10, CuNP11, which 

showed no peak around 450 nm contrary to what was observed for the CuNP8 sample 

obtained in ethylene glycol. 

Figure 3 Images of samples: a) CuPN9 obtained using a 300 ml Parr Autoclave as heating source, b) CuPN10 
obtained using a 150 ml Parr Autoclave as heating source and c) CuPN11 obtained using a monomode 
microwave 

In conclusion, the ascorbic acid/water system resulted in an inefficient reducing 

medium for copper salt, thus glucose was employed to replace ascorbic acid. 

In a typical preparation, 0.1 ml of NaOH 1M and glucose (3g) were dissolved in 

distilled water (40ml) under stirring at 60°C. Then 2 ml of CuSO4 2M were added to the 

hot solution and the final mixture was heated up to 80°C for 3 minutes. 

The obtained sample has a yellow colour, as can be seen in Figure 4. This diverse 

coloration can be due to the diverse particle size or to a diverse oxidation state of the 

obtained copper particles. 

CuNP9a 0.24 0.2 0.5 300 ml 
Autoclave 

CuNP10a 0.24 0.2 0.5 150 ml 
Autoclave 

CuNP11b 0.24 0.2 0.5 MW 

188

Table 2 Heating sources effect on copper reduction 

Run Cu(NO3)2
 
·3H2O

(g) PVA (g) Ascorbic 
acid (g) 

Heating 
source 



Figure 4 UV-Vis spectra of  copper nanoparticles obtained using glucose/water systems 

The UV-Vis spectrum of the samples obtained with glucose/water systems shows a 

broad peak around 450 nm ascribable to metallic copper. The main drawback of the 

proposed procedure is the employment of NaOH, an extremely corrosive and hazardous 

compound. 

The role of NaOH is fundamental for the reduction of copper as confirmed by some 

experiments run without NaOH, which did not lead to metallic copper nanoparticle 

formation. In more detail, the alkaline media transform α-glucose to β-glucose through 

the open chain structure, which has the aldehyde group available. This aldehyde 

functionality under alkaline condition permits the reduction of Cu(II) to Cu(0) as 

reported also by Panigrahi et al.[14] Furthermore the reduction of copper ions result in 

the oxidation of aldehyde group to carboxylic acid group which is a good stabilizing 

agent for copper nanoparticles.  

However, NaOH was employed in extremely low concentration thus limiting health and 

environmental risks. In conclusion, this procedure can be considered as greener method 

to produce metallic copper nanoparticles. 
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9.3 Synthesis of copper nanowires by sugar assisted growth 

A new greener seed mediated growth method for the preparation of copper nanorods 

was developed based on the classical seed mediated growth techniques reported by 

Panigrahi et al.[14]   The seed mediated growth technique is a two-step procedure which 

generally involves a first step for the preparation of the nanoparticles seed and a second 

step of unidirectional growth.  Taking into account the results showed in Chapter 9.2 

and focusing our attention on green chemistry principles, diverse sugar and sugar 

derivates were investigated as reducing and templating agents for the growth of copper 

nanorods using the microwave irradiation as efficient and time saving heating source. 

In the first experiment (CuPN13) glucose (4g) and 0.1 ml of NaOH 1 M were dissolved 

in water (50 ml), under stirring at 60°C, then 2 ml of CuSO4 10-2 M were added and the 

temperature of the mixture was increased up to 80°C. After 3 minutes, the nanoparticle 

seeds were formed as confirmed by the suspension colour, which turned from light blue 

to yellow. Meanwhile 0.1 ml of NaOH 1 M and 3g of glucose were dissolved in water 

(50ml) under stirring at 60°C, then this hot solution and 2 ml of CuSO4 10-2 M were 

added to the seed suspension and the final mixture was heated up to 80°C for 15 

minutes.  

The apparatus used in this first experiment is reported in Figure 5. 
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Figure 5 Apparatus for the synthesis of copper nanorods 

The reaction suspension was sampled during the growth of the nanorods and 

analysed at UV-Vis. After five minutes of growth, sample CuPN13 shows two 

broad peaks at 500 nm and 630 nm, which could be due to the two dimensions 

(diameter and length) of  anisotropic copper nanorods (see Figure 6, black line). 

The anisotropic growth of nanostructures, in fact, results in peculiar UV-Vis 

absorbance characteristics of each nanostructure dimension.[17] 

The UV-Vis spectrum of the CuPN13 sample taken after 15 minutes of growth 

presents more marked peaks at 500 nm and 650 nm (see Figure 6, red line). The 

second peak resulted slightly shifted compared to the one observed after 5 

minutes of growth, confirming the possible increment of nanorod length. 
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Figure 6 UV-Vis spectra of sample CuPN13 obtained through glucose seed mediated growth a) after 5 minutes 
of growth (black line) b) after 15 minutes of growth (red line)

Based on these promising results, the sugar seed mediated growth was developed 

studying the effect of different sugar and sugar derivates as reducing and templating 

agents, the kind of heating source and the growth time on copper nanorod final 

characteristics.	

9.3.1 Effect of diverse reducing/templating agents on copper nanorod shape 

Diverse sugar and sugar derivates were employed as reducing and templating agents for 

the copper nanorod preparations. In particular,  glucose, sorbitol, and sodium gluconate 

were investigated. 

In a typical experiment the seed solution was prepared dissolving sodium gluconate 

(2.5g) in 30 ml of water and adding 0.12 ml of NaOH 1M and 1.2 ml of CuSO4 10-2 M, 

then the mixture was treated with microwave at 80°C, 250W for 5 min. Meanwhile the 

growth solution was prepared dissolving sodium gluconate (1.9) in 6 ml of water and 

adding 1.2 ml of CuSO4 10-2 M.  Finally, the growth solution was added to the seed 

solution and treated with microwave at 80°C, 250W for 10 minutes. The procedure was 

repeated using diverse sugars and the obtained results are summarized in Table 3. 
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Table 3 Copper nanorods synthesis with diverse reducing/templantig agents 

Sample Steps 
H2O 
(ml) 

Riducing/tem
planting 

agent 

V 
NaOH 

1M 
(ml) 

Color Shape 

CuPN21 
1 30 Glucose 0.12 

yellow spherical 

2 6 
Sodium 

Gluconate 
*** 

CuPN22 
1 30 Sorbitol 0.12 

Light red cylindrical

2 6 
Sodium 

Gluconate 
*** 

CuPN23 
1 30 

Sodium 
Gluconate 

0.12 
Light 

yellow 

Spherical, 
acicular and 
cylindrical 2 6 

Sodium 
Gluconate 

*** 

Samples CuPN21, CuPN22 and CuPN23 show different colours, which underline the 

formation of different copper nanostructures. The UV-VIS spectrums of CuPN21, 

CuPN22 and CuPN23 show a big absorption before 300 nm caused by sugar 

decomposition products. Besides, samples CuPN21 and CuPN23 show a large peak at 

500 nm typical of copper nanoparticles (see Figure 6, red and green lines), whereas 

sample CuPN22 has two large peaks, at 450 nm and 700 nm, characteristics of copper 

nanorods (see Figure 6, black line).  However, whereas glucose/sodium gluconate and 

sodium gluconate/sodium gluconate systems permit the formation of spherical 

nanoparticles, sorbitol/sodium gluconate systems allow the preparation of cylindrical 

nanorods. 

Moreover, the same experiments were performed adopting the same reaction conditions 

and reducing/templating systems in the absence of NaOH. These last runs did not allow 

us to obtain copper nanoparticles or nanorods, in fact, the obtained solutions were 

colourless and their UV-VIS spectra did not have any peak around 450 nm, underlining 

again the fundamental role of NaOH. 
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Figure 7 UV-Vis spectra of samples: a) CuPN21 obtained using glucose/sodium gluconate systems(red line), 
b) CuPN22 obtained using sorbitol/sodium gluconate system (black line) and d) CuPN23 sodium
gluconate/sodium gluconate system (green line) 

TEM micrographs of samples CuPN22 and CuPN23, confirm the diverse morphology 

observed through UV-Vis analysis (see Figure 7). In particular, sample CuPN22 is 

characterized by well-defined cylindrical nanorods, whereas sample CuPN23 is 

composed of spherical, acicular and cylindrical nanostructures (see Figure 8). 

In conclusion, the sorbitol/sodium gluconate system shows the best reducing and 

templating power leading to the formation of well-defined copper nanorods with an 

average diameter of 15 nm and length of about 100-150 nm (sample CuPN22 Figure 

7a). Conversely, glucose/sodium gluconate and sodium gluconate/sodium gluconate 

systems were not efficient enough to drive the growth of nanorods as shown by the UV-

Vis and TEM analysis reported in Figures 7 and 8. 
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Figure 8 TEM micrographs of samples: a) CuPN22  sample obtained using sorbitol/ sodium gluconate 
system and b) CuPN23 sample obtained using sodium gluconate/ sodium gluconate system, c) CuPN21 
sample obtained using glucose/ sodium gluconate system. 
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9.3.2 Effect of diverse heating sources on copper nanorod shape 

In order to increase the growth of nanowire and minimize the decomposition of sorbitol 

and sodium gluconate observed from the UV-Vis analysis in Chapter 9.3.1, the effect of 

diverse heating source was investigated.  

In a typical experiment, the seed solution was prepared dissolving sorbitol (2.5g) in 30 

ml of water and adding 0.12 ml of NaOH 1M and 1.2 ml of CuSO4 10-2 M, then the 

resulting solution was irradiated with microwave at 80°C for 5 min. Meanwhile the 

growth solution was prepared dissolving sodium gluconate (1.9g) in 6 ml of water and 

adding .2 ml of CuSO4 10-2 M.  Finally, the growth solution was added to the seed 

solution and treated with microwave at 80°C for 10 minutes. In particular, the runs were 

performed using a monomode microwave (CEM Discovery S-Class equipped with 80 

ml glass vessels) and 150 ml Parr autoclave electrically heated and the results are 

summarized in Table 4. 

Table 4 Effect of heating sources on nanorod shape 

Sample Step Heating source Observations Nanorod length (nm) 

CuPN24a

1 MW  power 50W 
Cylindrical well-
defined nanorods 200 

2 MW  power 50W 

CuPN27a

1 MW  power  250W Cylindrical and 
spherical 

nanostructures 
149 

2 MW  power 250W 

CuPN28b

1 Traditional heating 
Cylindrical well-
defined nanorods 83 (222) 

2 Traditional heating 

a First step last 5 minutes, second step last 10 minutes 
b First step last 10 minutes, second step last 15 minutes 

As can be observed in Table 4, the final properties of copper nanorods is straightly 

dependent on the heating power, in particular by decreasing the microwave power the 

undesired decomposition of sorbitol and sodium gluconate was partially avoided. 
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Figure 9 UV-Vis spectrums of a) Sample CuPN24, obtained using 50W of microwave power (red line), b) 
Sample CuPN27 obtained using 250W of microwave power (black line) and c) Sample CuPN28 obtained with 
the traditional heating source (green line). 

As shown in Figure 9a, sample CuPN24 (red line) obtained under the lower microwave 

power has two marked peaks at 450 nm and 700 nm, characteristic of copper nanorods. 

Sample CuPN27 (black line) obtained with the highest microwave power shows more 

broad peaks at the same wavenumber compared to those observed for sample CuPN24, 

underlining a lower nanorod growth. The lower nanorod growth could be due to the 

decomposition of sorbitol and sodium gluconate that occurs at high MW power, leading 

to worse control of particle growth (sample CuPN27). 

However, sample CuPN28 obtained using the traditional heating source shows a light 

yellow colour and has small absorbance at 450 nm and 700 nm, which underlines the 

formation of few copper nanorods. Traditional heating did not supply enough energy to 

the reactive mixture to guarantee efficient copper reduction, contrary to what was 

observed using microwave as a heating source. 

These effects were confirmed also by TEM analysis as reported in Figure 10. Sample 

CuPN24 shows well defined nanorods characterized by an average diameter of 15 nm 

and a length of about 200 nm, whereas sample CuPN27 is composed of diverse 

cylindrical nanostructures similar to the ones observed in sample CuPN24 characterized 

by an average length of 149 nm. Finally, sample CuPN28 shows smaller cylindrical 

nanostructures characterized by a bimodal size distribution, with a main nanorod 

population of a length of 83 nm and another nanorod population of a length of 222 nm. 
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In conclusion, the microwave at lower power irradiation (50W) allows us to obtain 

longer nanorods characterized by narrow size distribution. 
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Figure 10 TEM micrographs and nanorods length distributions of samples: a) Sample CuPN24, obtained using 
50W of microwave power, b) Sample CuPN27 obtained using 250W of microwave power and c) Sample 
CuPN28 obtained with the traditional heating source. 

9.3.3 Effect of growth times on copper nanorod shape 

The effect of diverse growth times on nanorod shapes was investigated by adopting 

selected sorbitol/sodium gluconate systems and the microwave as a heating source. In a 

typical experiment the seed solution was prepared dissolving sorbitol (2.5g) in 30 ml of 

water and adding 0.12 ml of NaOH 1M and 1.2 ml of CuSO4 10-2 M, then the mixture 

was treated with microwave at 80°C and 50W. Meanwhile the growth solution was 

prepared dissolving sodium gluconate (1.9) in 6 ml of water and adding .2 ml of CuSO4 

10-2 M.  Finally, the growth solution was added to the seed solution and treated with 

microwave at 80°C at 50W. The results are summarized in Table 5. 
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CuPN29 
1 5 

269 
2 20 

By increasing growth time and taking well separated seed and growth stages it is 

possible to obtain better defined and longer nanorods.  

The UV-Vis spectra of CuPN24 and CuPN29 samples show peaks at 450 nm and 700 

nm ascribable again to the two dimensions of nanorods, diameter and length. 

Figure 11 a) Sample CuPN24, obtained with 10 minutes of growth (red curve), b) Sample CuPN29 obtained 
with 20 minutes of growth (black curve). 

TEM images of sample CuPN29 reported in Figure 12b show nanorods longer than 

those observed for sample CuPN24 (see Figure 12a). In particular, the nanorods 

obtained with a growth time of 10 minutes show a length of around 200 nm (sample 

CuPn24) whereas the ones obtained with a growth time of 20 minutes (sample CuPn29) 

show a length of about 269 nm. Therefore, by adopting a longer growth time (sample 

CuPN29) it is possible to increase the length of nanorods. 	
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Table 5 Effect of growth times on nanorod morphologies 

Sample Step Time (min) Nanorod lengh (nm) 

CuPN24 
1 5 

200 
2 10 



Figure 12 TEM micrographs of and nanorod length distribution samples a) Sample CuPN24, obtained with 10 
minutes of growth, b) Sample CuPN29 obtained with 20 minutes of growth. 

9.3.4	Effect	of	cupper	sulphate	concentration	on	nanorod	morphology	

The effect of diverse copper precursor concentrations on final nanorod morphology was 

investigated on the sorbitol/sodium gluconate systems under microwave irradiation. 

In a typical experiment the seed solution was prepared dissolving sorbitol (2.5g) in 30 

ml of water and adding 0.12 ml of NaOH 1M and the selected amount of CuSO4 then 

the mixture was treated with microwave at 80°C and 50W. Meanwhile the growth 

solution was prepared dissolving sodium gluconate (1.9) in 6 ml of water and adding .2 
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ml of CuSO4 10-2 M.  Finally, the growth solution was added to the seed solution and 

treated with microwave at 80°C at 50W. The results are summarized in Table 6.  

Table 6 Effect of cupper sulphate concentration on nannorods final morphologies 

Sample Step V CuSO4 10-2 M  
(ml) 

Nanorods Leghnt 
(nm) 

CuPN29 
1 1,2 

268 
2 1,2 

CuPN30 
1 0,8 

256 
2 1,2 

By decreasing the initial copper concentration it is possible to obtain cylindrical 

nanorods characterized by a smaller length than those obtained with a higher 

concentration as confirmed by the UV-Vis analysis of samples CuPN29 and CuPN30. 

In particular, sample CuPN29 shows a bigger intense peak at 700 nm than sample 

CuPN30; this particular peak is correlated to the nanorod length, thus confirming that 

the nanorods of sample CuPn29 are longer than the ones observed in sample CuPN30 

(see Figure 13). 

Figure 13 UV-VIs spectra of samples a) sample CuPN29 obtained with the higher copper precursor 
concentration (blue line) and b) sample CuPN30 obtained with the lower copper precursor concentration 
(pink line). 
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TEM micrographs reported in Figure 14 confirm that sample CuPN29 is composed of 

slightly longer nanorods characterized by irregular surfaces, whereas sample CuPN30 

shows well defined cylindrical nanorods, probably due to a more regular geometrical 

evolution of their surface that occurs at a low metal precursor concentration (see Figure 

14b). The geometrical evolution of asymmetric nanostructures was observed by 

Elechiguerra and Yan et Al.[18] 

In conclusion, based on the final application of these nanomaterials it is necessary to 

find a compromise between the control of nanorod shape and length. 

Figure 14 TEM micrographs of samples a) sample CuPN29 obtained with the higher copper precursor 
concentration and b) sample CuPN30 obtained with the lower copper precursor concentration. 
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10. STUDY OF THE SELECTIVE HYDROGENATION OF

CYNNAMALDEHYDE TO HYDROCINNAMALDEHYDE 

IN THE PRESENCE OF THE MAGNETIC PALLADIUM 

CATALYSTS 

10.1 Introduction 

Cinnamaldehyde (CAL) is an organic compound that can be found naturally in cinnamon plants. 

It is an α,β-unsaturated molecule that can be selectively hydrogenated on the aldehyde group to 

obtain cinnamyl alcohol (COL), on the C=C bond to give hydrocinnamaldehyde (HCAL) or on 

both the aldehyde and the C=C bond to give hydrocinnamic alcohol (HCOL), as described in 

Scheme 1. 

O

H

O

H

OH

OH

Cinnamaldehyde
(CAL)

Hydrocinnamaldehyde
(HCAL)

Cinnamyl Alcohol
(COL)

3-phenyl-1-propanol
(HCOL)

H2 H2

H2H2

Scheme 1 Reaction scheme of the hydrogenation of cinnamaldehyde 

Among cinnamaldehyde-hydrogenated products, hydrocinnamaldehyde is the most important 

from an industrial point of view. In fact, HCAL is a building block for a wide range of fine 

chemicals such as perfumes[1] and pharmaceutics[2].   
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For these reasons, hydrogenation conditions such as temperature, pressure, solvent and catalyst 

have been deeply studied to improve the selectivity toward hydrocinnamaldehyde production.  

As underlined by Zhang et al. polar and apolar solvents strongly influence hydrogenation yield 

and selectivity. For example, apolar solvents such as toluene, decalin, decane and also ethyl 

ether resulted the best solvents whereas alcohols the worst. [3] 

Furthermore, other fundamental aspects able to influence selectivity and yield of this 

reaction are the kind of metal catalyst, metal loading and catalytic support.[4] 

Several catalysts were employed in the selective hydrogenation of cinnamaldehyde, among 

them palladium or ruthenium based catalysts showed the best selectivity in 

hydrocinnamaldehyde, whereas platinum and iridium resulted active towards cinnamyl alchol. 

For example, Mehri et al. reported the hydrogenation of cinnamaldehyde over palladium on 

titanium oxide at 50°C under 10 bar of H2 obtaining low conversion (20%) and HCAL 

selectivity of 76%.[5] Yang et al.[6] employed palladium trapped inside titanate nanotubes at 

30°C under 5 bar of H2 obtaining almost complete conversion and 80% hydrocinnamaldehyde 

selectivity. 

Cabiac et al.[7] employed palladium over carbon at 60°C obtaining high cinnamaldehyde 

conversion (90%) and high hydrocinnamaldehyde yield (90%), whereas Lashdaf et al. described 

the use of palladium on alumina or silica in propanol obtaining higher conversion (100%) but 

lower selectivity in hydrocinnamaldehyde (50%).[8] Jabou et al. described the use of palladium 

over titanium oxide nanofibers obtaining Cal conversion of 20%  and HCAL selectivity of 70% 

at room temperature under 10 bar of H2.[9]  

Zhao et al.[10] described the hydrogenation of cinnamaldehyde over palladium supported on 

zeolitic imidazolate framework (ZIFs) under 40°C and 20 bar of hydrogen for 6 h obtaining the 

complete cinnamadehyde conversion with a hydrocinnamadehyde yield of 90%.  

The literature shows that the catalytic activity of palladium is strongly connected to catalyst 

morphology and to the kind of support.[11] 

Moreover, other metals and bimetallic compounds were employed in the hydrogenation of 

cinnamaldehyde with very diverse results such as Cu[12], Pt[13], Co[14], Ni[15], Au[16], Ir[17], Co-

Pt,[18] Cu-Pt[19], Pd-Au[20], Cu-Au[21], Sn-Pt[22], Pt-GO[23], Ni-TiO2
[24] and Ni-Cu[25]. Up to now 

magnetic core shell nanostructures were poorly investigated in the hydrogenation of 

cynnamadehyde to hydrocinnamadehyde, for example very recently  Yu et al.[26] reported the 

use of palladium supported on a core-shell Fe3O4@C as catalyst, obtained by Fe3O4 coated with 

glucose-derivated carbon and successive Pd loadind via hydrothermal reduction in ethyl glycol, 

obtaining high cinnmaldehyde conversion but relatively low selectivity toward the 

hydrocinnamadehyde (<70%). Song et al.[27] described the employ of platinum supported on 

magnetite flake (Pt@Fe3O4) reaching low cinnamaldehyde conversion (50%) and high 

hydrocinnamadehyde selectivity (96%) whereas, Liu et al. [28] reported the employ of platinum 
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supported over magnetic carbon nanotube (Pt-Fe3O4@CNT) obtaining higher cinnamadehyde 

conversion and a slightly lower hydrocinnamaldehyde yield (93%). 

Taking into account the promising results of magnetic nanocatalysts and their easy an efficient 

recovery, the new magnetic palladium systems described in Chapter 5.1 were employed in the 

selective hydrogenation of cinnamaldehyde to hydrocinnamaldeyhde as a model reaction for the 

hydrogenation of unsaturated aldehydes. In particular, the effect of palladium loading, catalyst 

structure, catalyst recyclability and temperature on the hydrogenation rate and selectivity were 

evaluated.  

10.2 The effect of the palladium loading on hydrogenation rate 

The effect of palladium loading on the hydrogenation rate was evaluated using the 

magnetic palladium catalyst synthetized and characterised as reported in chapter 5.1. 

The obtained results were compared with those reported in the literature[29]. The main 

characteristics of the adopted palladium catalyst are reported in Table 1. 
Table 1 Main characteristics of the selected magnetic palladium nanocatalysts 

Catalysts Pd load (%) Surface area 

(m2/g) 

 Diameter of the 

support (nm) 

Diameter of 

palladium 

(nm) 

Pd1 

(Pd@γFe2O3) 

2.1 74.4 5.6 N.D 

Pd@Al2O3
a 1.9 130 N.D 8 

a Reference catalyst from literature[29] 

A typical hydrogenation experiment was carried out at 100°C under 20 bar of hydrogen 

using 3.8 ml of cinnamaldehyde, the desired amount of palladium catalyst and 100 ml 

of decaline. The reaction was followed by a gas chromatograph (Hewlett-Packard 5890, 

equipped with FID detector and a PONA column (cross-linked methyl silicon gum)) 

and the results are summarized in Table 2. 
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CIN2b 2.5 73.7 96.3 71 0.0015 0.16 
CINRc 2.5 74.7 93.3 69.6 0.0015 0.16 
a values obtained after 6h of reaction 
b catalyst Pd1, Pd@γ-Fe2O3 characterized by a Pd loading of 2.1% wt. 
c reference results from the literature[29] 

As can be observed from Table 2, the run CIN2 carried out using the higher palladium 

loading (2.5 mg) showed a slightly higher CAL conversion (73.7%) and higher HCAL 

selectivity (96.3%), whereas the run CIN1 carried out using lower palladium loading 

(1.1 mg), showed a slightly lower conversion and selectivity, 68% and 87%, 

respectively.  Increasing the palladium content from 1.1 mg to 2.5 mg it was possible to 

limit the side reactions. In particular as it is possible to see in Figure 1 after 4 h of 

reaction, run CIN1, carried out with lower palladium, showed an increase in CAL 

conversion but not in HCAL yield underlining that using 1.1 mg of palladium a by 

products formation was observed. 

Furthermore, the catalytic activity of magnetic palladium catalyst (Pd1) resulted similar 

to those reported in literature for palladium supported on alumina (Pd@Al2O3) (see 

Table 2, run CINR). 

Taking into account the high hydrocinnamaldehyde selectivity reached in both runs 

(CIN1 and CIN2), the well-known selectivity problem connected with this 

hydrogenation as reported in literature[8-9] and the easy and efficient recovery of the new 

magnetic catalyst, the magnetic palladium systems can be considered a strategic tool for 

industrial hydrogenation processes. 
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Table 2 Selective hydrogenation of cinnamaldehyde to hydrocinnamaldehyde 

Run Pd (mg) CAL 
Conversiona 

(%) 

HCAL 
Selectivitya 

(%) 

HCAL 
Yielda 
(%) 

Aa (mol/g 
h) 

TOFa 
(h-1) 

CIN1b 1.1 68 87 60 0.0031 0.20 



Figure 1 Hydrocinnamaldehyde yield vs. time using two diverse Pd load: a) Pd load of 1.1 mg, CIN1 (blue line) 
and b) Pd load of 2.5 mg CIN2 (red line) 

Figure 1 shows the hydrocinnamaldehyde yield trends for CIN1 and CIN2 runs (blue 

and red lines, respectively).  In particular, CIN2 showed a linear crescent yield, whereas 

the CIN1 run yield reaches a maximum after 4 hours of reaction. 

