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Abstract 

In this work, TiO2 as the catalyst to catalyse the direct amide synthesis was 

firstly optimized by sulfation. The type and amount of sulfate sources were 

varied to modify the acid sites on the titania surface, resulting in different 

catalytic activities. Composite magnetic catalysts (CMCs) having magnetic 

and catalytic parts with three different structures have been synthesized. In 

the first method, a series of CMCs containing 33-50 wt.% of sulfated TiO2 

onto NiFe2O4 were synthesized by ball milling. Mechanochemical synthesis 

was found to be a facile route to provide a strong contact between magnetic 

and catalytic nanoparticles. In the second method, TiO2/NiFe2O4 core-shell 

CMCs with a titania loading of 9-32 wt.% were synthesized by sol-gel 

method. The effects of calcination temperature and titania loading on their 

catalytic activity and stability were studied. The structure of TiO2/NiFe2O4 

core-shell CMCs was further improved by synthesizing a middle layer of SiO2 

between the core and TiO2 shell in the third method. The obtained CMCs 

were further sulfated by two methods to promote the activity.  

The CMCs were characterized by XRD, SEM, TEM, XPS, TGA, VSM, FT-IR 

of adsorbed pyridine, N2 adsorption/desorption isotherms and measurement 

of specific absorption rate. The catalytic activity was measured in the 

reaction between 4-phenylbutyric acid and aniline in the 140-200 oC range at 

a pressure of 6 bar in both batch and continuous modes. The reaction rate 

over the optimal sulfated TiO2 was four-fold of that over the initial TiO2. The 

effect of reaction temperature on deactivation was studied. For CMCs, the 

reaction rate over titania in an optimised NiFe2O4@SiO2@TiO2 CMC was 1.5 

times higher than that over titania in ball milled CMC. The catalytic activity of 

this CMC could be totally recovered by a regeneration protocol in the RF-

heated flow reactor at mild conditions. However, the catalyst deactivation 

kinetics was substantially reduced after each cycle. Finally, a near-isothermal 

RF-heated continuous reactor was designed to scale-up the amide synthesis 

to a larger production scale. The throughput of 4, N-diphenylbutyramide was 

0.27 g/h, which was five-fold of that shown in the literature [1].   
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Chapter 1  

Introduction 

1.1 Background and motivation  

Amide synthesis is regarded as one of the most fundamental but important 

chemical transformation in pharmaceutical, medical, biological as well as 

polymer industries [2]. In the pharmaceutical industry, one quarter of the 

drugs in the production line and nearly 67 wt.% of drug candidates contain 

amide bond [3]. However, the current production route in the industry always 

consumes large amount of coupling agents to activate the reactants [4], 

resulting in low atom-economy. Thus a suitable route to accelerate the 

amidation from acids and amines directly is necessary to be explored. To 

realize the continuous production of amides, reactor is also a main concern 

for the chemical engineers. Even though batch reactor is widely used in the 

industry, continuous reactor is more favoured in the academia, for its less 

processing time and more efficient heat and mass transfer [5]. As amide 

synthesis undergoes at relative high temperature, for reacting temperature 

above ambient temperature in the industry, the heating of the units is 

normally realized by heat conduction through the heating jacket where steam 

or hot air continuously passes by. The heat is transferred through the wall of 

the unit and the whole substrates inside can be heated. Nevertheless, there 

exist several shortages of this method. Firstly, as heat transferred from the 

wall, the large temperature gradient on the cross section will occur if stirring 

is not sufficient. This will lead to the bulk temperature lower than designed. 

Secondly, the heat loss to the surrounding is significant, resulting in high 

carbon footprint of the production line. With this in mind, a novel, efficient and 

applicable to large scale production heating method should be explored and 

studied. RF heating, which generates the heat by applying alternating 
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magnetic field at high frequency to magnetic material, is a good option to 

replace the conventional heating. As the flow stream is heated from inside, it 

has less heat loss during the heat transfer and can provide a much smaller 

temperature gradient on the cross section [6]. Introduction 

With these concerns, the aim of this project was to develop an RF-heated 

continuous reactor for direct amide synthesis over a supported 

heterogeneous magnetic catalyst. The first goal was to optimize a titania-

based heterogeneous catalyst. After a good catalytic performance was 

achieved, the synthesis routes to composite magnetic catalysts (CMCs) were 

studied and compared. The catalyst composition, morphology, and magnetic 

properties for selected CMCs were analysed. The catalytic activity and 

stability of magnetic catalysts having different structures were obtained in an 

RF-heated flow reactor. Also, relevant studies on deactivation mechanism 

and regeneration methods were explored. In order to facilitate the scale up, 

the catalytic bed was structured in specific geometrical arrangements inside 

the reactor and various operation methods were studied to achieve the near-

isothermal continuous reactor. 

1.2 Direct amide synthesis from acid and amine 

Acids and amines are the most common reactants chosen to form the amide 

bond. The most traditional way to form the amide bond is using activated 

carboxylic acid derivatives as the partner of the amine [7]. Different kinds of 

coupling agents such as carbondiimides, 1H-benzotriazole and acid halides 

[4] were exploited to transform the hydroxyl in carboxylic group of an acid 

into a better leaving group, in order for them to react with the amine. 

Although a certain progress has been achieved within this method, a series 

of environmental concerns were raised as well due to its low atom economy. 

In 2005, the research area of amide bond formation avoiding poor economy 

reagents was voted as the first industrial concern in ACS GCI 

Pharmaceutical Roundtable, which encouraged researchers to explore more 

novel and green methods [3]. Under this situation, direct amide synthesis 

from non-activated carboxylic acids and amine has been widely explored. 
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1.2.1 Reaction mechanism study  

The mechanism study of the amide reaction is the key to understand the 

reaction kinetics, the way of accelerating the reaction and possible formation 

of by-products. As early as 1989, the kinetics and mechanisms of iprodione 

formation from hydantoic acid in an acidic media were explored [8]. This was 

further elaborated by Dr Andrew Whiting and his group in Durham University 

[9-11], who studied the mechanism details of direct amide synthesis and 

confirmed by both experiments and quantum mechanics simulation.  

Two routes for reaction of a carboxylic acid and an amine, which form the 

ammonium carboxylate salts and amide, respectively, were proposed. The 

salt, which has low solubility in the non-polar solution, is formed as the 

precipitate and therefore the yield varies with the reactants (Table 1.1). As 

for the amide synthesis, it contains several intermediates proceeding the final 

step. Firstly, the carbonyl groups between molecules of acids are inter-

bonded, producing the dimer of the carboxylic acids. Then a nucleophilic 

amine attacks the carbon atom in one of the carbonyl groups of the dimer, 

and the spare proton is donated to another carbonyl group, reforming the 

initial acid molecule. After the break of the unstable intermediates, an amide 

is formed with the by-product of water (Figure 1.1). 

 

Figure 1.1 Mechanism of the amide formation between carboxylic acids and 
amines [11] 
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According to the mechanism, the pKa value of the carboxylic acid, and 

basicity of the amine have a major influence on reaction rate and selectivity 

for the amide formation. In general, the carboxylic acid with lower pKa and 

more basic amines are more reactive while they are also likely to form more 

stable ammonium carboxylate salts, which could significantly affect the rate 

of amide formation [9, 11].  

1.2.2 Stoichiometric reactions of acids and amines to form amides 

Depending on the reactivity of the reactants, the activation energy is different, 

leading to the fact that some reactants can react without a catalyst while the 

others need catalysts for activation. Normally the electron-withdrawing 

functional group beside the carbonyl make the acid molecule more reactive 

while for the amine it has the opposite effect. The interactions become 

weaker with the increase of distance between functional groups. The 

stoichiometric amide yields of some groups of reactants are listed in Table 

1.1.  

Table 1.1 Salt precipitate and amide yields of the reactions between 
carboxylic acids and amines [11] 

Carboxylic acid Amine 
Salt precipitate 
yield a (%) 

Uncatalysed 
amide yield b (%) 

 

 
50 0 

 48 0 

 0 0 

 
13 0 

 
46 0 

 

 
0 64 

 100 <1 

 0 54 

 
0 24 

 
0 4 
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Carboxylic acid Amine 
Salt precipitate 
yield a (%) 

Uncatalysed 
amide yield b (%) 

 

 
64 14 

 100 0 

 72 5 

 
0 10 

 
0 0 

a Reactants were mixed at ambient temperature and products were analysed by NMR and 

CHN;  

b In toluene at 120 °C with Dean–Stark water removal over 48 h 

The stoichiometric synthesis of amides is quite limited by the type of the 

reactants. Usually, high temperature, removal of water and long reaction time 

up to 24 h are needed in the process [11-13]. The energy delivery method in 

the synthesis could be promoted by replacing the conventional heating by 

inductive heating or microwave heating. Perreux et al. [14] reported the 

amides were successfully synthesized from certain types of amines like 

benzylamine, aniline and carboxylic acids at 150 °C in 30 min by microwave 

heating. The reaction under RF heating was also studied. The reaction time 

by using RF heating was reduced to less than 20 min for several amides with 

the product yield achieving 90% [15]. 

1.2.3  Development of heterogeneous catalysts for direct amide 

synthesis 

In consideration of limitations of conventional stoichiometric amide synthesis, 

catalytic synthesis became the major priority to the researchers. Initially, 

homogeneous catalysts were studied. The good distribution in the solvent, 

efficient mass transfer to the active sites and various design of the structure 

make homogeneous catalysts highly active and selective. Metal salts like 

ZrCl4 [16], TiCl4 [17] and boron based catalysts [18] were widely tested to 

catalyse the direct amide synthesis. Even though the reaction rate was 

increased in the presence of a homogeneous catalyst, the separation and 

recycling of the catalysts hindered further process development due to large 
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energy input required in the subsequent distillation step. Also, because most 

homogeneous catalysts are temperature-sensitive, the high temperature 

needed for distillation may decompose the catalysts, leading to the low atom-

economy and high cost. Other separation methods like extraction or filtration 

result in an inevitable catalysts loss as well [19]. With the impact on green 

chemistry, heterogeneous catalysts which are easy to separate and reuse 

have been widely explored in the recent years.  

Metal oxides and weak solid acids are conventional heterogeneous catalysts 

for direct amide synthesis. Sometimes, metal oxides are also regarded as 

solid acids due to the existence of weak acid sites on their surface. The acid 

sites accepting the long pair of electrons is named as Lewis acid sites and 

another type of acid sites which donate the proton is called Brønsted acid 

sites. Among metal oxides, CeO2, CaO, MgO, ZnO, Y2O3, TiO2, ZrO2, Nb2O5, 

Al2O3, SiO2, sulfated tungstate were shown to have catalytic activity in amide 

formation [20-22]. Solids acids like Amberlyst-15, HBEA, Niobic acid, Mont-

K10, Nafion-SiO2 [20], IBA [23] were also applied. The catalytic activity 

depends on the reactants used. In particular, the performance of 

heterogeneous catalysts and respective reaction conditions are listed in 

Table 1.2 for the synthesis of 4,N-diphenylbutyramide, N-

phenylpropionamide and N-phenylacetamide. 

Table 1.2 Amide yields of 4,N-diphenylbutyramide, N-phenylpropionamide 
and N-phenylacetamide over different heterogeneous catalysts  

Amide product Catalyst 
Reaction 
condition 

Amide 
yield (%) 

Ref. 

4,N-diphenylbutyramide EPZGb a 27 [24] 

EPZ10b a 19 [24] 

FeCl3/K60 silica a 50 [24] 

ZnCl2/K60 silica a 41 [24] 

K60 silica a 55 [24] 

Zeolite B25 a 19 [24] 

Zeolite B150 a 33 [24] 

IBA c 46 [23] 
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Amide product Catalyst 
Reaction 
condition 

Amide 
yield (%) 

Ref. 

N-phenylpropionamide γ-Al2O3 d 24 [21] 

TiO2_Merck d 4 [21] 

TiO2_P25 d 47 [21] 

CeO2 d 27 [21] 

ZrO2 d 9 [21] 

N-phenylacetamide Nb2O5 e 80 [25] 

a 10 wt.% of the catalyst, 12 mmol/L toluene solution of 4-phenylbutyric acid and aniline, 

100 °C, 24 h. 

b These catalysts referred to the “enviro” catalysts provided by Contract Catalysis 

(Knowsley) Ltd. 

c 1 mol% catalyst, 100 mmol/L toluene solution of 4-phenylbutyric acid and aniline, 85 °C, 

22 h. 

d Ccat = 18 g/L, 550 mmol/L toluene solution of propanoic acid and aniline, 110 °C, 24 h. 

e 50 mg catalyst, 500 mmol/L toluene solution of acetic acid and aniline, azeotropic reflux 

for 30 h. 

1.3 TiO2 based catalysts for direct amide synthesis 

1.3.1 Reaction mechanism 

The development of TiO2-based catalysts for organic reactions is often 

considered as a promising way to move forward. These catalysts have high 

activity, good selectivity and facile methods for separation from the reaction 

mixture [26]. On the surface of TiO2, the titanium atoms are surrounded by 

the fewer oxygen atoms compared to the bulk titanium atoms, making an 

imbalanced electronic state on the surface [27]. The titanium atoms on the 

surface exist in the form of Ti4+, which act as Lewis acid sites. The Ti4+ 

cations can also induce the polarization of H2O molecules adsorbed from the 

media and form Brønsted acid sites on the surface. For pure TiO2 mainly 

Lewis acid sites are observed while strong Brønsted acid sites appeared 

after sulfation [28]. In the amide synthesis reaction, because of the existence 

of Ti4+ sites on the surface, the carboxylate oxygen atoms interact with the 

surface of the catalysts, leading to the decrease of the electron density on 

the carbon atom. As the carbon becomes more electrophilic, it becomes 

much easier to be attacked by the nitrogen atom of the amine which is quite 
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nucleophilic (Figure 1.2), forming the amide bond. It can be concluded from 

the mechanism that Lewis acid sites play the main role in the catalysis of 

amidation while Brønsted acid sites do not contribute in the same extent. 

 

Figure 1.2 Scheme of mechanism of direct amide synthesis from carboxylic 
acids and amines over titania catalysts [29] 

To enhance the catalytic activity, the acidity of the active sites should be 

further promoted. The functionalization of TiO2 catalysts with SO4
2- groups 

was found to be an effective option. The sulfation of TiO2 is widely explored 

to reach a better performance in organic transformations, such as 

esterification of the fatty acids [30], N-formylation [31, 32] or dye degradation 

[33]. The distribution of electron density in sulfated TiO2 catalyst improving 

catalytic activity is shown in Figure 1.3. The double bond between the sulfur 

and oxygen atoms in the sulfate group bonding to the surface further reduces 

the electron density on the titanium atoms, making the Lewis acid sites 

stronger. Thus the carbon in the carboxylate of an acid becomes more 

reactive electrophile, resulting in an easier bonding with the amide. Acidity of 

Brønsted acid sites was also increased after the sulfation. This mechanism 

was also supported by Wang et al. [34]. 

 

Figure 1.3 Mechanism of sulfate effect on titania [35]. The arrows indicate 
the inducing of the electrons 
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1.3.2 Synthesis of sulfated TiO2 

Sol-gel method 

Sol-gel method is widely adopted to produce the sulfated titania catalysts. 

The method can be classified into two routes. In the first route, different 

titanium alkoxides like titanium isopropoxide [36, 37], titanium isobutoxide 

[38] , or tetraisopropyl orthotitanate [33] were used as the precursors to form 

the solid TiO2 particles. Then these solid particles were dispersed in a 

sulfuric acid solution. After drying and calcination, the sulfated TiO2 was 

obtained [31]. The second route is to use the thermal hydrolysis of 

commercial titanium oxysulfate to form the sulfated TiO2 [39-41]. Besides the 

sol-gel method, commercial P25 titania (Evonik) was also treated in a sulfuric 

acid solution to provide a fast way to synthesize sulfated titania [42].  

Sulfate precursors 

Except for using an industrial titanyl sulfate solution directly, the type of 

sulfate precursors has a great impact on catalyst activity. Sulfuric acid and 

ammonium sulfate were two alternatives which were ever studied as sulfate 

precursors [43]. It was found out that the catalysts sulfated by ammonia 

sulfate had a larger distribution of acid strength, similar acid quantities but 

different acid sites when compared to the catalysts sulfated by sulfuric acid. 

For type of acid sites, pyridine adsorption studied by FTIR showed that in the 

catalyst made from ammonium sulfate, both Lewis acid and Brønsted acid 

sites were detected while for the catalyst made from sulfuric acid, only Lewis 

acid sites were observed. 

Sulfate loading 

It has been proven that the amount of added sulfate ions is quite an 

important factor which affects catalytic performance of titania [43], for it 

changed the quantity and strength of acid sites. The way of coordination 

between sulfate and Ti4+ changes with sulfate concentration. By using lower 

amount of sulfate ions, the sulfate complex is in bidentate bridging structure 

while it becomes bidentate chelate with increasing the sulfate loading on the 
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surface (Figure 1.4) [28]. At higher concentrations, the structure of sulfate 

matrix interaction was proven to have a very low thermal stability [37]. 

             

(a)             (b) 

Figure 1.4 Structure of sulfate complex on the surface of TiO2 (a) bidentate 
bridging structure (b) bidentate chelate structure [28] 

As the concentration of sulfate ions on the surface is increasing, both the 

strength and quantities of Lewis acid sites and Brønsted acid sites increase 

[41]. Chesalov et al. studied the TiO2 with 0.12 and 6.9 wt.% SO4
2- and found 

that the strong Brønsted acid sites were only observed in the TiO2 samples 

with higher sulfate content [28]. In a wider range of TiO2/H2SO4 molar ratio 

from 5 to 20%,  Lewis acid sites form faster than Brønsted acid sites [37]. 

The concentration of weak Lewis acid sites was also found out to rise more 

rapidly than the strong ones [44]. Krishnakumar et al. employed various 

sulfated titania catalysts with the loading of sulfate ions ranging from 1 to 7 

wt.% to a series of reactions like synthesis of quinoxaline and dipyrido-

phenazine derivatives [42], formation of chalcones [45], degradation of 

Reactive Orange 4 [33] and N-formylation of amines [32]. They came to the 

same conclusion that a 5 wt.% sulfated titania catalyst resulted in the highest 

product yield after the same reaction time. For the formation of surface 

complexes of β-picoline, pyridine-3-carbaldehyde and nicotinic acid, a 6.9 wt.% 

sulfated titania catalyst was found out to be superior to a 0.2 wt.% one [41].  

In transesterification reaction of vegetable oils, a 5 wt.% sulfated titania 

catalyst showed the best activity as compared to either 10 or 20 wt.% 

samples [37]. Based on literature available, it can be concluded that the 

catalyst performs better with an increase of the sulfate loading until around 6 

wt.% and then the activity drops if more sulfate ions are added.  
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1.3.3 Organic reactions catalysed by sulfated TiO2  

Sulfated TiO2 has good catalytic performance on various types of organic 

reactions. In direct amide synthesis, besides the reaction mentioned in 

section 1.2.3, it could also catalyse the reactions between various amines 

and stearic acid, and various carboxylic acids and aniline, resulting in most 

isolated yields over 90% at 115 °C in 3 h according to Mona Hosseini-

Sarvari’s research [38]. For most aromatic acids and amines, the amide yield 

gets to over 70% when catalysed by TiO2 or sulfated TiO2 at around 110 °C 

for 30 min [26, 32, 46]. Mona and colleagues also applied sulfated TiO2 to 

other reactions and got the positive results as well. N-formylation reaction 

was one type of reaction which had substantial reaction rate under the 

catalysis of sulfated TiO2. N-formylation of simple amines could achieve over 

90% under solvent free conditions at room temperature in 1 h, and for more 

complex amines at least 60% was converted in around 3 h [31]. Synthesis of 

pyrroles from different amines and 2,5-dimethoxytetrahydrofuran was also 

catalysed by a sulfated TiO2 catalyst and the yield of various products 

exceeded 90% in 2 h [47]. Esterification of various fatty or aromatic acids 

with various alcohols and phenols as well as reactions between different 

diols and polyol with stearic acid were also found out could be catalysed by 

sulfated titania with the product yield exceeding 90% in 2 h at 80 °C [30]. 

Similarly, esterification of fatty acids with alcohols catalysed by sulfated TiO2 

was found out to be effective by the work presented in other papers [43, 48, 

49] . Krishnakumar et al. [50] reported high catalytic activity of sulfated P25 

TiO2 in the synthesis of quinoxaline and dipyridophenazine derivatives. A 

series of derivatives were synthesized successfully at room temperature with 

a product yield over 60% in 2 h. They also use it to catalyse the synthesis of 

chalcones from acetophenone and different benzaldehydes under microwave 

irradiation. The conversions for all the reactions were rather high, which 

could be over 60% in 180 s [45]. Ahmed et al. applied sulfated TiO2 to the 

dehydration of sorbitol to isosorbide and the yield could reach to near 75% in 

4 h [36].  De Almeida et al. [51] studied its catalytic activity on the 

transesterification of vegetable oils and the best yield was 40% at 120 °C for 

1 hr. A sulfated TiO2 catalyst also showed the best catalytic property in the 
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synthesis of dicoumarol by condensation from 4-hydroxycoumarin and 

various aldehydes compared to other heterogeneous catalysts. The yield of 

different products over 80% were reached over a 10 wt.% loading sulfated 

TiO2 catalyst in less than 20 min at 80 °C [52].  