It is important to underline that all the catalytic systems maintained their magnetic properties 

and were easily magnetically recovered from the reaction mixture.  

Figure 2 FT-IR spectra of Pd1 catalysts a) before reaction (red line) b) after reaction (black line) 
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The FT-IR spectra of the Pd1 catalyst before (red line) and after (black line) hydrogenation are 

reported in Figure 2. Both the FT-IR spectra show a typical maghemite peak at 630 1/cm, peaks 

around 1400 1/cm due to carbonate trace introduced during catalyst preparation and a broad 

peak between 3000 1/cm and 3500 1/cm ascribable to hydroxyl stretching vibration of ethanol 

and water molecules trapped in the iron oxide structure. 

The good overlapping of the maghemite peaks at 630 1/cm confirmed the stability of this 

catalyst. 

Furthermore, the FT-IR spectrum of the catalyst after reaction (black line) presents numerous 

other peaks due to the aromatic and unsaturated bond of cinnamaldehyde and 

hydrocinnamdehyde adsorbed on the catalyst surface. For example, the peaks between 1500 

1/cm and 1600 1/cm are ascribable to C=O of the aldehyde group present in cinnamadehyde and 

hydrocinnamaldehyde molecules and the narrow peaks between 900 1/cm and 1300 1/cm are 

ascribable to the aromatic ring present in reagent and products. 

Furthermore, the Pd1 catalyst showed a significant reduction of surface area after the reaction, 

from 74.42 m2/g to 47.3 m2/g. 

10.3 The effect of the Pd catalyst characteristics on the hydrogenation rate 

The effect of the Pd catalyst characteristics on the hydrogenation rate was investigated adopting 

the reaction conditions showed above and three diverse magnetic palladium systems were 

studied: They were Pd supported on maghemite Pd1 (Pd@γ-Fe2O3), palladium nanoparticles 

impregnated on magnetite Pd3 (Pd@Fe3O4) and palladium nanoparticles trapped inside 

magnetite structure Pd6 (Pd@Fe3O4). All these catalysts were synthetized and characterized as 

reported in Chapter 5.1 and their main characteristics are summarized in Table 3. 

Table 3 Main characteristics of the adopted palladium magnetic nanocatalysts 

Samples Composition 
AAS 
(Pd 

%wt) 

BET 
(m2/g) 

Support 
diameter 

(nm) 

Palladium 
diameter 

(nm) 

Pd1a 5% Pd@γ-Fe2O3 2.1 74.4 5.6 N.D 
Pd3b 5% Pd@Fe3O4 4.3 112.0 14 3.7 
Pd6c 5% Pd@Fe3O4 4.7 106.5 8 N.D 

a Palladium nanoparticles impregnated on maghemite nanostructure, Synthesis: 0.5g of γ-Fe2O3, 0.05g Pd(OAc)2, 44 
mL EtOH at 96 wt%, microwave heating: 120 °C, 15 min, 250 W  
b Palladium nanoparticles impregnated on magnetite nanostructure, Synthesis: 0.5g Fe3O4, 0.05g Pd(OAc)2, 44 mL 
EtOH at 96 wt%, microwave heating: 120 °C, 15 min, 250W. 
c Palladium nanoparticles intercalated into magnetite nanostructure, Synthesis: 1g of Fe(OAc)2, 0.05g Pd(OAc)2, 44 
mL EtOH at 96 wt%, microwave heating: 120 °C, 15 min, 250 W  
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The hydrogenation results obtained with all the above catalysts are summarized in Table 4. 

Table 4 Effect of catalyst support and morphology on hydrogenation ratea

Run Catalyst CAL 
Conversion 

(%) 

HCAL 
selectivity 

(%) 

HCAL 
Yield (%) 

A (mol/g 
h) 

TOF (h-1) 

CIN2 Pd1 73.7 96.3 71 0.0015 0.16 
CIN3 Pd3 35.4 92.4 33 0.0007 0.08 
CIN4 Pd6 58.2 93 54 0.0012 0.12 

a reaction conditions: Temperature 100°C, H2 Pressure 20 bar, 3,8 ml of cinnamaldehyde, 100 ml of decaline, 2.5 mg 
of  Pd and reaction time 6 h 

As it is possible to see in Table 4, Pd1 catalyst, characterized by palladium supported on 

maghemite, showed the highest conversion and selectivity (run CIN2), higher than 

those reported in literature for analogues magnetic palladium catalysts[26]. The result 

could be due to a positive synergic effect between the maghemite and the palladium 

nanoparticles. A similar maghemite positive effect was evidenced also by Milone et 

al.[30] who studied the effect of different iron oxides on the hydrogenation rate of α,β 

unsaturated aldehydes and ketones. 

Furthermore, Pd6 catalyst permits to reach higher conversion than the Pd3 catalyst, (run 

CIN3). The marked difference ascertained in the catalytic performances of these two 

magnetite-based catalysts (Pd3 and Pd6) can be explained by their different 

nanostructure. In fact the Pd3 catalyst shows a hierarchical structure where palladium 

nanoparticles are anchored on magnetite surface whereas Pd6 catalyst shows a complex 

structure where palladium nanoparticles are intercalated into magnetite nanostructure. 

These structural differences confirmed also by XRD analysis lead to different Fe-Pd 

interactions, which strongly influence the reaction rate. 
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Figure 3 Hydrocinnamaldehyde yield vs. time using diverse catalysts: a) palladium nanoparticle over 
maghemite, Pd1 (blue line), b) palladium nanoparticles over magnetite, Pd3 (red line) and c) palladium 
nanoparticles trapped inside magnetite, Pd6 (green line) 

Figure 4 Catalytic activity vs. time using diverse catalysts: a) palladium nanoparticle over maghemite, Pd1  
(blue line), b) palladium nanoparticles over magnetite, Pd3 (red line) and c) palladium nanoparticles trapped 
inside magnetite, Pd6 (green line) 

The hydrocinnamaldehyde yield and catalytic activity trends of the three different 

catalysts are shown in Figures 3 and 4.  

The catalysts characterised by more exposed active metal sites, generally show better catalytic 

activity than the catalysts characterized by a complex structure where the active metal is 
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confined inside the support. However, in this study the opposite behaviour was observed. This 

result is particularly important because when the active metal is exposed on the catalyst surface, 

deactivation of the catalytic system could easily occur because of poisoning or leaching, 

contrary to what is commonly observed for a catalyst strongly interacting with the support. 

Furthermore, these magnetic systems maintained good magnetic properties after the reaction. 

Figure 5 FT-IR spectra of Pd3 catalysts a) before reaction (red line) b) after reaction (black line) 

The FT-IR spectra of the Pd3 catalyst before (red line) and after (black line) hydrogenation are 

reported in Figure 5. Both FT-IR spectra show a typical magnetite peak at 590 1/cm, peaks 

around 1400 1/cm due to acetate trace introduced during the catalyst preparation and a broad 

peak between 3000 1/cm and 3500 1/cm ascribable to hydroxyl stretching vibration of ethanol 

and water molecules trapped in the iron oxide structure. 

The presence of the magnetite peak at 590 1/cm confirms the stability of this catalyst. 

Furthermore, the FT-IR spectrum of the catalyst after reaction (black line) presents numerous 

other peaks, for example peaks between 1500 1/cm and 1600 1/cm which are ascribable to C=O 

of aldehyde groups present in cinnamadehyde and hydrocinnamaldehyde molecules, and narrow 

peaks between 900 1/cm and 1300 1/cm due to the aromatic rings present in reagent and 

products. 

(590)

213



Figure 6 FT-IR spectra of Pd6 catalysts a) before reaction (red line) b) after reaction (black line) 

The FT-IR spectra of the Pd6 catalyst before (red line) and after (black line) hydrogenation are 

reported in Figure 6. Both FT-IR spectra show a typical magnetite peak at 590 1/cm, confirming 

the stability of this catalyst. 

Once again, the FT-IR spectrum of the catalyst after reaction (black line) presents numerous 

other peaks due to the aromatic and unsaturated bond of cinnamaldehyde and 

hydrocinnamdehyde adsorbed on the catalyst surface. 

The Pd6 catalyst showed a certain reduction of the surface area after the hydrogenation reaction, 

from 106.5 m2/g to 84.4 m2/g, lower than that ascertained for the Pd1 catalyst. 

10.4 The effect of temperature on the hydrogenation rate 

The effect of temperature on the hydrogenation rate was studied using two diverse 

magnetite based catalytic systems and the results are summarized in Table 5. 
Table 5 Effect of temperature effect on the hydrogenation rate 

(590)
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CIN6a Pd6 130 83,4 81,7 68 0,0017 0,18 
a reaction conditions: H2 Pressure 20 bar, 3.8 ml of cinnamaldehyde, 100 ml of decaline, 2.5 mg of  Pd and reaction 
time 6 . 

By increasing the reaction temperature from 100°C up to 130°C the conversion of 

cinnamadehyde increased and the selectivity in hydrocinnamadehyde decreased. In 

particular, at 130°C the Pd3 catalyst reached the same conversion obtained at the lower 

temperature using the Pd6 catalyst, with diverse products distribution as displayed in 

Figure 7.  

Therefore, a compromise between conversion and selectivity must be reached, 

considering that in the case of low selectivity a heavy purification step is necessary 

whereas in the case of low conversion the unreacted reagent must be recycled. 

Figure 7 Hydrocinnamaldehyde yield vs. time at diverse temperature: a) palladium nanoparticle over 
magnetite, Pd3  at 100°C  CIN3 (blue line), b) palladium nanoparticles over magnetite, at 130°C Pd3 CIN5 
(red line), c) palladium nanoparticles trapped inside magnetite, Pd6 at 100°C CIN4 (green line) and d) 
palladium nanoparticles trapped inside magnetite, Pd6  at 130°C CIN6 (purple line) 
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Run Catalyst T 
(°C) 

CAL 
Conversion 

(%) 

HCAL 
selectivity 

(%) 

HCAL 
Yield 
(%) 

A 
(mol/
g h) 

TOF 
(h-1) 

CIN3a Pd3 100 35,4 92,4 33 0,0007 0,08 

CIN5a Pd3 130 58,2 89,1 52 0,0012 0,12 

CIN4a Pd6 100 58,2 93 54 0,0012 0,12 



Figure 8 Catalytic activity vs. time at diverse temperature: a) palladium nanoparticle over magnetite, Pd3 at 
100°C CIN3 (blue line), b) palladium nanoparticles over magnetite, at 130°C Pd3  CIN5 (red line), c) 
palladium nanoparticles trapped inside magnetite, Pd6  at 100°C CIN4 (green line) and d) palladium 
nanoparticles trapped inside magnetite, Pd6  at 130°C CIN6 (purple line) 

The catalytic activity trends of reactions CIN3 and CIN4 carried out at 100°C are very 

similar and almost overlap (see Figure 8) but CIN4 where Pd6 catalyst was employed 

led to a higher HCAL yield. The Pd6 catalyst characterized by a more complex structure 

where palladium nanoparticles were trapped inside the magnetite structure, exhibited 

the highest catalytic activity, especially at the beginning of the reaction. 

10.5 Recyclability tests 

The catalytic activities of the most promising catalysts (Pd1 and Pd6) were further 

investigated through recycle tests. The recycle runs were carried out under the same 

reaction conditions reported above. After each reaction cycle the reaction mixture was 

removed keeping the catalyst inside with a permanent neodymium magnet. Then the 

catalyst was washed with fresh solvent and the reactor was charged again with the fresh 

reagent. The catalytic results are summarized in Table 6. 
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CIN2a Pd1 73,7 96,3 71 0,0015 0,16 
CIN2 

ricyclea
Pd1 29 95,8 28 0,0006 0,06 

CIN4a Pd6 58,2 93 54 0,0012 0,12 
CIN4 

ricyclea
Pd6 41,3 92,1 38 0,0008 0,09 

a Reaction conditions: Temperature 100°C, H2 Pressure 20 bar, 3.8 ml of cinnamaldehyde, 100 ml of decaline, 
2.5 mg of Pd and reaction time 6h.

The recycled runs (CIN2 recycle and CIN4 recycle) showed lower catalytic activity 

than the fresh runs (CIN2 and CIN4), see Figure 9. However, the loss in activity was 

more evident in the CIN2 run where Pd1 was used. This result can be due to the diverse 

catalyst structure, in fact Pd1 is characterized by a hierarchical structure where 

palladium is exposed on the maghemite surface, thus deactivation could easily occur 

because of poisoning or leaching, whereas the Pd6 catalyst is characterized by a more 

complex structure where palladium nanoparticles are protected inside the magnetite 

structure. In particular after the first reaction cycle, the recycled Pd6 catalyst (CIN4 

recycled) showed a lower lost in catalytic activity than Pd1, confirming its better 

recyclability (see Figure 9). 

Figure 9 Catalytic activity after 6h of reaction for fresh and recycled catalysts 
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Table 6 Recycle tests on two diverse catalysts Pd1  and Pd6 catalysts  

Run Catalyst CAL 
Conversion 

(%) 

HCAL 
selectivity 

(%) 

HCAL 
Yield 
(%) 

A 
(mol/g 

h) 

TOF 
(h-1) 



10.6 Conclusion 

Diverse magnetic palladium systems were employed in the selective hydrogenation of 

CAL to HCAL. 

The Pd1 catalyst characterized by palladium nanoparticles supported over maghemite 

showed the best cinnamaldehyde conversion and the highest hydrocinnamadehyde 

selectivity, higher than those reported in literature for analogues magnetic palladium 

catalysts.[26] Unfortunately Pd1 nanocatalyst lost the 60% of its catalytic activity after 

the first reactive cycle.  

On the other hand Pd6 catalyst, characterized by palladium nanoparticles trapped inside 

magnetite structure, led to lower cinnamaldehyde conversion but to a minor catalyst 

deactivation during the recycle tests. 

Furthermore, it is noteworthy that all the catalysts maintained their magnetic properties 

and structure after each reactive cycle. These investigation is currently in progress in 

order to better understand the reasons of the deactivation and improve the 

performances. 
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11. STUDY OF THE SELECTIVE OXIDATION OF 
1-PHENYLETHANOL TO ACETOPHENONE IN THE 

PRESENCE OF THE MAGNETIC RUTHENIUM 

CATALYSTS 

11.1 Introduction 

Acetophenone is an aromatic ketone, which naturally occurs in numerous fruits. It finds 

application in resin, perfume and pharmaceutical industries. [1] 

Acetophenone can be obtained through the selective oxidation of 1-phenylethanol as 

described in Scheme 1. 

OH O

+ H2O
O2

cat.

Scheme 1 Oxidation of 1-phenylethanol to acetophenone 

The oxidation of 1-phenylethanol to acetophenone is a highly selective and quantitative 

process characterized by absence of by-products under mild reaction conditions. Thanks 

to these peculiar aspects, the selective oxidation of 1-phenylethanol to acetophenone 

can be considered a model for the oxidation of secondary alcohols to ketones. 

Generally, this oxidation is carried out in organic solvents using heterogeneous 

ruthenium catalysts. For example, Zhan et al.[2] studied the selective oxidation of 1-

phenylethanol and other alcohols in toluene using ruthenium oxide nanoparticles 

confined in zeolite as catalytic systems. Yamaguchi et al. [3]  reported the  catalytic 

oxidation of 1-phenylethanol in trifluorotoluene obtaining a mixture of benzaldehyde 

and acetophenone, whereas Mori et al. utilized toluene as solvent and ruthenium 

supported on hydroxyapatite as catalysts with encouraging results.[4] Mizuno et al. 

studied diverse ruthenium catalysts in the selective oxidation of 1-phenylethanol 

underlining that ruthenium hydroxide gives the highest conversion under mild reaction 
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conditions.[5] Kotani et al. studied the selective oxidation of 1-phenylethanol to 

acetophenone in toluene using magnetic ruthenium hydroxide catalyst [6]. 

Moreover, in literature the employment of other interesting heterogeneous catalysts is reported 

such as MnFe1.5Ru0.35Cu0.15O4
[7], Mn compound[8], Ru-Mg-Al-hydrotalcite[9], Ru-Co-Al-

hydrotalcite[10], Pr4N
+
RuO4

-
/ormosil(SiO2) 

[11], Pt[12], Au-Ag/PVP[13], PdAu-TiO2
[14], Co-

Fe3O4
[15], Cu(II)-TEMPO[16], and Na5PMo10V2O40/C

[17]. 

More interesting from an environmental and a safety point of view are the reactions carried out 

in an aqueous medium. In fact, water not only replaces unfriendly and toxic organic solvents but 

also reduces the risk of explosion, reducing the window of compositions, which could lead to 

the explosion event. 

Despite these positive aspects connected with the use of water as a solvent, this route 

has been poorly investigated due to the solubility problems connected with the use of 

organic reagents. In fact, the immiscibility and the limited solubility of organic 

compounds generate complex multiphasic systems, which limit the transportation of 

reagents toward the catalytic active sites, thus reducing conversion and reaction rates. 

In particular, Bliff et al. described the use of a Pd nanocluster as an efficient catalyst for 

alcohol oxidation in an aqueous medium.[18] Mallat et al. reported the oxidation of 1-

phenylethanol in aqueous media involving platinum on alumina as a catalyst and a 

bismuth promoter. [19] Brink et al. studied the employment of a homogeneous palladim 

acetate catalyst for the oxidation of diverse alcohols in water with encouraging results. 
[20]

Finally Antonetti et al. reported the oxidation of 1-phenylethanol in water using 

palladium nanoparticles supported on an organic-inorganic hybrid material as catalyst. 
[21]

Taking into account all these aspects, this work verified the catalytic activity of 

ruthenium magnetic catalysts described in Chapter 5.2 towards the oxidation of 1-

phenylethanol to acetophenone in aqueous medium.

11.2 Results and discussion 

The preliminary oxidation reactions were carried out in a glass reactor equipped with a reflux 

apparatus and an entry for oxygen.  
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In particular, 1-phenylethanol (0.9 mmol) and magnetic ruthenium catalyst (Ru2, 

1.87%RuOx@Fe3O4) (0.07g) were dispersed in the solvent (5 ml) and introduced into the 

reactor. Then the system was heated up to 100°C under a continuous oxygen flow and 

maintained for 3 h. At the end of the reaction, the catalyst was magnetically recovered and the 

reaction mixture was submitted to work-up and analysed.  The work-up consisted in the 

extraction of the unreacted reagent and product with 5 ml of ethyl ether three times and the 

subsequent dehydration on sodium sulphate. The organic mixture was analysed using a gas 

chromatograph Perkin Elmer Auto System 8700, equipped with a FID and a DB1701 column 

(methyl silicone and 5% diphenilsilicone) and the catalytic results are summarized in Table 1. 

Table 1 Oxidation of 1-phenylethanol to acetophenone in toluene or water medium 

Run Solvent Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

Activity 
(mol/g h) 

TOF (h-

1) 
ACE1 toluene 4 100 4 0.0032 0.32 
ACE2 water trace 100 trace ***  *** 

Reaction conditions: 0.9 mmol of 1-phenylethanol, 0.07 g of Ru2 catalyst (1.87%RuOx@Fe3O4), 5ml of solvent, 

under continue oxygen flow at100°C for 3h. 

Under the adopted mild reaction conditions the oxidation of 1-phenylethanol did not proceed. In 

particular, using water as the solvent (run ACE2) 1-phanylethanol conversion was lower than 

that observed using toluene (run ACE1). In fact, when water was used as the solvent, a complex 

multiphase system was generated which decreased the availability of the reactive species, thus 

decreasing the conversion and reaction rate. The multiphase system was composed of an 

organic phase (1-phenylethanol and acetophenone), an aqueous phase where oxygen was 

partially dissolved, a gaseous phase (oxygen) and a solid insoluble one (ruthenium catalyst). In 

this complex system, the transportation of organic and gaseous reagents toward the catalyst 

surface is the real limiting step. However, by improving oxygen pressure it is possible to 

improve oxygen solubility, partially overcoming transportation problems. The improvement of 

oxygen pressure was possible thanks to the aqueous medium, which increased the pressure work 

window reducing the risk of explosion. The effect of oxygen pressure on the selective oxidation 

rate is summarized in Table 2. 

Table 2 Effect of oxygen pressure on the selective oxidation rate 

Run P O2 
(bar) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

Activity 
(mol/g h) 

TOF 
(h-1) 

ACE2a 1 trace 100 trace ***  *** 
ACE3a 3 trace 100 trace ***  *** 
ACE4a 10 8 100 8 0.01 0.63 

a The oxidation was carried out in 15 ml Parr autoclave electrically heated, using 0,9 mmol of 1-phenylethanol, 0,07g 
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As expected, by increasing oxygen pressure, 1-phenylethanol conversion increased and 

reached a yield of 8% after 3 h  (run ACE4, see Table 2). Furthermore, Ru2 catalytic 

activity was further investigated to verify the recoverability and recyclability of these 

new catalytic systems. The recycle test was carried out under the same reaction 

conditions. In particular, after each cycle the catalyst was kept on the bottom of the 

autoclave with a permanent neodymium magnet and the reaction mixture was collected 

from the reactor pipeline. Then the catalyst was washed and the reactor was charged 

with the fresh reagent. The recycle test results are summarized in Table 3. 

Table 3 Recycle test of oxidation of 1-phenylethanol to acetophenone 

Run P O2 Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

Activity 
(mol/g h) 

TOF 
(h-1) 

ACE4a 10 8 100 8 0.006 0.63 
ACE4 recyclea 10 6 100 6 0.004 0.42 
a The oxidation was carried out in 15 ml Parr autoclave electrically heated, using 0,9 mmol of 1-phenylethanol, 0,07g 

of magnetic ruthenium catalyst , 10 ml of water at 100°C for 3h 

The recycled catalyst (ACE recycle) led to similar conversion as the fresh one, (ACE4 

run), underlining that the catalytic activity of the recycled catalyst was only slightly 

lower than that of the fresh catalyst (see Figure 1). These results confirmed the 

recyclability of the Ru2 magnetic catalyst. 

Figure 1 Catalytic activity of fresh and recycled catalyst 

224



The oxidation of 1-phenylethanol was repeated (run ACE6) using the optimized 

reaction condition, (100°C and 10 bar of oxygen) and followed for 6 h to study yield 

and activity trends (see Figures 2 and 3). 

Figure 2 Acetophenone yield vs. time of run ACE6 

Figure 3 Catalytic activity vs. time trend of run ACE6 
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As it is possible to see in Figure 2 the acetophenone yield and catalytic activity (Figure 

3) drastically increased after the first 4 h of reaction, this peculiar trend can be due to

the complex multiphasic reactive system, which needed a lot of time and energy to 

overcome the problem of transportation.  

Finally, the catalytic activity of the Ru2 catalyst was compared with that displayed by 

commercial catalysts and the results are reported in Table 4. 

Table 4 Comparison between commercial and magnetic ruthenium catalysts 

Run Catalyst Ru 
load 
(%) 

Conversion 
(%) 

Selectivity 
(%) 

Yield 
(%) 

Activity 
(mol/g 

h) 

TOF (h-1) 

ACE5a Fe3O4 0 0 0 0 0 0 
ACE6a Ru2 1.87 38 100 38 0.01 1.51 
ACE7a Ru/C 2 100 100 100 0.04 3.96 
ACE8 Ru/Al2O3 2 100 100 100 0.04 3.96 

a The oxidation was carried out in 15 ml Parr autoclave electrically heated, using 0.9 mmol of 1-phenylethanol, 0.21 

mg of ruthenium, 10 ml of water at 100°C for 6h 

The blank experiment carried out with the magnetic support confirmed that magnetite 

did not catalyse the reaction (ACE5). 

The commercial ruthenium on carbon (2%Ru/C) and ruthenium on alumina 

(2%Ru/Al2O3) showed the complete conversion of 1-phenylethanol (ACE 7 and ACE8) 

exhibiting a catalytic activity higher than the Ru2 system ones. 

This last result can be due to the higher surface area of the commercial systems, 900 

m2/g for Ru/C and 100 m2/g for Ru/Al2O3 respect to 62 m2/g of the Ru2. The huge 

surface area of the commercial Ru/C in fact helped the contact between the active 

ruthenium site and reagents thus overcoming the problem of transportation due to the 

multiphasic reaction medium. Moreover, these results underline that ruthenium 

characterized by oxidation state 0 contained in the commercial catalysts was more 

active than ruthenium characterized by oxidation state 3+ present in the Ru2 

nanocatalyst. However both ruthenium oxidation states resulted active for the oxidation 

of alcohols as confirmed by the literature.[11, 22]  
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Figure 4 catalytic activities of diverse catalytic systems 

Fresh and used magnetic ruthenium catalysts were analysed through FT-IR 

spectroscopy and the results are illustrated in Figure 5.  

Figure 5 FT-IR spectra of fresh Ru2 catalysts (green line) b) recycled catalysts, ACE 4 recycle (red line) and c) 
catalysts recovered after 6 h of reaction ACE6 (black line) 

The FT-IR spectrum of the Ru2 fresh catalyst (see Figure 5 green line) shows the 

adsorption band at 590 1/cm typical of the Fe-O bonds in tetrahedral Fe3O4 sites, 
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whereas the peak at 630 1/cm ascribable to maghemite is absent. Instead, this last peak 

was visible in the used catalyst spectrum (black and red lines). 

Furthermore, the Ru2 fresh catalyst spectrum shows two absorbance bands at 900 1/cm 

and 960 1/cm ascribable to ruthenium oxide species in agreement with what is reported 

by Key et al.[23] The strong peaks around 1400 1/cm are ascribable to acetate traces 

introduced with the metal precursor, and a broad band at 3000-3500 1/cm, which is due 

to water and ethanol molecules trapped in the magnetite particles. 

In the recycled catalyst (red line) and in the used catalyst (black line) spectra it was not 

possible to ascertain the ruthenium oxide and acetate peaks because in the same area 

there are numerous strong peaks due to aromatic species such as 1-phenylethanol and 

acetophenone, adsorbed on the catalyst surface. 

For example, the peak around 1700 1/cm due to C=O stretching, the strong narrow peak 

at 1300 1/cm ascribable to ketone bending, the small peaks between 2900 1/cm and 

3000 1/cm due to C-H stretching of the adsorbed organic species and the broad peak at 

3400 1/cm due to the OH groups. 

The presence of organic species adsorbed on the catalyst surface underlines a strong 

interaction that occurs between the catalyst and acetophenone or 1-phenylethanol, 

which can inhibit the adsorption and desorption of the reactive species and decrease the 

reaction rate. 

11.3 Conclusion 

In conclusion, the magnetic ruthenium catalyst was employed in the oxidation of 1-

phenylethanol to acetophenone in aqueous media. 

The commercial ruthenium catalysts (2%Ru/C and 2%Ru/Al2O3 ) allowed the complete 

conversion of 1-phenylethanol whereas the Ru2 catalyst exhibited lower catalytic 

activity leading to a 38% yield. Despite the lower catalytic activity of Ru2, ascribable to 

the huge difference in surface area between commercial and magnetic systems, the 

easier and more efficient magnetic recover and recycle is remarkable. Taking into 

account the interesting results of the Ru2, the magnetic ruthenium catalyst can be 

considered a promising catalytic system, which deserves further investigation. 
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12. THE USE OF RUTHENIUM, PLATINUM AND

PALLADIUM MAGNETIC NANOCATALYSTS IN THE 

SELECTIVE OXIDATION OF HMF TO FDCA  

12.1 Introduction 

Furan compounds are the most promising materials for fuel and fine chemical 

production starting from biomass. Recently, the US department of energy introduced 

hydroxymethylfurfural (HMF), furfural (FA) and 2,5 furan dicarboxylic acid (FDCA) in 

the top 10 most important biomass derivate compounds.[1] In particular, HMF and its 

derivatives have attracted huge interest as confirmed by the ever-increasing number of 

publications registered on Web of Science[2]. Hydroxymethylfurfural can be obtained by 

acid hydrolysis and successive dehydration of biomass, but unfortunately both these 

reactions result in a high by-product formation. Moreover, biomass is a highly variable 

substrate, which is still difficult to manage on industrial scale. HMF is considered an 

interesting building block for a wide range of fine chemicals due to its multifunctional 

nature; in fact, it finds application in fungicides, anticorrosion agents and perfume.[3] 

Moreover, the multifunctional nature of hydroxymethylfurfural results in a wide range 

of possible reactions, thus forming diverse interesting derivatives (see Figure 1). 

In particular, the HMF hydroxyl group reacts like primary alcohol leading to the 

formation of esters or halogenated products, whereas the aldehyde group can easily 

condensate leading to heavy compound formations and the furan ring can be 

decomposed to humines. Moreover, HMF can be easily polymerized, oxidised, 

decarboxylated etc. as summarized in Figure 1.  
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Figure 1 HMF possible derivates 

Among these possible reactions, the oxidation of HMF is the most studied and can 

involve the hydroxyl group and/or the aldehyde group leading to four diverse products, 

2,5-furandicarbaldehyde (DFF), 2,5-furan dicarboxylic acid (FDCA), 5-idroxymethyl-2-

furan carboxylic acid (HFCA) and 5-formil-2-furancarboxylic acid (FFCA) (see 

Scheme 1). 

Among them, FDCA is one of the most interesting and it is used in diverse 

biotechnological and technological industries for the production of pharmaceutics, 

antibacterial materials, implantable devices and polymers.[4] Especially in polymer 

science, FDCA is considered a sustainable alternative to terephthalic acid, and an eco-

friendly monomer for polyesters and polyamides.[5] 

However, the industrial use of FDCA is still limited due to the difficulties connected 

with the production of HMF from biomass. 
O
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Scheme 1 Oxidation of HMF 
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The oxidation of hydroxymethylfurfural has been extensively studied, underlining the 

effect of diverse catalysts and solvents on the product distribution. 

In particular, when an organic solvent is used, the formation of 2,5-furandicarbaldehyde 

is observed, which cannot be hydrated to geminal diols, thus avoiding the formation of 

carboxylic acids. It is well known, in fact, that only in aqueous media aldehydes can be 

hydrated to geminal diols, which for β-elimination leads to the formation of carboxylic 

acid. [6] 

For example, Taarning et al. described the oxidation of HMF using methanol as the 

solvent and gold on titania as the catalyst, obtaining the direct formation of methyl 

furan carboxylic ester[7].  

Moreau et al. utilized vanadium oxide on titania as the catalyst and toluene as the 

solvent reaching a DFF yield of 85%[8], whereas Corma et al. reported the use of 

trifluorotoluene as the solvent and vanadium-pyridine complex as the catalyst obtaining 

a DFF yield of 99% and an HMF conversion of 82%[9]. Carlini et al. also employed a 

vanadium-based catalyst in an organic medium obtaining high selectivity in DFF (97%) 

and good conversion (84%)[10]. Takagaki et al. showed the employment of ruthenium 

hydroxide supported on hydrotalcite as the catalyst in an organic medium reaching the 

highest HMF conversion (95% ) and a DFF selectivity of 97%.[11] 

Oxidation of HMF in an organic medium was also studied using other interesting 

metallic catalysts such as Ru/C, Pt/C, Pd/C, Rh/C and Au/C. Among them Ru/C showed 

the highest stability and DFF selectivity (96%)[12]. 

On the other hand, in an aqueous medium the oxidation of HMF proceeded through the 

formation of a mono or dialdehyde intermediate leading to FDCA production. This 

oxidation mechanism was further investigated by Davis et al.[13] who underlined the 

effect of gaseous oxygen and water in oxidized product formation. In particular they 

showed that the oxygen atoms contained in the oxidized species came from water 

molecules and not from gaseous oxygen, which instead helped the regeneration of the 

active catalytic system.[14] 

Furthermore, the selective oxidation of hydroxymethylfurfural to 2,5-furandicarboxylic 

acid in water resulted favoured by the high pH, because the FDCA obtained is rapidly 

removed as carboxylic salt thus avoiding its degradation to levulinic acid, formic acid or 

humines. Under this condition, a by-production of HFCA is observed underlining that 

the oxidation of hydroxyl group to aldehyde is the limiting reaction step.[15] 
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Several authors reported the oxidation of HMF to FDCA in alkaline aqueous media 

under mild reaction conditions using diverse supported systems based on Pt[15b, 16], 

Pd[17], Au[15a, 18], Au-Cu[19], Mo[20], Ru[21] and Ru(OH)x. 

For example, Siyo et al.[22] studied the influence of different catalytic supports on the 

HMF oxidation rate underlining that  palladium supported on ZrO2/La2O3 led to higher 

FDCA yield. 

Moreover, kind and concentration of alkaline compounds are two key issues, which 

strongly influence the reaction rate as confirmed also by Verdeguer et al.[15b] and Pasini 

et al.[19]. 

The use of an alkaline compound is strongly discouraged due to the connected 

environmental, corrosion and health risks. Futhermore, under neutral conditions FDCA 

is insoluble in water, helping its separation and recovery from the reaction medium. [23] 

Gupta et al. reported the oxidation of HMF under neutral conditions using gold 

supported on hydrotalcite as a catalyst with high conversion and selectivity to FDCA 

but underlined the consumption of hydrotalcide during the reaction.[24] Other authors 

described the consumption of the basic catalytic support when neutral conditions are 

used to oxidize HMF, underlining the fundamental role of alakaline compound in this 

reaction.[25] 

Taking into account the ever-increasing interest in the oxidation of HMF and that noble 

metals, are expensive and must be efficiently recovered, the use of magnetic noble 

metal nanocatalysts can be a strategic choice. In particular, the ruthenium, platinum and 

palladium magnetic nanocatalysts described in Chapter 5 were employed in the 

selective oxidation of HMF to FDCA studying this reaction with the collaboration of 

Prof. Funaioli of our Department.  

12.2 Oxidation of HMF catalysed by magnetic ruthenium nanocatalysts 

Hydroxymethylfurfural oxidation was carried out using the magnetic ruthenium 

catalysts Ru1 and Ru2 described in Chapter 5.2, working under neutral conditions as 

reported by Gorbanev et al.[25b] The main characteristics of the used magnetic ruthenium 

catalysts are summarized in Table 1. 
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Table 1 The main characteristics of magnetic ruthenium catalysts 

Catalyst 
Ruthenium 

loading (%) 
BET (m2/g) 

Diameter 

(nm) 

Ru1 0.85 62.04 N.D 

Ru2 1.87 66.62 10.1 

Magnetic ruthenium catalyst, Synthesis: 1g Fe(OAc)2, 0.08g Ru(acac)3, 44 mL EtOH at 96 wt%, microwave heating: 
120 °C, 15 min, 250 W  

A typical oxidation reaction was carried out in a 40 ml Parr autoclave electrically heated 

and was followed using HPLC Perkin Elmer Flexer Series 200 equipped with a MPLC 

Polypore CA column. HMF (0.23 mmol) and the ruthenium (0.047 mg) were dispersed 

in 5 mL of H2O and heated up to 140°C under 3 bar of oxygen. The catalytic results are 

summarized in Table 2. 

Table 2 The oxidation of HMF catalysed by magnetic ruthenium nanocatalysts Ru2 (1.87%Ru/Fe3O4) and Ru1 
(0.85Ru/Fe3O4) 

Run 
Cat
alys

t 

Ru 
load  
(wt.
%) 

t 
(h) 

Conv
. (%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

AF 
Yield 
(%) 

CO 
Yiel

d 
(%) 

OX45a *** 0 6 98.8 0.0 0.0 0.0 0.0 17.7 27.8 

OX13 Ru2 1.87 2 30.3 1.3 0.0 6.0 16.3 1.3 N.D 

OX14 Ru2 1.87 4 84.3 0.4 0.0 0.7 1.0 18.7 47.8 

OX26 Ru2 1.87 6 91.4 0.4 0.0 0.0 0.0 20.2 37.7 

OX25b Ru2 1.87 6 99.0 0.0 0.0 0.3 0.3 24.3 56.6 

OX33c Ru2 1.87 2 10.5 0.0 0.0 0.4 2.1 N.D N.D 

OX34c Ru2 1.87 4 68.0 0.0 0.9 0.8 2.1 18.1 30.4 

OX36 Ru1 0.85 2 40.8 0.0 0.0 4.7 10.0 13.6 26.7 

OX35 Ru1 0.85 4 92.6 0.1 0.5 1.0 1.2 19.6 35.3 

OX37c Ru1 0.85 4 44.0 0.0 0.3 1.3 5.2 15.1 27.3 
a Blank experiment, reaction carried out with magnetite support. 
b Reaction carried out under 8 bar of oxygen. 
c Pre-activated catalyst, the catalyst was dispersed in 10 ml of water, and heated up to 140°C under 3 bar of O2 for 2h. 
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After 2 h of reaction (run OX13) the HMF conversion reached 30.3% leading to the 

formation of DFF and FFCA with a yield of 16.1% and 6%, respectively. Improving the 

reaction time, HMF conversion increased but no FDCA production was ascertained due 

to the high degradation of HMF (see Figure 2). 

After 6 h of oxidation under neutral conditions (run OX26), the HMF was almost 

completely degraded to formic acid (AF), carbon dioxide and humines. HMF oxidation 

in fact leads to the formation of acidic species, which are able to decrease the pH of the 

solution. Under these acidic conditions, the furan rings can condense or degrade 

resulting in the formation of formic acid, levulinic acid, carbon dioxide and heavy 

compounds (humines).  These results are comparable WITH those reported in THE 

literature for ruthenium hydroxide supported on magnesium oxide.[25b] 

HMF degradation was observed also in the blank experiment (run OX45) where only 

magnetite support was used.  

As extensively explained in Paragraph 12.1, under alkaline conditions the obtained 

carboxylic species are removed from the reactive mixture, in fact at high pH value 

FDCA is easily deprotonated increasing its stability against degradation. 

Figure 2  The oxydation of HMF at 140°C under 3 bar of oxygen using Ru2 catalyst 
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Increasing the oxygen pressure from 3 bar (run OX26) up to 8 bar (run OX25) an 

improvement in HMF conversion was observed but also in this case no FDCA was 

obtained (see Figure 2). 

Figure 3 The HMF oxidation under 3 bar of oxygen (run 26 in blue) and under 8 bar of oxygen (run 25 in red) 

When the ruthenium loading decreased from 1.87%wt. of Ru2 catalyst (run OX14) to 

0.85%wt. of Ru1 catalyst (run OX35) a change in the oxidised product distribution was 

observed. In particular, both these experiments led to the degradation of HMF but by 

using the catalyst characterized by lower ruthenium load Ru1 (run OX35), slightly 

higher HFCA, FFCA and DFF yields were observed. 

Furthermore, pre-treated Ru1 and Ru2 catalysts showed lower conversion with a higher 

yield in HFCA, FFCA and DFF. In particular, the pre-treated Ru1 catalyst (run OX37) 

exhibited higher catalytic activity than the pre-treated Ru2. 

These last results underline that under neutral conditions a pre-activation of the catalysts 

can slightly limit the degradation of HMF. Moreover, the high temperature adopted 

(140°C) favoured HMF degradation. 
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Figure 4 Coparison between reactivity of: a) Ru2, OX14 in blue, b) Ru1 OX35 in red, c) pre-activated Ru2 
OX34 in violet and d) pre-activated Ru1 OX37 in green. 

Taking into account these preliminary results, the oxidation of HMF was further 

investigated by decreasing the temperature and the results are reported in Table 2. 

Table 2 The oxidation of HMF to FDCAc

Run P O2
(bar) 

Time 
(h) 

Conv. 
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

AF 
Yield 
(%) 

CO 
Yield 
(%) 

OX16a 3 4 8.4 0 0 2.5 8.5 0.3 9 

OX19a 3.5 24 35.1 0 0 6.7 13.7 2.4 11.4 

OX20a 3.5 48 91.7 0 0 3 2.5 11 75 

OX50b 3 4 16.4 0 0 2.5 10.5 0 0 

OX48b 12 4 22.6 0 0 3.4 15.3 0 0.1 

OX51b 12 8 27.5 0 0 4.8 18.8 0 6 

OX49b 25 4 27 0.1 0 4.3 18.2 N.D 0 
a Using Ru2 1.87Ru(OH)x@Fe3O4 
b Using Ru1 0.85Ru(OH)x@Fe3O4

c Reaction condition: Temperature 100°C, 0.047 mg of Ruthenium, 0.23 mmol of HMF, 5 mL of H2O 
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As it is possible to see from runs OX16, OX50, OX48 and OX49, by decreasing the 

temperature from 140°C to 100°C degradation of HMF was reduced, HMF conversion 

decreased and the reaction became more selective toward DFF.  

By increasing the reaction time (run OX19 and OX20) the conversion of HMF 

increased again but DFF selectivity drastically decreased, confirming that in neutral 

aqueous media the degradation of furanic rings (starting from HMF and produces DFF) 

is favoured. 

Furthermore, oxygen pressure showed a positive effect on HMF oxidation leading to 

higher selectivity in DFF. Among the HMF oxidation products the DFF resulted the 

favoured one when ruthenium was employed as catalyst as reported also in literature.[26] 

As it is possible to see in Figure 5, under 25 bar of oxygen the Ru1 

(0.85Ru(OH)x@Fe3O4) catalyst showed a conversion of 27% characterized by a DFF 

yield of 18.4% and an FFCA yield of 4.3%. 

In conclusion, the best conditions for the oxidation of HMF in neutral acqueous medium 

are: moderate temperature (100°C), intermediate pressure (25 bar of oxygen) using the 

lower ruthenium content catalyst Ru1 (run OX50). 

Figure 5  Effec of oxygen pressure on HMF oxidation, in blue the OX50 reaction carried out at 3 bar, in red 
the OX48 reaction carried out at 12 bar and in green the OX49 reaction carried out at 25 bar. 
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In the presence of these Ru systems a diverse oxidation mechanism was achieve 

compared to those reported in literature for Au and Pt[13], which involve the formation 

of DFF as an oxidized intermediate for FDCA formation (see Scheme 1).  

In order to improve FDCA selectivity the introduction of diverse base components was 

evaluated and the results are summarized in Table 4. 
Table 4 Effect of diverse basic compounds on HMF oxidation 

Run Base Conv.
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

AF 
Yield 
(%) 

CO 
Yield 
(%) 

OX 232a NaOH 90.2 0 9.3 0 0 9.7 N.D 

OX50 *** 16.4 0 0 2.5 10.5 0 0 

OX68 Na2CO3 59.3 0 8.3 11.1 1.4 3.9 11.5 

OX18 NaOH 96.8 4.1 13.2 0 0 16 N.D 

OX87 KOH 96.7 4.3 13.6 0.0 0.0 16 65.9 

OX233 CaCO3 52.1 4.3 4.4 16.2 7.1 0 N.D 
Reaction condition: Temperature 100°C, Oxygen pressure 3 bar, reaction time 4h and Ru1 catalysts.
a Blank experiment, carried out without catalyst. 

The blank experiment (run OX 232) carried out at 100°C under 3 bar of oxygen without 

the ruthenium catalyst, led to the formation of heavy compound such as humines. 

Moreover as it is possible to see in Table 4 the introduction of a base component 

showed a positive effect on the reaction rate, in fact the HMF conversion toward the 

desired oxidised products increase (see run OX50 and Run OX68).  

The run OX50 carried out under neutral condition led to 16.4% of HMF conversion 

characterized by a DFF yield of 10.5%, whereas runs OX68 and OX233 carried out 

with a weak basic compound, (Na2CO3  and CaCO3 respectively) permitted to reach an 

higher conversion, 59.3 %  and 52.1% respectively and higher FFCA and HFCA yields, 

(See Table 4).  

Furthermore depending on the reached alkaline strength a diverse product distribution 

was ascertained.  In particular, run OX233 where CaCO3 was employed, had higher 

DFF and HFCA yields than run OX68, where Na2CO3 was employed.   
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On the other hand, the use of strong alkaline compounds such as NaOH or KOH (run 

OX18 and run OX87) led to high HMF degradation with similar oxidized product 

distributions (see Figure 6). 

Figure 6 Effect of alkaline compounds on oxidation of HMF, in blue the reaction OX68 carried out with 
Na2CO3, in violet the reaction OX233 carried out with CaCO3, in red the reaction OX18 carried out with 
NaOH and in green  the reaction OX87 carried out with KOH.  
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Figure 7 H2-TPR of Ru2 catalyst before (black line) and after run OX18 (red line) 
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The TPR profiles of Ru2 catalyst before and after OX18 run can be separated in two 

zones: before and after 300°C. The big broad band present after 300°C can be assigned 

to the bulk reduction of the magnetite to FeO and Fe (at least partially) [27]. On the 

former zone, i.e. before 300°C, the more easily reducible species as Ru [28] show a 

different trend depending on the synthesis procedure and that at the end also affects the 

temperature of reduction for the bulk [29].  

Making a comparison of the sample Ru2 1.87% RuOx@Fe3O4 before and after an 

aqueous oxidation reaction (Figure 7) it can be observed that the maximum temperature 

in the first zone of reduction is still around 200°C and thus the main change is in the 

support which is more oxidized in the sample after reaction. The appearance of a high 

temperature reduction peak (around 600°C) in Ru2 after reaction is difficult to explain; 

however as the sample was used repeatedly for and oxidation reaction, it might be due 

either to the release of some adsorbed compound or to the reduction of some other 

species (for example, the formation of methane by reduction of some carbonaceous 

compound).  

12.3 Oxidation of HMF catalysed by magnetic platinum nanocatalyst 

Several authors have described the catalytic oxidation of HMF in aqueous medium 

using heterogeneous platinum catalysts, for example, Lilga et al. obtained almost 

complete HMF conversion and high FDCA selectivity using elevated reaction rates in a 

continuous flow reactor. [16] Vuyyuru et al. reached complete conversion after 4 h and 

high FDCA selectivity (72%) using platinum on carbon as a catalyst under mild 

reaction conditions (temperature 50°C and 10 bar of oxygen).[30] Similar results were 

obtained by Davis at al. who used higher HMF concentration and elevated oxygen 

pressure.[17a] 

In this work, hydroxymethylfurfural oxidation was catalysed using the new magnetic 

platinum catalyst described in Chapter 5.3. The main characteristics of Pt1 catalyst are 

summarized in Table 5.  
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Table 5 Main characteristics of magnetic platinum catalyst Pt1 

Catalyst Platinum load 

(%) 

BET (m2/g) Core diameter 

(nm) 

Pt1 6.7 101.94 9.1 
Synthesis condition: 1g of Fe(OAc)2, 0.45g of [Pt4(OAc)8] � 2HOAc, 44mL EtOH at 96 wt%, monomode microwave 

heating: 120°C, 15 min, 250 W.

A typical oxidation experiment was carried out in a 40 ml Parr autoclave electrically 

heated and was followed using an HPLC Perkin Elmer Flexer Series 200 equipped with 

an MPLC Polypore CA column. In particular, HMF (0.29 mmol), the platinum 

magnetic catalyst (Pt1, 6.7%Pt@Fe3O4) (22 mg) and NaOH (0.02 mol) were dispersed 

in 5 mL of H2O and heated up to 40°C under 10 bar oxygen, the results of which are 

reported in Table 6. 

Table 6 Oxidation of HMF catalysed by magnetic platinum under diverse condition 

Run T 
(°C) 

Time 
(h) 

Conv. 
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

Others 
Yield 
(%) 

OX86a 40 6 58.5 1.5 34.4 0 0 *** 

OX73b 40 6 100 55 32.3 10 0 2.7 

OX85 40 6 93.8 40 46.1 10.3 0 0 

OX91 40 3 95.7 39.2 49.6 10.4 0 1 

OX89 60 3 97.6 48.4 38 10.4 0 0.8 

OX88 80 3 95.9 39.7 19.3 33.4 0 5.9 
Reaction condition: HMF 0.29 mmol, NaOH 0.02 mol, H2O 5 ml, catalyst 22 mg (1.47 mg of Pt) and P O2 10 bar 
a Blank experiment carried out without the catalyst 
b Reaction carried out using commercial Pt/C catalyst 

As it is possible to see in Table 6, run OX73 carried out using commercial platinum on 

carbon reached complete conversion with FDCA and HFCA yields of 55% and 32.2% 

respectively, whereas the magnetic platinum catalyst Pt1 (run OX85) led to lower HMF 

conversion (93.8%) with FDCA and HFCA yields of 40% and 46.1%, respectively.  

Pt1 activity was slightly lower than that of Pt/C, but it must be taken into consideration 

that Pt/C has a surface area of about 900 m2/g, nine times higher than Pt1 (101.94 m2/g). 
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Furthermore, the Pt@Fe3O4 catalyst was magnetically removed from the reaction 

mixture with a mass recovery extent of 95%. The ICP-OES analysis on the recovered 

catalyst ascertained that catalyst leaching had been avoided, revealing a platinum load 

of 6.7 %wt. equal to that of the fresh catalyst.  

Taking into account the good FDCA and HFCA yields obtained using the magnetic 

platinum catalyst and its easy and efficient recovery, the oxidation of HMF was further 

investigated optimizing the main conditions, temperature and pH.  

In particular, by increasing the reaction temperature from 40°C (run OX91) to 60°C 

(run OX89) and 80°C (run OX88), a change in oxidized product distribution was 

observed, whereas HMF conversion was almost complete in all runs (see Figure 8). Run 

OX88 carried out at the highest temperature showed a higher FFCA yield underlining 

that also in this case oxidation of the aldehyde group to carboxylic acid is the slow 

reaction step as was observed with the ruthenium magnetic catalyst. 

Conversely, oxidation carried out at an intermediate temperature (60°C) run OX89 led 

to higher FDCA selectivity. 

It is noteworthy that in each case the adopted reaction conditions avoided HMF 

degradation favouring selective oxidation toward the desired furanic products as FFCA, 

HFCA and FDCA. 

Figure 8 The oxidised product distribution carried out at diverse temperatures: a) in green at 40°C, b) in red 
at 60°C and d) in blue at 80°C.  
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The effect of alkaline pH on the HMF oxidation rate was further investigated, and the 

results are summarized in Table 7. 

Table 7 Effect of pH on HMF oxidation rate 

Run Base pH Conv.
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

Others 
Yield 
(%) 

OX98 *** 7 22.1 2.1 1.1 8.6 4.3 6 

OX100 CaCO3 7 35.4 3.5 2.8 23.6 5.4 <1 

OX103 H3BO3/H2BO3
- 10 49.6 3.9 12.2 43.4 1.7 <1 

OX91 NaOH 13 95.7 39.2 49.6 10.4 0 0 
Reaction condition:  0.29 mmol of HMF, 5ml H2O, 22mg of Catalyst at 40°C under 10 bar of oxygen for 3h 

Run OX98 carried out in a neutral aqueous medium showed the lowest HMF 

conversion with high amount of degradation products and low yields in non-completely 

oxidized products such as FFCA and DFF. It is well known that in an aqueous neutral 

medium aldehydes are not converted to geminal diols and thus to carboxylic acid, 

however when the pH is increased the formation of geminal diols is favoured. 