1.4 Magnetic nanoparticles for RF heating 

1.4.1 Physical properties related to RF heating 

Since the magnetism of the material has a large utility in different areas like 

medicine and physics, properties of the magnetic nanoparticles and the key 

factors affecting their magnetism have been widely explored. To apply 

magnetic particles to induction heating in chemistry, their properties should 

be optimized, namely saturation magnetisation, coercivity, Curie temperature, 

thermal stability and corrosion resistance. Some of these properties will be 

discussed in this section. The heating rates of a material under RF field can 

be estimated from its magnetization M-H curves. The magnetization curves 

of ferromagnetic and paramagnetic material are quite different. For the 

ferromagnetic particles, when an external magnetic field is applied, the 

magnetism of the particles will rise until getting to the saturation 

magnetisation (Ms). However, with the fading of the external field, part of the 

magnetism will retain in the particles (Mr) and another magnetic field on the 

opposite direction called coercivity (Hc) is needed to pull the magnetism back 

to zero. The M-H curves describing the relationship between magnetism of 

the material and external field strength is also called hysteresis loop (Figure 

1.5 (a)). However, for paramagnetic material, the magnetism is induced by 

the external magnetic field, having no hysteresis phenomenon (Figure 1.5 

(b)). For soft magnetic material which has a low coercivity field around 

several hundred A/m, the heat generated was found out to be proportional to 

the area of hysteresis loop [53, 54]. The ferromagnetic material obviously 

shows much better heating property than paramagnetic material. 
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      (a)             (b) 

Figure 1.5 Schematic view of magnetization curves of (a) ferromagnetic 
material (b) paramagnetic material 

The Curie temperature is the point where particles transit from 

ferromagnetism to paramagnetism. Magnetic particles loss the heating ability 

under RF heating once Curie temperature is reached [55]. In this way, the 

existence of Curie point limits the highest possible temperature the reactions 

can be performed under RF heating. Another aspect needed to be 

considered is the corrosion resistance of the magnetic material. Since the 

magnetic material is immerged in the reactant mixture, its composition or 

crystal type may change during the reaction process when oxygen, high 

temperature, strong acid or basic reactants are used, leading to the loss of 

the heating property. Thus necessary stability of the material in the chemical 

environment is required. The physical characteristics mentioned above vary 

with the composition of the magnetic particles. 

1.4.2 Type of the magnetic material 

The components of magnetic nanoparticles are mainly metal, metal oxide or 

alloy of the iron-group elements.  

Metals and their alloys 

Pure Fe, Co and Ni and their alloys demonstrate ferromagnetism. For the 

pure metals, their Curie temperatures rose with the increasing size of the 

particles in the nanometre range. The values of the Curie temperature for Fe, 

Co, Ni at 3 nm are 680, 1040 and 320 ºC, respectively [56]. Without a 
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protective coating, they are very easy to get oxidized in air or by oxidants 

[57], resulting in the mechanical and magnetic change. Iron powder was 

found out could be heated to a certain extent in an RF field below 25 kHz, 

which was attributed to the instability of the iron itself [58]. Co and Ni 

nanoparticles showed better resistance and under the same AC magnetic 

field, the Ni particles showed higher specific absorption rate (SAR) than that 

of Co particles [59]. 

Iron oxides 

The γ-Fe2O3 and Fe3O4 are the common magnetic materials to be chosen for 

induction heating. The Curie temperature of 25 nm Fe3O4 nanoparticles is 

849 ºC [60]. Nevertheless, the mixed iron oxides, Fe3O4 can be oxidized into 

iron (III) oxide, γ-Fe2O3 if heated over 150-170 ºC [61-63]. On the other side, 

the ferromagnetic γ-Fe2O3 transforms to the paramagnetic α-Fe2O3 above 

500 ºC [64], limiting the maximum allowed temperature in a catalytic process. 

Compared to pure Fe nanoparticles, the SARs of iron oxides were found to 

be higher, and the SAR of γ-Fe2O3 was higher than that of Fe3O4. Also, the 

strength of magnetism varied with the particle size as the SAR of 25 nm 

Fe2O3 nanoparticles is much higher than that of 9 nm  (Figure 1.6) [65]. 

 

Figure 1.6 The SAR of different magnetic nanoparticles as a function of 
frequency of magnetic field [65]. 

Metal ferrites 

Ferrites are mixed metal oxides of Mn, Ni, Zn, Cu and Co. They are often 

obtained to regulate magnetic properties of ferromagnetic materials. Different 

from simple iron oxides, their Curie temperatures and relative magnetic 
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properties can be easily tuned by the control of their chemical composition, 

phase structure and crystal size [66-68]. For instance, an addition of Zn to 

nickel ferrite which forms Ni0.5Zn0.5Fe2O4 increases the specific surface area 

while decreases both the Curie temperature and SARs [54, 55]. Even though 

the properties of metal ferrites are varied, the Curie temperature of common 

metal ferrites like MnFe2O4, NiFe2O4, CoFe2O4 are located above 550 ºC [60, 

69, 70]. The SAR of metal ferrite is normally lower than that of Fe3O4 [71], 

but they showed an improved magnetic stability at high temperatures and in 

high frequency RF field [72]. In particular the magnetism of nickel ferrite has 

a good thermal stability which can tolerate temperature up to 600 ºC [73, 74]. 

Also, the heating rate shows only a slight decrease even at high frequency 

[72].  

1.5 Synthesis of magnetic catalysts  

Even though heterogeneous catalyst is quite easy to separate in most cases, 

it still faces the recycling problem when very fine microparticles are used in 

viscous solvents. Also, still large amount of energy is consumed in the 

separating operation by filtration or centrifugation in industry.  Therefore, the 

magnetic microparticles have attracted much attention as their separation 

can be easily realized by an external magnet. The separation problem of 

homogeneous catalysts could also be solved by immobilizing homogeneous 

catalysts onto a magnetic core. Due to this reason, different methods have 

been studied to make both homogeneous [75-78] and heterogeneous 

catalysts [79, 80] attached to magnetic cores. Another novel utility of 

magnetism is to be used in induction heating, providing a fast and highly 

efficient heat generation. The efficiency of RF heating could reach 85% 

which cannot be reached by other heating methods [81]. In the past, the 

heating properties of composite magnetic nanoparticles have been widely 

applied to cancer treatment on the aspect of hyperthermia [82, 83] and drug 

delivery [84, 85]. These areas were developed first, as the costs are typically 

not the limiting factor there. However, only a few studies were reported 

describing the application of composite magnetic catalysts in fine chemical 

synthesis [58, 86, 87].  
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A magnetic catalyst which has both the RF heating and catalytic function is 

called composite magnetic catalyst (CMC). Different ways to synthesize the 

magnetic catalyst result in different structures of CMCs. Also the way of 

combination between magnetic and catalytic components affects both the 

magnetic and catalytic properties. 

1.5.1 Synthesis of magnetic catalysts with a core-shell structure 

The most suitable magnetic catalyst is the one with a core-shell structure. As 

magnetic nanoparticles are either metal, metal oxide or alloy of the iron-

group elements, they are easily corroded by oxygen or chemicals, resulting 

in the loss of the magnetism. A shell of the catalyst can form a protective 

layer to avoid the change of magnetic property in the course of reaction. Also, 

the shell can act as a changeable platform to introduce necessary functional 

groups, which is extremely important for immobilizing homogeneous 

catalysts. Directly attaching homogeneous catalysts on the surface of 

magnetic material is inefficient and type of the homogeneous catalysts which 

can successfully form the bonding with the surface of magnetic material is 

limited [78]. 

 For magnetic nanoparticles, aggregation is another problem which sharply 

decreases specific surface area and reduces unique properties associated 

with the nano material. The aggregation process can be avoided by core-

shell structure since functional groups on the surface of shell material can 

maintain the catalyst in a highly dispersed state [88]. With the development 

of the core-shell MNPs, various material like SiO2 [89, 90], carbon [91, 92], 

noble metal [93, 94] etc. can be coated onto the MNP cores for different 

applications. 

To synthesize composite magnetic particles with immobilized homogeneous 

catalysts, wet chemical synthesis is a preferable method. Typically, a layer of 

silica shell or polymer is coated onto the magnetic nanoparticles first and 

then a homogeneous catalyst is attached [78]. In this approach, magnetic 

nanoparticles are synthesized from the corresponding metal salts, and then 

the as prepared particles are immerged in the solution containing silica 
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precursors or polymers, forming the coating over the cores. The core-shell 

nanoparticles are further mixed with a solution containing a homogeneous 

catalyst, forming the strong bonds between the catalysts and the surface of 

the shell [75, 95, 96]. Some homogeneous catalysts were reported to directly 

form the bonding on the surface of magnetic cores. One-pot precipitation 

synthesis which is the mixing the metal salts and homogeneous catalysts 

together to precipitate the magnetic catalysts [76] and treating magnetic 

particles with solution containing homogeneous catalysts [77] was reported. 

For heterogeneous catalysts supported on the magnetic nanoparticles, there 

exist several options to synthesize these composites. Sol-gel synthesis is the 

most common and conventional method to form the CMC with a core-shell 

structure, as the operation is facile and the properties like surface area and 

shell thickness can be easily tuned. In a typical sol-gel process, magnetic 

nanoparticles are prepared first. In the next step, these nanoparticles are 

dispersed in a solvent with surfactants or functional additives, and then a 

catalyst precursor is added. After an aging period, a gel is formed. After 

certain steps of centrifuging, drying and calcination, the shell covered 

magnetic particles are obtained. Several materials like silica, metal and metal 

oxide can be coated by sol-gel method using different precursors. Especially, 

a reducing agent should be added when synthesizing the metal shell. The 

types of precursors for common heterogeneous catalysts are listed in Table 

1.3. 
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Table 1.3 Precursors of common heterogeneous catalysts for sol-gel method 

Heterogeneous 
catalysts 

Precursors Ref. 

SiO2 Tetraethyl orthosilicate (TEOS) [97] 

TiO2 Titanium ethoxide (TEOT) [98] 

 Tetrabutyl titanate (TBOT) [99-101] 

 Titanium isopropoxide (TTIP) [102, 103] 

ZnO Zinc acetate [100, 104-106] 

SnO2 SnCl4 [107-109] 

 Na2SnO3/ K2SnO3 [110-112] 

Al2O3 Aluminium isopropoxide (AIP) [113, 114] 

MnO2 KMnO4 [115, 116] 

 Manganese oleate [117] 

Y2O3 Y(NO3)3/YCl3 [118, 119] 

Au HAuCl4 [120] 

Ag AgNO3 [121] 

 

Besides the sol-gel method, a microemulsion method is often used for 

synthesis of silica coated magnetic nanoparticles. It produces monodisperse 

core-shell structures with high silica crystallinity [122] and desired narrow 

size distribution under mild conditions [123]. In this method, a suspension of 

the magnetic seeds in aqueous phase is prepared in advance, and then it is 

added dropwise to an oil solution containing one or several surfactants. The 

reverse micelle which has the hydrophilic heads contacting with the aqueous 

droplets and hydrophobic tail extended into the oil phase is formed, resulting 

in a stable water-in-oil (W/O) microemulsion. After the microemulsion 

become transparent, a silica precursor (TEOS) is added to the mixture under 

continuous stirring. The mixture is destabilised by an addition of large 

amounts of an aqueous phase. The obtained NPs are collected and washed. 

Another oil-in-water (O/W) method was also developed following a similar 

process while the surfactants form a micelle rather than a reverse micelle, 

which has the tails in the centre and hydrophilic heads in the bulk phase. A 
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gold shell can also be synthesized by the microemulsion method [94, 124-

126].  

The electrodeposition method is another option to obtain Au coating. In this 

method, a template of aluminium oxide is first immersed in a HAuCl4 

electrolyte to form a shell.  Then the shell coated templates are added in the 

HAuCl4 electrolyte. After proper deposition, the core-shell nanowires are 

formed [127, 128]. 

1.5.2 Synthesis of magnetic catalysts with a core-shell-shell structure 

Composite magnetic catalysts with a core-shell-shell structure are 

synthesized for several reasons. First, as magnetic core has the poor 

bonding with certain types of catalysts, the middle layer acts as a platform to 

load the catalyst onto the outer layer [79, 80]. Secondly, the middle layer is 

synthesized as a barrier to avoid the direct contact between the magnetic 

core and the catalyst which might cause the change of their properties. For 

instance, Beydoun et al. [129] observed the photodissolution of titania shell 

at the boundary with the magnetic core, which changed the magnetic 

properties and reduced the catalytic activity of TiO2. Thus a middle layer of 

SiO2 is often introduced to prevent the electronic interactions [130-132]. 

Thirdly, an additional layer could enhance the properties of the outer shell or 

the magnetic core. In some cases, the outer shell is added to enhance the 

activity of the middle layer, such as Fe3O4@TiO2@Ag [133]. The magnetic 

properties of core are also reported to be enhanced by coating with a ZnO 

middle layer [134]. Also, an additional layer could further give the protection 

of the magnetic core, extending the lifetime of composite magnetic catalysts. 

The shells are typically coated layer by layer onto the core by sol-gel method. 

Normally, the gel of the middle layer is coated onto the core first and then the 

as prepared materials are immerged in the sol containing the second 

precursors. After removing the surfactants, the magnetic catalysts with two 

shells are synthesized. A heterocoagulation colloidal process was reported 

by Costa et al [132]. In this process, a SiO2 sol was mixed with a Fe3O4 sol 

first and then a TiO2 sol was added. After spraying drying, a 
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Fe3O4@SiO2@TiO2 composite material was obtained. This technology is 

suitable for production of composite magnetic materials on a large scale.  

1.5.3 Mechanochemical synthesis 

Mechanochemical synthesis, which is usually performed in a ball mill, is a 

method using high energy compressive impact forces to grind the mixtures of 

powders together [135]. During the process, the change of the mixtures can 

be classified into five states (Figure 1.7), namely the initial period, the period 

of welding predominance, the period of equiaxed particle formation, the start 

of random welding orientation and the steady-state processing [136]. The 

powders of two components are firstly flattened, coalesced and fragmented. 

With the process going, the change turns from the physical binding to the 

chemical reaction, and finally the mixtures are scattered on atomic scale. 

The specific time of chemical change depends on the mill type, milling speed, 

temperature of the milling, ball-to-powder ratio and also the specific powders 

used [137].  

 

Figure 1.7 Scheme of powder evolution in five stages during ball mill [135] 

Compared to the conventional synthesis, solid state synthesis uses less or 

no solvents and the steps are much simpler, which is environmentally-

friendly and brings the convenience to scale up for industrial applications. In 

the first stage, this mechanochemical synthesis was widely applied to the 

synthesis of insoluble inorganic materials. With the development of complex 

heterogeneous catalysts, this method was gradually introduced to the 

manufacture of mixed metal oxides and ion-exchanged zeolites in 
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environmental catalysis, energy related reactions, and a series of chemical 

synthesis [138]. Several studies reported synthesis of magnetic catalysts by 

solid-state method. Fe3Mo3N and Co3Mo3N catalysts, that have both 

magnetic properties and catalytic activity in ammonia synthesis, were 

prepared by mechanochemical alloying. The gradual phase change in phase 

composition was observed after 5 h with a milling speed of 200 rpm and a 

ball-to-powder ratio of 19:1. [139]. Zeolitic imidazolate frameworks (ZIF-8) 

and Fe3O4@ZIF-8 composites were synthesized by mechanochemical 

synthesis as well, and the latter could be totally removed by an external 

magnet, indicating the uniformity of Fe3O4 distribution in the ZIF-8 zeolite 

framework after ball mill [140]. In our group, several NiFe2O4@TiO2 

composite magnetic catalysts were obtained by mechanochemical synthesis. 

It was shown that the specific adsorption value dropped after the longer 

milling time while the surface area remained near the same. The reaction 

rate in amide synthesis over ball milled NiFe2O4@TiO2 composite catalysts 

was identical to that over the initial TiO2. An optimum milling time was found 

out to be 0.5 h [1]. 

1.6 RF heating 

RF heating corresponds to electromagnetic heating in the frequency range of 

100-1000 kHz. The other two categories in electromagnetic heating are 

dielectric heating (in MHz range) and microwave heating (in the GHz range) 

respectively [141]. The comparison of these electromagnetic heating 

methods from different aspects is performed in Table 1.4.  For microwave 

and dielectric heating, the reaction condition they could achieve and 

possibility of scaling up are quite limited by the equipment. Several 

drawbacks of microwave heating like safety issue, low penetration depth and 

uncontrolled heating limit the size of equipment which can be used, providing 

limited possibilities for scale-up [142, 143]. According to Moseley’s report 

[144], there is no commercial microwave reactor which could meet the 

requirement for pharmaceutical industry. However, the requirements of RF 

heating on hardware are much easier to achieve and there is no significant 

limitation hindering its application towards industry. It was reported that RF 



22 
 

generators could also be combined with wind energy, providing a new way of 

green engineering [145]. 

Table 1.4 Comparison of RF heating and microwave/dielectric heating 

 RF heating Microwave/dielectric heating 

mechanism Magnetic relaxation, eddy 
current 

Rotation of molecule’s 
permanent dipoles in the 
dielectric 

Heating 
property 

Determined by magnetic 
material  

Based on the dielectric constant 
of the molecules contained 

Temperature 
limitation 

Below the Curie 
temperature of magnetic 
material 

Depend on equipment used 

Scale-up Easy to scale up Limited by penetration depth of 
microwave field as well as the 
equipment 

Application Suitable for all chemical 
reactions 

Magnetic compounds are not 
suitable 

 

Different from the conventional heating, RF heating is regarded as a novel, 

green and highly efficient heating method. The efficiency of RF heating could 

be as high as 85% depending on the coil design [81]. In conventional heating, 

the start-up process is very slow due to the large heat capacity of additional 

equipment (heating rods, heat transfer medium etc.) and relatively low heat 

transfer rate from the heating elements to the catalysts. RF heating however 

could realize the rapid heating and be accompanied with the rapid cooling as 

well, if necessary. Also, as heat is generated from inside, the heat could be 

directly transferred from the heating source to the catalyst and reactants, 

avoiding the large heat loss during the process. As it is shown in Table 1.5, 

its efficiency of power transmission is much higher than other heating 

methods. In conclusion, RF heating as a novel heating method has a large 

potential on chemical synthesis.  
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Table 1.5 Power transmission of various heating methods [86] 

Heating methods Power transmission 
(W cm-2) 

Convection 0.5 

Irradiation 8 

Heat conduction 20 

Flame 1000 

RF heating 30000 

 

1.6.1 Mechanism of RF heating 

In the RF range, the heat can be generated by eddy currents on a conductive 

material. If a magnetic material is applied, the relaxation loss is another 

source of heating. There exist two mechanism of relaxation namely Néel and 

Brownian relaxation. The rotation of magnetic moment inside the particle is 

called Néel relaxation while the rotation of the whole particle is named as 

Brownian relaxation which normally happens in a suspension of magnetic 

particles [146]. The hysteresis loss is the third type of heat generation if 

material is ferromagnetic. The type of the mechanism for heat dissipation 

depends on the particle size. For the size of the particles below 

superparamagnetic diameter, the heat generation is dominated by Brownian 

rotation while Néel relaxation loss gradually takes the place as the particle 

diameter roses [147, 148].  

Table 1.6 Relationship between heating mechanism and particle size [72] 

Particle size D≤Dsp
a D≈Dsp Dsp<D<Dsd

b D≈Dsd D>Dsd 

Heat 
generation 
mechanism 

Brownianc Néel + 
Brownian 

Hysteresis+ 
Néel + 
Brownian 

Hysteresis Hysteresi
s + Eddy 
currentd + 
Anomalo
usd 

a superparamagnetic diameter 

b Single domin diameter 

c only when medium is viscose 

d at high frequency and high magnetic field 
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For ferromagnetic material, based on its hysteresis loop, the heat generated 

can be calculated by Eq. (1.1) [141]. 

 0

M

P f HdM      (1.1) 

where P is the heat produced, 0  is the vacuum permeability, f is the 

frequency of the magnetic field, H is the intensity of the magnetic field and M 

is the magnetism of the measured sample. 

1.6.2 RF-heated reaction system 

Due to the efficient heating, RF brings the convenience to the areas that 

need high temperature operations such as alloy synthesis [149], formation of 

carbon nanostructures [150, 151] and silicon carbide [152, 153]. In these 

studies, a conventional furnace was replaced with an RF-heated furnace, 

where the magnetic sample holder or magnetic sample itself was surrounded 

by an induction coil.  

The application of RF heating to catalytic reactions can be dated back to 

1990, when various non-magnetic catalysts for steam reforming of heavy 

hydrocarbons were studied in the RF field generated with an induction [81]. 

Based on the heating mechanisms, the application of RF heating can be 

classified into two categories. The first method is to heat a metal reactor 

(surface heating) and the second method is to heat composite magnetic 

catalysts, which are placed into the reactor made from an RF transparent 

material and generate the heat inside the reactor (volumetric heating). In 

terms of using stainless steel reactor, Leclercq et al. coated Pt-Al2O3, Al2O3 

and SnO2 catalysts on the surface of a stainless steel tube which was placed 

in a Pyrex tube surrounded by an induction coil. It was demonstrated that a 

very high heating rate up to 800 °C/min and accurate temperature control 

could be achieved. Total transformation from isopropyl alcohol to CO2 and 

H2O happened in less than 30 s [154]. Pérez-Camacho et al. pelletized the 

perovskite-type mixed metal oxide catalysts and loaded them into a stainless 

steel reactor for the conversion of biogas to syngas. Under RF field, the 
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efficient heating with a heating rate of 100 °C/min and conversion as high as 

76% were observed [145]. Similar method was applied to the regeneration of 

a filter blocked by the diesel particulate under a continuous air flow. The 

stainless steel meshes were heated by an induction coil to 600 °C at a 

frequency of 220 kHz to achieve the full recovery [155].  