CaCO3 allowed to reach higher HMF conversion toward FFCA, HFCA and FDCA (run 

OX100) respect to what was observed when neutral conditions were adopted (run 

OX98). 

Furthermore, as it is possible to see in Figure 9, conversion toward the desired products 

increased by increasing alkaline strength. In fact, by using NaOH and thus reaching pH 

13, the highest HMF conversion and FDCA yield were obtained (see run OX91). 
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Figure 9 Effect of alkaline strength on HMF oxidation products, a) run OX98 carried out under neutral 
condition, blue graph, b) run OX100 carried out using CaCO3 as insoluble basic compound, green graph, c) 
run OX103 carried out using the H3BO3/H2BO3

- buffer, violet graph and d) run OX91 carried out using 
NaOH, red graph. 

Taking into account that the use of NaOH gives the best results, a run with higher 

NaOH concentration and lower oxygen pressure was carried out (see run 150, Table 8). 

Table 8 Distribution of HMF oxidized products at diverse reaction time 

Run Time 
(h) 

HMF 
Conv. 
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield (%) 

FFCA 
Yield 
(%) 

DFF Yield 
(%) 

OX150-1 0.5 51.4 2.8 14.9 14.4 0.3 

OX150-2 1.5 80.3 15.6 31.4 12.2 0.1 

OX150-3 3 95.6 28.9 42.3 0.0 0.0 

OX150-4 6 99.1 38.1 39.1 0.0 0.0 

OX150-5 8 99.8 61.2 25.1 0.0 0.0 
Reaction condition:  temperature 40°C , pressure of O2 1 bar, 0.029 mmol HMF, 0.04 mol of NaOH, 5 ml of H2O, 
Pt@Fe3O4 catalyst 22mg 

After 8 h, the reaction was almost complete with an FDCA yield of 61.2% and HFCA 

yield of 25.1% (see run OX150-5). The reached FDCA yield is higher than those 

reported in literature for platinum nanoparticles, under the same reaction conditions.[31] 
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Furthermore as it is possible to observe from the kinetic trend displayed in Figure 10, 

the HFCA yield increased until the fourth hour and then decreased while the FDCA 

yield increased. This trend underlined once again that oxidation of the aldehyde group is 

the slowest reaction step that occurs at the end of the reaction. 

Figure 10 Kinetic behaviour of HMF oxidation carried out using Pt1 catalyst, 40 °C, 1 bar of O2 

In conclusion, the Pt1 catalyst showed good catalytic activity similar to that of 

commercial Pt/C. Furthermore, the use of Fe3O4 support guaranteed an efficient 

magnetic recovery from the reaction media without influencing the reaction rate and did 

not show any leaching effect. The best FDCA yield was obtained using NaOH under 

mild reaction conditions, at atmospheric pressure of oxygen.   

12.4 Oxidation of HMF catalysed by magnetic palladium nanocatalyst 

The oxidation of hydroxymethylfurfural to furandicarboxylic acid on a palladium-based 

catalyst has been poorly investigated. In this work, the magnetic palladium catalyst 

described in chapter 5.1.2 was employed in the selective oxidation of HMF to FDCA 

using different alkaline compounds and temperatures. 

The main characteristics of magnetic palladium catalyst Pd6 are summarized in Table 9. 
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Table 9 Main characteristic of magnetic palladium catalyst 

Catalyst Palladium loading 

(%) 

BET (m2/g) Diamter (nm) 

Pd6 4.7 106.48 8 
Synthesis condition: 1g of Fe(OAc)2, 0.05g of Pd(OAc)2, 44mL EtOH at 96 wt%, monomode microwave heating: 

120°C, 15 min, 250 W.

A typical oxidation experiment was carried out in a 40 ml Parr autoclave electrically 

heated and was followed using an HPLC Perkin Elmer Flexer Series 200 equipped with 

an MPLC Polypore CA column. In particular, HMF (0.28 mmol), the palladium 

magnetic catalyst (Pd6, Pd@Fe3O4) (22 mg) and the selected alkaline compound were 

dispersed in 5 mL of H2O and heated up to 40°C under 10 bar of oxygen. The catalytic 

results are reported in Table 10. 

Table 10 Effect of diverse base and temperature on the catalytic oxidation of HMF to FDCA 

Run Base pH T
(°C) 

t 
(h) 

HMF 
Conv. 
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFC
A 

Yield 
(%) 

DFF 
Yield 
(%) 

OX97 *** 7 40 3 9.2 0 6 0 0 

OX101 CaCO3 7 40 3 0 0 0 0 0 

OX104 H3BO3/H2B
O3

- 10 40 3 28.5 0 20.9 5 0 

OX110 H3BO3/H2B
O3

- 10 60 3 54.4 2.4 35.6 14.4 0 

OX115 H3BO3/H2B
O3

- 10 60 6 68.7 3.5 46.1 17.4 0 

OX93 NaOH 13 40 3 92.1 12.8 75.3 3.9 0 

OX123 NaOH 13 60 3 92.7 7.3 78.2 0 0 

OX119 NaOH 13 80 3 97.3 11.8 77.6 0 0 

OX133a NaOH 13 60 3 77.7 3.7 28.9 34.9 0 
a Reaction carried our with commercial 5%Pd/C BASF 
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These results confirmed that also using a magnetic palladium catalyst, strong alkaline 

conditions are required to obtain a good oxidation rate (see run OX93). 

In fact, oxidation OX93 carried out at 40°C and pH 13 led to high HMF conversion 

(90%) and a high HFCA yield (75%). Under these conditions, the catalytic activity of 

palladium is very similar to that observed for the platinum catalyst (Pt@Fe3O4).  

However, oxidized product distribution was very different; in fact, palladium allows a 

high HFCA yield whereas platinum a high FFCA yield. 

The effect of temperature on the oxidation of HMF was investigated using two diverse 

alkaline compounds, the H3BO3/H2BO3
- system, at a pH 10, and NaOH at pH 13.  

At pH 10 (H3BO3/H2BO3
- basic system) and with an increase in temperature to 60°C, 

HMF conversion increased reaching a high HFCA yield (run OX110). When the 

reaction time (run OX115) was increased, only very little improvement in the 

conversion was ascertained, highlighting that pH 10 (H3BO3/H2BO3
-) was not adequate 

for alcohol oxidation even when temperature and time were increased.  

On the other hand, at pH 13 (NaOH 0.1 M) by increasing the temperature up to 60°C 

HMF conversion reached 100% but no difference was observed in oxidized product 

distribution (see Figure 11). 

Figure 11 Effect of temperature on the oxidation of HMF at pH 13, a) reaction OX93 carried out at 40°C, blue 
graph, b) reaction OX123 carried out at 60°C, red graph and c) reaction carried out at 80°C, green graph. 
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Furthermore, the effect of low oxygen pressure at three diverse temperatures such as 

40°C, 60°C and 80°C on the oxidation rate was investigated and the results are reported 

in Table 11. 
Table 11 Effect of low pressure on oxidation of HMF 

Run T (°C) PO2
(bar) 

HMF Conv. 
(%) 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

OX127 40 1 97.4 19.7 77.9 0 0 

OX130 60 1 98.6 43.2 35.7 8.5 0 

OX131 80 1 99 18.8 27.9 10.8 0 

At low oxygen pressure (1 bar), the temperature increase caused the degradation of 

HMF and FDCA production reached its maximum value at 60°C.  

Comparing these results with the ones reported by Davis et al.[17a] it was observed that 

the different catalytic activity can be due to the diverse palladium oxidation states. In 

fact, the Pd/C catalyst described in the literature was previously reduced before its use 

to guarantee the complete reduction of palladium. Instead, the magnetic palladium 

catalyst did not contain completely reduced palladium as confirmed by the TPR analysis 

reported in Chapter 5.1.2, Figure 26. 

Taking into account all these aspects, commercial palladium on carbon and magnetic 

palladium catalysts were pre-treated to reduce the palladium species present before their 

use in HMF oxidation and the results are summarized in Table 12. 

Table 12 The oxidation of HMF carried out at 40°C, 1 bar for 3 h using different pre-treated Pd@Fe3O4 
catalysts 

Run Catalyst NaOH Conv. 
HMF 

FDCA 
Yield 
(%) 

HFCA 
Yield 
(%) 

FFCA 
Yield 
(%) 

DFF 
Yield 
(%) 

Other 
Yield 
(%) 

OX139 Pd/ C 
Aldricha

0.2 100 40,2 23,2 41,4 0 1 

OX148 Pd/ C 
Aldrichb 

0.2 96,5 16,2 47,6 13 0 13.2 

OX143 Pd6 0.2 39,1 1 18,5 0 0,1 10.7 

OX144 Pd6 b 0.2 98,8 42,6 45,8 1,8 0 1.4 
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OX176 Pd6 c 0.2 100 44 50 4.3 0 <1 

OX146 Pd6 d 0.2 98,5 31,4 59,8 0 0 0 

OX154 Pd6 e 0.2 96.5 17.8 69.9 0.0 0.0 0 

OX218 Pd6 b 0.3 100 59.6 37.4 0 0 3 

OX221 Pd6 b,g 0.2 100 71 21.3 0 0 7.7 

aPre-treated at 300°C under H2 flow for 6h 
bPre-treated at room temperature under H2 atmosphere for 12h 
cPre-treated at room temperature under H2 atmosphere for 60h 
dPre-treated at 50°C under 20 bar of H2 for 4h 
ePre-treated at 100°C in methanol under 20 bar of H2 for 4h 
gHMF/Pd molar ratio decreased up to 10 

Oxidation OX139 carried out with pre-treated commercial palladium on carbon 

confirmed the high activity of reduced palladium. In fact, after 3 h 100 % of the HMF 

was converted with a high FDCA yield (40.2%) and after 9 h the FDCA yield increased 

up to 69.1% (see Figure 12).  Among the oxidation carried out using magnetic 

palladium catalyst Pd6, runs OX218 and OX221 showed the higher FDCA yield. In 

particular run OX221 carried out using a higher palladium load led high HMF 

conversion with a FDCA yield of 71%, and also the run OX218 carried out with the 

lower palladium amount showed a good FDCA yield (59.6%). These results are better 

than those reported in literature for magnetic palladium thanks to the mild reaction 

condition and the higher FDCA yield.[32] 

Moreover, from Figure 11 it is possible to see that after 1.5 hours the concentration of 

HFCA remained constant, underlining that when HFCA was formed it was no longer 

oxidised. 
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Figure 12 The oxidation of HMF using pre-treated palladium on carbon run OX139 

Furthermore, by comparing oxidation OX127 (see Table 8) carried out with a lower 

NaOH amount and run OX143 (see Table 9) carried out with a higher NaOH amount, it 

was possible to observe that by increasing NaOH the degradation of HMF was favoured 

whereas at low NaOH concentration, HMF was oxidized to HFCA and FDCA.  

a)
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Figure 13 The oxidation runs : a) carried out with  Pd6 catalyst, OX143, b) carried out with  Pd6 catalyst pre- 
treated at room temperature under 1 bar of H2 for 12h,  OX144, c) carried out with  Pd6 catalyst pre- treated 
at room temperature under 1 bar of H2 for 60h, OX176, d) carried out with  Pd6 catalyst pre- treated at 50°C  
under 20 bar of H2 for 4h,  OX146 and e) carried out with  Pd6 catalyst pre- treated at 100°C in methanol 
under 20 bar of H2 for 4h, OX154 

As it is possible to see in Figure 13, the pre-treated catalysts (runs OX 144, OX176, 

OX146 and OX154) were more active in the selective oxidation of HMF leading to an 

almost complete conversion after 1.5 hours. The HFCA concentrations reached a 

maximum after 1.5 hour and remained constant during the reaction, as was observed in 

run OX139 with the commercial Pd/C. 
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On the other hand, in all runs, the DFF concentration did not reach 1% because it was 

quickly converted to FFCA as confirmed by a DFF oxidation experiment. DFF 

oxidation experiment was carried out under the same reaction conditions and showed 

complete DFF conversion after 30 minutes with high FFCA and FDCA yields. 

Moreover, the pre-treated catalysts used in runs OX144 and OX176 showed the highest 

FDCA selectivity. These results are particularly interesting due to the mild pre-

treatment conditions used, which are not enough to activate the commercial palladium 

on carbon. In fact, the commercial palladium on carbon activated under these mild 

conditions (run OX148) showed lower FDCA yields than ones observed in OX144 and 

OX176 (see Table 9). 

Using the optimized pre-treatment conditions (OX176), a recycle test was performed, 

the catalyst was pre-activated at room temperature under hydrogen flow for 12 h, then 

HMF (0.28 mmol), NaOH (0.5 mmol) and H2O (5 mL) were added and the reactor was 

heated up to 40°C. After 1 hour of reaction, the reaction mixture was removed while the 

catalyst was magnetically kept on the bottom of the reactor using a neodymium magnet.  

Then fresh reagents were added and the reaction was restarted. Table 13 illustrates the 

results of the oxidation recycles. 

Table 13 Recycle test of pre-treated catalyst 

Run Conv. 
HMF 

FDCA Yield 
(%) 

HFCA Yield 
(%) 

FFCA Yield 
(%) 

DFF Yield 
(%) 

OX151-1 76.9 6.6 24.7 39.4 0.5 

OX151-2 85.8 9.2 32.6 40.5 0.3 

OX151-3 86.0 6.3 29.1 36.3 0.2 

OX151-4 92.0 10.9 33.9 46.6 0.3 

OX151-5 84.6 9.1 29.9 40.6 0.4 

OX151-6 89.5 11.1 35.0 42.0 0.2 

OX151-7 87.0 9.7 33.3 41.0 0.2 

OX151-8 91.5 12.9 31.4 46.5 0.2 
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After each cycle, conversion and oxidized product distribution were very similar thus 

confirming the easy recovery and recycling of the magnetic palladium catalyst, see 

Figure 14. 

Figure 14 product distribution in the oxidation of HMF recycle tests 

In conclusion, the pre-treated Pd6 catalyst at room temperature under hydrogen flow for 

12 h showed the best catalytic activity and thanks to its magnetic support was easily and 

efficiently recovered and recycled. It is noteworthy that also after 8 recycle runs the 

conversion and yields were very close to the ones obtained with the fresh catalyst. 

Furthermore, using the same pre-treatment commercial palladium on carbon showed 

lower activity. 

As explained in the introduction (Chapter 12.1), the use of HMF as a platform for fine 

chemical production is still limited due to the high separation and production costs.  The 

use of renewable resources for HMF production is still a great challenge for the 

researcher and for this reason an oxidation experiment was carried out using a raw HMF 

solution obtained from acid hydrolysis of cellulose. 

 In particular, an aqueous suspension of cellulose 5 % wt. was treated with NbOPO4 at 

high temperature (160-180°C). The final mixture obtained containing HMF 0.027 M, 

furfural 0.013 M and unreacted glucose was oxidised using NaOH, and the pre-treated 

Pd6 catalyst at 40°C under1 bar of oxygen for 3 h. 
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Finally, HMF was almost completely converted (96%) with yields in HFCA and FDCA 

of 81% and 4% respectively, whereas the furfural was oxidized to furoic acid with a 

yield of 80%. 

These preliminary experiments carried out using raw hydrolysed cellulose showed that 

the magnetic palladium catalyst can be used directly on a raw reaction mixture with 

high HMF and furfural conversion. 

12.5 Conclusion 

The ruthenium, platinum and palladium magnetic systems were employed in the 

selective oxidation of hydroxymethyl furfural leading to diverse oxidized product 

distributions. The three metals in fact showed diverse activity leading to the formation 

of different partially oxidized products (DFF, FFCA or HFCA) (see Scheme 2).  

The effect of temperature and pH on the catalytic activity of these three diverse 

magnetic catalysts was investigated. In each case, as the temperature increased, the 

degradation of HMF increased resulting in a non-industrially sustainable process, 

whereas when the alkaline strength increased, the conversion of HMF increased thus 

avoiding degradation.  

In particular, under optimized alkaline aqueous conditions, Ru2 showed good activity 

toward the oxidation of the alcoholic group but it was not able to oxidize the aldehyde 

group to carboxilic acid leading to a high production of DFF. 

Pt1 allows the high formation of HFCA underlining that platinum is able to oxidize the 

aldehyde group but it is not efficient in hydroxyl group oxidation. 

Finally, Pd6 reached better results with the highest FDCA yield, especially if pre-treated 

at room temperature under hydrogen flow for 12 h. In conclusion, under the adopted 

aqueous alkaline conditions, Ru2 and Pd6 easily oxidized the hydroxylic group leading 

to the production of aldehyde furan derivates but they were not able to oxidize the 

aldehyde group to carboxylic acid efficiently. On the other hand, Pt1 easily oxidized the 

aldehyde group allowing the accumulation of HFCA. 

Moreover, the Pd6 catalyst showed good efficiency also when employed on raw HMF 

solution, obtained from the hydrolysis of cellulose. 
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Scheme 2 Schematic mechanisms of oxidation of HMF using the three different metals catalysts. 
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13. STUDY OF THE CROSS-COUPLIG REACTIONS

USING MAGNETIC PALLADIUM NANOCATALYSTS 

13.1 Introduction 

Cross-coupling reactions are important industrial reactions fundamental for the 

production of a wide range of fine chemicals.  Generally, cross-coupling leads to the 

formation of a C-C bond between nucleophile and electrophilic organic compounds 

mediated by a transition metal catalyst (see Scheme 1). 

R1-M R2-X R1-R2
TM cat.

+ MX+

Scheme 1 Cross-coupling reaction scheme 

Several transition metals are employed as catalysts in cross-coupling reactions such as 

palladium, platinum[1], copper[2], nickel[3] and iron[4], among which palladium is the 

most extensively studied thanks to its high activity[5].  

Tsuji et al.[6] were the first to introduce palladium as a catalyst for cross-coupling 

reactions, in particular they synthetized allylmalonate through allylpalladium chlorine 

and malonate. Heck et al.[7] and Mizoroki et al.[8] described the employment of 

homogeneous palladium catalysts in the cross-coupling reaction between aryl halides 

and alkenes. 

Negishi et al.[9] and Suzuki et al.[10] showed how palladium catalysts were able to 

efficiently catalyse cross-coupling between halides and organometallic compounds. 

Furthermore, in literature other efficient palladium catalysed cross-coupling reactions 

were reported, for example Sonogashira  et al.[11] described palladium catalysed cross-

coupling between terminal alkines and aryl halides. 

Nowadays, palladium catalysed cross-couplings are used not only for the formation of 

C-C bonds but also for the formation of C-N, C-O and C-S bonds thus paving the way 

for the production of a wide range of important fine chemicals especially for 

pharmaceutical [12] and electronic industries[4b, 13]. 

For pharmaceutical use in particular, cross-coupling products require an extremely high 

grade of purity, thus expensive and difficult purification stages are required to guarantee 

the complete elimination of impurities and trace of metal catalysts. 
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Taking into account that cross coupling is generally carried out in a liquid phase using a 

homogeneous metal catalyst, the separation of metal species from the reaction mixture 

is particularly hard. In this context, the use of magnetic heterogeneous nanocatalysts  is 

gaining ever increasing success also in cross-coupling reactions because it is a strategic 

choice to facilitate the catalyst recovery still maintaining the typical high activity of 

homogeneous systems, as reported by Karimi et al.[14]. For example, Deraedt et al. 

studied the employment of palladium nanoparticles supported on a magnetic support in 

diverse cross-coupling reactions underlining the easy recoverability and the 

encouraging results.[15] 

In this work, palladium magnetic catalysts characterized by hierarchical or complex 

structures, previously described in Chapter 5.1, were employed in some cross-coupling 

reactions such as the Suzuki-Miyaura reaction (see Scheme 2a), the Heck-Mizoroki 

reaction (see Scheme 2b), the Cassar-Heck reaction (see Scheme 2c) and C2 arylation 

of N-methyl-1-H-imidazole (see Scheme 2d).  
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R1-BY2 R2-X R1-R2
cat.

base
+

R1 = alkyl, alkenyl, aryl, vinyl
R2 = alkyl, alkenyl, allyl, benzyl, vinyl
X = Br, Cl, I, OAc, OP(=O)(OR)2, OTf, OTs

R4-X
cat.

base
+

R4 = aryl, benzyl, vinyl
X = Br, Cl, I, OTf

H

R1
R2

R3

R4

R1
R2

R3

R2-X
cat.

base
+

R1 = alkyl, aryl, vinyl
R2 = aryl, benzyl, vinyl
X = Br, Cl, I,  OTf

HR1 R2R1

N

N
R1

N

N
R1

R2-X
cat.

base
+ R2

a)

c)

b)

d)

Scheme 2 Cross-coupling reaction: a) Suzuki- Miyaura, b) Heck-Mizoroki, c) Cassar-Heck and d) C2 arylation 
of N-methyl-1-H-imidazole 

These catalytic tests were performed in collaboration with the research group of Prof. 

Bellina of University of Pisa. 

13.2 The Suzuki-Miyaura reaction catalysed by magnetic palladium catalyst 

The Suzuki-Miyaura reaction is the most versatile cross-coupling which leads to a wide 

range of complex organic compounds such as biaryl compounds. 

Biaryl products are important building blocks of numerous pharmaceutical[16], 

herbicide, polymeric and natural products.[17] 

Suzuki-Miyaura cross-coupling is generally carried out in an alkaline aqueous medium 

between an organic halide and an organoborane compound in the presence of a 

palladium catalyst as described in Scheme 3. 
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R1-B(OH)2 R2-X R1-R2
cat.

base
+

R1 = alkyl, alkenyl, aryl, vinyl
R2 = aryl, vinyl
X = Br, Cl, I, OTf

Scheme 3 Suzuki-Miyaura cross-coupling reaction scheme 

The use of water as the solvent is particularly important from an environmental and 

economic point of view, in fact water is cheap, safe and eco-friendly. Moreover, another 

remarkable advantage of water is that organic products are usually insoluble in water, 

thus easily recoverable and separable from the reaction medium. 

The Suzuki-Miyaura cross-coupling catalytic cycle reported in Figure 1 is based on 

three key steps: (i) the oxidative addition of organic halide to the palladium(0) catalyst, 

(ii) the transmetallation between the oxidative addition product and the organoborane 

compound and finally (iii) the reductive elimination of the coupling product to 

regenerate the palladium catalytic site.[10] 

The transmetallation step is considered the reaction-limiting step because it is generally 

the slowest one. 
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Pd(0)

R1-Pd(II)-XR1-Pd(II)-R2

(ii)

(i)
(iii)

R1-R2

Suzuki

R2-B(OH)2 + BASEXB(OH)2

R1-X

Figure 1 Suzuki-Miyaura cross-coupling catalytic cycle 

Several authors describe the use of palladium supported catalysts in Suzuki-Miyaura cross-

coupling reactions, underlining that especially with electron rich halide compounds carbon, 

alumina supported palladium shows higher catalytic activity than homogeneous ones.[18] For 

example, Marck et al.[19] employed palladium on carbon to catalyse the cross-coupling of 

diverse phenylboronic acidS and aryl halides with a high yield. Heidenreich et al.[20] reported 

promising results in the cross-coupling of aryl halides using an extremely low palladium 

loading and short reaction time, whereas Zhang et al.[21] utilized a high palladium loading, but 

greener conditions such as room temperature and an aqueous solvent for the cross-coupling of 

diverse aryl boranes. 

Usually bromide, iodide and trifluoromethanesulfonate compounds are very reactive in cross-

coupling reactions, whereas chlorine compounds show high inertia toward the oxidative 

addition step of the cross-coupling catalytic cycle. However, Leblonde et al. [22] were able to 

optimize aryl chlorine cross-coupling using palladium on carbon as the catalyst and an aqueous 

dimethylamide solution as the solvent. 

Suzuki-Miyaura cross-coupling has also been investigated with the adoption of a magnetic 

supported catalyst. Stevens et al.[23], for example, described the use of palladium anchored on a 

maghemite/oleate core shell system, underlining the high activity and recoverability of this 

magnetic catalyst.  Rehm et al. developed a new  interesting system in which magnetic 

palladium catalysts were immobilized in a continuous flow reactor for the Suzuki cross-
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coupling of phenylboronic acid and 4-bromoanisole, obtaining low conversion and high 

selectivity. [24] Hajipour et al. employed palladium(II) acetylacetonate supported on magnetic 

mesoporoue silica core-shell in the Suzuki cross-coupling reaction of acyl halides with boronic 

acids underlinig the fast and easy recovery of the catalyst from the reaction mixture.[25] 

Yinghuai et al.[26] showed the use of palladium anchored on a starch/magnetic nanoparticle core 

shell system in the  cross-coupling of bromobenzene and phenylboronic acid obtaining a yield 

of 83%.  Gholinejad et al. reported the employment of palladium supported on magnetite to 

catalyse the cross-coupliing of aryl halides and phenylboronic acid under mild reaction 

conditions obtaining good yields.[27] 

In the literature, other interesting magnetic catalysts for Suzuki-Miyaura cross-coupling are 

reported such as Pd-CoFe3O4
[28],Pd@FexOy/Fe[29],Pd-αFe2O3

[30] Pd@Fe3O4
[31], 

Pd(OAc)2@Fe3O4
[32]. 

Now the diverse magnetic palladium catalysts described in Chapter 5.1 were employed in the 

Suzuki-Miyaura cross-coupling of phenylboronic acid with p-bromoanisole (see Scheme 4). 

OBr

O

B(OH)2
+

Pd (3.5 mol%)

Base

Scheme 4 Suzuki-Miyaura cross-coupling of phenylboronic acid and p-bromoanisole 

In order to select the best reaction parameters, magnetic palladium catalyst 4.7%Pd@Fe3O4 

(Pd6), was employed in the cross-coupling of phenylboronic acid and p-bromoanisole testing 

four diverse reaction conditions reported in literature[21, 33], and the results are summarized in 

Table 1.  
Table 1 Suzuki-Miyaura cross-coupling reactions carried out under diverse conditions using the magnetic 
palladium Pd6 

Run solvent Base T (°C) time (h) Isolated yield (%)a

1 EtOH:H2O 1:1 Na2CO3 RT 24 Trace 
2 EtOH:H2O 1:1 Na2CO3 80 24 68 
3 EtOH:H2O 1:1 Na2CO3 80 1 60 
4 DMF K3PO4 80 24 26 
5 PhMe Na2CO3 110 72 5 
6 MeOH K3PO4 60 24 14 

Reaction condition: 3.5 mol% of Pd6 catalyst, 1mmol of phenylboronic acid, 1.2 mmol of p-bromoanisole, 3 mmol of 

base and 5 ml of solvent. 
a Yield after the purification of the product 
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The used palladium catalysts Pd6 is characterized and described in Chapter 5.1 and shows a 

palladium loading of 4.7%, a surface area of about 106.48 m2 and a narrow size distribution 

centred at 8 nm. 

It is noteworthy that for each reaction no by products formation was evidenced thus the 

obtained isolated yields were close to the conversions. 

As it is possible to see in Table 1, the best results were obtained using aqueous ethanol as the 

solvent and sodium carbonate as the alkaline compound. However, it was not possible to work 

at room temperature as reported by Zhang et al.[21] due to the low catalytic activity shown in run 

1, thus the temperature was increased up to 80°C. After 1 h of reaction at this condition, good 

activity was observed with a 60% yield. 

The low yields obtained in runs 4, 5 and 6 carried out in organic media confirmed that water 

plays a fundamental role in the cross-coupling reaction. 

The best conditions (3.5 mol% of catalyst, 1 mmol of phenylboronic acid, 1.2 mmol of p-

bromoanisole, 3 mmol of Na2CO3 and 5 ml of EtOH:H2O 1:1) were then employed to verify the 

catalytic activity of  diverse commercial or synthetic palladium catalysts, such as palladium on 

carbon (Pd/C 5% Engelhard), palladium on allumina  (5%Pd@Al2O3 Aldrich), palladium 

trapped inside magnetite (4.7%Pd@Fe3O4 int. , Pd6), palladium impregnated on commercial 

magnetite (4.5%Pd@Fe3O4, Pd2) and palladium impregnated on synthetic magnetite 

(4.3%Pd@Fe3O4, Pd3). The main characteristics of  the employed magnetic palladium catalysts 

are summarized in Table 2 and the obtained results are reported in Table 3.  

Table 2 The main characteristics of magnetic palladium catalyst 

Catalysts AAS (Pd wt.%) BET (m2/g) 
Core diameter 

(nm) 

Pd diameter 

(nm) 

Pd2a 4.5 99 50 3.7 

Pd3b 4.3 112.07 14 2.8 

Pd6c 4.7 106.48 8 N.D 
a Palladium nanoparticles supported over reference magnetite 
b Palladium nanoparticles supported over synthetic magnetite 
c Synthesis condition: 1g of Fe(OAc)2 0.05 Pd(OAc)2, 44 mL EtOH 96 wt%, microwave heating: 120°C, 15 min 

250W 

Table 3 Comparison between commercial and synthetic palladium catalysts in the Suzuki-Miyaura cross-
coupling 

Run Catalyst 
Pd 

loading 
(mol%) 

T (°C) Time (h) Isolated
yield (%)b

7 Pd/C 3.5 RT 24 65 
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1 Pd6 3.5 RT 24 trace 
8a Fe3O4 *** 80 24 0 
14 Pd6 3.5 80 24 68 
9 Pd/C 3.5 80 1 58 
10 Pd6 3.5 80 1 60 
11 Pd/Al2O3 3.5 80 1 76 
12 Pd3 3.5 80 1 17 
13 Pd2 3.5 80 1 0 

Reaction condition: 3.5 mol% of catalyst, 1mmol of phenylboronic acid, 1.2 mmol of p-bromoanisole, 3mmol of 

Na2CO3 and 5 ml of EtOH:H2O 1:1 for 24h. 
a blank experiment carried out with 70 mg of magnetite  

b Yield after the purification of the product 

At room temperature, the commercial palladium on carbon showed higher activity than 

the magnetic Pd6 catalyst, whereas at 80°C and shorter reaction time (1h instead of 24h) 

Pd6 gave a higher coupling yield than commercial Pd/C. The  Pd6 catalyst guarantees 

high selectivity, avoiding the formation of homocoupling and dehalogenation by-

products. 

The blank experiment, run 8, carried with bare magnetite confirmed that this support 

was not active in the cross-coupling reaction. 

However, at 80°C the best catalytic system resulted commercial palladium on alumina, 

followed by the synthetic magnetic palladium catalyst Pd6 and commercial palladium 

on carbon. Alumina, magnetite and carbon show different acidity, which could explain 

their different catalytic activity. In fact, it is well known that the right acidity of the 

catalyst can help the adsorption of reagents and the product release thus improving the 

reaction rate.  

Under the adopted conditions, the palladium impregnated on commercial and synthetic 

magnetite catalysts (Pd3 and Pd2) showed the lowest yield, 17% and 0 %, respectively. 

The lower catalytic activity of Pd3 and Pd2 respect to Pd6 catalyst could be due to a 

lower interaction between Fe and Pd atoms in the catalytic structure. In fact Pd6 has a 

complex structure where palladium nanoparticles are trapped inside magnetite structure 

favouring a strong Fe-Pd interaction. Whereas Pd3 and Pd2 catalyst are characterized 

by a hierarchical structure where palladium nanoparticles are impregnated on the 

surface of magnetite resulting in a minor Fe-Pd interaction. 

In conclusion, the Pd6 catalyst showed promising results, which can be improved with 

further optimization of the reaction parameters, such as catalyst loading, time and 

temperature. 
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Figure 2 Suzuki-Miyaura cross-coupling at 80°C catalyzed by Pd6 catalyst 

Figure 2 illustrates the kinetic trend of the cross-coupling catalysed by the Pd6 catalyst. 

The reaction induction time is very short, almost absent, as reported in literature for 

Suzuki-Miyaura cross-coupling. [34] In fact, the reaction started very quickly and 

reached a plateau around a yield of 60% after 40 minutes. This deactivation can be due 

to the passivation of the surface and/or Pd leaching. This aspect will be better  

investigated in further experiment. 

13.3 The Heck-Mizoroki reaction catalysed by magnetic palladium catalyst 

Generally, Heck-Mizoroki cross-coupling occurs between aryl halides and vinyl 

compounds and is catalysed by palladium catalysts in the presence of an alkaline 

compound. Heck-Mizoroki cross-coupling follows a different catalytic mechanism from 

other cross-coupling reactions. The reaction starts with an oxidative addition between 

the catalyst and the organic halide, and this activated complex is able to coordinate the 

double bond of the vinyl compound leading to C-C bond formation. This last step 

determines the regio and stereo selectivity of the coupling product. Then the coupling 

product is released by β-elimination together with the palladium hydride. Finally, the 

alkaline compound reacts with the palladium hydride to regenerate the catalyst.[35] 
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Figure 3 Heck-Mizoroki cross-coupling catalytic mechanism 

Several authors reported the use of heterogeneous palladium catalysts in the Heck-

Mizoroki cross-coupling reaction, for example Wall et al. developed the synthesis of 4-

octyl methoxycinnamate, an important industrial product, by cross-coupling 4-

bromoanisole and octyl acrilate.[36] Heindenreich et al. studied the Heck cross-coupling 

of aryl bromides and olefins catalysed by palladium supported on activated carbon 

underlining good control of palladium leaching.[37] Köhler et al. also underlined the 

importance of heterogeneous palladium on carbon for Heck-Mizoroki cross-coupling 

reactions, studying the correlation between catalyst structure and catalytic activity[38]. 

Bliff et al. summarized the diverse heterogeneous cross-coupling catalysts underlining 

their diverse structures and the effects on palladium leaching.[39] 

The leaching effect is particularly important in this kind of reaction because the real 

active catalyst phase resulted the free metal released in the reaction mixture as 

confirmed by Zhao et al. studies.[40] 

The work of Wang et al. is particularly interesting for our study as reports the 

employment of palladium supported on magnetite in the cross-coupling of iodobenzene 

and acrylic acid with a yield of 81%.[41] Furthermore, Du et al. showed the high 

performances of palladium immobilized on a magnetite/silica core shell structure, 

underlining good stability and recyclability of the magnetic system.[42] Other authors 

have compared the activity of the magnetic palladium systems in Suzuki and Heck 
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cross-coupling underlining that these systems lead to a higher yield in the Heck 

reaction.[32, 43] 

In this context, the diverse magnetic palladium catalysts described in chapter 5.1  and 

summarized in Table 2 were employed in the Heck-Mizoroki cross-coupling of 

bromoacetophenone and styrene adopting the reaction conditions reported by Köhler et al, (see 

Scheme 5).[38] 

Br

+

Pd/Fe3O4 (5 mol%)
NaOAc (1.2 eq.)

DMA (5 mL)
130 °C, 1h

(1.2 eq.)
O

O

O

+

Scheme 5 Heck-Mizoroki cross-coupling of bromoacetophenone and styrene 

The catalytic activity of synthetic palladium catalysts such as palladium trapped inside 

magnetite (4.7%Pd@Fe3O4 int., Pd6), palladium impregnated on commercial magnetite 

(4.5%Pd@Fe3O4, Pd2) and palladium impregnated on synthetic magnetite (4.3%Pd@Fe3O4, 

Pd3) were compared with commercial catalysts such as palladium on carbon (5%Pd/C 

Engelhard) and palladium on alumina  (Pd@Al2O3 Aldrich), and the results are reported in 

Table 4.  
Table 4 Comparison between commercial and synthetic palladium catalysts 

Run Catalyst Pd load (mol%) T (°C) Time (h) Isolated yield (%)c

1 Pd/C 0.1 100 20 66 
2 Pd6 0.1 100 20 17 
3 Pd/C 5 130 1 66 
4 Pd6 5 130 1 55 
5a Pd6 5 130 21 52 
6b Fe3O4 *** 130 1 trace 
7 Pd/Al2O3 5 130 1 26 
8 Pd2 5 130 1 3 
9 Pd3 5 130 1 5 
10 Pd3 5 130 24 40 

Reaction condition: 1mmol of p-bromoacetophenone, 1.5 mmol styrene, 1.2 mmol of NaOAc and 5 ml of 

Dimethylacetamide (DMA). 
a This reaction is carried out using NMP as solvent and K2CO3 as alkaline compound. 
b The blank experiment is carried out using 100 mg of magnetite. 
c Yield after the purification of the product 

As it is possible to see in Table 4, at 100°C commercial palladium on the carbon 

catalyst showed higher yield than magnetic palladium Pd6. In particular, in each 
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reaction the formation of trace diphenylethylene as only by-product was observed thus 

the reached conversions were similar to the isolated yield. 

By increasing the catalyst amount up to 5 mol% and the temperature up to 130 °C, the 

catalytic activity of Pd6 improved reaching that of commercial palladium on carbon, 

(run 3). Adopting the same reaction conditions, commercial palladium on alumina, Pd3 

and Pd2 catalysts led to lower yields, 26%, 5% and 3% respectively. 

The blank experiment (run 6) again confirms that bare magnetite is inert toward cross-

coupling. 

Furthermore, the Pd6 catalyst was employed testing diverse reaction conditions such as 

1-methyl-1-1pyrrolidone (NMP) as the solvent and K2CO3 as the alkaline agent 

obtaining almost the same yield, (see run 4 and run 5). 

Finally, in Figure 4 the kinetic trend of the cross-coupling catalysed by the Pd6 catalyst 

is reported where it is possible to observe a short induction time in agreement with what 

is reported in literature[44].  A deactivation of the catalytic system is ascertained when 

abut 60% of yield is reached probably due to catalytic surface changes. This aspect need 

further investigation to better understand the catalytic deactivation process. 

Figure 4 Heck-Mizoroki cross-coupling at 130°C using Pd6 
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13.4 Cassar-Heck reaction catalysed by magnetic palladium catalyst 

Cassar-Heck cross-coupling is commonly named “copper free” Sonogashira and 

involves aryl halides and terminal alkyne. This reaction is an important industrial tool 

for the synthesis of alkyl-aryl and diaryl substituted acetylene derivatives. Alkyl-aryl 

and diaryl substituted acetylene are important building blocks for the synthesis of 

biological active molecules and natural compounds.[45] 

Cassar and Heck were the first to report the synthesis of aryl and vinyl substituted 

acetylene derivatives using palladium complexes avoiding the presence of copper 

salts.[46] 

Despite the importance of this cross-coupling, the use of heterogeneous catalysis has 

been poorly investigated: Heidenreich et al. reported the cross-coupling of iodobenzene 

and phenyl acetylene catalysed by Pd/C in a polar solvent, reaching a conversion of 

70% in 30 minutes[20]. Hussain et al. studied the catalytic performance of Nickel 

nanoparticles supported on graphene for the cross-coupling of diverse aryl halides and 

phenylacetylenes underlining the good catalytic activity of these systems and their easy 

and efficient magnetic recovery.[47] 

Mori et al.[48] studied the cross-coupling of  iodoaromatic compounds and aliphatic 

alkynes catalysed by Pd/C in a n-propanol aqueous solution. Wang et al. showed the 

cross-coupling of acrylic acid with iodobenzene catalysed by magnetic palladium 

nanoparticles (Pd@Fe3O4) obtaining high yields, about 70% after 6 hours[41]. Navidi et 

al. showed the cross-coupling of iodobenzene and phenylacetylene catalysed by 

palladium nanoparticles supported on carbon nanotubes under mild reaction 

conditions.[49] 

Firouzabadi et al.[50] utilized a magnetic palladium catalyst in cross-coupling reactions 

with  yields of 75% . 

Given the promising results of the magnetic palladium catalyst, diverse synthetic 

magnetic palladium systems, (described in chapter 5.1), such as palladium trapped 

inside magnetite (4.7%Pd@Fe3O4 int., Pd6 and 8.8%Pd@Fe3O4 int., Pd7), palladium 

impregnated on commercial magnetite (4.5%Pd@Fe3O4, Pd2) and palladium 
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impregnated on synthetic magnetite (4.3%Pd@Fe3O4, Pd3), were employed in the 

Cassar-Heck cross-coupling of p-iodoanisole and phenylacetate adopting the reaction 

conditions reported in the literature[48] (see Scheme 6). 
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80 °C, 1h
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Scheme 6 Cassar-Heck cross-coupling of p-iodoanisole and phenylacetate 

Their catalytic results together with those obtained employing commercial palladium 

catalysts, (palladium on carbon (Pd/C 5% Engelhard), palladium on alumina 

(5%Pd@Al2O3 Aldrich)) are summarized in Table 5. 
Table 5 Comparison of synthetized magnetic palladium catalysts and commercial ones in the Cassar-Heck 
cross-coupling of p-iodoanisole and phenylacetate 

Run Catalyst Catalyst load (mol%) Isolated yieldd

1 Pd6 0.4 33 
2 Pd7 0.4 23 
3 Pd6 1 41 
4 Pd6 5 40 
5a Pd6 1 45 
6b Fe3O4 *** trace 
7 Pd/C 0.4 17 
8 Pd/C 1 26 
9 Pd@Al2O3 1 11 
10 Pd2 1 8 
11 Pd3 1 *** 
12 Pd6c 1 33 

Reaction condition: 1 mol% of palladium catalyst, 1mmol of p-iodoanisole, 1.2 mmol of phenylacetylene, 2 mmol of 

K3PO4, 5ml of i-PrOH:H2O 1:1, 80°C, 1h. 
a Reaction carried out in DMF using K2CO3 as alkaline compound, 100°C, 6h. 
b Blank reaction carried out with 20 mg of Fe3O4. 
c Catalyst pre-treated under 20 bar of hydrogen at 50°C for 6h. 
d Yield after the purification of the product 

In each reaction the presence of by-products was ascertained but it was no possible to 

isolate, quantify and identify them. 

As it is possible to see in Table 5, by increasing the Pd6 catalyst amount from 0.4 mol 

% up to 1 mol % the coupling yield increased from 33% to 41%, (run 1 and run 3, 
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respectively). However, when using more catalyst, 5 mol %, (run 4) yield improvement 

was not ascertained, confirming that under these reaction conditions 1 % mol of catalyst 

led to the highest yield. 

Run 2 underlines that the palladium magnetic catalyst characterized by a higher 

palladium loading (8.8 wt.% of Palladium, Pd7) showed lower activity than the catalyst 

with a lower palladium load Pd6 (run 1), probably due to the worst palladium dispersion 

on the catalyst surface. 

The blank experiment carried out using only magnetite confirmed again that magnetite 

support is not active toward the cross-coupling reaction.   

Under the optimized reaction conditions, 1 % mol of the catalyst, the commercial 

catalysts (Pd/C and Pd@Al2O3) showed lower catalytic activity than the synthetized 

magnetic palladium Pd6 system (see run 8 and 9). Furthermore, among the diverse 

synthetic magnetic catalysts (Pd6, Pd2 and Pd3), Pd6, which is characterized by 

palladium particles trapped inside the magnetite structure, displayed the highest activity 

leading to a yield of 41%, whereas the Pd2 and Pd3 catalysts (runs 10 and 11), which 

are characterized by palladium impregnated on commercial magnetite and synthetized 

magnetite, gave lower yields. The lower catalytic activity of Pd2 and Pd3 catalysts 

again could be due to their structure, which leads to a lower Fe-Pd interaction. 

Furthermore it is well known that the particle dimension strongly influences the reaction 

rate due to a diverse surface energy as reported also by Li et al which studied the effect 

of palladium nanoparticles diameter on Suzuki reaction rate.[51] 

For these reasons the lower catalytic activity of Pd2 and Pd3 catalyst can due to the 

bigger size of their particles, in fact magnetite particles of Pd2 and Pd3 catalyst show a 

diameter of 50 nm and 14 nm respectively, and palladium nanoparticles a diameter of 

3.7 nm and 2.8 nm, respectively. Instead the Pd6 catalyst, which has a better catalytic 

performance, is characterized by smaller magnetic particles with diameter of 8 nm. 

The best catalytic system, Pd6, was pre-treated under 20 bar of hydrogen at 50°C for 6 h 

to guarantee the complete reduction of palladium. The pre-reduced catalyst revealed 

lower catalytic activity than non pre-treated ones, thus underlining that catalytic activity 

is reduced starting from Pd(0). 

Furthermore, the magnetic palladium catalyst Pd6 exhibited a slightly higher conversion 

using diverse reaction conditions such as dimethylformamide (DMF) as solvent 

potassium carbonate as an alkaline compound at 100°C for 6 h, (run 5). 
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Figure 5 illustrates the kinetic trend of the cross-coupling catalysed by the Pd6 catalyst. 

The reaction induction time is almost absent as observed for the Suzuki-Miyaura cross-

coupling. [34]  

Figure 5 Cassar-Heck cross-coupling of p-iodoanisole and phenylacetate using Pd6 magnetic palladium 
catalyst 

The activity of the Pd6 catalyst was further investigated in recycle tests and the results 

are reported in Table 6. 

Table 6 Recycle tests of Pd6 palladium amgnetic catalyst. 

Run Yield 
14 34 

1° recycle 28 
2° recycle trace 

Reaction condition: 1 mol% of palladium catalyst, 1mmol of p-iodoanisole, 1.2 mmol of phenylacetylene, 2 mmol of 
K3PO4, 5ml of i-PrOH:H2O 1:1, 80°C, 1h 

In the first recycle run, the yield was slightly lower than that observed in the fresh run 

but after the second recycle the catalyst exhibited no catalytic activity. These results 

could be due to changes of the catalyst surface or a passivation effects, because not 

enough leaching was ascertained in order to explain the observed decrease of the 

activity. In fact, only 2 ppm of free palladium was detected in the reaction mixture by 

ICP-MS analysis. 
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13.5 Arylation of N-Methyl-1-H-imidazole catalysed by magnetic palladium 

catalyst 

The arylation of imidazole has gained huge industrial interest due to the application of 

imidazole derivatives in pharmaceutical industries.[52] 

Traditionally, this cross-coupling was catalysed by a metal complex and involves 

numerous reactive steps in which the diverse functional groups of imidazole are 

protected to drive the arylation on the selected carbon atoms. Recently, direct arylation 

approaches have been developed using aerobic conditions[53] in presence of copper or 

organic oxidants[54]. The adopted conditions strongly influence the stereo- and region- 

selectivity of the arylation, as confirmed by Pvisa-Art et al.[55] who underlined that 

using copper salt C2 arylation can be preferred instead of C5. 

Another interesting approach is reported by Bellina et al. [56] who  developed direct C2 

arylation of  azoles avoiding the presence of ligands and alkaline compounds. 

Arylation catalysed by heterogeneous supported catalysts has been poorly investigated. 

Parisien et al.[57] reported the use of  palladium hydroxide supported on carbon as a 

catalyst for the selective arylation of imidazo-1,2-pyrimidine and thiazole. Lee et al.[58] 

showed the arylation of the imidazo-1,2-pyrimidine and aryl halogenated compound 

catalysed by palladium on magnetite obtaining a yield of  85%. 

In this context, the magnetic palladium catalysts described in chapter 5.1 were 

employed in the arylation of N-Me-1H-imidazole and p-iodoanisole under the reaction 

conditions reported in the literature (see Scheme 7).[56] 
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Scheme 7 The arylation of N-Me-1H-imidazole and p-iodoanisole 

The catalytic activity of synthetic palladium catalysts such as palladium trapped inside 

magnetite (Pd6, 4.7%Pd@Fe3O4, and Pd7 8.8%Pd@Fe3O4), palladium impregnated on 

commercial magnetite (4.5%Pd@Fe3O4, Pd2), palladium impregnated on synthetic 

magnetite (4.3%Pd@Fe3O4, Pd3) and palladium impregnated on maghemite  

(2.1%Pd@γFe2O3, Pd1)  were  compared with that of commercial catalysts such as 

palladium on carbon (5%Pd/C Engelhard) and palladium on alumina  (5%Pd@Al2O3 
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Aldrich) The main characteristic of the adopted synthetic palladium catalysts are 

summarized in Table 7 and their catalytic results are reported in Table 8. 

Table 7 Main characteristic of the adopted synthetic catalysts 

Catalyst AAS Pd 

loading (%) 

Surface area 

(m2/g) 

Core diameter 

(nm) 

Pd1a 

(Pd@γFe2O3) 

2.1 74.42 5.6 

Pd2b 

(Pd@Fe3O4) 

4.5 99 50 

Pd3c

(Pd@Fe3O4)

4.3 112.07 14 

Pd6d

(Pd@Fe3O4)

4.7 106.48 8 

Pd7e

(Pd@Fe3O4)

8.8 101.05 N.D 

a Palladium nanoparticles supported over synthetized maghemite 
b Palladium nanoparticles supported over reference magnetite 
c Palladium nanoparticles supported over synthetized magnetite 
d Synthesis condition: 1g of Fe(OAc)2 0.05 Pd(OAc)2, 44 mL EtOH 96 wt%, microwave heating: 120°C, 15 min 

250W 

e Synthesis condition: 1g of Fe(OAc)2 0.1 Pd(OAc)2, 44 mL EtOH 96 wt%, microwave heating: 120°C, 15 min 

250W 

Table 8 Comparison of the catalytic performances of synthetized magnetic palladium catalyst and commercial 
ones 

Run Catalyst Yield (%) 
1 Pd/C 47 
2 Pd6 100 
3 Pd6a 90 
4 Pd@Al2O3 0 
5b Fe3O4 0 
6 Pd7 22 
7 Pd1 69 
8 Pd2 0 
9 Pd3 51 
10 Pd6 100 

Reaction condition: 5 mol% of palladium catalyst, 1mmol of N-Me-1H-imidazole, 2 mmol of p-iodoanisole, 5 ml of 
DMF, 140°C, 24h 
a The catalyst was pre-treated under 20 bar of hydrogen at 50°C for 6 h. 
b Blanck reaction carried out with 100 mg of Fe3O4. 
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Except for run 7 no by-product formation was observed, thus the reaction conversions 

were very similar to the yields. 

The Pd6 catalyst showed surprising catalytic activity leading to a yield of 100%, a value 

usually reached only with the traditional homogeneous palladium acetate system.[59] 

The Pd7 catalyst characterized by a higher palladium loading than Pd6 showed an 

extremely lower yield due to the worst dispersion of palladium sites on the magnetite 

surface. 

As it is possible to see in Table 8, commercial catalysts (run 1 and run 4) exhibited 

lower catalytic activity than the synthetized magnetic palladium catalysts. In particular, 

the commercial palladium on alumina did not show activity in C2 arylation. 