Prof Kirschning’s group provided significant contribution regarding the 

application of composite magnetic catalysts under RF field. An RF-heated 

continuous reactor (RF-CR) for organic synthesis was set up at 25 kHz 

frequency provided by a U-shaped inductor (Figure 1.8 (a)). This concept 

was much simpler than a microwave flow reactor. Silica coated Fe3O4/Fe2O3 

catalysts and a Pd functionalized catalyst were packed in a glass reactor to 

catalyse several organic reactions like transesterification, condensation to 

form thiazole, resulting in good yields from 63% to 92%. It also demonstrated 

a higher yield (80% vs. 65%) of certain organic reactions conducted in the 

RF-heated continuous reactor compared to that in the conventionally heated 

one [58], as the heat was directly generated inside the RF-heated reactor 

where reaction took place. A high-frequency magnetic field was generated by 

a coil-shaped inductor (Figure 1.8 (b)), providing the sufficient heating power 

for some nanostructured catalysts such as commercial MAGSILICA 300 

(Evonik). A continuous synthesis of neurolepticum olanzapine in three 

consecutive RF-heated reactions was realized and the productivity was up to 

3.97 mmol/(L∙h) (Figure 1.9) [87]. To expand the range of possible 

applications of the commercial MAGSILICA catalyst, a gold functionalized 

MAGSILICA was studied in the oxidation of allylic and benzylic alcohols in a 

flow reactor [156]. 
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(a)                                                     (b) 

Figure 1.8 Flow reactor packed with magnetic catalysts in RF fields of (a) 
middle frequency (25KHz) [58] (b) high frequency (780-850 KHz) [87] 

 

Figure 1.9 Multi-step synthesis of neurolepticum olanzapine in cascade RF-
heated continuous reactors 

The previous work in our group also promoted the application of RF-heated 

reactors.  The work was firstly started in an RF-heated batch reactor. 

Stoichiometric amide thermal synthesis from different acids and amines was 

conducted in a vial where ferrite microparticles were heated by a coil-shaped 

inductor. At a current of 200 A at 287 kHz, the temperature could rise up to 

100 °C in two min and a reactant conversion of 92% was obtained. It also 

showed that the influence of the electrical current on heating rate was more 

significant than the frequency of the electromagnetic field [15]. Moreover, an 

RF-heated flow reactor (Figure 1.10) was developed to realize a continuous 

production of amide over a TiO2/NiFe2O4 catalyst obtained by a ball milling 
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method. The product yield was up to 50% at 170 °C and the catalyst 

deactivation was less than 30% in 15 h [1]. 

 

Figure 1.10 Schematic view of the RF-heated flow reactor for amide 
synthesis [1] 

1.7 Design and operation of an RF-heated continuous reactor  

1.7.1 Advantages of continuous reactor 

The synthesis of fine chemicals nowadays relies almost exclusively on the 

batch reactor technology. Batch reactors allow multi-product manufacture 

from a single unit, which greatly reduces the initial capital cost of plants. At 

larger production scales, however, the inefficiencies of batch production 

cannot be discounted by flexibility. The dominant inefficiency is the poor use 

of the reactor volume, which arises from the batch operation mode itself 

because during reactor cleaning, recharging and discharging, no product is 

made by the reactor, but significant labour costs occur. Furthermore, batch 

reactors in multiphase catalytic reactions demonstrate a number of problems 

such as low heat and mass transfer coefficients and low energy efficiency 

resulting in higher environmental impact and increased operational and 

capital costs. 

Even though batch reactors are employed widely in industry nowadays, flow 

technology has drawn much attention in academic field due to its advantages 

on synthesis of fine chemicals. Compared to batch reactor, continuous 

reactor has a much short processing time because of its non-stop production, 

leading to the cost and time saving. Mascia et al. [157] demonstrated that the 

processing time reduced from 300 to 47 h and number of necessary unit 

operations was  reduced from 21 to 14 in a continuous process. Also, as 
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most of continuous reactors at the moment are micro or millireactors, the 

heat and mass transfer is very efficient, accelerating the reaction rates [158, 

159]. Reaction conditions at each stage like temperature and pressure can 

be precisely monitored and controlled, making it easy to optimize the 

reaction process [160]. The sustainability is another strength of continuous 

reactor. Continuous reactor makes it possible to integrate all the synthesis 

steps from initial reactants to final products into a single production line [157]. 

For the reaction containing unstable or hazard intermediate, it can be easily 

protected by controlling the reaction conditions and converted to the next 

target chemicals in flow chemistry [161]. Finally, continuous reactor is easy 

to scale up by simply increasing the flow rates or extend the length or the 

diameter of catalytic bed. 

1.7.2 Structure of the catalytic bed 

In an RF-heated continuous reactor, CMCs were usually packed uniformly 

over the entire length of the catalytic bed [1, 58, 86, 87, 156]. As CMC can 

generate the equal heat in the uniform magnetic field, a temperature gradient 

is developing along the reactor. If heat loss via the fittings occurs, the 

temperature profile along the reactor is very uneven, resulting in a 

substantial temperature difference between the maximum and minimum 

value. The temperature difference observed in a 3 mm diameter reactor 

developed by Houlding et al. exceeded 75 °C and it increased at higher RF 

input powers [162] (Figure 1.11). This phenomenon hindered many aspects 

of RF-CR application. Firstly, the hot spot inside the reactor causes the faster 

deactivation of the catalysts and the decomposition of chemicals. This limits 

the range of possible reactions and the catalyst lifetime is short. Also, 

equipment which can stand for the highest temperature is needed, causing 

the unnecessary extra costs and safety issues.  More importantly, this makes 

scale-up of the RF-CR quite hard. The temperature profile changes with the 

length of the reactor, making the performance of catalytic bed unpredictable. 

The temperature difference becomes larger once the length of the reactor is 

extended, requiring a redesign of the reactor. Under this situation, the RF-CR 

is difficult to scale up to the bench and industrial scale. Under this 
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circumstance, it is rather important to develop an RF-CR with a uniform 

temperature profile along the reactor length. 

 

 

Figure 1.11 Temperature profiles along the RF-CR with a single 25 mm 
catalytic bed [162] 

The temperature gradient can be reduced by a proper design of the packed 

bed [163]. The packed bed in an RF-CR can be split into several zones, 

sandwiched with inert zones where no heating occurs. Detailed simulation 

using convection and conduction heat transfer model allows to predict the 

length of each zone to realize a near-isothermal behaviour of the reactor 

(Figure 1.12 (a)). The temperature gradient decreased to 2 °C with three 

heating zones, which was significantly improved compared to that in the 

reactors with single or two heating zones (Figure 1.12 (b)). However, this 

isothermal behaviour could be only achieved at one specific flow rate. Once 

the flow rate or reaction temperature is changed, the heat balance will be 

broken, resulting in larger temperature non-uniformity.  
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      (a)         (b) 

Figure 1.12 (a) Schematic view of the trickle bed RF-heated continuous 
reactor (b) Temperature profiles along the reactor. A - single heating zone, B 
- two heating zones, C - three heating zones [163] 



31 
 

Chapter 2 Experimental 

Experimental 

2.1 Preparation of composite magnetic catalysts 

2.1.1 Synthesis of sulfated P25 TiO2 catalysts 

To make sulfated titania, a desired amount of either a 1M sulfuric acid or 

ammonia sulfate solution was firstly dropped into the 40 mL deionized water. 

Then 1 g commercial P25 TiO2 (Sigma Aldrich) was added into the solution. 

The obtained solution was further stirred at room temperature for 3 h and 

then centrifuged and washed by deionized water three times. The slurry was 

then dried overnight at 110 °C and calcined in a furnace at 400 °C for 2 h 

with a heating rate of 5 °C/min. The sulfated TiO2 will be labelled as P25-XS, 

where index X stands for the nominal weight ratio of added SO4
2-/TiO2.  

In a few experiments, to improve its wetting, an UV treatment of P25 

catalysts with a 120 W UV lamp (Ace Glass) was performed in a chamber for 

2 h prior to the sulfation process. The UV treated samples will be referred as 

UV-P25-XS hereafter.  

In an opposite way, a silicate treatment was performed by immerging the 

sulfated P25 TiO2 catalyst into a sodium silicate solution (TiO2/SiO2 = 2.25 

wt.%) under continuous stirring at 40 °C for 24 h. After drying, the silicate 

treated sample will be named as Si-P25-XS. Part of the sample was further 

calcined at 400 °C for 2 h, which will be labelled as CSi-P25-XS. 

2.1.2 Synthesis of nickel ferrite nanoparticles 

All the chemicals required were purchased from Sigma Aldrich. Firstly, Iron 

(III) nitrate nonahydrate (51.7 g) and nickel nitrate hexahydrate (18.6 g) were 
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dissolved in ethanol (250 mL).  Another solution was prepared by dissolving 

citric acid (36.9 g) in 150 mL ethanol. Then the citric acid solution was added 

into the former solution. After continuous stirring for 24 h, a 2 M ammonia 

solution was added dropwise to adjust the pH to 2. Under vigorous stirring, 

the temperature was increased to 90 ºC to evaporate the solvent until the 

total volume decreased to 150 mL. The obtained slurry was further dried in 

an oven at 90 ºC. Finally, the solids were grinded and then calcined at 700 

ºC for 1 h with a heating rate of 2 ºC/min. 

2.1.3 Mechanical mixture of sulfated TiO2 and NiFe2O4 particles (T1 

CMC) 

The sulfated TiO2 and NiFe2O4 particles (125 – 250 µm) were added into a 

vial with a certain weight ratio. The vial was then shaken by a laboratory 

digital shaker at the speed of 100 min-1 for 2 h. The mixture of the resulted 

particles will be named as T1-Y, where index Y represents the weight 

fraction of titania. 

2.1.4 Mechanochemical synthesis of TiO2/NiFe2O4 catalysts (T2 CMC) 

To synthesize the CMCs, certain amounts of sulfated TiO2 and magnetic 

nanoparticles were mixed and milled in an agate jar with 6 balls (Retsch 

planetary ball mill PM 400) at 300 rpm for 30 min. The obtained materials will 

be labelled as T2-Y, where index Y represents the weight fraction of titania in 

the CMC. The spent T2-Y will be named as ST2-Y hereafter.  

2.1.5 Synthesis of NiFe2O4@TiO2 core-shell catalysts (T3 CMC) 

Solution A was prepared by redispersion of the 3 g nickel ferrite 

nanoparticles in a water (60 mL) /ethanol (210 mL) solution containing 2 M 

ammonia solution (15 mL) under sonication for 2 h. It was left overnight and 

then 0.3 g cetrimonium bromide (CTAB) was added under sonication for 2 h. 

Being left overnight again, 360 mL ethanol was added under continuous 

stirring. To prepare titania sol, tetrabutyl titanate (TBT, 85 mL) and 

diethanolamine (25 mL) with ethanol (285 mL) were firstly mixed. After 
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continuously stirring for 2 h, another solution containing ethanol (100 mL) 

and distilled water (10 mL) was then added dropwise (20 mL/h) into it. The 

mixture was stirred for 24 h and left for another 24 h, resulting in 0.48 mol/L 

TiO2 sol (solution B). In the next step, the desired amount of solution B was 

added dropwise (20 mL/h) to solution A under vigorous stirring for 48 h. The 

temperature of the suspension was increased to 40 ºC under reflux for 24 h 

and then further increased to 60 ºC to evaporate until colloidal deposit was 

obtained. The obtained solids were dried in the oven at 80 ºC and calcined at 

a desired temperature for 1 h at a heating rate of 1 ºC/min under air flow. 

These samples will be referred as T3-Y-Z, where index Y represents the 

weight fraction of titania in the CMC and index Z stands for the calcination 

temperature. Index RT refers to the as-synthesized samples. The spent CMC 

(after the reaction) will be named as ST3-Y-Z. 

2.1.6 Synthesis of NiFe2O4@SiO2@TiO2 core-shell-shell catalysts (T4 

CMC) 

Solution A and B as mentioned in the synthesis process of NiFe2O4@TiO2 

core-shell material were prepared in advance. An additional 0.49 mol/L silica 

sol (solution C) was prepared following the same procedure as solution B 

except for the precursor that was changed to tetraethyl orthosilicate. In a 

typical procedure, 12.5 mL solution C was added dropwise into solution A 

under continuous stirring. After aging for 2 days, the solution was heated to 

40 ºC under reflux to promote the formation of silica gel. Then the 

suspension was slowly evaporated at 60 ºC until it became viscous. It was 

further dried at 80 ºC and calcined at 700 ºC for 1 h at a heating rate of 2 

ºC/min. The obtained NiFe2O4@SiO2 composite nanoparticles were then re-

dispersed in the way of preparing solution A.  

To coat the TiO2 onto the NiFe2O4@SiO2 nanoparticles, 12.5 mL solution B 

was added dropwise into the prepared suspension of NiFe2O4@SiO2 and the 

same procedure before the calcination step was undertaken as that in the 

process to obtain NiFe2O4@SiO2 nanoparticles. The calcination was 

performed at a desired temperature for 1 h at a heating rate of 1 ºC/min 
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under air flow. The obtained sample will be referred to as T4-Y-Z, where 

index Y represents the weight fraction of titania in the CMC and index Z 

stands for the calcination temperature. 

2.1.7 Sulfation of T3 and T4 composite magnetic catalysts 

Two methods were used to sulfate the NiFe2O4@TiO2 (T3 CMC) and 

NiFe2O4@SiO2@TiO2 (T4 CMC) catalysts. For the first route, the prepared 

CMCs were mixed with a certain amount of 1M sulfuric acid in 40 mL 

deionized water separately at room temperature for 3 h. Then the CMCs 

were washed three times by water and dried overnight. Afterwards, they 

were calcined at 400 °C for 2 h with a heating rate of 5 °C/min. The samples 

will be named as T3a-Y-Z-S and T4a-Y-Z-S, where index Y represents the 

weight fraction of titania in the CMC and index Z stands for the calcination 

temperature. Index S here represents sulfation. 

In another method, the as-synthesized T3 and T4 CMCs were mixed with a 

certain amount of 1M sulfuric acid in 40 mL deionized water for 3 h. The 

water was gradually evaporated at 90 °C until the residue became slurry. 

Then the slurry was dried overnight at 90°C and calcined at 500 °C for 1 h 

with a heating rate of 1°C/min under air flow. The CMC obtained will be 

labelled as T3b-Y-Z-S and T4b-Y-Z-S. 

2.2 Characterization 

2.2.1 XRD 

The phase composition was analysed by powder X-ray diffraction (XRD) 

using a diffractometer (PANalytical Empyrean) with a Fe filtered Co Kα 

radiation (0.179 nm). The spectra were recorded at a scanning rate of 2 º2θ 

min-1. The resulting data were recalculated into more traditional Cu Kα 

radiation (0.154 nm) source for presentation. 
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2.2.2 SEM-EDS 

Morphology of the obtained nanoparticles was studied by scanning electron 

microscopy (SEM, Carl Zeiss Sigma Field Emission Microscope). The 

corresponding element composition and distribution were analysed by X-ray 

energy dispersive spectroscopy (EDS). The powdered sample was applied 

on an adhesive conductive tape and studied without metal coating. 

2.2.3 VSM 

The magnetic properties of the CMCs at room temperature were measured 

by a vibrating sample magnetometer (VSM, Oxford MagLab) equipped with a 

2 T electromagnet. The saturation magnetization (Ms) and coercivity (HC) 

was evaluated from the hysteresis loop. The magnetism at different 

temperatures was measured by a vibrating sample magnetometer (Princeton 

Measurements Corporation MicroMag 3900 VSM) equipped with a 2 Tesla 

electromagnet at different temperatures in the range from 298 to 773 K. 

2.2.4 N2 adsorption/desorption isotherms 

The specific surface area and the total pore size were determined by N2 

adsorption/desorption isotherms measured at -196 ºC using a porosimeter 

(ASAP2010). Prior to analysis, the samples were degassed under vacuum 

by staying at 250 ºC for 1 h. 

2.2.5 TEM 

The microstructure analysis was performed with a JEOL2000fx transmission 

electron microscope (TEM) using a W/LaB6 filament operating at 200 kV, 

with images captured using a GATAN ORIUS 11 megapixel CCD camera. 

The sample was dispersed in ethanol under sonication and a droplet of the 

suspension was applied on the carbon-coated copper grids.  
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2.2.6 TPO 

Temperature programmed oxidation (TPO) analysis was performed with the 

spent samples placing 50 mg of the sample into a U-shaped quartz tube 

between two plugs of quartz wool. After waiting for 1 h at 25 ºC in the flow of 

N2, the flow was switched to 1% O2, 1% Ar (internal standard) in N2 and the 

temperature was increased linearly at a rate of 5 ºC/min. The concentrations 

of CO, CO2 and H2O were recorded by a quadrupole mass spectrometer 

(OMINI star).  

2.2.7 XPS 

The surface chemical composition and electronic state of catalysts were 

determined by X-ray photoelectron spectroscopy (XPS). The data were 

obtained using an ESCALab250 electron spectrometer (Thermo Scientific 

Corporation) with a monochromatic 150 W Al Kα radiation. Pass energy for 

the narrow scan was 30 eV. The base pressure was 6.5×10-10 mbar. The 

binding energies were referenced to the C1s line at 284.8 eV. 

2.2.8 TG-DTA 

The thermogravimetric and differential thermal analysis (TG-DTA) were 

obtained by a STA 449 C Netzsch Analyser at a 10 mL/min flow of 20% 

O2/N2 mixture and a heating rate of 10 °C/min from room temperature to 

1000 °C. The alumina powder was taken as the reference sample.   

2.2.9 FT-IR 

The chemical composition was confirmed with a Fourier transform infrared 

spectrometer (FT-IR, Avatar360, Nicolet) in the wavenumber range of 2000-

400 cm-1. Samples’ spectra were recorded by transmission in dry air 

atmosphere through a pastille made of a few milligrams of sample mixed with 

KBr. 
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2.2.10 FT-IR study of pyridine adsorption 

The identification of acid sites was performed by FT-IR spectroscopy after 

pyridine adsorption. A sample was placed in a flow ceramic crucible in the 

FT-IR cell with a temperature controller. A Bruker Vertex 70 FTIR 

spectrometer equipped with a liquid N2-cooled detector was used. Two 4-

way valves (VICI) were installed to switch the gas between the Ar and 

pyridine. Prior to the experiments, the catalyst was degassed by heating up 

to 150 °C for 0.5 h under a 50 mL/min Ar flow. After it cooled down to room 

temperature, the pyridine flow was fed continuously for 0.5 h. Then the 

temperature of the cell was increased to 40°C. After temperature became 

stable, Ar was fed in and the pattern was recorded with the FT-IR 

spectrometer. The same procedure was repeated at 100, 150 and 200 °C.  

2.2.11 Specific absorption rate measurement 

10 mg of sample and 50 µL deionized water were added into a glass tube (i.d 

5 mm). The tube was inserted into an insulated jacket and then placed along 

the centre axis of a 5-turn coil which connected to an RF inductor. To 

measure the temperature, a fibre optics temperature sensor (Fiso FOT-L-SD) 

connected to a signal conditioner (Fiso FPI-HR equipped with the Evolution 

software) was inserted in the tube (Figure 2.1 (a)). The RF field was turned 

on for 30 s at a current of 200 A. The temperature was recorded as a 

function of time for 60 s (Figure 2.1 (b)). The first section of the curve was 

due to the delay of the sensor signal which was caused by heat transfer from 

the solution to the measured element. The specific absorption rate (SAR) 

was calculated from the linear section of the curve by Eq. (2.1). This 

approach is widely adopted to determine the heating property of the material 

[82, 164].   
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(a)         (b) 

Figure 2.1 (a) Schematic view of SAR-testing device (b) A typical heating 
curve of nickel ferrite material 
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where mi  and Cp,i represent the mass and heat capacity of each component 

in the tube respectively. d(T)/d(t) is the slope of linear line from the heating 

curve. The value of heat capacity for each component is listed in Table 2.1. 

Table 2.1 Heat capacity of NiFe2O4 and water 

Component 
Heat capacity 
(J g-1K-1) 

NiFe2O4 0.62 

Deionized water 4.18 

  

2.3 RF heating module 

The high frequency alternant magnetic field was provided by a copper coil 

connected to a 1 kW induction heating generator (Ambrell Easyheat 0112). 

The coil and electronic module were cooled with water. The water 

temperature was controlled at 20 °C with a chiller (WKL1000 Lauda). The RF 

frequency was automatically adjusted in the 100-500 kHz range depending 

on the induction of the coil to run the RTL circuit in resonance. The frequency 

can be adjusted with the number of turns in the coil, the coil diameter and the 

coil length.  
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Figure 2.2 Image of coils (upper left), fibre optics signal conditioner (upper 
right) and induction heating units (bottom) 

To limit the range of operational frequencies, two induction coils were used in 

all experiments. The physical characteristics of two coils are listed in Table 

2.2. The temperature was measured by fibre optics temperature sensors 

(Opsens) controlled with a PID controller (appendix-A). 

Table 2.2 Coils configuration 

 Diameter 
(mm) 

Length 
(mm) 

5-turn 40 55 

8-turn 38 70 

2.4 Catalytic activity measurements  

2.4.1 Continuously stirred tank reactor 

Both initial screening of catalytic activity and detailed reaction kinetics were 

studied in a 160 mL continuously stirred tank reactor (Parr 4564). Typically, 
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100 mL p-xylene solution of 4-phenylbutyric acid, aniline and tetradecane 

(internal standard for GC) were premixed with a certain amount of catalyst. 