The impregnated catalyst Pd1 showed a slightly lower yield compared to the ones 

obtained using Pd6, and a by-production of chlorine derivate. Unfortunately, the Pd1 

catalyst contained traces of chlorine due to the iron precursor used in its preparation, 

this chlorine was easily released in the reactive mixture leading to the formation of a 

transhalogenated product observed in run 7. Furthermore, the other impregnated 

magnetic catalysts Pd2 and Pd3 showed lower activity, probably due to the diverse 

dispersion of palladium sites on the catalyst surface. 

Figure 6 illustrates the kinetic profile of C2 arylation catalysed by the Pd6 catalyst, 

which shows a longer induction time than that observed in Heck cross-coupling. 

However, the reaction reached a yield of 100% after 24 h. 
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Figure 6 The arylation of N-Me-1H-imidazole and p-iodoanisole at 140°C using Pd6 catalyst 

Due to the above promising results, the Pd6 catalyst was further investigated to verify 

its recyclability and the results are summarized in Table 9. 

Table 9 Recycle tests of Pd6 palladium magnetic catalyst 

Run Catalyst Yield (%) 
11 Pd6 100 

1° recycle 2 
12 Pd6a 91 

1° recycle 73 
2° recycle 50 
3° recycle 0 

Reaction condition: 5 mol% of palladium catalyst, 1mmol of N-Me-1H-imidazole, 2 mmol of p-iodoanisole, 5 ml of 
DMF, 140°C, 24h 
a The catalyst was pre-treated under 20 bar of hydrogen at 50°C for 6 h. 

As it is possible to see in Table 9, after the first reaction cycle the yield was drastically 

reduced, this decrease cannot be explained by the leaching of palladium because no 

leaching was ascertained by ICP-OES. In fact, after the first reaction cycle only 0.1 ppm 

of free palladium was detected in the solution. To overcome this deactivation problem 

the Pd6 catalyst was pre-treated under 20 bar of hydrogen at 50°C for 6 h and employed 

in the recyclability tests. 

The pre-treated catalyst exhibited slightly lower activity and lower deactivation during 

the recycling test (see run 11 and run 12), but in the 3rd recycle was deactivated. Once 

again passivation of the surface can be claimed for explaining this behaviour. 

13.6 Conclusion 

In conclusion, magnetic palladium catalysts can be considered a strategic tool for cross-

coupling reactions. In particular, for the Suzuki-Miyaura reaction under the adopted 

conditions, the magnetic Pd6 catalyst showed high catalytic activity compared to that of 

commercial palladium on carbon, whereas the impregnated magnetic Pd3 and Pd2 

catalysts exhibited extremely low activity. Instead, the Heck-Mizoroki and Cassar-Heck 

cross-coupling reactions require a larger amount of Pd6 to reach the same yield of 

commercial palladium on carbon, underlining that the magnetic palladium was less 

active for this cross-coupling. 
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Finally, the Pd6 catalyst showed surprisingly higher activity in C2 N-Me-1H imidazole 

arylation similar to that demonstrated by traditional homogeneous systems. The 

deactivation of the catalyst is now under investigation. 
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14. THE OXIDATION/CONDENSATION OF ETHANOL

14.1 Introduction 

Ethanol “chemistry” gained success thanks to the increasing interest in renewable 

resources and sustainable green processes which permitted the development of bio-

ethanol.[1] 

Ethanol or bio-ethanol can be considered a versatile platform chemical for diverse 

valuable compounds such as ethylene, propylene, butadiene or oxygenated products 

such as acetaldehyde, acetic acid, ethyl acetate, butanol and butyraldehyde. Figure 1 

summarizes the most important ethanol derivatives.[2] 
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Figure 1 Ethanol derivatives 

In particular, the controlled oxidation of ethanol to acetaldehyde, acid acetic and other 

oxygenated C4 products has huge industrial importance. 

Under aerobic conditions, in the presence of a catalyst, ethanol can be oxidized to 

acetaldehyde, which can be further oxidized to acetic acid or condense with another 

acetaldehyde molecule leading to the formation of butanol (Guerbet-type reaction), 

butyradehyde and butadiene (Lebedev process).  

Several authors report the catalytic oxidation of ethanol using diverse noble and 

transition metal catalysts such as Au[3], Cu[4], Pt[5], Pd[6], VOx
[7], Co[8] etc. 
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For example, Volanti et al.[9] employed copper supported on silica in the gas phase 

dehydrogenation of ethanol at 225°C-275°C , obtaining 41% of ethanol conversion with 

87% of selectivity in acetaldehyde, 5.3% of selectivity in ethyl acetate and other by-

products such as methyl ethyl ketone, butanol, crotonaldehyde and ethyl ether. Sato et 

al.[10] reported the use of copper supported on zirconia in the gas phase dehydrogenation 

of ethanol at 200°C-275°C leading to high ethyl acetate selectivity. These works 

underline that catalytic support strongly influences the selectivity of the reaction, in fact 

when copper was supported on silica the oxidation led to high acetaldehyde production, 

whereas when copper was supported on zirconia a higher ethyl acetate yield was 

obtained. The fundamental role of the catalyst support, which determines the selectivity 

of the oxidation was also confirmed by Takei et al.[11] and Earley et al.[12]. 

Furthermore the metal load is another key aspect in the ethanol chemistry as reported by 

Freitas et al. which studied the effect of copper load on the gas phase dehydrogenation 

of ethanol under diverse temperatures, underling that the highest ethyl acetate yield was 

obtained with the catalyst with the intermediate copper loading, 20%Cu/ZrO2.
[13] 

Other interesting catalytic systems were employed in the oxidation/condensation of 

ethanol, in particular Gaspar et al.[14] employed palladium on zirconia and alumina as 

catalysts reaching low ethanol conversion and high selectivity toward acetaldehyde. 

Zheng et al.[15] described the importance of gold loading on oxidation selectivity 

underlining that at higher gold loading ethyl acetate selectivity increased.  

Furthermore, Idriss et al. observed that different metal oxides such as Fe3O4 and Fe2O3, 

permitted to oxidise ethanol to acetaldehyde and ethyl acetate. More in details ethanol 

oxidation was carried out in a continuous flow reactor with temperature between 130°C 

and 270°C, underlining a marked difference in the oxidised product distribution 

between the two adopted iron oxides. In particular magnetite led to the highest 

acetaldehyde yield (89.3%) whereas maghemite permitted to obtain an acetaldehyde 

yield of 56.5% and an ethyl acetate yield of 43.5%. [16]   

On the other hand, the butanol formation is generally catalysed by alkaline oxides such 

as MgO[17], CaO, BaO, SiO2
[18], hydroxyapatite[19] and γ-Al2O3

[20]. 

Depending on the catalyst and the reaction conditions, ethanol can be activated through 

different reaction mechanisms. In particular it can be directly converted to butanol 

through the Guerbet reaction, which is a one pot process where two molecules of 

ethanol can be directly condensed to 1-butanol, as recently proposed [22].  
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In an alternative mechanism for the Guerbet reaction, ethanol is oxidized to 

acetaldehyde, which then condenses with another acetaldehyde molecule finally leading 

to 1-butanol formation.[21]  

Moreover Cavani et al.[22] described an alternative mechanism for the formation of 1-

butanol using magnesium oxide as the catalyst in a continuous-flow reactor, at 400°C. 

More in details, the experimental results were completed by theoretical modelling, 

which confirmed the formation of an ethanol carbanion, that can react with another 

ethanol molecule to give 1-butanol, via water elimination. 

These studies present the complex context of the possible mechanisms, which are 

involved in the gas phase ethanol oxidation/condensation. 

In this work, the magnetic copper oxide nanocatalysts described in Chapter 5.4 were 

employed for the gas phase partial oxidation/condensation of ethanol working in the 

laboratory of Prof. Cavani at the University of Bologna. In particular, the effect of 

diverse fundamental reaction parameters such as the catalytic support, contact time and 

temperature were studied. 

14.2  Effect of the catalytic support on reaction pathways 

The effect of the catalytic support on the reaction pathway was investigated using the 

copper oxide nanocatalysts synthetized and characterized as described in Chapter 5.4. In 

particular, the main characteristic of copper oxide nanoparticles supported on magnetite 

(Cu1 and Cu2) and copper oxide nanoparticles supported on alumina (Cu3) are reported 

in Table1. 

Table 1 Main characteristic of magnetic copper nanocatalysts Cu1, Cu2 and Cu3 

Catalysts 
Theoretical 

composition 
BET (m2/g) 

Diameter 

(nm) 

Cu1a 5%Cu2O@Fe3O4 60.0 6.1 

Cu2b 5%Cu2O@Fe3O4 56.8 5.5 

Cu3a 5%Cu2O@Al2O3 154.6 51.5 

a Obtained using a synthetic copper precursor (Cu2(O2CNEt2)4 • 2NHEt2) provided from the Prof. Pampaloni 
laboratory 
b Obtained using a commercial copper precursor Cu(OAc)2 

285



All the nanocatalysts above listed were employed in the gas phase 

oxidation/condensation of ethanol and the results are summarized in Table 2. 

A typical oxidation was carried out in a continuous-flow reactor that operated under 

atmospheric pressure at 180°C. Typically, 0,02-0,2 g of catalyst were loaded as powder 

form, the residence time  [calculated as the ratio between catalyst mass (g) and total gas 

flow (mL/s)] was 0.1 g s/ml. The inlet feed composition was constant and set at 5% 

ethanol, 23,8% air and 71,2% nitrogen. Downstream products were fed to an automatic 

sampling system for GC analysis. This was performed by using an Agilent-7890A 

instrument equipped with a thermal conductivity detector (TCD).  

Table 2 The effect of catalytic support on reaction pathway 

Catalyst Blank Fe3O4 Cu1 Cu2 γ-Al2O3 Cu3 
EtOH Conv. 3.4 17.0 15.9 11.6 1.9 19.8 

Acetaldehyde Yield 1.3 6.8 2.3 3.1 1.1 1.6 
Acetone Yield 0.0 0.1 0.0 0.0 0.0 0.0 

 Ethyl ether Yield 0.0 0.0 0.0 0.0 0.0 0.0 
Butyraldehyde Yield 0.0 7.4 10.3 5.2 0.0 0.0 
Ethyl acetate Yield 0.0 0.0 0.0 0.0 0.0 0.0 
Acetic acid Yield 1.0 0.0 0.2 0.0 0.0 0.0 

Ethene Yield 0.0 0.0 0.0 0.0 0.0 0.0 
CO Yield 0.0 0.0 0.0 0.0 0.0 0.0 
CO2 Yield 0.3 0.9 1.1 0.7 0.2 0.5 

Butanol yield 0.0 0.0 trace 0.0 0.0 16.8 
unsaturated Yield *** *** trace *** *** *** 

Reaction conditions: Residence time 0.1, Time: 1.5 h, Temperature: 180°C

The blank experiment underlined that without the catalyst, at 180°C, in the presence of 

air, ethanol was quite stable, as well as in the presence of sole alumina it was not 

converted to oxidized products. 

On the other hand, when using bare magnetite and the copper-based systems, Cu1, Cu2 

and Cu3 catalysts under the same reaction conditions, a certain conversion was 

ascertained. In particular, catalyst Cu1 led to ethanol conversion  (15.9%) but high 

selectivity toward butyraldehyde. The Cu2 catalyst showed a similar catalytic 

performance, (Ethanol conversion of 11.6%) thus confirming the catalytic behaviour of 

copper oxide supported on magnetite, (see Figure 2). 
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Instead, the catalytic support (magnetite) exhibited lower selectivity toward 

butyraldehyde than the Cu1 and Cu2 catalysts leading to higher acetaldehyde 

production. These results evidenced that magnetite has a catalytic role in the 

oxidation/condensation of ethanol but in the absence of copper it is more active in the 

simple oxidation to acetaldehyde.  

This result is in agreement with the literature, in fact at 175°C it was observed that 

magnetite can selectively oxidize ethanol toward acetaldehyde .[16] 

On the other hand, the Cu3 catalyst, characterized by copper oxide supported on 

alumina, led to a high butanol yield. 

Figure 2 The oxidation of ethanol carried out at 180°C using: a) no catalyst, (blue), b) Cu1 catalyst (red), c) 
magnetite (green), d) Cu3 catalyst (violet), e) Cu2 catalyst (light blue) and f) alumina (orange). 

Alumina and magnetite-supported Cu catalysts seem to drive the oxidation of ethanol 

with two different mechanisms. In particular, the oxidized product distribution obtained 

with alumina-supported catalyst Cu3 agrees with the Guerbet mechanism, whereas 

magnetite-supported catalysts Cu1 and Cu2, seemed to follow another mechanism. 

More in details, ethanol might be firstly oxidised to acetaldehyde, which can condense 

with an ethanol molecule to give crotyl alcohol (as in the mechanism leading to 

butadiene formation), which can be further dehydrated to butadiene or can isomerize to 
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butyraldehyde, or even dehydrogeate to crotonaldehyde, which might then undergo a 

MPV reduction to butyraldehyde. The supposed reaction pathway for magnetite-

supported catalysts is reported in Scheme 1. 

OH O OH
-H2O

O OH

O OH

OH

O

OH
-H+ -H2O

Scheme 1 Possible mechanism for the partial oxidation and condensation of ethanol 

In order to confirm the mechanism reported in Scheme 1, oxidation reaction was carried 

out under the same reaction conditions but feeding as substrate the hypothetical reaction 

intermediate, crotyl alcohol, instead of ethanol. Under these conditions, crotyl alcohol 

was converted to 1-butanol, acetic acid and crotonaldehyde, and no formation of 

butyraldehyde was observed The formation of 1-butanol might occur as shown in 

Scheme 1, where however crotyl alcohol itself might act as an H-transfer reactant. This 

result showed that crotyl alcohol cannot be the intermediate of this reaction, thus the 

magnetite-supported catalyst did not follow the reaction mechanism proposed Scheme 

1. For this reason a more direct mechanism was hypothesized. More in detail, an

ethanol molecule can be oxidized to acetaldeyde, which forms a carbanion and reacts 

with another ethanol molecule to give directly butyraldehyde; therefore, this compound 

would not form from intermediate crotyl alcohol. As reported by Cavani et al. the 

formation of the acetaldehyde carbanion catalysed by metal oxides has lower energy 

barrier than that reported for the formation of ethanol carbanion, supporting last direct 

mechanism (see Scheme 2). [22]  

Scheme 2 possible direct mechanism for the oxidation and condesation of ethanol to butyraldehyde 

OH
O O-H2OOH O

1/2 O2
-H2O
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The proposed mechanism is still under investigation in order to understand the catalytic 

behaviour of magnetic copper nanocatalysts. A new catalytic run, carried out adding 

acetaldehyde to the feed, will be necessary to confirm this proposed mechanism. 

14.3 The effect of the residence time on reaction pathway 

The effect of residence time on reaction pathways was studied employing two different 

catalysts, copper oxide supported on magnetite, Cu1, and copper oxide supported on 

alumina, Cu3. 

Table 2 summarizes the catalytic results obtained with Cu1 catalyst working at diverse 

residence times. 

Table 2 Effect of residence time on reaction pathway, using copper oxide supported on magnetite Cu1 

τ (g 
s/m
l) 

EtOH 
Conv. 

Acetal
dehyd

e 
Yield 

Aceto
ne 

Yield 

Ethyl 
ether 
Yield 

Butyr
aldeh
yde 

Yield 

Ethyl 
acetate 
Yield 

Acetic 
acid 

Yield 

Ethene 
Yield 

CO 
Yield 

CO2 
Yield 

Buta
nol 

yield 

0 3,4 1,3 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,3 0,0 

0,02 5,0 1,6 0,0 0,0 1,8 0,0 0,0 0,0 0,0 0,2 0,0 

0,05 8,9 1,5 0,0 0,0 3,4 0,0 0,0 0,0 0,0 0,2 0,0 

0,1 15,9 2,3 0,0 0,0 10,3 0,0 0,2 0,0 0,0 0,4 0,0 

0,2 20,6 0,7 0,0 0,0 11,8 0,0 1,4 0,0 0,0 0,2 2,7 
Reaction conditions: Residence time 0.1, Time: 1.5 h, Temperature: 180°C

When the residence time was increased, ethanol conversion and the butyraldehyde yield 

increased whereas the acetaldehyde yield decreased. This behaviour confirms that 

ethanol was first oxidized to acetaldehyde, which then reacted with ethanol to give 

butyraldehyde (see Figure 3). The consecutive transformation of butyraldehyde to 

butanol occurs via the H-transfer from ethanol (MPV reaction). It is also interesting to 

see that these tests clearly showed that the formation of 1-butanol is consecutive to 

butyraldehyde, which is the opposite of what is generally proposed in the conventional 

Guerbet mechanism. 
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Figure 3 Yield and selectivity trend of the diverse oxidized product with contact time 

Table 3 reports the catalytic results of the Cu3 catalyst at diverse residence times. 

Table 3 Effect of residence time on reaction pathway, using copper oxide supported on alumina Cu3 

τ EtOH 
Conv. 

Acetald
ehyde 
Yield 

Aceto
ne 
Yield 

Ethyl 
ether 
Yield 

Butyr
aldeh
yde 
Yield 

Ethyl 
acetate 
Yield 

Acetic 
acid 
Yield 

Ethene 
Yield 

CO 
Yield 

CO2 
Yield 

Buta
nol 
yield 

0 3,4 1,3 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,3 0,0 

0,02 12,3 0,5 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,1 7,8 

0,05 19,4 0,6 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,1 16,3 

290



0,1 19,8 1,6 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,5 16,8 

0,2 21,5 2,0 0,0 0,0 0,0 0,1 0,0 0,0 0,0 0,4 18,3 

Reaction conditions: Residence time 0.1, Time: 1.5 h, Temperature: 180°C

When the residence time was increased, ethanol conversion and butanol yield increased, 

in agreement with the results reported in the literature for analogous catalytic 

systems.[23] However, it is also important to notice that the catalyst used is very 

selective to 1-butanol, which is not so common for the gas-phase Guerbet reaction. This 

means that according to the mechanism recently proposed [22], ethanol immediately 

reacts with another molecule of ethanol yielding 1-butanol, with water elimination; this 

reaction is faster than ethanol dehydrogenation to acetaldehyde. An alternative 

explanation is that acetaldehyde (the primary product according to results shown in 

Figure 4) reacts with either ethanol (to yield crotyl alcohol, which is then rapidly 

reduced to butanol via MPV reaction) or acetaldehyde, via a classical Guerbet 

mechanism.   
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Figure 4 Yield and selectivity trend of the diverse oxidized products at different contact times 

Both Cu1 and Cu3 catalysts were deactivated after 1.5 h of reaction. Deactivation can 

be due to the leaching of copper oxide or to the complete reduction of copper species as 

confirmed by the Raman spectra, which showed no copper oxide peaks. Furthermore, in 

order to regenerate the used catalyst, the Cu1 catalyst was treated under oxygen flow for 

1 h at 180°C. Unfortunately, this regeneration procedure resulted inefficient because the 

treated Cu1 did not show any catalytic activity. 

14.4 The effect of the temperature on the reaction products 

The effect of temperature on reaction products was studied by using the most promising 

catalyst, copper oxide supported on magnetite (Cu1) and the results are reported in 

Table 4. 
Table 4 Effect of temperature on oxydation product using Cu1 catalyst 

T 
(°C) EtOH

Conv. 

Acetald
ehyde 
Yield 

Aceto
ne 
Yield 

Ethyl 
ether 
Yield 

Butyral
dehyde 
Yield 

Ethyl 
acetate 
Yield 

Acetic 
acid 
Yield 

Ethe
ne 
Yield 

CO 
Yiel
d 

CO2 
Yiel
d 

Butan
ol 
yield 

180 15,9 2,3 0,0 0,0 10,3 0,0 0,2 0,0 0,0 0,4 0,0 

220 74,9 26,1 0,3 0,0 5,7 0,0 0,8 0,5 3,6 38,3 0,0 

When the temperature was increased from 180°C to 220°C, complete oxidation of 

ethanol resulted to be preferred as evidenced by the higher CO2 yield. 

As can be seen in Figure 5, at higher temperatures the butyraldehyde yield decreased 

due to the preferred combustion reaction. 
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Generally, gas phase reactions are carried out at higher temperatures but due to the 

degradation and combustion problems observed it is important to work at a low 

temperature (180°C). 

Figure 5 Effect of temperature on product yields 

14.5 Conclusion 

The gas phase oxidation/condensation of ethanol carried out with copper oxide 

supported on alumina (Cu3) led to a high butanol yield in agreement with the Guerbet 

mechanism. On the other hand, copper oxide supported on magnetite (Cu1 and Cu2) 

exhibited a peculiar catalytic activity leading to the selective formation of 

butyraldehyde. 

Magnetite-supported catalysts seemed to follow an original reaction pathway, in which 

an ethanol molecule is first oxidized to acetaldehyde, and then condensed with another 

ethanol molecule to give butyraldehyde. This last mechanism will be further 

investigated to better understand the interesting catalytic behaviour of these novel 

magnetic copper nanocatalysts. 
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15. THE SELECTIVE HYDROGENATION OF 1-

CHLORONITROBENZENE TO 1-CHLOROANILINE 

15.1 Introduction 

Hydrogenation of nitrohaloaromatics to aromatic haloamines is an important industrial 

reaction for the synthesis of many fine chemicals such as pharmaceuticals, herbicides[1], 

pesticides[2] and polymers[3].  In particular, the selective hydrogenation of p-

chloronitrobenzene (pCNB) to p-chloroaniline (pCAN) has been studied over a variety 

of supported catalysts but carbon nanostructures have not received much attention.  

The hydrogenation of pCNB to pCAN follows a multistep reaction pathway (see 

Scheme 1). The main side reaction is hydrodechlorination, which leads to aniline (AN) 

as the ultimate product. Undesired dehalogenation can also happen with pCNB leading 

to nitrobenzene (NB) followed by the subsequent hydrogenation to AN or by 

hydrodechlorination of pCAN to AN. 

NO2

Cl Cl

NH2

NH2NO2

cat.

H2

dealogenation

(pCNB) (pCAN)

(NB) (AN)
Scheme 1 p-chloronitrobenzene hydrogenation scheme 

In this work, the ruthenium carbon nanocatalysts described in Chapter 8 were employed 

for the selective hydrogenation of pCNB to pCAN. In particular, the influence of 

different parameters such as the nature of the carbon supports, catalyst pre-treatment 

and the choice of the solvents on the yield and the selectivity of the hydrogenation were 

studied.  
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15.2 The effect of temperature on the hydrogenation of pCNB 

The effect of temperature on the reaction yield was studied using diverse ruthenium 

carbon catalysts.  

In particular, ruthenium and/or magnetite nanoparticles supported on a multi-walled 

carbon nanotube (CNT) and graphene oxide (GO) were employed in the selective 

hydrogenation of pCNB to pCAN.  

All the catalysts were pre-activated before the hydrogenation experiments, and they 

were treated in an autoclave equipped with mechanical stirring at 110°C under 30 bar of 

H2 for 1h. A typical hydrogenation run was carried out under 30 bar of hydrogen, using 

0,4 g of pCNB, 36 mg of catalyst and 50 ml of Methanol. The reactions were followed 

using a gas chromatography (Perkin-Elmer Clarus 500 equipped with a stabilwax DA 

capillary column and a FID detector) using the program: 80°C for 3 minutes followed 

by a ramp of 35°C/min until 225 and a hold time of 10 minutes. 

Table 1 Selective hydrogenation of pCNB to pCAN, Hydrogen pressure 30 bar, V MeOH 50 ml, M pCNB 0,4 
g, M catalysts 36 mg, reaction time 6h. 

Run T 
(°C) 

Catalyst  Ru load  
(wt.%) 

Conversion 
(%) 

pCAN 
Yield 
(%) 

A 
(mol
/g h) 

TOF 
(h-1) 

5 60 Ru@CNT 1,5 20 20 0,12 12,2 
6 60 Ru@GO 0,77 18 18 0,10 10,6 
7 60  Ru@(Fe3O4-CNT) 1,13 24 24 0,14 14,1 
8 60 Ru@(Fe3O4-GO) 0,58 67 30 0,18 18,1 
9 80 Ru@CNT 1,5 88 88 0,51 51,3 
10 80 Ru@GO 0,77 86 86 0,50 50,5 
11 80 Ru@(Fe3O4-CNT) 1,13 84 84 0,49 49,7 
12 80 Ru@(Fe3O4-GO) 0,58 79 79 0,46 46,8 

When the temperature increased from 60°C to 80°C, it was possible to improve the 

activity of the catalysts as illustrated in Table 5. However, in order to optimize the 

reaction conditions while focusing our attention on security and sustainability of the 

entire process, we decided to change other parameters maintaining a low temperature. 

A TEM analysis of the catalysts after the hydrogenation experiments showed an 

increase of the metal particles size, for example, the ruthenium nanoparticles of spent 

Ru@GO had an average diameter of 3.07 nm and the ones of fresh Ru@GO had an 

average diameter of 2.59 nm. 
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15.3 The effect of solvent on hydrogenation of pCNB 

The effect of solvents in the hydrogenation of pCNB to pCAN over three different 

catalytic systems was studied. For this purpose ethanol (EtOH), methanol (MeOH), 

tetrahydrofuran (THF), water (H2O) and an ethanol/water solution were considered as 

possible reaction media. The experiments were carried out using the condition and the 

equipment described above. 