After the reactor was tightly sealed, it was firstly purged by N2 three times 

and then pressurized to 6 bars. The heating rates and the reaction 

temperature were controlled by a PID temperature controller (Parr 4848). An 

impeller with four blades was used to stir and stirring speed of the reactor 

ranged from 100 to 1500 rpm. Sample could be collected from a sample tube 

at regular time intervals. The solution collected was diluted 10 times by p-

xylene for GC analysis. 

Gas chromatography analysis was performed by a Shimazu 2010 plus GC, 

equipped with a fused silica capillary column (Length: 60 m, internal diameter: 

0.53 mm, film thickness: 3.0 µm) and an FID detector. The GC analysis 

method is described in appendix B. 

2.4.2 Conventionally heated continuous reactor 

The conventionally heated continuous reactor (CH-CR) used in this study 

(internal diameter: 6.6 mm, maximum length: 150 mm, Omnifit HiT) is shown 

in Figure 2.3. It has one fixed plug and one adjustable plug, which is allowed 

to change the length of catalytic bed. Fibre optic temperature sensors 

(sensitive zone: 5 mm Opsens, OTG) were attached on the reactor surface 

to measure the temperature. Under conventional heating, a heating tape was 

attached tightly on the inlet tube and the reactor. The power supplied was 

controlled by a PID controller (Electrothermal). Glass wool was wrapped 

around the reactor as insulation.  

The reactant flows (carboxylic acid and amine) were fed with two HPLC 

pumps (Shimadzu LC-20ADXR) and premixed in a T-mixer. The vessels with 

reactants were bubbled by a continuous N2 flow to remove dissolved oxygen 

before and during the process. The pressure was maintained at 7 bars with a 

backpressure controller placed downstream of the reactor to avoid the 

solvent boiling. The samples were collected for GC analysis at regular time 

intervals and then diluted 10 times by p-xylene.  
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Figure 2.3 Scheme of packed bed continuous reactor 

2.4.3 RF-heated continuous reactor  

Under RF heating, the reactor described in section 2.4.2 was placed along 

the centreline of the coil connected to the same RF generator (1 kW, 100-

400 kHz, Easy Heat) (Figure 2.4).  

  

(a)      (b) 

Figure 2.4 (a) Schematic view of RF-CR (b) Thermal image of RF-CR taken 
by an infrared camera (yellow – hot zone, purple – cool zone) 

A single-zone RF-CR packed with T2 CMCs (fraction: 125-250 µm) was 

developed. Glass beads (fraction: 106-125 µm) were used to separate the 

CMC bed and the adjustable plug, and also to condition the flow prior 

entering into the reactor. Another glass bead zone at the end of the reactor 

bed was placed to keep the catalytic bed in the correct position. Two fibre 

optics sensors were attached along the reactor surface to measure the 

temperature. The power supplied was changed manually to achieve the 

reaction temperature.  

The structure of RF-CR was adjusted to compare the catalytic activity of 

different CMCs. In order to keep the reaction temperature the same for all 
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experiments and reduce the temperature gradient under RF heating, the 

length of the packed bed was limited to 5 mm. The preheating of the reaction 

mixture was realized in a 5 mm section of Fe3O4 particles (fraction: 125-250 

µm). The generator input power was controlled with a PID controller and the 

temperature was maintained within 0.1 K of the set-point value (Figure 2.5).   

 

Figure 2.5 Schematic view of the RF-CR for catalytic activity test of CMCs 

2.5 Catalyst regeneration  

The spent T2 CMCs were recovered by calcination. In a typical experiment, 

the catalyst was heated inside the furnace with a heating rate of 5 °C/min to 

400 °C for 1 h under air flow. The regenerated T2 CMC will be labelled as 

RT2-Y-C, where C represents the number of regeneration cycles. Same 

calcination procedure was also used to recover T3 CMC. The samples after 

this treatment are named as TRT3-Y-Z. The index Y represents the weight 

fraction of titania in the CMC and index Z stands for the calcination 

temperature. 

Chemical regeneration was used for regeneration of T3 CMC as well. The 

spent T3 CMC was mixed with 20 mL 35 wt.% hydrogen peroxide solution at 

90 °C for 20 h under continuously stirring. The CMC after treatment was 

labelled as WRT3-Y-Z hereafter. 

2.6 Development of an isothermal RF-heated continuous 

reactor 

A two-point controlled isothermal RF-CR system was set up as shown in 

Figure 2.6. Before the catalytic zone, the reactor was packed with a 35 mm 
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preheating zone using pelletized Fe3O4 microparticles (fraction: 500-707 µm). 

A 5-mm glass bead zone was placed between these two zones. At least 

three fibre optics sensors (FO1, FO2, FO3) were attached to the external 

reactor wall every 5 mm and the number of the sensors used were 

determined by the length of the catalytic bed. In the PID assisted two-point 

controlled RF-CR, FO2 sensor was connected to the PID controller. The heat 

generation in the preheating zone was controlled by adjusting the length of 

preheating zone inside the coil and the current applied was automatically 

adjusted by the PID controller. In this way, the energy provided to the 

preheating and catalytic zones was controlled separately, making this system 

suitable for various reaction conditions. In a typical experimental operation, 

the value of reaction temperature in the controller was firstly set to 150 °C, 

and then RF heating was started. After FO2 reached to 150°C, the reactor 

was manually moved along the centre axis of coil to adjust the length of 

preheating zone inside the coils until the reading of FO1 was150 °C. The 

temperature profile of the catalytic bed was measured by the readings from 

the fibre optics temperature sensors along the reactor. 

 

Figure 2.6 Schematic view of two-point controlled isothermal RF-CR 

For the manually two-point controlled RF-CR, the set-up of the RF-CR 

system was the same as shown in Figure 2.6 without PID connection. In this 

way, both the length of preheating zone in the coil and electric current were 

controlled manually. They were continuously adjusted until reaching to the 

minimum temperature gradient along the catalytic bed. 
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Chapter 3 Catalyst development for direct amide synthesis 

Catalyst development for direct amide 

synthesis 

3.1 Introduction 

As thermal direct amidation undergoes rather low reaction rate, the choice of 

catalyst is of great importance to promote the reaction rate. A very active 

catalyst makes it possible to produce the amide in a continuous reactor. In 

this chapter, the catalysts were firstly screened in the direct amide synthesis 

reaction and a kinetic study of the reaction over the optimal catalyst was 

performed in the batch reactor. The selected catalyst was further optimized 

by different treatments to enhance the catalytic activity. Finally, the optimized 

catalyst was loaded in the conventionally heated flow reactor to realize the 

continuous production. The variations of reaction rate with reaction 

temperature and time on stream were also studied in the CH-CR. 

3.2  Direct amide reaction selection 

To perform the amide synthesis in the fixed bed continuous reactor, several 

factors of the reaction should be firstly considered. The formation of an 

ammonium carboxylate salt is one of the main concerns. If the reactants are 

more likely to react towards salt formation, the large production of amide 

could not be realized in the flow reactor. More importantly, the salt which is 

insoluble in organic solvents may cause the serious flow blockage in the 

continuous reactor. Besides, as the activity of different reactants is various, 

the carboxylic acid-amine pairs which have rather low reaction rates without 

a catalyst provide the possibility to enhance the reaction rate by the catalysts. 

Based on the data presented in Table 1.1, the amidation between 4-
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phenylbutyric acid and aniline formed no salt in the reaction mixture and the 

amide yield without catalyst was as low as 4% after 48 h, making this group 

a perfect reaction model to explore the catalysis and adopt the process in the 

flow reactor (Figure 3.1). 

 

Figure 3.1 Amidation of 4-phenylbutyric acid and aniline 

3.3 Kinetics study 

3.3.1 Reaction condition study 

For a heterogeneous reaction, the overall reaction rate depends on both 

mass transfer rate and the chemical reaction rate on the active sites. If mass 

transfer is much slower than the reaction, the total reaction rate is mass 

transfer limited. If it behaves opposite, it is kinetically limited. To study and 

compare the catalytic performance of various catalysts in the batch reactor, a 

proper reaction condition should be chosen first to perform the reaction 

under kinetic control. For the reaction in the batch reactor, there exist two 

parameters affecting the mass transfer rate, namely the stirring rate and 

catalyst loading. The relationships between the reaction rate and these two 

parameters are shown in the Figure 3.2. 

 

Figure 3.2 Relationship of reaction rate vs catalyst loading and stirring rate 
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To avoid mass transfer limitations, a kinetic study of amidation of 4-

phenylbutyric acid and aniline in the batch reactor was performed at the 

highest possible temperature (200 °C). The amount of P25 TiO2 catalyst in 

the reactor and the stirring speed were varied to observe the onset of mass 

transfer limited regime. At first the stirring speed was kept constant at 950 

rpm and three different amounts of catalyst were studied: 114, 165 and 203 

mg. In the next series of experiments the amount of catalyst was fixed at 165 

mg and several stirring speeds of 645, 857, 1053, 1500 rpm were studied. 

The reaction rate showed a linear dependence on the mass of the P25 TiO2 

catalyst in the studied range of catalyst concentrations while the value was 

rather constant as the stirring rate increased from 645 to 1500 rpm (Figure 

3.3), indicating both selected ranges were located in the kinetics regime. 

Based on these results, a titania loading of 165 mg (10 wt.%) and a stirring 

rate of 950 rpm were selected as the reaction conditions in the following 

experiments conducted in the batch reactor. 

 

                           (a)              (b) 

Figure 3.3 Reaction rate as a function of (a) catalyst loading and (b) stirring 
rate. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L 
aniline in 100 mL p-xylene, 200 °C, 6 bars. 

3.3.2 Kinetics study of amide synthesis from 4-phenylbutyric acid and 

aniline 

Since the non-catalytic amide synthesis with 4-phenylbutyric acid and aniline 

reacted at an extremely low reaction rate, to explore the reaction kinetics, the 

reaction was conducted over a commercial P25 TiO2 catalyst. As reactants 

added were equimolar, the variable in the kinetics equations can be 
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simplified to a single concentration (either acid or amine). The corresponding 

linearized equations are listed in Table 3.1. The experimental data was fitted 

by using equations of different orders (Figure 3.4). Judging from the value of 

R2, the relationship between the deformation value of aniline concentration 

(CA) and reaction time was the most accurately described using the second 

order kinetics. The same result was also confirmed by Houlding’s research 

[162]. 

Table 3.1 Reaction rate equations of zero, first and second orders kinetics 

Reaction order Reaction rate Linearized equation 

Zero order r k  
0A AC C kt                (3.1) 

First order Ar kC  
0

( ) ( )A Aln C ln C kt    (3.2) 

Second order 
2

Ar kC  
0

1 1

A A

kt
C C

              (3.3) 

 

 

 

Figure 3.4 Linear fitting of rate equations of different order kinetics. Reaction 
conditions: 46 mmol/L 4-phenylbutyric acid and 46 mmol/L aniline in 100 mL 
p-xylene, 165 mg P25 TiO2, 200 °C, 6 bars. 
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However, the reaction rate over sulfated titania was observed to sharply slow 

down after 400 min. To further explore the yield curve, the reaction time was 

extended up to 29 h. It can be seen from Figure 3.5 that the amide yield 

increased very slowly after 8 h and only reached to 62% amide yield after 

22.5 h. The difference between the experimental data and ideal reactant 

concentration obtained using the second order kinetics is presented in 

Appendix C.1.  

 

Figure 3.5 Amide yield as a function of time in the batch reactor. Reaction 
conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline in 100 mL 
p-xylene, 165 mg P25-7.5S catalyst, 200 °C, 6 bars. 

As the amide yield in the reaction of 4-phenylbutyric acid and aniline was 

proved by Comerford et al. [24] to be not affected by the removal of water 

from the reaction mixture, this demonstrates that it is  an irreversible reaction, 

which is also agrees with the conclusion from Houlding’s research [162]. 

Because the reaction temperature was as high as 200 °C, the organic 

species in the reactor could have easily decomposed to form the coke on the 

surface of the catalyst [1]. The deactivation of the catalysts by the formed 

coke might have been the main reason for the significant decrease in the 

reaction rate with time. The effect of temperature on catalytic deactivation 

was studied in Section 3.7.2 and the coke was analysed and studied in the 

sections exploring the deactivation mechanism of each magnetic catalyst. 

The production inhibition which was possibly caused by the adsorption of 

water on the titania catalyst might have also contributed to the partial loss of 

the catalytic activity. The effect of water adsorption on the acid sites of the 

catalysts has been reported in literature and the specific change brought by 
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the water depended significantly on the catalyst nature [165-169]. For the 

titania in particular, He et al. demonstrated chemisorption of water on 

anatase TiO2 by both experiments and simulation [170].  Adsorbed water 

was found to negatively affect the interaction between carboxyl group and 

TiO2 surface and thus decreased the photocatalytic activity of TiO2  according 

to Nosaka et al [167]. Kulkarni et al. found out that the adsorption of the 

original molecules on both the Lewis and Brønsted acid sites were replaced 

by the water molecules once TiO2 or sulfated TiO2 was exposed to water 

[169]. In this case, catalyst tolerance to the aqueous environment was 

considered as the key factor by Comerfold et al. [24] when K60 silica catalyst 

was applied to catalyse the direct amide synthesis. Thus it can be deduced 

that in the long-term stability experiment (Figure 3.5), the catalytic activity 

was suppressed by the coke formation as well as the adsorption of water 

obtained in the reaction. The reaction rate has reduced to the un-catalysed 

value after a long-time reaction. The effect of water on the activity of the 

optimal titania catalyst was further confirmed in Section 3.6.3.  

Amide which was the main product could also be the reason causing the 

product inhibition. To verify it, the reaction was firstly conducted under the 

original reaction condition in the first 40 min. Then the reactor was quickly 

cooled to 50 °C and an extra 25 mmol/L amide was added. The reactor was 

sealed, flushed, pressurized and temperature was raised to 200 °C again. As 

it can be seen from Figure 3.6, the reaction rate after the addition of amide 

did not decrease compared to the original value, which was 0.19 and 0.15 

mmol L-1min-1 respectively. This phenomenon indicates that the 

concentration of amide did not have the effect on the reaction rate, thus it is 

not the reason causing the product inhibition.  
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Figure 3.6 Concentration profiles of aniline and amide as a function of time in 
the batch reactor. Reaction conditions: Initial mixture: 50 mmol/L 4-
phenylbutyric acid and 50 mmol/L aniline in 100 mL p-xylene, 121 mg P25-
7.5S catalyst, 200 °C, 6 bars. Extra 25 mmol/L amide was added into the 
mixture after 40 min. 

As both product inhibition and coke caused the decrease of the 

reaction rate in Figure 3.5, to properly describe the effect of water 

inhibition observed in the batch reactor, the data in first 400 min when 

coke had little impact on activity was used and fitted. The kinetics 

considering product inhibition describing can be described by Eq (3.4).  

The reactant concentration (CA) as a function of time (t) was firstly 

derived and then fitted into the equation (Figure 3.7). 

 
2

1

A A

p p

dC kC

dt k C
 


  (3.4) 

 

Figure 3.7 Fitting of the experimental data to the equation considering the 
product inhibition 
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Where CA and Cp is the concentration of aniline and amide respectively.  k is 

the reaction rate constant and kp is the product inhibition constant. The 

obtained values of k, kp are 2.0 x10-3 L mol-1s-1, 26 L/mol respectively 

with R2=0.95. 

3.4 Screening of heterogeneous catalysts in direct amide 

synthesis 

Even though certain types of heterogeneous catalysts are considered as 

solid acids, the strength and distribution of acid sites vary with the type of the 

catalyst, further affecting the catalytic performance on different amide 

synthesis. Too weak acid sites will not influence the electron density around 

the carbon of carboxyl group significantly, showing no catalytic activity. 

Nevertheless, the acid sites which are too strong may cause the blockage of 

sites by slow desorption of the products. Also, strong Lewis acid sites could 

react with the water as the by-product in the direct amidation and turn into 

Brønsted acid sites which are not reactive according to the mechanism [34]. 

The catalytic activities of several heterogeneous catalysts were tested in the 

batch reactor and the corresponding reaction rates of synthesizing 4, N-

diphenylbutyramide are listed in Table 3.2. 

Table 3.2 Reaction rates of 4,N-diphenylbutyramide formation over different 
heterogeneous catalysts. Reaction conditions: 50 mmol/L 4-phenylbutyric 
acid and 50 mmol/L aniline in 100 mL p-xylene, 165 mg heterogeneous 
catalyst, 200 °C, 6 bars. 

Type of catalysts 
Reaction rate 
(mmol L-1 min-1) 

Source 

P25 TiO2 0.170 Commercial 

Sulfated P25 TiO2 0.200 Lab-made 

ZrO2 0.005 Commercial 

Sulfated ZrO2 0.004 Lab-made 

Rutile TiO2 0.003 Commercial 

Silica gel 0.010 Commercial 

silica gel after700 °C  0.008 Lab-made 

CeO2 0.012 Commercial 
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Type of catalysts 
Reaction rate 
(mmol L-1 min-1) 

Source 

99% H2SO4 0.020 Commercial 

ZSM 0.003 Commercial 

Al2O3 0.000 Commercial 

In the amidation of 4-phenylbutyric acid and aniline, the higher reaction rate 

was observed over a P25 TiO2 catalyst which contained both the anatase 

and rutile phases. However, the rutile resulted in a rather low reaction rate, 

indicating the active sites were located onto anatase surface accelerating 

this reaction. However, the reaction rate was 0.020 mmol L-1min-1 when 

concentrated sulfuric acid, which is a typical strong Brønsted acid, was used, 

demonstrating that strong Brønsted acid could not be an efficient catalyst for 

this reaction. The reaction mechanism by strong Brønsted acid includes the 

attack of the oxygen atom in double bond of the carbonyl group by the large 

amount of dissociative protons. The break of the double bond makes the 

carbon atom in the carbonyl group more positive and be easier to react with 

aniline. The poor performance of other solid acids was attributed to the 

improper strength or distribution of acid sites on the surface. The positive 

effect of sulfation on the activity of the P25 TiO2 catalyst was verified by the 

enhanced reaction rate increasing from 0.17 to 0.20 mmol L-1min-1 compared 

to the P25 TiO2 catalyst.  

3.5 Sulfation of TiO2 catalysts 

As shown in section 1.3.2, type and concentration of the sulfating agent 

determined the strength and distribution of the acid sites, resulting in different 

catalytic activities. Sulfation of TiO2 had showed an improved catalytic 

activity in the synthesis of 4,N-diphenylbutyramide. To explore the optimal 

sulfation conditions, the effect of several parameters included in the sulfation 

process was studied. 
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3.5.1 Sulfate precursors 

Ammonia sulfate and sulfuric acid were the common alternatives to provide 

the sulfate functional group. The effect of sulfate precursors on catalytic 

activity was compared in reaction between 4-phenylbutyric acid and aniline. 

The amide yield as a function of time is shown in Figure 3.8. It can be seen 

that the sulfuric acid treated P25-38.4S catalyst demonstrated a higher 

reaction rate than P25 TiO2 catalyst, which confirmed the positive effect of 

the presence of sulfate groups on the catalyst surface. To the opposite, the 

sulfation by ammonia sulfate (P25-38.4AS) suppressed the catalytic activity, 

resulting in a lower product yield. The sulfation by ammonia sulfate 

enhanced both Lewis and Brønsted acid sites while sulfuric acid only 

affected the Lewis acid sites [43]. Therefore a lower activity of the P25-

38.4AS catalyst might be attributed to the increased number of Brønsted acid 

sites on the surface. The result suggested that sulfuric acid was superior to 

ammonia sulfate when considered as the sulfate precursor to modify P25 

catalyst in this reaction. 

 

Figure 3.8 Amide yield as a function of time over P25 TiO2 catalysts sulfated 
by sulfuric acid and ammonium sulfate in the batch reactor. Reaction 
conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline in 100 mL 
p-xylene, 165 mg catalyst, 200 °C, 10 bars. 

3.5.2 Identification of sulfation method 

The distribution of sulfate groups on the catalyst was firstly identified by EDS. 

It can be seen from elemental map that sulfur element was detected and 
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distributed evenly on the surface, indicating the successful doping of sulfate 

group by the method used.  

 

Figure 3.9 Elemental maps of P25-38.4S catalyst detected by EDS. 

In the next step, the properties of the sulfated P25 TiO2 catalyst after the 

sulfation treatment were compared with those of initial P25 TiO2 catalyst. 

XRD pattern (Figure 3.10) showed the existence of both anatase and rutile 

TiO2 in the P25 TiO2. The peaks locating at 25.0, 36.6, 37.4, 38.2, 47.6, 54.8, 

62.7 °2θ indicated the existence of anatase phase (JCPDS card no. 71-

1169). The rutile phase was verified by the peaks at 27.1, 35.7, 40.8, 43.5, 

54.0, 56.4 °2θ (JCPDS card no. 76-0320). Compared to the pattern of P25 

TiO2, the phase composition did not change after sulfation. The crystal size 

was calculated according to the main peaks at 25.0 and 27.1 °2θ for anatase 

and rutile phase respectively by using Scherrer equation (Eq. (3.5)). 

 
cos

C

K
D



 
   (3.5) 

where Dc is the crystalline size, K is the shape factor (K= 0.89), λ is the X-ray 

wavelength, β is the broadening at half the maximum intensity, and θ is the 

Bragg angle. 
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The crystal sizes of both phases remained virtually the same after the 

treatment, indicating no phase transformation occurred at the calcination 

temperature of 400 ºC. The surface area increased from 50.5 to 53.5 m2/g, 

showing a small change on morphology of the catalyst possibly due to an 

additional calcination step (Table 3.3).  