The three different catalytic systems selected for this study were Ru@(Fe3O4-GO) HT, 

Ru-(Fe3O4/CNT) HT described in Chapter 8 and ruthenium supported on fullerene 

Ru/C60 (CFL68). Figure 1 shows the TOF trends of these three catalysts in the diverse 

solvents at 60°C. 
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Figure 1 Turnover frequency curve for the hydrogenation of pCNB to pCAN in different solvents using the 
catalysts: a) 2%Ru-(30%Fe3O4-GO) HT, b) 2%Ru-(30%Fe3O4-CNT) HT and c) CFL68  

As it is possible to observe from the TOF curve reported in Figure 1, ethanol gave the 

best results and THF the worst ones with each catalytic systems. This trend could be 

explained by the different solubility of reagent and product and the diverse dispersion 

degree of these catalysts in the selected solvents. Good dispersion of the catalyst is 

fundamental in the heterogeneous process because it can partially solve the 
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transportation, adsorption, desorption problems connected with heterogeneous catalysis, 

thus increasing the reaction rate. Furthermore, the fact that pCNB and pCAN are 

soluble in ethanol, methanol and THF but not in water must be taken into consideration.  

It is important to underline that the pre-treated Ru@(Fe3O4-GO) and Ru@(30%Fe3O4-

CNT) were also used in a water/ethanol 50:50 mixture leading to the same yield 

obtained in pure ethanol. These last results are particularly interesting because they 

underline the possibility of employing a safer and cheaper aqueous bio-ethanol, 

avoiding the expensive distillation of industrial ethanol. 

15.4 The effect of catalytic support on hydrogenation of pCNB 

The effect of different catalytic supports on the hydrogenation rate was studied using 

the optimized condition (60°C and ethanol as solvent). All the catalysts were pre-

activated before the hydrogenation experiment, and the hydrogenation run was carried 

out in a steel autoclave equipped with mechanical stirring at 60°C and 30 bar of 

hydrogen, using 0,4 g of pCNB, 100 mg of catalyst and 50 ml of ethanol. 

Table 2 summarizes the catalytic results of the diverse ruthenium catalytic systems. 

Table 2 Selective hydrogenation of pCNB to pCAN at 60°C, Hydrogen pressure 30 bar, V (ml) EtOH, M (g) 
pCNB 0,4, M(mg) catalysts 100. 

Run Catalyst Ru 
load 

(wt.%) 

t 
(h) 

pCNB 
Conv. 
(%) 

 pCAN 
Yield 
(%) 

pCAN 
Sel.  
(%) 

A 
(mol/
g h) 
at 1h 

TOF 
(h-1) 
at 1h 

17 Ru@CNT  1,5 5 100 100 100 1 73 
18 Ru@GO 0,77 3 100 96 97 2,8 286 
19 Ru@(Fe3O4-

CNT) 
1,13 4 100 98 98 1,2 124 

20 Ru@(Fe3O4-
GO) 

0,58 3 100 94 94 3,2 328 

26 Fe3O4@GO 0 6 38 38 100 *** *** 
27 Fe3O4@CNT 0 6 49 49 100 *** *** 
30 CFL66 0,99 6 67 67 100 0,6 62,2 
31 CFL67 1,60 6 99 99 100 0,7 67,8 
32 CFL68 2,19 4 100 100 100 0,6 65,5 
33 CFL 72 0,45 6 45 45 100 1,2 117,1 
40 Ru@Nd 0.33 5 41 41 100 1.8 185.1 
41 Ru@NCNT 0.91 3 100 100 100 1.9 190.2 
42 Ru@CNT 1.4 6 100 100 100 0.8 76.4 
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As a general trend we observe that GO supported catalysts are more active than others, 

maybe because the shape and the electrochemical properties of the carbon 

nanostructured support plays an important role during the reaction. In particular, the 

Ru@GO catalyst which displayed a lower ruthenium loading and larger nanoparticles 

than Ru@CNT, Ru@NCNT and Ru@Nd, provided the highest turnover frequency, 286 

h-1. 

Generally, smaller metal nanoparticles show higher catalytic activity because of the 

increase in exposed metal surface, in contrast to this case where Ru@GO, which is 

characterized by larger nanoparticles, exhibits higher catalytic activity, 2.8 mol/g h. 

This result highlights that the role of the support is more important than the size of the 

nanoparticles in the catalytic performance of nanocatalysts, which confirms that the 

environment of ruthenium nanoparticles on graphene oxide is different to that of CNT, 

NCNT or Nd as described in Chapter 8.  

Ru-NCNT showed a bigger conversion than Ru-CNT, probably due to the N functional 

group on its surface that helped a better anchoring of the ruthenium nanoparticles.  

The importance of the support on the catalytic hydrogenation of pCNB to pCAN has 

already been underlined by Blaser et al[4]. 

Furthermore, the influence of the diverse catalytic supports on this hydrogenation has 

been reported in the literature, for example Oubenali et al.[5] studied the effect of carbon 

nanofiber and carbon nanotube on the catalytic performance of ruthenium nanoparticles. 

Tijani et al.[6], instead, described the effect of alumina support on ruthenium catalytic 

activity. 

Particle size effect, particle proximity and spatial distribution, which are crucial 

parameters that may influence catalytic activity[7] and stability[8], cannot be undervalued 

in the case of GO supported catalysts; that have a lower surface area (about 60 m2/g) 

than the CNT supported ones (about 280 m2/g). The lower surface area of GO leads to 

an higher nanoparticle density. 

43 Ru@(Fe3O4-Nd) 0.55 6 52 52 100 0.8 83.7 
44 Ru@(Fe3O4-

NCNT) 
1.03 6 88 88 100 0.8 84.8 

45 Fe3O4@Nd 0 6 48 48 100 *** *** 
46 Fe3O4@NCNT 0 6 45 45 100 *** *** 
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Other important effects of the supports are the charge transfers from the metal and the 

carbon support as reported by Gao et al.[9] and the different polarity of the support due 

to the functional groups.[10]  

The magnetic bimetallic supported systems, characterized by magnetite and ruthenium 

nanoparticles anchored on the surface of the diverse carbon nanosupports showed the 

same tendency in the monomometallic ruthenium catalysts, except Ru@Fe3O4-NCNT 

which showed a lower turnover frequency than Ru@NCNT. 

The introduction of magnetite not only helped the recovery and recyclability of the 

ruthenium catalyst but also showed a positive effect of the catalytic performance as 

observed by the results reported in Table 2. 

The blank experiment carried out using only magnetite confirmed that magnetite 

presents some activity, thus the increased activity observed for bimetallic 

ruthenium/magnetite systems compared to the results of ruthenium-supported catalysts 

could be due to the magnetite contribution. 

15.5 The Effect of catalyst pre-treatment the hydrogenation of pCNB 

The effect of pre-treatment on ruthenium carbon nanocatalysts was investigated, in 

particular GO and CNT systems were pre-treated in a horizontal oven at 600°C for 2 h 

under an argon flow of 10 ml/min. The heat treatment	enabled us to decompose the 

excess of functional groups and gave a closer contact between active catalytic sites and 

reagents	leading to more active catalysts. As it is possible to see in Table 5, the activity 

and TOF of pre-treated catalysts are higher than the non-pre-treated ones. 

Table 3 Selective hydrogenation of pCNB to pCAN at 60°C, Hydrogen pressure 30 bar, V (ml) EtOH, M (g) 
pCNB 0,4, M(mg) catalysts 100 over catalysts pre-treated and not pre-treated 

Run Catalyst Ru 
load 
(%) 

t 
(h) 

Conv. 
(%) 

Yield 
pCAN 

(%) 

Sel. 
pCAN 

(%) 

A 
(mol/g 
h) at
1h 

TOF 
(h-1) 
at 1h 

17 Ru@CNT 1,5 5 100 100 100 1 73 
18 Ru@GO 0,77 3 100 96 97 2,8 286 
19 Ru@(Fe3O4-

CNT) 
1,13 4 100 98 98 1,2 124 

20 Ru@(Fe3O4-
GO) 

0,58 3 100 94 94 3,2 328 

21 Ru@CNT HT 1,5 2 100 98 98 1,5 152 
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22 Ru@GO HT 0,77 1 100 100 100 3,3 334 
23 Ru@(Fe3O4-

CNT) HT 
1,13 2 100 97 97 1,8 181 

24 Ru@(Fe3O4-
GO) HT 

0,58 2 100 96 96 4,2 423,2 

26 Fe3O4@GO 0 6 38 38 100 *** *** 
27 Fe3O4@CNT 0 6 49 49 100 *** *** 
28 Fe3O4@CNT 

HT
0 6 26 26 100 *** *** 

29 Fe3O4@GO HT 0 6 27 27 100 *** *** 
HT pre-treated catalysts 

Heat pre-treatment removes excess functional groups improving the contact between 

reagents and catalytic sites. The positive effect of thermal treatment was reported in the 

literature in the hydrogenation of diverse aromatic substrates.[10-11] 

Moreover, the literature reports a model in which hydrogenation is assisted by the 

adsorption of the reagent on the carbon support after the removal of excess functional 

groups.[11c] 

This increase was more evident for CNT supported catalysts than for GO nanocatalysts, 

in particular, pre-treated Ru-CNT was twice as active as non-pre-treated ones. This 

difference could be due to the higher surface area of CNT, which allows more reagents 

to be adsorbed than GO after the pre-treatment. 

The best catalytic results were obtained with pre-treated Ru-(Fe3O4/GO) which shows a 

turnover frequency of 423 h-1. 

In Figure 2, the TOF of non-pre-treated catalysts are compared with pre-treated ones. 

During the first hour of reaction, we can clearly see two groups of catalysts: the pre-

treated catalysts (in red, orange, pink and purple) characterized by the higher TOF and 

the non-pre-treated catalysts (in blue, green, light blue and blue green). 
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Figure 2 TOF-time graph of hydrogenation of pCNB to pCAN over different catalytic systems

Furthermore, after thermal pre-treatment an increase in ruthenium and/or magnetite 
particle size was observed (see Figure 3 and Table 4). 

Table 3 Particle size distribution of catalysts before and after the thermal pre-treatment 

Nanocatalyst Diameter of 
fresh catalyst 

(nm) 

σD (nm) Diameter of 
pre-treated 

catalyst (nm) 

σD (nm) 

Ru@GO 2.59 0.07 4.54 0.23 

Ru@CNT 1.56 0.03 4.48 0.11 

Ru@Fe3O4-GO 5.01 0.06 2.10 (8.85) 0.23 (0.28) 

Ru-Fe3O4/CNT 5.40 0.12 3.49 (16.14) 0.08 (0.77) 

Fe3O4/GO 3.20 (7.45) 0.32 (1.02) 10.71 0.30 

Fe3O4/CNT 6.09 0.13 10.73 0.29 

The diameter of ruthenium nanoparticles in Ru@GO and Ru@CNT after pre-treatment 

was double that of non-pre-treated catalysts, as can be seen in Table 4. The diameters of 
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the magnetite particles of the pre-treated Fe3O4@GO and Fe3O4@CNT increased to 

about 10 nm. Moreover, after pre-treatment Ru-Fe3O4/GO and Ru-Fe3O4/CNT showed 

a bimodal size distribution. 

Figure 3 illustrates the TEM micrographs of pre-treated catalysts and their size 

distribution. 

a)

b)

c)
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Figure 3 TEM micrographs and particle size distribution of a) pre-treated Ru-GO, b) pre-treated Ru-CNT, c) 
pre-treated Ru-Fe3O4/GO, d) pre-treated Ru-Fe3O4/CNT, e) pre-treated Fe3O4/GO and f) pre-treated 
Fe3O4/CNT

15.6 Recycling test  

The most promising nanocatalyst, Ru-(Fe3O4/GO), was pre-treated and then employed 

in a recycling test. After each reaction cycle, the reactor was emptied by the top pipeline 

d)

e)

f)
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leaving the catalyst inside and washed with fresh ethanol. During the recovery of the 

product, the catalyst was kept on the bottom of the autoclave using an external 

neodymium magnet as shown in Figure 4. 

Figure 4 Example of magnetic recovery and recycle 

After each recycle the catalytic activity decreased and we observed a loss of 20 % in the 

conversion from the fresh catalyst to the first recycle. After the second recycle, the 

decrease was less evident (see Figure 5). 

Figure 5 Histogram of Recycling test of 2%Ru-(30%Fe3O4-GO) HT 
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The TEM micrograph and particle size distribution of the pre-treated Ru-Fe3O4/GO 

after three recycles is reported in Figure 6 and showed a slight increase in nanoparticle 

size. 

After the recycle experiment the metal particles of the Ru-Fe3O4/GO nanocatalysts 

showed a bimodal distribution centred at 2.87 nm and 14.14 nm. 

Figure 6 TEM micrograph and particle size distribution of pre-treated Ru-Fe3O4/GO after the third recycle 

The leaching effect of these catalysts was evaluated by analysing the solution after 1 h 

of reaction. In more detail, the Ru-Fe3O4/GO catalyst was separated using an external 

neodymium magnet and washed with ethanol. The reaction solution was evaporated and 

analysed with ICP-OES showing a ruthenium content of 3 ppm and an iron content of 

21 ppm that correspond to 25% and 6% of the original Ru and Fe. These results 

illustrate that the loss of catalytic activity is caused by leaching rather than by an 

increase in particle size. 

15.7 Hydrogenation of other nitroaromatics 

The most promising catalyst was also employed in the hydrogenation of other 

nitroaromatics such as 2-chloronitrobenzene (oCNB), 3-chloro-1-nitrobenezene 

(mCNB) and 1-nitro-4-phenyloxybenzene (4NPOB). 

The reactions were carried out under the same conditions as the hydrogenation of 4-

chloronitrobenzene. 
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Table 4 Selective Hydrogenation of different nitroaromatics at 60°C under 30 bar of H2 using 100 mg of 
2%Ru-(30%Fe3O4-GO) HT,  0,00254 mol of substrate and 50 ml of Ethanol 

Entry Nitroaromatics Products Time 
(min)

Yield
(%)

1

NO2 NH2

2

NO2 NH2

3
NO2 NH2

Cl Cl

Cl Cl

ClCl

4

NO2 NH2

PhO PhO

60 94,9

60 35,9

60 65,2

60 50

TOF
(h-1)

     A 
(mol/g h-1)

423 4,2

159 1,6

288 2,8

218 2,2

The hydrogenation of the isomers of chloronitrobenzene are dependent on the position 

of the chlorine as we can observe in Table 6. After 1 hour of hydrogenation, 4-

chloronitrobenzene, 2-chloronitrobenzene and 3-choloro-1-1nitrobenzene showed 

respectively a yield of 94,9%, 35,9% and 65,2%.  Moreover, the Ru-(Fe3O4/GO) 

catalyst also showed promising catalytic activity in the hydrogenation of 1-nitro-4-

phenyloxybenzene, which has a more bulky functional group. 

15.8 Conclusion 

In conclusion, the remarkable catalytic performance of ruthenium carbon nanocatalysts 

are combined with their magnetic properties which guarantee an easy, efficient, clean 

recovery and recycle of the catalyst. 

A marked effect of the support on catalytic performance was ascertained, and in 

particular, ruthenium on magnetic graphene oxide Ru-(Fe3O4/GO) showed the best 

catalytic activity and thanks to its magnetic properties it is easily recoverable from the 

reaction mixture. However, during the recycling test this catalyst showed a loss of 

catalytic activity, especially in the first recycle. Finally, this promising catalyst was also 

employed in the selective hydrogenation of other nitroaromatics confirming that these 
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ruthenium carbon systems are able to hydrogenate the nitro group of diverse substrates. 

This promising work has already been published by the authors.[12] 
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16. CONCLUSION

Two new sustainable and greener synthetic approaches to produce well-defined 

magnetic nanostructured catalysts were developed. These new precipitation and 

hydrothermal procedures permit to obtain good particle size and shape control. Both 

these innovative methodologies are characterized by: 

- The use of aqueous ethanol as a solvent; 

- The use of monomode or multimode microwave irradiation, which are highly 

energy efficient heating sources; 

- The absence of polymeric stabilizers, which could lead to MNP surface 

passivation, decreasing both magnetic properties and catalytic activity; 

- A single reaction step; 

- Short reaction time. 

The correlations between the obtained nanostructure characteristics and the main 

synthetic parameters (such as temperature, heating sources, pH, precursor concentration 

and reaction time) were deeply investigated. These relationships resulted fundamental 

in order to drive the nanoparticles synthesis toward nanocatalysts with the desired 

properties.  

In particular maghemite nanoparticles characterized by an average diameter of 3-4 nm, 

a surface area of 62 m2/g and magnetic saturation of 9.7 emu/g can be obtained with the 

precipitate method. On the other hand, magnetite nanoparticles with an average 

diameter of 14 nm, a surface area of 78.8 m2/g and magnetic saturation of 45.88 emu/g 

can be obtained with the hydrothermal method. 

Thanks to the versatility of these two methods and the correlations established between 

the nanosystems characteristics and the main synthetic parameters it was possible to 

prepare a wide range of  bimetallic nanocatalysts and nanocomposite materials. 

The bimetallic nanocatalysts based on Pd, RuOx, Pt and Cu2O showed well-defined 

morphologies and promising magnetic properties. These novel catalysts were employed 

in some strategic industrial reactions as: 

- Hydrogenation of cinnamaldheyde to hydrocinnamaldheyde; 

- Oxidation of 1-phenylethanol to acetophenone; 

- Oxidation of hydroxymethylfurfural to furan dicarboxylic acid; 
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- Suzuki-Miyaura cross-coupling; 

- Heck-Mizoroki cross-coupling; 

- Cassar-Heck cross-coupling; 

- Direct arylation of 1-methyl-1-H-imidazole and 4-iodioanisole; 

- Gas-phase Ethanol oxidation/condensation; 

- Hydrogenation of pchloronitrobenzene to pchloroaniline.  

Among the magnetic palladium systems employed in the hydrogenation of cinnamaldheyde to 

hydrocinnamaldheyde, the Pd@γ-Fe2O3 catalyst showed the best catalytic activity giving a 

hydrocinnamaldehyde yield of 77% with a selectivity of 85%. This result is higher than those 

reported in literature for analogous palladium magnetic systems.[1] Unfortunately, this catalyst 

lost the 60% of its catalytic activity after the first reaction cycle due to poisoning or leaching, 

thus it is necessary to consider a regeneration stage and better understand the deactivation 

mechanism. 

The magnetic ruthenium nanocatalysts RuOx@γ-Fe2O3 were employed in the oxidation of 1-

phenylethanol to acetophenone in aqueous media. This type of catalysts showed a low 

acetophenone yield (38%) due to the complex multiphasic system. Furthermore it was 

ascertained that the ruthenium (0) contained in commercial Ru/C and Ru/Al2O3 was more active 

than the oxidized  species (oxidation state 3+) contained in Ru2 catalyst. 

Moreover the magnetic nanocatalysts Pd-, RuOx- and Pt- based were employed in the 

oxidation of “green, renewable hydroxymethylfurfural to furan dicarboxylic acid. These 

three metals showed diverse activity leading to the formation of different partially 

oxidized products (DFF, FFCA or HFCA). More in details, the Pd6 (4.7%Pd@Fe3O4) 

catalyst showed the highest FDCA yield (49.9%), followed by the Pt1 (6.7%Pt@Fe3O4) 

and Ru2 (1.87%Ru@Fe3O4) catalysts with a FDCA yield of 41.7% and 8.3%, 

respectively. The ruthenium catalyst exhibited lower activity toward the oxidation of the 

aldehyde group to carboxylic acid as underlined by the higher FFCA yield. On the other 

hand Pd and Pt favored the oxidation of aldehyde group to carboxylic acid leading to 

higher FDCA and HFCA yields. 

The magnetic palladium Pd6 catalyst was also employed in diverse cross-coupling 

reactions to evaluate its catalytic activity. In particular, for the Suzuki-Miyaura cross-

coupling of p-bromoanisole with phenylboronic, the Pd6 catalyst showed a promising 

high catalytic activity, higher than that observed with commercial palladium on carbon. 

Instead, the Heck-Mizoroki cross coupling of p-bromoacetophenone with styrene and 

Cassar-Heck cross-coupling of the p-iodoanisole with phenylacetylene required a larger 
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amount of Pd6 catalyst to reach the same yield of commercial palladium on carbon, 

underlining that the magnetic nanocatalyst was less active for these cross-couplings. 

The Pd6 catalyst showed also a surprisingly higher activity in direct arylation of 1-

methyl-1-H-imidazole and 4-iodioanisole, similar to those of traditional homogeneous 

systems. This last result is particularly interesting due to the easy, efficient and rapid 

separation of the catalyst from the reaction media. 

Moreover, the copper oxide nanoparticles supported on magnetite or on alumina were employed 

in the gas phase ethanol oxidation/condensation, another interesting reaction in the field of 

green chemistry. The catalytic results underline that copper oxide supported on magnetite (Cu1, 

Cu2O@Fe3O4 and Cu2, Cu2O@Fe3O4) leads to a higher butyraldehyde yield following a more 

direct reaction mechanism, whereas copper oxide supported on alumina (Cu3, Cu2O@Al2O3) 

gives a high butanol yield probably following the classic Guerbet mechanism. This is absolutely 

new evidence, newer reported in literature. 

Finally, the ruthenium nanoparticles supported on different carbon nanostructures (Multiwall 

carbon nanotubes (CNTs), N-doped multiwall carbon nanotubes (NCNTs), Nanodiamond (Nd) 

and Graphene oxide (GO)) were employed in the hydrogenation of p-chloronitrobenzene to p-

chloroaniline, showing encouraging results. In particular 0.77%Ru@GO and 

1.13%Ru@Fe3O4@CNT showed the higher catalytic activity, 0.10 mol/g h and 0.14 mol/g h, 

respectively, underlining a positive effect of graphene oxide in the hydrogenation rate. 

The ascertained good performances can be related to the reached accurate control of 

nanoparticle properties, thus opening the way to their application as electrostatic sensors and 

nanoconductors. As a consequence an extensive study of the effects of particle size and 

composition on magnetic and electrical properties was performed underlining that increasing 

the particle size the superparamagnetic effect decreased and the conductance resonance was 

shifted to higher frequency.[2] Furthermore a promoting effect of palladium nanoparticles on 

magnetic properties was ascertained. 

16.1 References 
[1] J. Yu, L. Yan, G. Tu, C. Xu, X. Ye, Y. Zhong, W. Zhu and Q. Xiao, Catalysis 
Letters 2014, 144, 2065-2070. 
[2] a) A. M. R. Galletti;, E. Bertolucci;, Mirko Marracci, B. Tellini; and C. Visone, 
Instrumentation and Measurement Technology Conference (I2MTC) 2014, pp. 464-467; 
b) E. Bertolucci, A. M. R. Galletti, C. Antonetti, M. Mirko, B. Tellini, P. Fabio and V.
Ciro in Chemical and Magnetic Properties Characterization of Magnetic 
Nanoparticles, Vol.  IEEE, Pisa, 2015. 
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17. EXPERIMENTAL SECTION

17.1 Chemicals 

Ethylene Glycol (Sigma Aldrich) CAS 107-21-1: it was used as received.  

Polyvinylpyrrolidone (Sigma Aldrich) CAS 9003-39-8: it was used as received. 

Sodium Alginate (Sigma Aldrich) CAS 9005-38-3: it was used as received. 

Polyvinyl alcohol (Sigma Aldrich) CAS 9002-89-5: it was used as received. 

Acetone (Carlo Erba) CAS 67-64-1: it was dried on Na2SO4 and then purified by 

distillation at atmospheric pressure. It was stored at room temperature under nitrogen.  

Diethyl Ether (Carlo Erba) CAS 60-29-7: it was used as received and stored at room 

temperature.  

Ethanol absolute (Carlo Erba) CAS: 64-17-5 it was used as received and stored at 

room temperature.  

Isopropyl Alcohol (Carlo Erba) CAS 67-63-0: it was used as received and stored at 

room temperature.  

Poly(N-vinyl-2-pyrrolidone) (Aldrich) CAS 9003-39-8: it was used as received and 

stored at room temperature.  

Poly vinyl-alcohol (Aldrich) CAS 9002-89-5: it was used as received and stored at 

room temperature.  

Sodium alginate (Aldrich) CAS 1344-28-1: it was used as received and stored at room 

temperature.  

γ-Al2O3 (Chimet): product number 49, surface area 110 m2/g. It was dried at 180°C for 

5 h and then it was stored at room temperature under nitrogen.  

Carbon Nanotubes (Arkema): they were used as received. 

Carbon Nanodiamond (Aldrich): they were used as received. 

Graphene: it was used as received from Prof. Philippe Serp laboratory. 

Ru(acac)3·H2O (Aldrich) CAS 14284-93-6: it was used as received and stored at room 

temperature. 

CuSO4 (Aldrich) CAS 7758-98-7: it was used as received and stored at room 

temperature. 

FeCl3 ·1,5 H2O (Carlo Erba) CAS 7705-08-0: it was used as received and stored at 

room temperature. 
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Pd(OAc)2 (Aldrich) CAS: 3375-31-3 it was used as received and stored at room 

temperature, (% Pd = 48.1 %).  

Fe(OAc)2 (Aldrich) CAS 3094-87-9: it was used as received and stored under argon at 

room temperature.  

Fe3O4 powder 50-100 nm CAS 1317-61-9: it was used as received and stored at room 

temperature 

Fe3O4 powder <5µm CAS 1317-61-9: it was used as received and stored at room 

temperature. 