Table 3.3 Physical properties of P25 TiO2 and sulfated P25 TiO2 catalysts 

 
Crystal size of anatase 
(nm) 

Crystal size of rutile 
(nm) 

Surface area 
(m2/g) 

P25 21.6 39.3 50.5 

P25-38.4S 22.3 37.8 53.5 

 

 

Figure 3.10 XRD patterns of titania (P25) and sulfated titania (P25-38.4S). 
The peaks are assigned as (A) anatase, (R) rutile 

In conclusion, the P25 TiO2 could be successfully functionalized by sulfate 

groups without significant change on its phase composition, crystallinity, and 

surface area, showing the parameters such as mixing time with sulfuric acid, 

calcination temperature were suitable to be further used.  
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3.5.3 Catalysts with different sulfate loadings 

A small amount of sulfate groups added in the catalysts was proved to affect 

the catalytic activity significantly [37, 41, 42]. To explore the optimal loading 

of sulfate groups onto TiO2 for direct amide synthesis, the initial mass ratio of 

SO4
2-/TiO2 added in water was varied from 1.0 to 38.4 wt.%, forming the 

sulfated titania catalysts with different degrees of sulfation. The electronic 

state of the elements on the surface would be changed according to the 

mechanism shown in section 1.3.2. In order to study this effect, the electronic 

state of the elements in the sulfated P25 TiO2 were analysed by XPS and a 

spectrum of P25 TiO2 is presented for comparison (Figure 3.11). The XPS 

spectra showed the strong peaks representing Ti and O in all samples, and 

peak standing for S appearing in the sulfated samples indicated the 

successful sulfation of TiO2, which was coincident with the data of EDS. In 

the P25 TiO2 catalyst, the spin-orbital doublet was observed at 458.2 and 

464.0 eV corresponding to Ti 2p3/2 and Ti 2p1/2 respectively. The position of 

the Ti 2p3/2 peak confirmed the electronic state of Ti4+. After sulfation, the 

binding energy up-shifted revealing Ti cation became more positively 

charged, which was due to the strong interaction between the SO4
2- ions and 

the Ti cation (Figure 3.11 (a) (b)). The binding energy of S 2p3/2 in the range 

from 168.4 to 168.7 eV confirmed sulfur was in the S4+ oxidation state, 

verifying the S-O-Ti bond on the surface. A small S 2p1/2 peak observed at 

169.5 eV indicated the existence of S6+ chemical state, which was due to the 

residue free sulfate ions on the surface [171] (Figure 3.11 (c)). The binding 

energy of the sulfur atom decreased from P25-1S to P25-38.4S catalysts, 

demonstrating the electron density of the sulfur atom increased with the 

sulfate content. This shows that the interaction between sulfate groups and 

Ti4+ was stronger as sulfate groups increased. The peak of O 1s at 529.7 eV 

in the pattern of P25 TiO2 corresponded to oxygen atoms in the O-Ti bonds. 

There was also a shoulder observed at 531.5 eV, which was related to the 

oxygen atom in the chemical adsorbed moisture. In the spectra of sulfated 

TiO2, the peak of O 1s was shifted to a higher binding energy, demonstrating 

lower electron density on the oxygen atom in the S-O-Ti bridge [39, 172, 173] 

(Figure 3.11 (d)).  
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The elemental composition was calculated from the peak areas and it 

provided a relative quantity of each compound (Figure 3.11 (e)). The actual 

sulfate content was proportional to the amount of sulfate added in the 

synthesis process when the ratio was below 10 wt.%. With addition of sulfate 

groups above a 10 wt.% loading, the Ti atoms became more positively 

charged, thus it was difficult to form new bond between the Ti atom and free 

sulfate groups. Even though more sulfate groups were added, the rate of 

forming new Ti-SO4
2- bond on the surface decreased. This phenomenon was 

verified by the slower slop shown in the relationship between actual and 

theoretical value SO4
2-/TiO2 after a 10 wt.% loading.  

 

 

(a)          (b) 

 

(c)              (d) 
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(e) 

Figure 3.11 XPS analysis of sulfated P25 with various sulfate contents (a) Ti 
2p3/2 peak (b) Ti 2p1/2 peak (c) S 2p peak (d) O 1s peak (e) Relationship 
between nominal and experimental values of SO4

2-/TiO2 weight fraction 

The change of acid sites after the sulfation treatment was identified by 

pyridine adsorption studied with FT-IR (Figure 3.12). The peaks at 1445, 

1574 and 1604 cm-1 were attributed to the interaction between pyridine and 

Lewis acid sites [48], and the peak at 1490 cm-1 was assigned to both 

Brønsted and Lewis acid sites [174]. There was no peak showing up around 

1540 cm-1, indicating the absence of Brønsted acid sites [37, 43, 175]. It can 

be concluded that Lewis acid sites were the main acid types existing on the 

surface of the sulfated TiO2 catalyst. All the peak intensities of sulfated 

catalysts were higher than those of pure P25 TiO2, showing the growth of 

Lewis acid sites after sulfation. The sulfated catalyst had an additional band 

at 1297 cm-1 due to the vibration of S=O [176], which proved the existence of 

sulfate group from another aspect. Particularly, the peak of S=O shifted from 

1266 to 1303 cm-1 as temperature increased. This was due to the interaction 

between pyridine and the S=O groups modifying the electronic density. Even 

though pyridine desorbed at high temperature, their covalent character still 

affected the state of S=O, resulting in the shift of the vibration to higher 

wavelength [177]. To compare the variation of Lewis acid strength in the 

P25-XS catalysts, the peak area at 1445 cm-1 in the spectra of the same 

sample taken at different temperatures was normalized. It can be seen from 

Figure 3.12 (b) that the peak area of the samples with higher sulfate content 
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decreased slower with temperature, indicating the formation of more stronger 

acid sites when more sulfuric acid were used in the synthesis process.  

 

     (a) 

 

       (b) 

Figure 3.12 (a) FT-IR spectra of adsorbed pyridine over P25 TiO2 and P25-
XS catalysts recorded at different temperatures (b) Normalized peak area at 
1445 cm-1 in the spectra recorded at different temperatures 

To test the activity of the sulfated catalysts, the reaction was conducted in 

the batch reactor catalysed by various sulfated catalysts. As this can be 

regarded as a second order reaction in the initial period, the rate constant 

was calculated to compare the catalytic activity of each catalyst. According to 

Figure 3.13, the value of reaction rate constant increased sharply over three-

fold as the nominal SO4
2-/TiO2 ratio increased from 0 to 7.5 wt.%.  It is worthy 
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pointing out that even sulfation with 1 wt.% of SO4
2-/TiO2 could have a 

significant improvement on reaction rate constant compared to the initial P25 

TiO2. This demonstrates the bond between the Ti atoms and the SO4
2- 

groups can be easily formed even in a quite diluted solution of sulfuric acid. 

After 7.5 wt.%, the rate constant however showed the slight decrease, 

making P25-7.5S the optimal catalyst. As the strength of the acid sites was 

found to increase with the sulfate content, the decrease of the rate constant 

for catalysts with higher sulfation content might be due to the over-strong 

adsorption of chemicals on the surface, resulting in the slow reaction rate. 

Thus it can be deduced that the strength of acid sites on the surface of P25-

7.5S was most suitable for activation of 4-phenylbutyric acid (Figure 1.2).  

 

Figure 3.13 Reaction rate constant as a function of nominal weight ratio of 
SO4

2-/TiO2. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 50 
mmol/L aniline in 100 mL p-xylene, 165 mg catalyst, 200 °C, 6 bars. 

3.6  Additional treatments of TiO2 catalysts 

3.6.1 UV treatment 

It is well known that the electronic state of TiO2 can be changed by UV light. 

When it is irradiated by UV light, if the energy is high enough for electrons to 

go across the band-gap, a positive hole will be left by the excited electrons, 

forming the stronger active sites for certain reagents to react [178, 179].  

However, if it is not exposed under UV light continuously, the effect of UV 
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illumination was found out to fade with the time [180, 181]. Also, TiO2 after 

illumination could interact with water, resulting in the transformation of the 

Lewis acid sites on the surface into Brønsted acid sites [34]. In the same 

process, OH and O2- were produced from water which can decompose 

organic molecules [182]. If UV treated TiO2 catalyst is directly used in the 

amide synthesis, the UV treatment will cause the instability of the catalysts 

during stream time, as the amount of active Lewis acid sites will decrease in 

the presence of water which is a reaction by-product. Nevertheless, the UV 

activated surface was used to induce more sulfate groups in the sulfation 

process and change the acid sites distribution.  

 

Figure 3.14 Reaction rate constant as a function of nominal weight ratio of 
SO4

2-/TiO2 after UV treatment. The curve for the P25-XS catalysts is shown 
for comparison. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 50 
mmol/L aniline in 100 mL p-xylene, 165 mg catalyst, 200 °C, 6 bars. 

To explore the effect of UV treatment on sulfation, the P25 TiO2 catalyst was 

irradiated by UV light before the sulfation treatment and they catalysed the 

amide reaction in the batch. The reaction rate constant at 200 °C showed a 

similar dependence to that without UV treatment while the same catalytic 

activities were observed at lower SO4
2- loadings. The optimum loading 

shifted from 7.5 to 3.8 wt.% while the corresponding reaction rate constants 

were nearly the same. This indicates that after UV treatment less sulfuric 

acid is needed to achieve the same reaction rate. It can be deduced that UV 

irradiation made the Ti sites more positively charged, thus being easier to 
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bond with the sulfate groups (Figure 3.14). To summarize, the UV treatment 

could help to reduce the amount of acid required for sulfation. 

3.6.2 Silicate treatment 

As there exist both Lewis and Brønsted acid sites on the surface of TiO2 in 

the present of water, there is possibility that weak Brønsted acid sites which 

donated proton might affect the bonding between neighbouring Lewis acid 

sites and sulfate groups. To study the effect, a proper way should be found 

out to diminish the concentration of the Brønsted acid sites. According to the 

literature, silicate compound could replace OH group, resulting in a very low 

concentration of hydroxyl groups on the surface [183, 184]. Following this 

idea, the P25-7.5S catalyst was treated by a sodium silicate solution and 

then calcined. As calcination could result in the condensation and formation 

of siloxane groups [183], a silicate treated sample without calcination (Si-

P25-7.5S) was also studied.  

 

Figure 3.15 Amide yield as a function of time over uncalcined (Si-P25-7.5S) 
and calcined silicate treated sulfated catalyst (CSi-P25-7.5S). Reaction 
conditions: 50 mmol/L 4-phenylbutyric acid and aniline (100 mL), 165 mg 
catalyst, 200 °C, 6 bars. 

The silicate treated catalysts were dispersed in the aqueous solution and it 

was hard to centrifuge them into the bottom, showing the obvious 

hydrophobic property. The catalytic activities of the silicate treated catalysts 

are shown in Figure 3.15 and the amide yield curve of P25-7.5S is presented 

as reference. It shows that catalytic activity of P25-7.5S was drastically 
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reduced after the silicate treatment, indicating the hydrophobic surface area 

was not good for the amide formation. A similar effect was also observed by 

Pazokifard et al. [185]. They showed that the electronic state of silca grafted 

P25 TiO2 shifted towards the similar electron state in the rutile TiO2 and silica, 

leading to a reduced photocatalytic activity. The calcined catalyst Si-P25-

7.5S behaved slightly better than the uncalcined one. For the uncalcined but 

dried sodium silicate, it was hydrated Na2SiO3 with chemisorbed water while 

it turned into anhydrous Na2SiO3 after calcination [186]. It was possibly due 

to the release of water strengthening the Brønsted acid sites when 

uncalcined silicate treated catalyst was used.  

3.6.3 TiO2 mixing with water absorbents 

As the existence of water in the reaction mixture was reported to affect the 

activity of titania catalyst [167, 169, 170], to study the catalyst tolerance to 

water, an extra 500 µL (28 mmol) water was added into the initial reactant 

mixture. Catalysed by the same catalyst under fixed reaction conditions, the 

amide yield curves with and without water added are shown in Figure 3.16. 

The reaction rate decreased by 30% when water was added. This result 

demonstrates that the activity of this titania catalyst is affected when exposed 

to the water phase, and removing water could help to accelerate the reaction 

rates. 
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Figure 3.16 Amide yield as a function of time in reactions with or without 
water. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L 
aniline in 100 mL p-xylene, 165 mg catalyst (UV-P25-7.5S), 200 °C, 6 bars. 

To get rid of water in the reactor, material which can absorb water was 

considered to be added into the reactant solution together with the catalysts. 

Molecular sieves (MS) as the most common absorbent material can absorb 

water up to 22 wt.% of its mass. Another material chosen was poly(acrylic 

acid sodium salt) (PAASS), which is a super water absorbent polymer and 

can absorb mass of water 200 to 300 times over its own weight. In the 

following experiments, 0.5 g 4 Å MS and PAASS (Sigma Aldrich) were added 

separately with 0.165 g P25-7.5S to perform the reaction between 4-

phenylbutyric acid and aniline. Nevertheless, amide yields in the present of 

the absorbent materials were in contrary much lower than that in the 

experiment with pure catalyst (Figure 3.17). Experiment with PAASS which 

was supposed to absorb more water actually resulted in an even lower yield 

than the one with MS. This result was possibly caused by a strong interaction 

between the reactants and absorbent material. The component of 4 Å MS 

used was HxNa12-x[(AlO2)12(SiO2)12] · mH2O which may contain stronger acid 

sites and therefore may hold the phenylbutyric acid on its surface. For 

PAASS, the carboxylate in the polymer chain might react with aniline and 

then reduce the concentration of the amine in the solution. In conclusion, 

besides removing water, the water absorbent itself affected the reaction 

negatively and this side effect was over the contribution of removing water. 
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With the development of absorbent materials, there is still a possibility to 

have the water absorbent with reactant-inert components. 

 

Figure 3.17 Amide yield as a function of time in batch reactor with 0.5 g 
water absorbent. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 
50 mmol/L aniline in100 mL p-xylene, 165 mg P25-7.5S catalyst with 0.5 g 
absorbent, 200 °C, 6 bars. 

3.7 Catalytic activity in batch and conventionally heated 

continuous reactors 

3.7.1 Direct amide synthesis catalysed by the optimal catalyst in the 

batch reactor 

The effect of reaction temperature on the reaction rate of direct amide 

synthesis reaction over the P25-7.5S catalyst was studied in the batch 

reactor in the range from 130 to 170 °C. The reaction rate constant at each 

temperature was calculated from the second order reaction kinetics (Eq. 

(3.3)). The reaction rate constant increased sharply from 0.013, 0.029 to 

0.076 L mol-1min-1 corresponding to the temperatures at 130, 150 and 

170 °C respectively. The activation energy of the reaction over the P25-7.5S 

catalyst was calculated according to the Arrhenius equation (Eq. (3.6)). The 

value calculated from the linear curve shown in Figure 3.18 was 66 kJ/mol. 



66 
 

 
1

2 2 1

1 1
( )aEk

ln( )=
k R T T

   (3.6) 

where k is the reaction rate constant, Ea is the activation energy, T is the 

reaction temperature, R is the ideal gas constant of 8.31 J/(mol∙K).  

  

Figure 3.18  Arrhenius plot of the reaction rate constant. Reaction conditions: 
50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline in 100 mL p-xylene, 
165 mg P25-7.5S catalyst, 6 bars. 

According to the mechanism, the acid is the main reactant activated by the 

catalyst. To extend the range of possible applications, two other acids having 

the similar pKa values as 4-phenylbutyric acid namely acetic acid and 

propionic acid with aniline were also catalysed by P25-7.5S in the batch 

mode (Table 3.4). The acetic acid and propionic acid with aniline showed 

higher reaction rates than 4-phenylbutyric acid, which were 0.74 and 0.85 

µmol (g-TiO2)
 -1 s-1 respectively. As the activity of the acids to react with 

aniline were similar according to the pKa value, the faster reaction rates of 

acetic and propionic acids might be due to the smaller molecules of the 

reactants which led to the faster mass transfer. It can be concluded that this 

sulfated TiO2 has a good catalytic activity on amidation of 4.7 – 4.9 pKa 

acids with aniline. As both of the acids in this pKa range and aniline were 

inactive to react, it can be deduced that the sulfated TiO2 will also show the 

good catalytic activity on direct amidation of more active acids and amines. 

Besides direct amide synthesis, the good performance of sulfated TiO2 was 

also proved in other organic synthesis as well (see section 1.3.3), 

demonstrating other potential application areas of P25-7.5S. 
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Table 3.4 pKa values of various acids and corresponding reaction rates in 
the batch rector. Reaction conditions: 50 mmol/L acids and 50 mmol/L aniline 
in 100 mL p-xylene, 165 mg P25-7.5S catalyst, 6 bars. 

Substrate pKa 
Reaction rate 
(µmol g-1 s-1) 

4-phenylbutyric acid 4.76 0.50 

Propionic acid 4.86 0.74 

Acetic acid 4.76 0.85 

 

3.7.2 Catalytic activity of the optimal catalyst in the conventionally 

heated continuous reactor 

A packed bed conventionally heated continuous reactor was used to study 

the effect of temperature on reaction rate in the continuous mode as well as 

the deactivation kinetics over P25-7.5S catalyst. The temperature of the 

catalyst bed was fixed at the same values as those in the batch reactor, 

namely 130, 150 to 170 ºC. To compare the productivity of the batch and 

continuous reactors, the production rate of the whole catalytic bed is 

presented as the ratio of moles of the amide at the outlet to the mass 

of the catalyst contained in the reactor.                                                                      

The initial rate constant k was calculated from the Eq (3.4) using the input 

and output concentration of the reactants before catalyst deactivation. The 

inhibition constant was assumed to be the same for the reaction model 

catalysed by titania catalysts. The residence time for the heterogeneous 

catalyst bed was the ratio of liquid volume in the catalytic bed to the 

volumetric flow rate (Eq (3.7)). The corresponding concentration profiles 

along the catalytic bed are presented in the Appendix C. 

 

2

1(1 )p cr L

F

 


  
   (3.7) 

Where εp is the bed porosity, r1 is the inner radius of the continuous reactor, 

Lc is the length of the catalytic bed, F is the volumetric flow rate. 
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The initial production rates normalized by the mass of catalyst and the initial 

rate constants in the batch reactor and CH-CR are compared in Figure 3.19. 

The rate constants observed in the CH-CR were two orders of magnitude 

higher than those in the batch due to the high catalyst loading in the 

continuous reactor. As the temperature increased from 130 to 170 °C, the 

production rate increased from 0.15 to 0.22 µmol g-1s-1 in the CH-CR while 

the value in the batch reactor showed a much sharper increase from 0.19 to 

1.02 µmol g-1s-1. The production rates in the batch reactor were higher than 

those in the CH-CR in the whole range of temperatures studied. This was 

possibly due to the presence of external mass transfer limitations in the 

continuous reactor. The smaller effect of temperature on production rate in 

the flow reactor was also attributed to the mass transfer limitation. 

 

(a)                                                    (b) 

Figure 3.19 (a) Production rates (b) initial rate constants at 130, 150, 170 ºC 
in the batch reactor and conventionally heated continuous reactor 

Catalyst deactivation was observed in all the experiments in the CH-CR. The 

deactivation extent changed with the reaction temperature. The higher 

reaction temperature accelerated the rate of deactivation (Figure 3.20). The 

catalytic activity at 170 ºC dropped by 25 % after 800 min while at 130 ºC 

only by 5% of the initial catalytic activity was lost. The colour of the product 

mixture was observed to change in the course of reaction from transparent to 

yellow, dark yellow and finally brown at high reaction temperature, indicating 

the deactivation was caused by the decomposition and/or carbonization of 

the organic compound. Thus a balance between production rate and extent 
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of deactivation extent should be considered when choosing the proper 

reaction temperature. 

 

Figure 3.20 Deactivation extent as a function of time in conventionally heated 
continuous reactor with a 10 mm catalytic bed. Reaction conditions: 425 mg 
P25-7.5S catalyst (125-250 µm), 228 µL/min flow rate, 7 bars. 

3.8 Conclusions 

In summary, a series of modified P25 TiO2 catalysts demonstrated high 

catalytic activity in the direct synthesis of 4, N-diphenylbutynamide. The 

catalytic activity was increased after a sulfation treatment with sulfuric acid 

due to the increased positive charge of Ti cations bonded with sulfate groups. 

The formation of Lewis acid sites was observed after the sulfation treatment. 

The number of the strong acid sites on the titania surface increased 

proportionally to the concentration of the sulfuric acid in the sulfation process. 

Over the catalyst with a numerical SO4
2-/TiO2 ratio of 7.5 wt.%, a 4-fold 

increase in catalytic activity was observed as compared to the commercial 

P25 TiO2 catalyst. The activation energy of reaction catalysed by P25-7.5S 

was 66 kJ/mol. Moreover, the production rates per gram of the titania in the 

conventionally heated flow reactor were lower than those in the batch reactor 

under the same reaction condition due to the insufficient heat and mass 

transfer in the conventionally heated flow reactor. Deactivation of the catalyst 

was observed in the conventionally heated flow reactor and higher reacting 

temperature resulted in a faster deactivation. 
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Chapter 4  Mechanochemical synthesis of TiO2/NiFe2O4 catalysts for direct amide synthesis under RF heating   

Mechanochemical synthesis of TiO2/NiFe2O4 

catalysts for direct amide synthesis under RF 

heating   

4.1 Introduction 

To apply the optimal sulfated TiO2 catalyst in the RF-heated flow reactor, a 

method to combine the catalyst and magnetic material together should be 

explored. Both the catalytic activity of the initial catalyst and the magnetic 

property of the magnetic material should be maintained after the combination.  

Mechanochemical synthesis, which uses high power forced ball mill to grind 

and combine the magnetic and catalytic particles, is one of the options to 

make the desired magnetic catalysts. Compared to the sol-gel method, the 

process is much simpler and no other solvents or surfactants need to be 

added, making it easier to produce the magnetic catalysts on a large scale. 

Houlding et al. ever studied the effect of ball milling time on the synthesis of 

CMCs [1], showing that the magnetism of CMCs decreased with the milling 

time and 0.5 h was the minimum time to synthesize the uniform CMCs. To 

further optimize the ball milled CMC applied in the RF-heated reactor, TiO2 

content which affects both the catalytic and magnetic properties of CMC 

needs to be explored. The catalytic activity in the RF-heated continuous 

reactor, mechanism of deactivation and regeneration method should be 

further studied as well. 

In this chapter, CMCs with different TiO2 contents were synthesized by ball 

milling the mixture of NiFe2O4 and sulfated TiO2 (P25-7.5S) catalyst. The 

obtained CMCs (T2 CMCs) were characterized by N2 adsorption/desorption 

isotherms, XRD, SEM, VSM. To study the effect of TiO2/NiFe2O4 weight 

fraction on the catalytic activity and deactivation, the catalytic activities of 
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CMCs with different TiO2 loadings were measured in the RF-CR with a single 

packed bed. As deactivation occurred in all the experiments, deactivation 

mechanism and regeneration method were also explored to recover the 

spent CMCs. 

4.2 Characterization of ball milled magnetic catalysts 

The CMCs with the sulfated TiO2 (P25-7.5S) loading varying from 33 to 50 

wt.% were synthesized at 300 rpm speed for 0.5 h by ball mill. Before ball 

mill the catalyst and magnetic particles could be distinguished by their white 

and brown colours, while they became uniform dark brown powders after ball 

mill. The particular combination could be seen from the TEM image shown in 

Figure 4.1. The two components were coalesced and welded into each other 

instead of sticking together as two separate fine particles. The uniformity was 

verified by SEM-EDS as well (Figure 4.2). The element of Ni, Fe and Ti, S 

dispersed evenly, indicating P25-7.5S and NiFe2O4 were finely combined. 

 

Figure 4.1 TEM image of the ball milled CMC (T2-33) 
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Figure 4.2 SEM image and the element map of the ball milled CMC (T2-33)  

As ball mill can induce the chemical reaction between two compounds, both 

the catalytic activity of the sulfated TiO2 and the magnetic property of 

NiFe2O4 cannot be maintained at the initial values once the new phase is 

formed. To identify the milling condition used, crystal form of synthesized 

CMCs was analysed by XRD. Patterns of ball milled CMCs with TiO2 

loadings varying from 33 to 50 wt.% are shown in Figure 4.3 and those of  

P25-7.5S and NiFe2O4 are presented as the references. The XRD peaks at 

25.4, 48.2 and 64.9 °2θ were attributed to the (101), (200), (211) crystal 

phases of anatase respectively (JCPDS card no. 78-2486). The peak at 

32.1 °2θ was assigned to the (110) reflection of rutile. The peaks at 30.7, 

36.0, 37.6, 43.8, 54.8, 58.1, and 64.4 °2θ were associated to the (220), (311), 

(222), (400), (422), (511) and (440) crystal planes of NiFe2O4 (JCPDS card 

no. 74-2081). There were also peaks showing up at 31.4 and 41.3 °2θ 

corresponding to the (220), (113) crystal planes of α-Fe2O3 (JCPDS card 33-

0664), indicating the formation of a small amount of α-Fe2O3 during the 

synthesis of NiFe2O4. As TiO2 content increased from 33 to 50 wt.%, the 

intensity of titania peaks gradually increase while that of NiFe2O4 and α-

Fe2O3 decreased, which was coincident with the mass ratio of the TiO2 

content. By comparison with the reference peaks, it can be concluded that 
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although the obtained CMCs were uniform, there was no formation of new 

crystal phases during the mechanochemical synthesis of all the CMCs. It is 

also proved that variety of the titania loading did not have the effect on 

transformation of the crystals. In this way, ball mill using rotation speed of 

300 rpm for 0.5 h could be applied for the synthesis of magnetic catalysts. 

 

Figure 4.3 XRD patterns of ball milled CMCs with different titania loadings 
(33 – 50 wt.%), P25-7.5S catalyst and NiFe2O4. The peaks are assigned to 
(N) NiFe2O4, (A) anatase titania, (H) hematite Fe2O3. 

The combination of two different compounds resulted in the change of 

several physical properties. On the aspect of surface area, the value of P25-

7.5S as the catalytic part was 49.1m2 g-1 while that of NiFe2O4 was as low as 

2.2 m2 g-1. With the increase of the titania loading, the surface area of T2 

CMCs changed from 22.6 to 30.2 m2 g-1 (Table 4.1). According to the mass 

ratio of NiFe2O4 and P25-7.5S, the nominal surface area (S) varying with the 

weight fraction of titania (x) can be calculated using Eq. (4.1). The nominal 

and measured values of surface area were compared in Figure 4.4 (a). 
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2 2 4

(1 )CMC TiO NiFe OS S x S x       (4.1) 

According to Figure 4.4 (a), the measured surface area was higher than the 

nominal value, which was due to the much finer particles caused by milling.  

 

   (a)      (b) 

Figure 4.4 Nominal and measured values of (a) surface area and (b) SAR as 
a function of weight fraction of the sulfated TiO2 

On the aspect of heating property, specific absorption rate (SAR) of ball 

milled CMC was firstly measured. The SAR dropped from 1.7 to 1.0 W g-1 as 

more TiO2 contained in the CMC (Table 4.1). Based on the SAR of NiFe2O4 

at 4.7 W g-1, the nominal values calculated using the similar equation to Eq. 

(4.1) were higher than the measured ones (Figure 4.4 (b)). This was caused 

by the addition of the sulfated TiO2 catalysts which reduced mechanical 

fraction between magnetic particles [1]. The change of the magnetism was 

further tested by VSM. Different hysteresis loops of CMCs with various titania 

loadings are presented in Figure 4.5. Coercivity of each sample fluctuated in 

a rather small scale from 0.24 to 0.31 kG as titania content increased from 

33 to 50 wt.%. However, the saturated magnetism dropped significantly from 

32.0 to 17.9 emu g-1 with the increasing titania loading. For the ferromagnetic 

material, the main parameter of magnetism determining the heating property 

is the area of hysteresis loop [141].  As shown in Table 4.1, the hysteresis 

area of T2 CMC decreased from 0.12 to 0.06 J/g as the titania loading 

increased, which agreed with the trend of the SARs.  
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Figure 4.5 Hysteresis curves of ball milled CMCs with different titania 
loadings. 

Table 4.1 Physical properties of P25-7.5S catalyst, NiFe2O4 and T2 CMCs 
with different titania loadings. 

 Surface 
area (m2/g) 

SAR 
(W/g) 

MS 
(emu/g) 

HC 
(kG) 

Hysteresis 
area  (J/g) 

NiFe2O4 2.2 4.7 n.d n.d n.d 

P25-7.5S 49.1 - - - - 

T2-33 22.6 1.7 32.0 0.26 0.12 

T2-40 27.6 1.3 28.1 0.30 0.10 

T2-45 29.3 1.2 21.6 0.31 0.08 

T2-50 30.2 1.0 17.9 0.24 0.06 

n.d – not determined 

4.3 Catalytic activities of ball milled magnetic catalysts 

An RF-heated continuous reactor with a single catalytic bed packed with ball 

milled CMCs was set up as shown in Figure 4.6. Assumed a certain amount 

of P25-7.5S catalyst in the bed is required, the weight ratio of TiO2/NiFe2O4 

in the catalytic bed can be changed by packing ball milled CMCs with the 

different titania loadings. In this way, the weight of NiFe2O4 is varied in each 

catalytic bed. To reach the same reaction temperature, the heat produced 

per unit of NiFe2O4 should be higher in the packed bed containing less 

NiFe2O4, which may have the effect on both the catalytic activity and 
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deactivation. To study their catalytic activities in direct amide synthesis in the 

RF-CR, the reactor was packed with various ball milled CMCs and run at 

fixed reaction conditions. The total mass of sulfated TiO2 was fixed at 260 

mg in all the experiments. The specific amount of each T2 CMC used and 

corresponding lengths of the catalytic bed are listed in Table 4.2. In order to 

compare the catalytic activity of sulfated TiO2 in the CH-CR and RF-CR, the 

weight hourly space velocity (WHSV) in the RF-CR was kept at 9 µL (g-TiO2) 

-1 s-1, which was the same as that in the CH-CR. Thus the flow rate was 

determined at 142 µL/min. All the reaction temperature of the bed was kept 

at 150 °C by adjusting the current manually. 

 

Figure 4.6 Schematic view of RF-heated continuous reactor packed with ball 
milled CMCs having (a) higher and (b) lower titania contents 

Table 4.2 Reaction conditions for the RF-CR packed with different T2 CMCs 

 CMC 
(mg) 

Current 
(A) 

Length of catalyst bed 
(mm) 

T2-33 782 100.8 14 

T2-40 653 113.6 12 

T2-45 595 116.8 11 

T2-50 526 121.6 10 

 

As shown in Table 4.3, the initial rate constant and production rate 

normalized by the mass of CMC increased as the CMC having higher titania 

loading, which was under expectation. To compare the catalytic activity of 

P25-7.5S catalyst in each CMC, the production rates were then normalized 
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by the mass of TiO2. The results are shown in Figure 4.7 and corresponding 

value of P25-7.5S catalyst in the CH-CR is presented as the reference. The 

production rates normalized by the amount of titania for T2 CMCs were 

nearly the same from 0.23 – 0.24 µmol·g-TiO2
-1·s-1, indicating the catalytic 

activity of P25-7.5S catalyst was not affected by the weight fraction in the 

CMC. The value in the CH-CR dropped by 17% to 0.19 µmol·g-TiO2
-1·s-1 as 

compared with that of the RF-CR. The lower value of the production rate in 

the CH-CR was due to lower temperature in the centre of the reactor as heat 

transferred from the wall. The better activity of the catalyst in T2 CMC 

indicated that the large temperature gradient on the cross section of the 

conventionally heated reactor could be diminished in RF-heated reactor.  

Table 4.3 Production rates and initial rate constants of direct amide synthesis 
over T2 CMCs in RF-heated continuous reactor. Reaction conditions: 50 
mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, total flow rate 142 
µL/min, 150 °C, 7 bars 

 
Initial rate 
constant 
(L·mol-1·s-1) 

Initial production 
rate (µmol·g-1·s-1) 

Specific production rate 
(µmol·m-2·s-1) 

T2-33 0.22 0.076 0.0034 

T2-40 0.28 0.096 0.0035 

T2-45 0.30 0.104 0.0035 

T2-50 0.34 0.118 0.0039 

 

 

Figure 4.7 Production rates normalized by the mass of TiO2 in the RF-heated 
and conventionally heated flow reactors.  
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4.4 Deactivation study 

Although the TiO2 loading of T2 CMC did not affect the catalytic activity, 

different deactivation curves of various T2 CMCs were observed in the RF-

CR (Figure 4.8). As deactivation was related to the temperature, the 

difference on deactivation indicated the various temperature profiles of the 

catalytic bed using different CMCs as well as the overheated zone on pellet 

size. The CMC could be stabilized at the initial activity for a longer time if 

containing more NiFe2O4. This was due to the less heat generated per single 

CMC if more NiFe2O4 contained, decreasing the overheated spots on pellet 

size. Nevertheless, once the deactivation started, the deactivation was faster 

in the CMC containing more NiFe2O4. This was possibly attributed to the 

different temperature profiles along the catalytic bed. As the catalytic bed of 

CMC having more NiFe2O4 was longer, there would be more overheated 

section in this packed bed, leading to the deactivation caused by the high 

temperature. 

 

Figure 4.8 Deactivation extent of direct amide synthesis over ball milled 
CMCs with various titania loadings in the RF-heated continuous reactor 

Besides the product inhibition by water produced in the process, there are 

three possible mechanisms of the CMC deactivation. As high temperature 

and organic compounds involved, coke is the most possible reason causing 

the deactivation. The formed coke can block the pores, resulting in the 

decrease of the surface area. The surface area can also be reduced by the 

sintering of the catalysts caused by the high temperature. Other factor 

inducing the deactivation may be the loss of sulfate groups or permanent 
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poisoning of the active sites on the surface. To identify the mechanism of 

deactivation, spent ball milled CMCs were firstly analysed by N2 adsorption 

and desorption isotherms. Compared to the surface area of fresh CMCs, 

spent CMCs all showed lower surface areas ranging from 18.4 to 25.4 m2/g. 

The production rates normalized by the surface area before and after the 

reaction were calculated to study the change of the active sites (Table 4.3 

and Table 4.4). The specific production rates stabilized around 0.0035 

µmol·m-2·s-1 for all fresh CMCs and the values for spent CMCs were nearly 

the same, indicating catalytic activity on available surface area did not 

decrease. Thus the hypothesis of the loss or poison of active sites on the 

catalysts could be excluded. The mass of coke formed in each CMC was 

analyzed by TPO. With the temperature continuously increasing from room 

temperature to 650 ºC, the CO2 profile for all the samples showed the same 

wide peak locating from 150 to 550 ºC. The mass of coke calculated from 

peak areas in Figure 4.9 increased in the order of ST2-50, ST2-45, ST2-33, 

ST2-40 from 8.4 to 10.3 mg/g-CMC, which was coincident with the 

deactivation trend. In conclusion, the coke was one of the main reason 

causing the deactivation. 

 

Figure 4.9 CO2 profile of spent T2 CMCs in the TPO analysis 
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Table 4.4 Characterization and catalytic activity of spent T2 CMCs 

 Surface area 
(m2/g) 

Mass of formed 
coke (mg /g-CMC) 

Specific production 
rate (µmol m-2s-1) 

ST2-33 18.4 9.5 0.0033 

ST2-40 22.5 10.3 0.0039 

ST2-45 23.2 8.8 0.0034 

ST2-50 25.4 8.4 0.0036 

 

4.5 Regeneration of ball milled magnetic catalysts 

Due to the uniformity of ball milled CMCs, all of the CMC particles could be 

easily separated by the magnet from the packed bed. To remove the coke 

formed on the CMCs, calcination is the most common treatment. A proper 

condition to remove the coke was studied by TPO analysis. The temperature 

in the TPO analysis was set to increase with a heating rate at 5 ºC/min and 

then stay constant after reaching 400 ºC. The curve of CO2 shows that most 

of the coke was burnt out before reaching at 400 ºC and the residue was 

totally removed after staying at 400 ºC for 45 min (Figure 4.10). Thus to 

regenerate the T2 CMCs, the spent CMC was calcined at 400 ºC for 1 h with 

a heating rate of 5 ºC/min in the air-flow tubular furnace. 

 

Figure 4.10 CO2 profile of spent ball milled CMC (ST2-50) in the TPO 
analysis 
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Following this approach, ST2-50 CMC was regenerated for several cycles. 

Surface areas of T2-50 decreased slightly with the regeneration steps (Table 

4.5). It was also observed that some small pores merged into bigger ones 

after each cycle according to the pore size distribution (Figure 4.11),  

indicating that the inner structure was slightly changed after each cycle.  

 

Figure 4.11 BJH pore size distribution of fresh and spent T2-50 CMCs 
derived from adsorption isotherm  

Table 4.5 Surface area and initial rate constants of fresh and regenerated 
T2-50 CMCs 

 Surface area 
(m3/g) 

Initial rate 
constant 
(L·mol-1·s-1) 

T2-50 30.2 0.34 

RT2-50-1 29.1 0.34 

RT2-50-2 28.3 0.35 

The catalytic activities of regenerated CMCs were tested in the RF-CR under 

the same reaction condition. The initial rate constant of regenerated CMCs 

were around the same with a negligible trend of increasing, which 

demonstrated that the catalytic property could be fully recovered after the 

regeneration step. The slight increase of initial rate constant could be 

attributed to the faster internal diffusion of the reactants in larger pore sizes. 

Nevertheless, the deactivation was observed to accelerate after each 

regeneration process (Figure 4.12). This was possibly due to the change of 

the pore size distribution as well. If formed coke blocked the pore channels, it 
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would hinder the mass transfer to a larger surface area due to the bigger 

pore size and volume in regenerated CMC.  

  

Figure 4.12 Deactivation extent of direct amide synthesis as a function of 
time over regenerated T2-50 CMCs. Reaction conditions: 50 mmol/L 
phenylbutyric acid and 50 mmol/L aniline, total flow rate 142 µL/min, 526 mg 
CMC, 150 °C, 7 bars. 

4.6 Conclusions 

Ball mill is a facile method to synthesize magnetic catalysts applied for RF 

heating. By milling the mixture at 300 rpm for 0.5 h, the uniformity could be 

achieved without forming new crystal phase. Both the surface area and SAR 

of the synthesized CMC could be maintained at good values in the obtained 

CMC. The production rate of direct amide synthesis over sulfated titania was 

promoted by 21% to 0.23 µmol·g-TiO2
-1·s-1 in the RF-CR as compared to the 

value in the CH-CR, demonstrating a diminished temperature gradient in the 

RF-CR. The variation of titania loading in CMC did not affect the catalytic 

activity of titania but resulted in different deactivation rates. The deactivation 

occurred earlier but at a slower rate when the CMC with higher titania 

loading was applied. Overall, the CMC having 50 wt.% titania (T2-50) 

showed the highest catalytic activity and the lowest deactivation rate. 

Deactivation was mainly caused by the carbonization of organic compounds. 

The formed coke could be fully removed by calcinating the spent CMC at 

400 °C for 1 h under air flow. The catalytic activity of the spent CMC could be 

totally recovered to the initial value by this regeneration process. However, 

faster deactivation was observed after each cycle due to the change of the 

morphology. 
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Chapter 5 Synthesis of NiFe2O4@TiO2 core- shell catalyst s for  direct amide synthesis under RF  heating  

Synthesis of NiFe2O4@TiO2 core-shell 

catalysts for direct amide synthesis under 

RF heating 

5.1 Introduction 

Even though ball mill provides a facile way to synthesize the magnetic 

catalysts, the application area of ball milled CMC is actually limited due to the 

weak chemical resistance of the magnetic material. The exposed NiFe2O4 is 

easily corroded in the strong acidic or basic solutions, limiting the types of 

the reactants. To protect the magnetic property, the magnetic catalyst with a 

core-shell structure is synthesized to improve this situation. By covering the 

core with a shell, the core can be well protected from the surroundings, 

making the magnetic property stable during use. Moreover, the morphology 

of the shell can be easily tuned by synthetic process. Surface area and 

catalysts content in each CMC can be increased, further promoting the 

catalytic activity. However, the thickness of the shell also affects the heat 

transfer, resulting in different SARs of CMCs. The CMC with thinner shell has 

a relative higher SAR. In a word, properties of shell affected the heating and 

catalytic abilities in opposite ways.  These two characteristics should be 

balanced when core-shell CMC is synthesized.  

In this chapter, the core-shell NiFe2O4@TiO2 (T3) CMC was synthesized by 

the sol-gel method. Calcination temperature as the main parameter affecting 

crystal form and surface area was studied and optimized. The effects of TiO2 

content on heating property, surface area were explored as well. The 

catalytic activities of all the core-shell CMCs were tested and compared in 

the RF-CR with a 5 mm single catalytic bed under the same reaction 
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condition. Characterization methods like TGA, XRD, SEM, N2 

adsorption/desorption isotherms and VSM were used to study the physical 

properties of CMCs. Deactivation mechanism and regeneration method were 

explored as well to regenerate the spent CMCs. 

5.2 Characterization of core-shell magnetic catalysts 

5.2.1 Identification of TiO2 content 

CMCs with different TiO2 content were synthesized by varying the volume of 

TiO2 sol added in during the synthesis process. As shell acted as the catalyst, 

the content of TiO2 in T3 CMC was the main parameter to be concerned. 

According to the results from SEM-EDS (Table 5.1), actual TiO2 content 

changed from 8.9 to 32 wt.%, which was coincident with the nominal TiO2 

loading calculated from mass of each precursor. The actual TiO2 content was 

slightly higher than the nominal value, which was due to the accidental error. 

According to the data the precursor of TiO2 was fully incorporated on the 

surface of the core by this method.  

Table 5.1 Nominal and actual titania loadings in T3 CMCs calcined at 400 oC. 

 Nominal TiO2 
content (wt.%) 

Actual TiO2 
content (wt.%) 

T3-9-400 7.4 8.9 

T3-17-400 13.9 16.7 

T3-26-400 24.3 26.0 

T3-32-400 32.5 32.0 

 

Nearly spherical particles were observed in TEM images of all four samples. 

The mean NiFe2O4 particle size remained rather constant and was close to 

50 nm. Arrows shown in Figure 5.1 point to the TiO2 detected by EDS, 

showing the existence of TiO2 shell with the thickness of about 5-10 nm. The 

incorporation of titania coating did not change the average dimension of the 
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NiFe2O4 core (40–60 nm in diameter), showing no chemical interaction 

between the core and the shell during the synthesis. 

 

Figure 5.1 TEM images of (a) initial nickel ferrite nanoparticles and T3 CMCs 
calcined at 400 °C with different TiO2 loadings (b) T3-17-400 (c) T3-26-400 
(d) T3-32-400. Arrows point to the TiO2 shell. 