Glucose (Sigma Aldrich) CAS 50-99-7: it was used as received 

Sodium Gluconate (Sigma Aldrich) CAS 527-07-1: it was used as received 

Sorbitol (Sigma Aldrich) CAS 50-70-4: it was used as received 

Copper sulphate (Sigma Aldrich) CAS 7758-98-7: it was used as received 

Sodium carbonate (Carlo Erba)  CAS 471-34-1: it was used as received 

Ascorbic Acid (Fluka): it was used as received. 

Cu2(O2CNEt2)4·NHEt2 : it was used as received from Prof. Guido Pampaloni 

laboratory.  

[Pt4(OAc)8]·HOAc : it was used as received from Prof. Tiziana Funaioli laboratory.  

Phenol (Fluka) CAS 108-95-2: it was used as received and stored at room 

temperature.  

Cyclohexanone (Fluka) CAS 108-94-1: it was used as received and stored at room 

temperature.  

Cyclohexanol (Fluka) CAS 108-93-0: it was used as received and stored at room 

temperature. 

Chlorophorm  (VWR International) CAS 67-66-3: it was vented before use 

Cinnamaldehyde (Aldrich) CAS 104-55-2: it was purified by distillation and then 

stored at room temperature under nitrogen.  

Hydrocinnamaldehyde (Aldrich) CAS 1866-31-5: it was used as received and stored 

at room temperature under nitrogen. 

Cinnamyl Alcohol (Aldrich) CAS 104-54-1: it was used as received and stored at 

room temperature.  

Hydrocinnamyl Alcohol (Aldrich) CAS 122-97-4: it was used as received and stored 

at room temperature.  
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Decalin (Sigma-Aldrich) CAS 91-17-8: it was used as received and stored at room 

temperature.  

1- Phenylethanol (Sigma-Aldrich) CAS: 98-85-1: it was used as received. 

Benzyl Alcohol (Sigma-Aldrich) CAS 100-51-6: it was used as received and stored at 

room temperature.  

Acetophenone (Sigma-Aldrich) CAS 98-86-2: it was used as received and stored at 

room temperature. 

1- chloronitrobenzene CAS 100-00-5: it was used as received and stored at room 

temperature.  

NaOH (Carlo Erba) CAS: 1310-73-2: it was used as received and stored at room 

temperature. 

Sodium sulphate (Baker) CAS: 7757-82-6: it was used as received 

Barium hydroxide (Sigma Aldrich) CAS 12230-71-6: it was used as received 

Ammonia (Sigma Aldrich) CAS 1336-21-6: it was used as received 

HCl (Carlo Erba) CAS: 7647-01-0: it was used as received and stored at room 

temperature. 

H2SO4 (Carlo Erba) CAS 7664-93-9: it was used as received and stored at room 

temperature. 

HNO3 (Carlo Erba) CAS 7697-37-2: it was used as received and stored at room 

temperature. 

Acetic Acid (Baker) CAS 64-19-7: it was used as received and stored at room 

temperature.  

Tetrahydrofuran (Baker) CAS 109-99-9: it was used as received and stored at room 

temperature.  

4-iodoanisole (Sigma-Aldrich) CAS 696-62-8: it was vented before use. 

Phenyl acetylene (Fluka) CAS 536-74-3: it was vented before use. 

Potassium phosphate (Riedel-de-Haen) CAS 7778-53-2: it was use as received and 

stored at room temperature. 

4-bronoanisole (Sigma Aldrich) CAS 104-92-7: it was vented before use 

5-Hydroxymethyl -2-furaldehyde (Sigma Aldrich) CAS 67-47-0: it was used as 

received. 

2,5 Furan dicarboxylic acid (Sigma Aldrich) CAS 3238-40-2: it was used as received 

2,5 Furan dicarboxaldehyde (Sigma Aldrich) CAS 823-82-5: it was used as received 
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Styrene (Sigma Aldrich) CAS 100-42-5: it was distilled on CaH2 before use 

N-methyl-1-H-imidazole CAS 616-47-7: it was vented before use 

Phenylboronic acid (Sigma Aldrich) CAS 98-80-6: it was vented before use 

Dimethyl acetamide (Sigma Aldrich) CAS 127-19-5: it was used as received 

CuI (Sigma Aldrich) CAS 7681-65-4: it was used as received 

Dimethylformamide (Baker) CAS 68-12-2: it was vented before use 

Dichloromethane (Sigma Aldrich) CAS 75-09-2: it was vented before use 

Ethyl acetate (Sigma Aldrich) CAS 141-78-6: it was used as received 

Petroleum (Sigma Aldrich) CAS 101316-46-5: it was used as received 

5%Pd/C (Engelhand): it was used as received 

5%Pd/Al2O3 (Sigma Aldrich): it was used as received 

Toluene (Sigma Aldrich) CAS 108-88-3: it was vented before use 

Methanol (Sigma Aldrich) CAS 67-56-1: it was vented before use 

Naphthalene (Fluka) CAS 91-20-3: it was vented before use 

Biphenyl (Sigma Aldrich) CAS 92-52-4: it was vented before use 

Nitrogen, Argon, Hydrogen (Rivoira): analytical pure products and used as received. 

17.2 Instrumentations 

Ultraviolet-Visible absorption measurements (UV-Vis) were carried out with a UV-Vis 

spectrophotometer JASCO V-530 operating at room temperature.

Morphology and structure investigations were performed with high-resolution (TEM) 

images recorded with a JEOL- JEM 2010 with an accelerating voltage of 200KV. The 

particle size distributions were obtained by counting at least 300 particles onto the 

micrographs. The mean diameter (dm) was calculated as dm = Σ di ni /Σni where ni 

was the number of particles of diameter di. The counting was carried out on 

electron micrographs obtained starting from 50,000 up to 100,000 magnifications. 

The BET surface area of the supports and of the supported catalysts was determined by 

nitrogen adsorption, using a single point ThermoQuest Surface Area Analizer Qsurf S1.

XPS measurements were performed with a VG Microtech ESCA 3000 Multilab, 

equipped with a dual Mg/Al anode. The spectra were excited by the 

unmonochromatised Al Kα source (1486.6 eV) run at 14 kV and 15 mA. The samples 
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were analysed as powders mounted on a double-sided adhesive tape. In order to avoid 

contact with air, the mounting on the sample holder was performed inside a glove bag 

filled with N2 and then the holder was loaded inside the XPS machine in a N2 

atmosphere. The binding energies were calibrated with respect to the C1s set at 285.1 

eV arising from the adventitious carbon. Peak resolution and quantitative analyses were 

performed with the software provided by VG.

pH analyses were made with the pH-meter Bench Top Hanna Instrument, pH209-209R. 

The different synthetized iron oxide phases were identified using a Micro Raman 

spectroscopy (Raman Invia Renishaw) equipped with a CCD detector and a Leica 

microscopy using a x50 objective lens and holographic grating (1800 grooves mm-1). 

The samples were excited with 633 nm radiation from a 0,10 mW air-cooled He-Ne 

laser. 

FT-IR spectra were recorded on the IR Perkin Elmer Spectrum One Spectrophotometer, 

using an Attenuated Total Reflectance, (ATR).  

The X-ray-diffraction (XRD) pattern was measured with a Thermo ARL X´TRA 

powder diffractometer, operating in the Bragg-Brentano geometry and equipped with a 

Cu-anode X-ray source (Kα, λ =1.5418 Å), using a Peltier Si(Li) cooled solid state 

detector. The pattern was collected with a scan step of 0.18°, a scan rate of 0.5 °/min, an 

exposure time of 21.6 s/step, in the 18°- 80° 2θ range. The phase identification was 

performed with the PDF-4+ 2011 database provided by the International Centre for 

Diffraction Data (ICDD). The nanocrystalline sample was ground in a mortar and then 

put in a low-background sample holder for the data collection. 
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Figure 1 Microwave oven CEM Discovery S class 

The microwave syntheses were performed in the CEM Discover S-class system. The 

instrument consists of a single-mode cavity. It works with continuous power generation 

and control of power supply and it is capable of supplying power in 1 W increments 

from 0 to 300 W. The system is equipped with a vertically focused IR temperature 

sensor. 

Figure 2 Microwave over MARS 6 

The microwave syntheses were performed in the MARS 6 microwave oven. The 

instrument consists of a multi-mode cavity. It works with continuous power generation 

and control of power supply and it is capable of supplying power in 1 W increments 

from 0 to 1800 W. The system is equipped with a vertically focused IR temperature 

sensor.  
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Figure 3 Parr autoclave 

The autoclave syntheses were carried out in a 100 mL mechanically stirred Parr 4560 

autoclave. The reactor is equipped with mechanical stirring and electrical heating. It has 

one high pipeline for liquid feeding, one low pipeline for gas feeding, an amperometer 

for pressure control and a thermocouple for temperature control. 

The noble metal content was determined by inductively coupled plasma-optical 

emission spectrometers (ICP-OES) with a Spectro-Genesis instrument equipped with 

Smart Analyzer Vision software and weight percentages are reported in the first column. 

For the ICP-OES of the solid catalysts, each sample was heated over a heating plate in a 

porcelain crucible in the presence of aqua regia (2 mL) four times, dissolving the solid 

residue in 0.5 M aqueous HCl. The limit of detection calculated for Pd was 2 ppb.   

Magnetization measurements were performed at room temperature on dried powder 

samples using a Vibrating Sample Magnetometer (VSM) of a Quantum Design PPMS 

instrument, applying the magnetic field from 90 KOe to zero.  

Dielectric permeability was tested via spectroscopic analysis of the equivalent electrical 

properties of the samples. A capacitor was made by inserting each nanopowder or pellet 

between two copper plates and connected to an E4980A Agilent LCR meter. The 
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equivalent parallel conductance (Gp) and capacitance (Cp) values were estimated via an 

impedance spectroscopy technique. 

Hydrogenation of cynnamaldehyde to hydrocinnamaldehyde was carried out using a 

gas-chromatograph Hewlett-Packard 5890, equipped with a FID detector and a PONA 

column (cross linked methyl silicon gum, 50 m x 0,2 m x 0,5 µm).  

Oxidation of 1-phenyl ethanol to acetophenone was carried out using a gas 

chromatograph Perkin Elmer Auto System 8700, equipped with a FID detector and a 

DB1701 (95% methyl silicone e 5% phenyl silicone) column, 30m X 0.2mm X 0.5 µm.  

Oxidation of HMF to FDCA carried out using an HPLC Perkin Elmer Flexer Series 

200 equipped with an MPLC Polypore CA (4.6mm x 220mm x 10 µm) column and a RI 

detector. The reaction mixture was previously filtered with a PURADISC filter 

characterized by 0,2µm membrane in PTFE. HPLC analysis was performed at 60°C 

using H2SO4 0.005 M as eluent and a flow of 0.1 ml/min. 

The cross-coupling reactions were carried out with a GLC analysis performed with a 

cromatograph Dani GC 1000 equipped with PTV injectors,  a Dani DDS 1000 detector, 

and two columns: ATD35Alltech FSOT (30 m x 0.25 mm) and ATD1Alltech FSOT (30 

m x 0.25 mm). 

The cross-coupling products were analysed by NMR carried out at room temperature, 

200 MHz and TMS as internal standard. 

Oxidation/condensation of ethanol was analysed with an automatic sampling system for 

GC analysis. This was performed by using an Agilent-7890A instrument equipped with 

a thermal conductivity detector (TCD). Agilent chromatographic columns Carboxen-

1000 packed and DB-FFAP (30m, 0,53mm) were used for product separation. 

Compounds were identified also by GC-MS. 

Hydrogenation of p-chloronitrobenzene to p-chloroaniline was carried out by sampling 

the mixture each hour, and the products were analysed using a gas chromatograph 

(Perkin-Elmer Clarus 500, equipped with a stabilwax DA capillary column and FID 
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detector). The following temperature program was adopted: 80°C for 3 minutes, a ramp 

of 35°C /min until 225°C and a hold time of 10 minutes. 

17.3 Synthesis of nanostructured iron oxides 

Precipitation synthesis of iron oxides nanoparticles 

In a typical experiment, FeCl3·1.5H2O (1g) and the proper amount of NaOH were 

dissolved in EtOH 96 wt% (44 mL) under stirring. As soon as the base was added the 

mixture became darker. The resulting mixture was treated by monomode microwave 

(CEM discovery S-class equipped with an 80 mL glass vessel) at 160°C for 15 minutes 

at 250W under inert atmosphere. At the end of the treatment, particles were collected 

using centrifuge at 1500 rpm for 5 minutes, washed three times with EtOH at 96 wt% 

(40 mL) and dried under vacuum for 12 h. They were stored under argon. 

Hydrothermal synthesis of magnetite nanoparticles 

In a typical experiment, the desired amount of Fe(OAc)2 was dissolved in EtOH 96 wt% 

(44 mL). Then this solution was thermal treated by monomode microwave (CEM 

discovery S-class equipped with an 80 mL glass vessel) at 120°C for 15 minutes at 

250W. At the end of this treatment, particles were magnetically collected using a 

neodymium magnet washed and dried under vacuum for 12 h. This approach was also 

investigated using different heat sources, such as multimode microwave (MARS.6 

equipped with an 80 mL press vessel), a 100 mL Parr autoclave electrically heated, and 

the corresponding reaction conditions. 

17.4 Synthesis of magnetic nanocatalysts 

Synthesis of magnetite palladium nanocatalysts characterized by a hierarchical 

structure in which palladium particles are supported on magnetite  

0.5g of maghemite or magnetite prepared following the new precipitate or hydrothermal 

methods and 0.05g of palladium acetate (Pd(OAc)2) were dispersed in 44 ml of aqueous 

ethanol. Then the obtained dispersion was MW-irradiated at 120°C for 15 min. At the 

end of this treatment, the particles were magnetically collected and dried under vacuum.  
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Synthesis of magnetite nanocatalysts characterized by a complex structure in 

which metals (Pd, Ru, Pt, Cu) are intercalated in the magnetite structure  

In a typical experiment, the desired amount of Fe(OAc)2 and of the metal precursor 

(such as Ru(acac)3, Pd(OAc)2 Cu(acac)2, Cu2(O2CNEt2)4·NHEt2 or [Pt4(OAc)8]·HOAc) 

were dissolved in EtOH 96 wt% (44 mL). Then this solution was thermal treated by 

monomode microwave (CEM discovery S-class equipped with an 80 mL glass vessel) 

at 120°C for 15 minutes at 250W. At the end of this treatment, particles were 

magnetically collected using a neodymium magnet washed and dried under vacuum for 

12 h.  

17.5 Preparation of magnetic nanocomposites 
In a typical experiment, the desired amount of Fe(OAc)2 and of the polymer (such as 

Poly(N-vinyl-2-pyrrolidone), Poly vinyl-alcohol or Sodium alginate) were suspended in 

EtOH 96 wt% (44 mL). Then this solution was thermal treated by multimode 

microwave (MARS.6 equipped with an 80 mL Teflon vessel) at 150°C for 15 minutes 

at 450W. At the end of this treatment, particles were magnetically collected using a 

neodymium magnet washed and dried under vacuum for 12 h.  

17.6 Preparation of ruthenium and/or magnetic carbon nanomaterials 

Synthesis of ruthenium nanoparticles over carbon nanomaterials  

[Ru(acac)3] (78mg, 0.19 mmol) was dissolved in 44 ml of isopropanol. 1 g of 

carbonaceous support (FLG, CNT, NCNT or Nd) was then added to the solution and 

sonicated. The resulting dispersion was MW-irradiated at 180°C and 250 W for 12 

minutes. At the end of the treatment the catalysts were recovered by centrifugation, 

washed three times with 40 ml of isopropanol and finally dried under vacuum at room 

temperature for 12 h. Ru-FLG: 0.8% Ru, Ru-CNT: 1.4% Ru, Ru-NCNT: 0.9%Ru. 

Synthesis of magnetite nanoparticles over carbon nanomaterials  

[Fe(OAc)2] (1g, 1.5 mmol) was dissolved in 44 ml of isopropanol. 1 g of carbonaceous 

support (FLG, CNT, NCNT or Nd) was then added to the solution and sonicated. The 

resulting dispersion was MW-irradiated at 180°C and 250 W for 15 minutes. The final 

product was magnetically recovered, washed three times with 40 ml of isopropanol and 
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finally dried under vacuum at room temperature for 12h. Fe3O4-FLG: 16.4 % Fe, Fe3O4-

CNT: 15.8 % Fe, Fe3O4-NCNT: 10.2% Fe. 

Synthesis of ruthenium and magnetite nanoparticles over carbon nanomaterials 

Fe(OAc)2] (1g, 1.5 mmol) was dissolved in 44 ml of isopropanol. 1 g of carbonaceous 

support (FLG, CNT, NCNT or Nd) was then added to the solution and sonicated. The 

resulting dispersion was MW-irradiated at 180°C and 250 W for 15 minutes. 

[Ru(acac)3] (78mg, 0.19 mmol) was added and the dispersion was MW-irradiated again 

for 12 minutes at 180°C and 250W. The final product was magnetically recovered, 

washed three times with 40 ml of isopropanol and finally dried under vacuum at room 

temperature for 12h. Ru-Fe3O4-FLG: 0.6% Ru, 18.1 % Fe, Ru-Fe3O4-CNT: 1.0% Ru, 

13.6 % Fe, Ru-Fe3O4-NCNT: 0.6% Ru, 30.3 % Fe. 

Synthesis of copper oxide supported on alumina 

The copper on alumina nanocatalysts were prepared following the same procedure. 1 g 

of support γ-alumina (γ-Al2O3) and 0,305 g of Cu2(O2CNEt2)4 � 2NHEt2 were 

dispersed in 44 ml of ethanol, then the mixture was MW-irradiated at 120°C and 250W 

for 15 minutes. The final product was magnetically recovered, washed three times with 

40 ml of propanol and finally dried under vacuum at room temperature for 12h 

17.7 Preparation of copper nanoobjects 

Synthesis of copper nanoparticles 

Cu(NO3)2 � 3H2O (80mg), Polyvinyl alcohol  (0.1g) and ascorbic acid (1.3 g) were 

dissolved in ethylene glycol (40 ml) under stirring, and MW-irradiated at 140°C and 

150W. After the MW treatment, the copper nanoparticles were formed as confirmed by 

the suspension colour, which turned from light blue to reddish due to the presence of 

free Cu2+ ions. 

Synthesis of copper nanowires 

The seed solution was prepared by dissolving sodium gluconate (2.5g) in 30 ml of water 

and adding 0.12 ml of NaOH 1M and 1.2 ml of CuSO4 10-2 M, then the mixture was 

treated with microwave at 80°C, 250W for 5 min. Meanwhile, the growth solution was 

prepared by dissolving sodium gluconate (1.9) in 6 ml of water and adding 1.2 ml of 
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CuSO4 10-2 M.  Finally, the growth solution was added to the seed solution and treated 

with microwave at 80°C, 250W for 10 minutes. 

17.8 Catalytic reactions 

The selective hydrogenation of cynnamaldehyde to hydrocinnamaldehyde 

A typical hydrogenation experiment was carried out at 100°C under 20 bar of hydrogen using 

3.8 ml of cinnamaldehyde, the desired amount of palladium catalysts and 100 ml of decaline. 

The reaction was followed by a gas chromatography (Hewlett-Packard 5890, equipped with a 

FID detector and a PONA column (cross linked methyl silicon gum)) 

Oxidation of 1-fenilethanol 

The oxidative reactions were carried out in Parr autoclaves magnetically stirred. In each 

reaction the autoclave was charged with 10 ml of water, 60 mg of 1- phenyl ethanol (0,5 mmol) 

and the ruthenium catalyst with a rate of 1-phenylethanol/ruthenium of 61. Subsequently, the 

autoclave was fluxed and pressurized with oxygen (10 atm) and maintained at 100°C for six 

hours. At the end of this treatment, the autoclave was rapidly cooled with ice to room 

temperature.  The catalyst was recovered using an external neodymium magnet and the reaction 

mixture was pre-treated and analysed by gas chromatography.  The pre-treatment consisted in 

the extraction of the unreacted reagent and products with 5 ml of ethyl ether three times and 

dehydration on sodium sulphate. 

The selective oxidation of HMF to FDCA 

Typical oxidation was carried out in a 40 ml Parr autoclave electrically heated and  was 

followed using an HPLC Perkin Elmer Flexer Series 200 equipped with a MPLC 

Polypore CA column. In particular, the HMF and the magnetic catalysts were dispersed 

in 5 mL of H2O to obtain a HMF/metal ratio of 50 and a final HMF concentration of 

0.05 M and heated up to 140°C under oxygen pressure. At the end, the reactor was 

quenched at 0°C, the catalyst was magnetically collected and the reaction mixture was 

analysed through HPLC analysis.

The Suzuki-Miyaura cross-coupling 

The Suzuki-Miyaura cross coupling of phenyl boronic acid (1.2 mmol), sodium 

carbonate (3.8 mmol ), the magnetic palladium catalyst (3.5 mol % od palladium) and 

the internal standard biphenyl was carried out in a glass reactor previously vended. The 

vented ethanol (2 ml), water (2 ml) and p-bromoanisole (1 mmol) were then added to 
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the glass reactor and the mixture was heated up to 80°C. At the end of the reaction, the 

catalyst was magnetically collected with an external neodymium magnet. The obtained 

biphasic solution was then extracted 3 times with 10 ml of diethyl ether. The organic 

phases were dehydrated with sodium sulphate and concentrated under vacuum. Finally, 

the concentrated phase was purified through flash chromatography (the eluent was 

petroleum:toluen (85:15)). 

The Heck-Mizoroki cross-coupling 

The Heck-Mizoroki cross coupling of p-bromoacetophenone (1 mmol), sodium acetate 

(1.5 mmol ) and the magnetic palladium catalyst (5 mol % od palladium) was carried 

out in a glass reactor previously vended. Vented dimethyl fromamide (5 ml) and 

distilled styrene (1.5 mmol) were then added to the glass reactor and the mixture was 

heated up to 130°C. At the end of the reaction, the catalyst was magnetically collected 

with an external neodymium magnet and the reaction mixture was diluted with 10 ml of 

chloromethane. The biphasic solution obtained was extracted 3 times with 15 ml of 

water to remove the dimethyl acetamide. The organic phases were dehydrated with 

sodium sulphate and concentrated under vacuum. Finally, the concentrated phase was 

purified by crystallization. 

The Cassar-Heck cross-coupling 

The Cassar-Heck cross coupling of p-iodoanisole (1 mmol), potassium phosphate (1 

mmol ) and the magnetic palladium catalyst (1 mol % od palladium) was carried out in 

a glass reactor previously vended. Vented propanol (2,5 ml), water (2,5 ml) and distilled 

phenyl acetilene (1.2 mmol) were added to the glass reactor and the mixture was heated 

up to 80°C. At end of the reaction, the catalyst was magnetically collected with an 

external neodymium magnet and the reaction mixture was diluted with 10 ml of water. 

The obtained biphasic solution was then extracted 3 times with 10 ml of AcOEt. The 

organic phases were neutralized with a sutured NaCl solution, dehydrated with sodium 

sulphate and concentrated under vacuum. Finally, the concentrated phase was purified 

through flash chromatography (the eluent was petroleum:toluen (8:2)). 

Direct arylation of N-metil-1-H-imidazolo and p-iodoanisole 

The direct arylation of p-iodoanisole (2 mmol), CuI (2 mmol), the magnetic palladium 

326



catalyst (5 mol % od palladium) and the internal standard naphthalene was carried out 

in a glass reactor previously vended. The vented dimethylformamide (5 ml) and N-

metil-1-H-imidazolo (1 mmol) were added to the glass reactor and the mixture was 

heated up to140°C. At the end of the reaction, the catalyst was magnetically collected 

with an external neodymium magnet and the reaction mixture was diluted with AcOEt 

(100 ml). The obtained solution was then treated with 100 ml of a saturated ammonium 

chlorine solution and left under stirring for 2 h. At this point, the water phase turned 

blue and was extracted 3 times with 50 ml of AcOEt. The organic phases were 

neutralized with a sutured NaCl solution, dehydrated with sodium sulphate and 

concentrated under vacuum. Finally, the concentrated phase was purified through flash 

chromatography, (the eluent was DCM:MeOH (95:5))

Oxidation/condensation of ethanol 

The reactivity tests were performed by using a continuous-flow reactor that operated 

under atmospheric pressure. Typically, (0,02-0,2g) of catalyst was loaded as powder 

form. The inlet feed volume ratio was constant and set at 5% of ethanol, 23,81% of air 

and 71,19% of nitrogen. Downstream products were fed to an automatic sampling 

system for GC analysis. This was performed by using an Agilent-7890A instrument 

equipped with a thermal conductivity detector (TCD). Agilent chromatographic 

columns Carboxen-1000 packed and DB-FFAP (30m, 0,53mm) were used for product 

separation. Compounds were identified also by GC-MS. 

The hydrogenation of 1-chloronitrobenzene to 1-chloroaniline 

In a typical experiment, the autoclave was purged by three vacuum/argon cycles. The 

sonicated suspension of the nanocatalysts (100mg) in 25 ml of solvent was introduced 

in the autoclave and pre-treated at 110°C under 30 bar of hydrogen for 1h. A solution of 

the nitroaromatic compound (2,5 mmol) in 25 mL of solvent was then added to the 

autoclave and allowed to react under 30 bar of hydrogen at 60°C. The reaction was 

followed by sampling the mixture each hour, and the products were analysed by gas 

chromatography. 
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