The FT-IR spectra of the T3 CMCs calcined at 400 °C along with dry gel of 

TiO2 and NiFe2O4 spectrum are shown in Figure 5.2. The peaks at 590 cm-1 

were assigned to stretching vibrations of Fe-O [187] in NiFe2O4. Stretching of 

Ti-O-Ti framework was located in the wide range from 1000 to 400 cm-1 in 

the spectrum of the dry gel of TiO2 [43, 179, 188, 189], which were partially 

overlapped by the NiFe2O4 bands in the T3 CMCs. The intensity of the Fe-O 

peak at 590 cm-1 increased proportionally to NiFe2O4 content. Also the width 

of the Fe-O band, which was close for all composite catalysts, was 

noticeable broader compared to that of NiFe2O4. This broadening suggests 

very close contact between NiFe2O4 and TiO2 and confirms the formation of 

the core-shell structure in agreement with TEM data. 
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Figure 5.2 FT-IR spectra over 400 °C calcined TiO2 gel, NiFe2O4 and T3 
CMCs calcined at 400 °C. 

5.2.2  Thermal behaviour 

Removal of the surfactants remaining in the as-synthesized CMCs is of 

crucial importance for the properties of final products. Total remove of the 

surfactants can generate the maximum number and volume of pores in the 

shell, resulting in the highest surface area. Surfactants from sol-gel are 

normally removed by calcination process. High temperature can accelerate 

the burn out of the surfactants, and also it determines the crystal phase 

formed. However, over high temperature may result in the phase 

transformation of the original catalytic and magnetic part or even formation of 

new compound at the boundary layer between core and shell, leading to the 

loss of heating and catalytic properties. In this way, it is necessary to 

understand the thermal behaviour of the T3 CMCs. 

The TG-DTA curves ranging from room temperature to 1000 °C of the TiO2 

dry gel, nickel ferrite particles and uncalcined T3 CMCs with TiO2 loading of 

17, 26 and 32 wt.% were presented in Figure 5.3. For the TiO2 dry gel, the 

weight loss between 75 to 165 ºC was attributed to the desorption of ethanol 

and water remaining in the gel. The decomposition of the precursors was 

observed in the range from 270 to 323 ºC [190]. Finally, the oxidation of 

residual organic compounds occurred above 475 ºC and weight became 

constant after 570°C, indicating full removal of combustible materials. DTA 
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curve showed the main exothermal peak starting from 500 ºC, indicating the 

fast combustion of coke or organic residue (Figure 5.3 (a)). NiFe2O4 showed 

good thermal stability according to Figure 5.3 (b). The weight of the nickel 

ferrite sample remained virtually the same during the whole process, which 

dropped only 1.5% after 1000 °C. The slight weight loss after 300 °C was 

due to the residue carbon left in the synthesis process. The stable phase of 

NiFe2O4 was obtained by calcination at 700 °C in agreement with the 

previous reports [191, 192]. Thermogravimetric analysis of composite 

samples with different TiO2 loadings depicted the similar TG-DTA curve as 

TiO2 dry gel (Figure 5.3 (c)). The as-synthesized samples exhibited 

continuous weight losses at the temperature below 570 °C caused by the 

removal of the solvents and organic compounds and the main exothermic 

peaks appeared at 550 °C because of the combustion of residue coke. In 

particular the thermal effect above 570 °C in the composite materials was 

lower than that of NiFe2O4 and no other exothermal peaks observed after 

600 °C, which means no solid-state reaction happening between TiO2 and 

NiFe2O4 in the CMCs. The weight loss increased from 10.2% to 25.1% as 

TiO2 content in the samples increased from 8.9 to 32 wt.%. These values 

agreed well with the theoretical loss calculated from the weight loss of nickel 

ferrite, TiO2 and the actual TiO2 loading in the composite materials. 
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  (a)                             (b) 

 

(c) 

Figure 5.3 Thermal gravimetrical and differential thermal analysis of (a) dry 
gel of TiO2 (b) NiFe2O4 (c) uncalcined  T3 CMCs with various titania loadings  

5.2.3 Magnetic properties 

The magnetic property of original magnetic particles can be diluted by the 

portion of TiO2 in the CMC. The magnetisation curves and corresponding 

parameters of the T3 CMC calcined at 400 °C are shown in Figure 5.4 (a) 

and Table 5.2 respectively. As coercivity (Hc) significantly depends on 

magnetic particle dimensions [141], the same coercivity at 0.2 kG for all 

samples indicates the dimension of NiFe2O4 particle was not affected by the 

introduction of TiO2 shell, which was in agreement with the TEM data (Figure 

5.1) and TGA data (Figure 5.3). With the increase of the titania loading, the 

saturation magnetization decreased from 31.3 to 22.0 emu/g because of the 

decreasing amount of the magnetic NiFe2O4. As shown in Figure 5.4 (b), 

saturation magnetization (Ms) had a linear relationship with TiO2 content, 

showing the magnetism loss of T3 CMC was only due to the dilution of TiO2. 
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There was no additional loss of magnetism observed due to the formation of 

titania shell. For ferromagnetic material, the heating property was 

proportional to the hysteresis area according to Dr. Gao’s research [141]. 

The decreased hysteresis area indicates the heating property dropped as 

more TiO2 contained. Curie temperature measured from M-T curve was 

nearly constant at 565 °C for all samples, proving the stability of NiFe2O4 

phase after coating the TiO2 shell. It is also worthy pointing out that the 

application of these CMCs should be under this temperature to avoid the 

change of the magnetism.  

 

   (a)      (b)   

Figure 5.4 (a) Hysteresis curves of T3 CMCs with different TiO2 loadings 
measured at 20 °C (b) Relationship between Ms and TiO2 content 

Table 5.2 Magnetic properties of T3 CMCs with different TiO2 loadings 
calcined at 400 °C 

 
Ms 
(emu/g) 

Hc  
(kG) 

Curie temperature  
(°C) 

Hysteresis 
area (J/g) 

T3-9-400 31.3 0.2 565 0.22 

T3-17-400 28.7 0.2 570 0.20 

T3-26-400 24.3 0.2 565 0.17 

T3-32-400 22.0 0.2 565 0.15 
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5.3  Effect of calcination condition on physical properties 

 The calcination temperature has a major influence on the phase composition 

of the resulting core-shell CMCs. The calcination step is necessary to 

remove the remaining structure directing agent from the porous network and 

the temperature should be sufficiently high for its full oxidation. Moreover, the 

temperature should provide transition of titania into catalytically active 

anatase phase, but not high enough for the sintering or conversion into a 

less active rutile phase [193, 194]. According to the TGA analysis (Figure 

5.3), all the surfactants can be removed at 500 °C. Transformation 

temperature from anatase to non-catalytic rutile was ever reported from 400 

to 1200 ºC according to the specific condition [195]. Also, the calcination 

temperature should be below Curie temperature at 565 ºC to keep the 

magnetism of the cores. Considering all three aspects mentioned above, the 

calcination temperature was chosen in the range of 350 to 500 °C. The 

effects of calcination temperature on surface area and SAR were studied 

with the core-shell CMC having a TiO2 loading of 26 wt.%. The sample was 

calcined at 350, 400, 450 and 500 ºC to study phase composition and check 

for possible core-shell interaction.  

XRD spectra of CMC with TiO2 loading of 26 wt.% calcined at different 

temperature are shown in Figure 5.5. The XRD peaks at 25.4 and 48.2 °2θ 

were corresponding to the (101), (200) crystal planes of anatase (JCPDS 

card no. 78-2486). It could be seen that the formation of characteristic 

anatase phase began at 450 ºC and the peak intensity increased as 

temperature rose to 500 °C. The peaks at 30.7, 36.0, 37.6, 43.8, 54.8, and 

64.4 °2θ were assigned to a NiFe2O4 structure (JCPDS card no. 74-2081). 

These peaks were well indexed to the crystal plane of spinel ferrite (220), 

(311), (222), (400), (422), (511) and (440), respectively.  The very small 

peaks at 31.4 and 41.3 °2θ proved the existence of (220), (113) crystal 

planes of α-Fe2O3 (JCPDS card 33-0664), which was the impurity when 

nickel ferrite was synthesized. As less surfactant and thus larger weight 

fraction of NiFe2O4 contained in CMC calcined at a higher temperature, 

intensity of observed peaks representing NiFe2O4 slightly grew as calcination 
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temperature increased from 350 to 500 °C. In the patterns of all the T3-26-Z 

samples, besides peaks of α-Fe2O3, TiO2 and NiFe2O4, no other peaks were 

observed in the pattern, indicating no further solid reaction between catalytic 

and magnetic part happening at 500 ºC. The crystal size of NiFe2O4 in each 

sample was estimated using FWHM of the highest NiFe2O4 peak (311) by 

Scherrer equation (Eq. (3.5)). The crystal sizes of NiFe2O4 for the initial and 

calcined CMC were 52 - 57 nm. Which were in good agreement with the size 

estimated from TEM images (Figure 5.1). Hence, the calcination temperature 

of 450 – 500 ºC was beneficial considering anatase formation, while no core-

shell interaction or rutile formation occurred. 

 

Figure 5.5 XRD patterns of NiFe2O4 and T3 CMCs with 26 wt.% titania 
calcined at different temperatures. The peaks are assigned to (N) NiFe2O4, 
(A) anatase titania, (H) hematite Fe2O3. 

Besides the removal of the surfactants, calcination could also affect the 

surface area as well as the heating properties. Details of surface area and 

SAR for calcined samples are listed in the Table 5.3. Compare to the as-

synthesized CMC, values of both surface area and SAR decreased by 30% 

after calcination at 350 ºC. The decrease of surface area was likely caused 

by the condensation and densification of the amorphous titania network 
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during the calcination resulting in the increase in TiO2 particle sizes, which 

was observed for many porous materials[196-198]. The surface area 

remained constant in the CMCs calcined at 350-450 ºC range and it slightly 

increased after calcination at 500 ºC due to complete removal of the 

structure directing agent. 

As mentioned in section 1.6.1, the mechanism of RF heating varied 

according to the magnetic particle dimension [72]. As the superparamagnetic 

and single domain diameters for NiFe2O4 are 28 and 100 nm respectively [72, 

199], the particle size of NiFe2O4 around 50 nm was located in the range 

where Néel relaxation, Brownian rotation and hysteresis loss all existed. The 

higher SAR value of T3-26-RT CMC might be attributed to the different 

surface properties of uncalcined CMCs resulting in a stronger interaction with 

water and a higher Brownian heat generation. For the series of T3 catalysts 

containing 26 wt.% of titania, an increase in calcination temperature from 350 

to 500 °C resulted in a minor increase of SAR values likely due to residue 

extent of the surfactants in the CMCs calcined at different temperatures.  

Table 5.3 Surface area and SAR of T3 CMCs 

 Surface area (m2/g) SAR value (W/g) 

T3-26-RT 44.9 1.00 

T3-26-350 31.8 0.73 

T3-26-400 30.7 0.76 

T3-26-450 32.4 0.86 

T3-26-500 35.1 0.87 

T3-9-500 21.9 1.08 

T3-17-500 25.0 1.05 

T3-32-500 51.9 0.88 

 

Calcination at 500 °C was proved to result in the T3 CMC having the 

maximum surface area, heating property as well as the anatase TiO2. 

However besides calcination temperature, calcination time was another 

factor affecting the components of CMC. To determine the calcination time, 
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uncalcined CMC having 32 wt.% titania was analysed by programmed TPO 

analysis which was designed to heat at 5 °C/min to 500 °C and then stay for 

7 h. According to Figure 5.6, the curve of H2O showed two peaks at 30 °C 

and 245 °C, representing the release of water moisture and desorption of 

bonded H2O on the surface respectively. CO2 curve showed a wide peak 

area starting from 162 °C to 500 °C, which was due to the multi types of 

carbon species contained in the CMC. CO2 and H2O were totally removed 

after temperature stabilizing at 500 °C for 20 min. Thus the calcination 

condition of heating at the rate of 5 °C and then stabilizing at 500 °C for 1 

hour was enough to remove all the impurities in the T3 CMCs. 

 

Figure 5.6 CO2 and H2O profiles of uncalcined T3 CMC with 32 wt.% titania 
in a TPO analysis 

To study the effect of titania loading, T3 CMCs having various TiO2 loadings 

from 9 to 32 wt.% were calcined at 500 °C for 1 h. The surface area and SAR 

of each CMC are listed in the Table 5.3. The surface area increasing from 

21.9 to 51.9 m2/g was due to the thicker shell of TiO2. However, SAR values 

decreased steadily with increasing TiO2 content. This phenomenon was 

obviously associated with the decrease in NiFe2O4 content. Compared to the 

ball milled CMC having nearly the same TiO2 extent at 33 wt.% , the surface 

area of core-shell CMC having 32 wt.% titania was 2.3 fold of that of ball 

milled T2-33 CMC. However, the SAR of T3-32-500 CMC at 0.88 W/g was 

lower than that of T2-33 CMC at 1.7 W/g, which was probably due to the 

reduced effect of Brownian rotation in the core-shell CMC. In conclusion, 
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compared to the ball milled CMC, the surface area of core-shell CMC was 

improved while heating ability lost to some extent.    

5.4 Catalytic activity and stability 

5.4.1 Effect of calcination temperature on catalytic activity 

The content of catalytic TiO2 anatase phase was proved to change with the 

calcination temperature. To verify the effect on catalytic property, T3-26 CMC 

calcined at different temperatures were applied to catalyse the amidation of 

4-phenylbutyric acid and aniline in the batch reactor (Figure 5.7). In order to 

compare with the activity of pure P25 TiO2, the reaction rates over CMCs 

were normalized by the mass of TiO2. The reaction rate showed an 

increased trend with the calcination temperature from 350 to 500 °C. 

Remarkably, the samples calcined at 450 and 500 °C demonstrated similar 

reaction rates at 0.093, 0.097 µmol (g-TiO2)
-1s-1 respectively, which were 2.5 

times higher than that over the catalyst calcined at 350 °C. The sharp 

increase was mainly attributed to the rapid formation of active anatase phase, 

which had been verified by the XRD patterns. An increase in the specific 

surface area for the T3-26-500 CMC compared to that of T3-26-450 CMC 

might also contributed to a slightly increased reaction rate. Importantly, the 

catalytic activity per gram of TiO2 for the T3-26-500 CMC reached the value 

of the reference P25 TiO2 catalyst, demonstrating that magnetic functionality 

can be introduced into catalysts without affecting their catalytic activities.  
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Figure 5.7 Reaction rates of direct amide synthesis over T3 CMCs with 26 
wt.% titania calcined at different temperatures (T3-26-Z) in the batch reactor. 
Reaction condition: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline in 
p-xylene (100 mL), 0.635 g CMC, 150 °C, 6 bars. The dashed line 
designated the reaction rate over commercial P25 TiO2 catalyst. 

5.4.2 Effect of TiO2 loading on catalytic activity 

To explore the effect of titania content, the activities of CMCs with different 

TiO2 loading were measured in a flow reactor with 5 mm catalytic bed under 

RF heating. The catalytic bed was shortened to the minimum in order to 

avoid the temperature gradient along the reactor. To preheat the stream, a 5 

mm preheating packed bed filled with Fe3O4 (125-250 µm) was placed prior 

to the catalytic bed. Because T3 CMCs with various TiO2 content showed 

different SARs, the intensity of the magnetic field (i.e. current) was adjusted 

with various CMCs in order to keep the same reaction temperature. The 

specific reaction conditions are listed in Table 5.4. As the CMC with higher 

TiO2 content had the lower SAR, It can be seen that the RF power needed to 

maintain the reaction temperature increased from 101 to 142 W as the titania 

loading increased from 9 to 32 wt.%.  
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Table 5.4 Production rates and power supplied in the RF-CR packed with T3 
CMCs containing various titania loadings. Reaction conditions: 50 mmol/L 4-
phenylbutyric acid and 50 mmol/L aniline in p-xylene, total flow rate 40 
µL/min, 320 mg CMC, 150 °C, 7 bars 

 

Under the same reaction condition, the initial production rates and rate 

constants over T3-Y-500 CMC increased with the TiO2 content, which was 

expected because of the increasing number of the active sites. However, 

The large difference between the initial rate constants of T3-9-500 and T3-

32-500 indicates that not only number of the acid sites affected catalytic 

activity. According to the initial production rate normalized by the mass of 

TiO2, it showed that T3-9-500 CMC had a much lower value while other three 

samples were close (Table 5.4). It indicates that a negative interaction 

between NiFe2O4 and TiO2 existed for thinner TiO2 layer. The electronic 

interaction between TiO2 and ferrite named as photodissolution phenomenon 

were also reported in other studies [129-132]. When the TiO2 shell became 

thicker, such detrimental effect decreased likely due to minimisation of the 

contact with magnetic core.  

A strong deactivation occurred but performed differently during the direct 

amide synthesis in the RF-CR packed with various CMCs. For a proper 

comparison of deactivation kinetics, the production rates were normalised by 

the initial production rate (r/r0) to obtain the deactivation extent (Figure 5.8). 

Such deactivation behaviour is usually modelled using simple first order 

kinetics considering slow deactivation caused by blockage of catalysts 

surface which is caused by the occurring chemical reaction [198, 200]. The 

 
Current 
(A) 

Power 
(W) 

Initial rate 
constant  
(L mol-1s-1) 

Initial production rate 

(µmol 
g -1s-1) 

(µmol g- 
TiO2

-1s-1) 
x10-4 (µmol 
m-2s-1) 

T3-9-500 94.4 101 0.006 0.0048 0.05 2.4 

T3-17-500 99.2 117 0.040 0.023 0.14 9.9 

T3-26-500 105.6 134 0.059 0.030 0.12 9.0 

T3-32-500 110.4 142 0.150 0.049 0.15 9.7 
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corresponding deactivation rate (production rate r normalised by the initial 

rate r0) is presented in Eq. (5.1), where kdeactiv is the deactivation constant 

and t is time on stream. 

 0/ exp( )deactivr r k t     (5.1) 

The values of deactivation constant were proportional to titania loading as 

shown in Figure 5.8 (b). Hence, the deactivation rate constant for the catalyst 

containing 9 wt.%  titania was almost 3 times as high as for the catalyst 

containing 32 wt.% titania. However, this result is not surprising considering 

that a blockage of an active site for the catalyst containing a small number of 

sites provides much higher relative deactivation compared to the catalyst 

with a larger number of sites. In fact, the linear relationship between the 

deactivation constant and TiO2 loading (number of active sites) suggests the 

same deactivation mechanism and the same overall deactivation rate 

constant. 

 
(a)                                                       (b)   

Figure 5.8 (a) Deactivation extent of direct amide synthesis over T3-Y-500 
CMCs as a function of time (b) Deactivation constant as a function of TiO2 
loading. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L 
aniline in p-xylene, total flow rate 40 µL/min, 320 mg CMC, 150 °C, 7 bars  

To verify the benefit of RF heating, T3-32-500 CMC was loaded in both the 

conventionally heated and RF-heated reactors filled with the same T3-32-

500 CMC (Figure 5.9). The initial rate constant obtained in the RF-CR was 

2.3 times of that in the CH-CR, which were 0.065 and 0.15 L·mol-1s-1 

respectively. It was due to the different temperature distribution in the 

reactors. For conventionally heated reactor, as heat was transferred from the 
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heated outer surface via the reactor wall to the CMC inside, it created an 

axial temperature gradient on the radical axis of the reactor, resulting in a 

colder stream in the centre. However, in the RF-heated reactor, heat was 

contributed by each CMC particle thus temperature gradient was largely 

reduced on the cross section. As temperature of the bulk phase in 

conventionally heated reactor was lower, it led to a lower rate constant 

compared to RF heating. The higher temperature achieved in the RF-CR can 

also be proved by the faster deactivation observed in Figure 5.9. 

  

Figure 5.9 Deactivation extent of direct amide synthesis over T3-32-500 
CMC as a function of time in the RF-heated and conventionally heated 
continuous reactors. Reaction conditions: 50 mmol/L 4-phenylbutyric acid 
and aniline in p-xylene, total flow rate 40 µL/min, 320 mg CMC, 150 °C, 7 
bars 

5.5 Deactivation study 

Deactivation was observed during all the experiments in flow reactor on T3 

CMCs. The deactivation was likely caused by the formation of trace amounts 

of azobenzene species on the catalyst surface which readily decompose to 

form coke and block the catalyst surface [1, 15]. Production inhibition by H2O 

was also the reason causing the deactivation. Another possible reason was 

the permanent loss of active sites. To verify the reactivity of acid sites, initial 

and final production rates were normalized by the surface area instead of 

mass of CMC (Table 5.5). It should be mentioned that as the surface area 

was analysed after the sample was degassed, the effect of H2O could not be 
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studied by this parameter. The slight weight loss after degassing process at 

250 °C was observed in each sample which was dried at 110 °C previously, 

indicating the existence of chemisorbed water on the spent CMCs. The 

production rate normalized by surface area of TiO2 shell remained virtually 

the same (9.7×10-4 vs 10.1×10-4 µmol m-2s-1) in the spent ST-32-500 CMC 

having the highest titania loading while it slightly reduced in the catalysts with 

lower titania loadings (Table 5.5). However, after reaction, it was observed 

that surface area of ST3-Y-500 CMC significantly dropped by 20% to 30% 

compared to the fresh catalysts. It indicates that it was the decrease of the 

surface area and site blockage caused the deactivation instead of the 

permanent loss of the acid sites. These processes may occur separately or 

can be caused by the same reason such as surface coking. 

Table 5.5 Surface area of spent T3 CMCs having various titania loadings 

 Surface area 
(m2/g) 

Specific production rate 
x 10-4 (µmol m-2s-1) 

ST3-9-500 15.6 1.5 

ST3-17-500 20.0 7.5 

ST3-26-500 26.7 8.3 

ST3-32-500 40.8 10.1 

 

In order to study the deactivation mechanism caused by coke, TPO analysis 

was further performed on spent CMCs (Figure 5.10). It should be mentioned 

that the coke was normalized by the amount of titania for proper comparison. 

Peak area showed in the wide range from 200 to 500 °C. The main peaks at 

260, 350 and 465 °C indicate there were three types of coke species formed 

during the reaction. The peak at 465 °C only showed in pattern of ST3-9-500 

CMC, indicating the strongly adsorbed coke was formed when TiO2 layer 

was as thin as T3-9-500 CMC. As heat was generated by magnetic core and 

transferred through the shell, solution was easily overheated in the CMC 

particle having thinner layer of TiO2. The amount of cokes gradually 

decreased from ST3-9-500 to ST3-32-500 CMCs, which was consistent with 

the deactivation kinetic data. From these data it can be concluded that the 

formation of the coke on the surface was the dominating reason for the 
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decrease of the surface area and further the deactivation. The minimum 

activity loss was 40% in 6 h, which was faster than the catalyst reported from 

mechanochemical synthesis. It is possibly caused by a larger contacting 

surface area between catalyst and magnetic parts. 

 

Figure 5.10 Normalized CO2 curves of spent T3 CMCs with various titania 
loadings in TPO analysis 

5.6 Regeneration of core-shell magnetic catalysts 

As formation of the coke and adsorbed water resulted in the deactivation, a 

proper method to remove the coke and water should be found out. 

Calcination was the most common used method. According to the TPO curve 

shown in Figure 5.10, peaks representing two types of coke showed at 

260 °C and 350 °C respectively, thus 400 °C was enough to burn out all the 

cokes. To study the calcination condition, programmed TPO analysis up to 

400 °C was done on ST3-32-500 CMC. Figure 5.11 shows that no residue of 

coke remained after temperature reaching to 400 °C for 40 min. The 

regeneration process of calcinating at 400 °C for 1 h was enough to remove 

all the coke formed. 
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Figure 5.11 CO2 profile of spent T3-32-500 CMC in TPO analysis. 

A sharp decrease of surface area was observed after regeneration by 

calcination. Surface area dropped to 30.2 m2/g likely due to the sintering 

while that of the fresh catalyst was 51.9 m2/g (Table 5.6). This led to a much 

lower initial rate constant as shown in Table 5.6. The production rate was 

even lower than the spent CMC while surface area normalized production 

rate was the same (Figure 5.12). This indicates the catalytic activity of active 

sites did not change with the calcination process while the surface area of T3 

CMC was decreased due to the high temperature. Deactivation also became 

fast due to the less active sites. A proper method avoiding high temperature 

should be tried. 

Table 5.6 Surface area and catalytic activity of regenerated T3-32-500 CMCs. 
Reaction conditions: 50 mmol/L 4-phenylbutyric acid and aniline, total flow 
rate 40 µL/min, 320 mg CMC, 150 °C, 7 bars 

 Surface area 
(m2/g) 

Initial rate constant  
(L mol-1s-1) 

Specific production 
rate x 10-4 (µmol m-

2s-1) 

TRT3-32-500 30.2 0.130 10.1 

WRT3-32-500 48.5 0.059 9.8 
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Figure 5.12 Deactivation extent of direct amide synthesis as a function of 
time over fresh T3-32-500, calcination regenerated T3-32-500 (TRT3-32-500) 
and H2O2 regenerated T3-32-500 (WRT3-32-500). Reaction conditions: 50 
mmol/L 4-phenylbutyric acid and aniline, total flow rate 40 µL/min, 320 mg 
CMC, 150 °C, 7 bars. 

According to Querini [201], 99.38% of  coke could be removed by immerging 

the sample in hydrogen peroxide at 90 °C for 20 h. Following this approach, 

the surface area of regenerated CMC was 48.5 m2 g-1, which was marginally 

lower than the value of initial fresh catalyst (Table 5.6). The TPO data and 

the fact that the surface area of the spent catalyst can be recovered almost 

completely by mild treatment discards the possibility of catalyst deactivation 

via sintering and demonstrates that the dominant deactivation mechanism 

was associated with the formation of coke. In particular, the surface area of 

WRT3-32-500 CMC did not show the remarkable decrease while the amount 

of the bigger pore sizes increased compared to the fresh T3-32-500 CMC 

(Figure 5.13). This phenomenon was also observed in the regeneration of 

ball milled CMC (Section 4.5). As T2 and T3 CMCs were regenerated by 

different methods, it can be inferred that the change of the pore sizes was 

possibly caused by the mechanical force during the rotation of magnetic 

particles in RF field instead of the regeneration procedure.  

The results of the catalyst testing show that when carrying out the treatment 

of spent catalyst with hydrogen peroxide at 90 °C overnight, the coke can be 

removed completely without catalyst sintering, because the catalytic activity 

was fully restored in the chemically regenerated sample (Table 5.6). Also the 

second catalytic run using WRT3-32-500 catalyst followed the same 
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deactivation kinetics as the first run indicating that the slight change of the 

pores distribution did not affect the deactivation in the observed time on 

stream. Therefore, H2O2 treatment could be regarded as an efficient route to 

recover T3 CMC.  

 

Figure 5.13 BJH pore size distribution of fresh (T3-32-500) and regenerated 
T3-32-500 CMCs (WRT3-32-500) derived from N2 adsorption isotherm 

5.7 Conclusions 

In summary, core-shell NiFe2O4@TiO2 CMCs have been successfully 

prepared by sol-gel method. By this approach, the TiO2 content could be 

accurately adjusted by changing the amount of titania precursor in the initial 

synthesis sol. Also, no chemical reactions happened between NiFe2O4 and 

TiO2 during the synthesis, which avoided the loss of both heating and 

catalytic properties. The optimisation of the catalyst calcination temperature 

showed that the transition of titania into catalytically active anatase phase 

started at 450 °C, resulting in the highest catalytic activity of the catalyst 

calcined at 500 °C and no sintering of the titania shell.  

In terms of TiO2 content in CMC, the catalytic activity increased as CMC 

contained more TiO2 while the specific production rate (i.e. normalised by 

titania content) was constant for the catalysts with the titania loading above 

17 wt.%. However, the catalyst with 9 wt.% showed an activity lower by 60% 

likely because of a significant contribution of electronic interaction between 

the magnetic core and the catalytic shell in the catalyst. The catalyst 
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deactivation rate was described by first order kinetics demonstrating 

deactivation rate constant was inversely proportional to titania loading, i.e. 

the catalyst with the highest titania loading of 32 wt.% deactivated by a factor 

of 6 slower compared to the catalyst with 9 wt.% titania. Thus CMC 

containing 32 wt.% titania was determined as the optimized point, for it had 

the good heating property, best catalytic performance as well as the least 

deactivation extent. Deactivation during the reaction was proved to be 

caused by the formation of the coke on the surface and it can be fully 

removed by calcination in air at 400 °C. A milder regeneration method in a 

solution of 35 wt.% hydrogen peroxide performed at 90 °C for 22 h did not 

result in sintering of the catalytic shell and provided full recovery of the 

catalytic properties. As a result, a RF-heated composite core-shell catalysts 

provide a promising way for direct amide synthesis with easy catalyst 

regeneration and magnetic separation. 
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Chapter 6 Synthesis and sulfation of NiFe2O4@ SiO2@TiO2 core-shell- shell catalyst s for  direct amide synthesis under R F heating  

Synthesis and sulfation of NiFe2O4@SiO2@TiO2 

core-shell-shell catalysts for direct amide 

synthesis under RF heating 

6.1 Introduction 

As mentioned in section 1.5.2, a direct contact between the magnetic core 

and TiO2 layer might decrease the catalytic activity. Even though the 

NiFe2O4@TiO2 catalysts (T3 CMC) demonstrated good specific heating rate 

and high initial catalytic activity in the amide synthesis, the catalytic activity 

can be further promoted by synthesizing a middle layer between the 

magnetic core and the catalyst layer to avoid the interaction. The structure 

with two shells can also provide a better protection for the cores, enhancing 

the chemical resistance. SiO2 which has several advantages like good 

thermal and chemical resistance, being easily functionalised as presented in 

section 1.5.2, is the common material to be chosen as the middle shell [202-

204]. Besides the addition of a middle layer, another way which was shown 

to improve the catalytic activity is the sulfation of TiO2. Thus a proper method 

to introduce the sulfate groups onto core-shell catalysts with different 

morphology needs to be explored. 

Following these ideas, the core-shell-shell composite magnetic catalysts (T4 

CMCs) containing NiFe2O4 core, a SiO2 middle layer and a TiO2 outer layer 

were synthesized. The method to sulfate both T3 and T4 CMCs was 

explored in this chapter as well. The obtained CMCs were characterized with 

XRD, SEM, VSM, TPO, N2 adsorption/desorption isotherms and SAR 

measurement. Their catalytic activities were measured in the RF-CR to study 

the effect of the addition of the middle layer and the sulfation treatment. 
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6.2 Synthesis of core-shell-shell NiFe2O4@SiO2@TiO2 composite 

magnetic catalysts  

6.2.1 Determination of calcination condition 

To verify the effect of the addition of the middle layer, a core-shell-shell CMC 

with a nominal composition of 11 wt.% SiO2 and 14 wt.% TiO2 was 

synthesized. As new layer was added, the calcination condition including the 

temperature and dwell time should be optimized to remove all the surfactants. 

To identify an appropriate calcination temperature, the as-synthesized T4 

CMC was studied by TPO (Figure 6.1). The main peak of H2O observed at 

250 °C was assigned to the desorption of chemically bonded water. The CO2 

profile shows several peaks at temperature of 263, 387 and 500 °C 

respectively, indicating several types of carbon species. After staying at 

500 °C for 40 min, all the residue of H2O and CO2 were totally removed, thus 

calcination at 500 °C for 40 min was the essential condition to burn out the 

surfactants into T4 CMC. 

 To study the effect of calcination time, T4-17-RT CMC was then calcined at 

500 °C for 1 and 2 h respectively. It was observed that its surface area 

sharply decreased from 48.8 to 11.1 m2/g after an additional period of 1 h. 

This was possibly due to the sintering caused by exposing at the high 

temperature for a long time, which was also observed in the regeneration 

process of T3 CMC. Thus, calcination at a rate of 1 °C min-1 to 500 °C and a 

dwell time of 1 h was enough to burn out all the organic compounds in as-

synthesized CMC and keep the relative high surface area at the same time.  
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Figure 6.1 CO2 and H2O profiles of the as-synthesized T4-17-RT CMC in 
TPO 

6.2.2  Characterization of physical properties 

The elemental composition of T4 CMC was analysed by EDS. The detected 

elements and corresponding weight fraction are shown in Table 6.1. The 

existence of silicon indicated the successful coating of the silica on the 

magnetic core. Calculated from weight fraction of elements, the loadings of 

SiO2 and TiO2 in T4 CMC were 13 wt.% and 17 wt.% respectively, which was 

in good agreement with their nominal values of 11% and 14%. It can be 

deduced that there was no loss of the precursors during the synthesis. The 

material composition can be precisely controlled by this synthetic method.  

Table 6.1 Elemental analysis of T4 CMC by EDS 

 O  Fe Ni Ti Si 

T4-17-500 (wt.%) 39.1 34.0 10.8 10.0 6.0 

 

The shape of T4-17-500 nanoparticles was studied with TEM (Figure 6.2). 

The average dimensions of NiFe2O4 cores remained around 50 nm, which 

was as the same as that in the initial NiFe2O4 particles, indicating there was 

no solid-state reaction between NiFe2O4 and silica during calcination steps. 

The thickness of the shell around the NiFe2O4 cores was about 20-30 nm.  
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Figure 6.2 TEM image of T4-17-500 CMC 

Analysis of crystal phases contained in T4-17-500 CMC was performed by 

XRD. A reference spectrum of T3 CMC with the same TiO2 content is 

presented in Figure 6.3 for comparison. The peaks at 30.7, 36.0, 37.6, 43.8, 

54.8, and 64.4 °2θ were assigned to NiFe2O4 and anatase phase showed 

peaks at 25.4 and 48.2 °2θ. The peaks representing α-Fe2O3 as the impurity 

appeared at 31.4 and 41.3 °2θ. The peaks of T4-17-500 CMC were exactly 

the same as those in the XRD pattern of T3 CMC and no peaks of silica were 

observed in the pattern. As silicon was detected by EDS, the absence of the 

peaks representing silica layer in the XRD spectrum demonstrates that the 

silica was amorphous in T4 CMC.  The crystal size of NiFe2O4 nanoparticles 

in each sample was estimated from the (311) peak at 36.0 °2θ by the 

Scherrer equation (Eq. (3.5)). The crystal sizes of NiFe2O4 in the T4-17-500 

and T3-17-500 CMCs were the same, demonstrating the good thermal 

stability of NiFe2O4 core (Table 6.2). 
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Figure 6.3 XRD patterns of T3-17-500 and T4-17-500 CMCs. The peaks are 
assigned to (N) NiFe2O4 (A) anatase titania (H) hematite Fe2O3 

The hysteresis curve of T4-17-500 is presented in Figure 6.4 and that of T3-

17-500 with the same TiO2 content is also shown as the reference. As the 

heating property of CMC is related to the hysteresis area, it can be seen from 

Table 6.2 that the hysteresis area of T4-17-500 CMC was slightly higher than 

that of T3 CMC, indicating the heating ability increased even with the 

addition of SiO2 layer. The increase of the heating property was due to the 

extra calcination step at 700 °C after the coating of the core with silica gel. 

The increase of the total calcination time enhancing the magnetism was also 

observed in other studies [205, 206]. The change of the heating property was 

verified by the SAR of each sample shown in the same table.  

The surface area of T4-17-500 CMC was higher than that of T3-17-500 CMC 

due to the additional middle layer. The surface area of NiFe2O4@SiO2 which 

was the material before coating of the TiO2 gel was 33.1 m2/g. The surface 

area of TiO2 layer in the T3-17-500 CMC and T4-17-500 CMC could be 

calculated based on the surface area and weight fraction of each component 

(Eq. (4.1)). The obtained values were 136.3 and 125.9 m2/g for T3-17-500 

and T4-17-500 CMCs respectively. A small difference between these values 
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was due to the experimental error. It can be seen that the surface area of the 

catalytic layer in T3 and T4 CMCs was much higher than the value of TiO2 in 

T2 CMC (made by ball mill), proving the superior properties of CMCs 

synthesized by sol-gel method. 

 

Figure 6.4 Hysteresis curves of T3-17-500 and T4-17-500 CMCs 

Table 6.2 Physical properties of NiFe2O4@SiO2 composite, T3-17-500 and 
T4-17-500 CMCs 

 Surface 
area 
(m2/g) 

Surface area 
of TiO2 layer 
(m2/g) 

Hysteresis 
loop area 
(J/g) 

SAR 
(W/g) 

Crystal size 
of NiFe2O4 

(nm) 

T3-17-500 25.0 136.3 0.43 1.1 52 

T4-17-500 48.8 125.9 0.51 1.5 51 

NiFe2O4@SiO2 33.1 n.d n.d n.d n.d 

n.d – not determined 

6.2.3   Catalytic activities  

The catalytic activities of the T3-17-500 and T4-17-500 CMCs were 

measured in the reaction between 4-phenylbutyric acid and aniline in the RF-

CR with a 5 mm catalytic bed. As SiO2 might also contribute to the catalysis, 

a blank experiment with a NiFe2O4@SiO2 sample was carried out to 

determine its catalytic activity. As it is shown in Table 6.3, the rate constant 

catalysed by T4-17-500 CMC was 1.9 times higher than that of T3-17-500 

CMC. However without the TiO2 layer, the catalytic activity of NiFe2O4@SiO2 
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was nearly an order of magnitude below than that of titania-containing 

samples, indicating SiO2 did not contribute to accelerate the reaction. To 

diminish the difference brought by the change of the surface area, the 

production rate was normalized by the surface area of the TiO2 layer in T3 

and T4 CMCs. The data represented in Table 6.3 showed that the specific 

production rate of T4-17-500 CMC of 16.0 µmol (m-TiO2)
-2 s-1 was still 1.6 

times higher than that of T3-17-500 CMC of 9.9 µmol (m-TiO2)
-2 s-1. The 

deactivation extent of the T4 CMC also slowed down, which might be due to 

the less contact area between magnetic core and bulk solution because of 

the double-shell protect. In conclusion, the negative effect of the direct 

contact between the nickel ferrite core and TiO2 layer on catalytic activity 

was verified, and the addition of SiO2 middle layer can eliminate this negative 

effect.  

 

Figure 6.5 Deactivation extent of direct amide synthesis as a function of time 
over T3-17-500, T4-17-500 CMCs. Reaction conditions: 50 mmol/L 4-
phenylbutyric acid and 50 mmol/L aniline, total flow rate 40 µL/min, 320 mg 
CMC, 150 °C, 7 bars 

Table 6.3 Production rates and initial rate constants of direct amide synthesis 
over T3-17-500 and T4-17-500 CMCs and NiFe2O4@SiO2 composite 
material in the RF-CR 

 Initial rate 
constant  
(L mol-1s-1) 

Production 
rate (µmol g-1 

s-1) 

Specific production rate x 
10-4 

(µmol (m-2-TiO2)
 s-1) 

T3-17-500 0.040 0.023 9.9 

T4-17-500 0.074 0.034 16.0 

NiFe2O4@SiO2 0.003 0.002 - 
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6.3 Sulfation of T3 and T4 CMCs 

As sulfation was shown to increase the catalytic activity of TiO2 catalysts in 

the direct amide synthesis, both T3 CMC having 32 wt.% TiO2  as the 

optimal core-shell CMC  and T4 CMC were sulfated using a similar approach 

to further improve their catalytic activities. Two different sulfation procedures 

were studied.  In the first method, sulfation was done by mixing the calcined 

samples with sulfuric acid solution, followed by drying and calcination steps 

to strengthen the bond between sulfate ions and catalyst surface. As 

sintering of the catalytic layers was observed during the calcination, in the 

second approach, the sulfation was performed on the as-synthesized T3 and 

T4 CMCs to realize the burning out of the surfactants and strengthening the 

attachment of the sulfate groups in a single calcination step. The effect of 

these methods on physical properties and the catalytic activities of the 

obtained samples were studied. 

6.3.1 Characterization 

The surface area of the T3 and T4 CMCs sulfated by the first method was 

42.9 and 33.8 m2/g, which were lower than those in the initial T3-32-500 and 

T4-17-500 CMCs (51.9, 48.8 m2/g respectively). It suggests the additional 

calcination step resulted in a noticeable decrease in surface area, which 

agreed with the results obtained in the regeneration study of T3 CMC and in 

the calcination study performed over T4 CMC. Thus to decrease the 

calcination step in the process from as-synthesized to sulfated CMC, 

calcination procedures aiming on removing the surfactants and strengthening 

the bond between sulfate group and Ti cations respectively was merged into 

one step.  

Thus in the second sulfation approach, instead of using the prepared CMC, 

the as-synthesized CMC was treated with the sulfuric acid solution. Different 

from the results of the first approach, the surface area of both sulfated T3 

and T4 CMCs increased significantly as compared to the unsulfated samples, 

which were 58.7 and 71.7 m2/g respectively. The increase might be 

attributed to the leaching of surfactants when mixing with the sulfuric acid 
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solution. This hypothesis was speculated from the small bubbles appearing 

in the suspension and big shallow holes observed on the surface of bulk 

samples after calcination. The elemental analysis data demonstrated that 

both sulfation procedures led to the slight loss of shell material and the 

second route resulted in a relatively lower weight fraction of the shell material 

due to the partial dissolution of unaged gel into the aqueous solution.  

All the SARs of CMCs sulfated by the second method were lower than the 

respective SARs of unsulfated CMCs, which was might due to the slight 

corrosion of magnetic core by sulfuric acid. The slow leaching of the NiFe2O4 

material was previously observed in the acidic solution with a pH of 2 [207], 

while the pH of the sulfuric acid solution used in the present study was 1.7.  

As one more calcination step involved in the first sulfation method and longer 

calcination procedure could result in the better heating property [54, 205], the 

SAR of T4a-16-500-S CMC increased compared to that in the initial CMC. 

The decreased SAR of T3a-26-500-S CMC might be explained by the 

weaker protection of the core by a single TiO2 layer, thus the positive effect 

on heating property brought by the calcination was diminished by the 

leaching (Table 6.4).  

Table 6.4 Physical properties and elemental analysis of sulfated T3 and T4 
CMCs 

 Surface area 
(m2/g) 

SAR 
(W/g) 

TiO2 (wt.%) SiO2 (wt.%) 

T3a-26-500-S 42.9 0.56 26 0 

T3b-25-500-S 58.7 0.84 25 0 

T4a-16-500-S 33.8 1.94 16 12 

T4b-14-500-S 71.7 1.08 14 9 

 

6.3.2 Catalytic activities 

Catalytic activities of sulfated T3 and T4 CMCs were tested in the reaction 

between 4-phenylbutyric acid and aniline in RF-CR with a 5 mm catalytic bed. 

Even though the TiO2 content in each CMC decreased after sulfation 
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treatment, the catalytic activity of TiO2 was enhanced by sulfation of T3 and 

T4 CMCs in both methods according to the specific production rate (Table 

6.5). The rate constants over all sulfated catalysts showed an improvement 

compared to the value over unsulfated ones except T3a-26-500-S. The rate 

constant over T3a-26-500-S dropped slightly compared to the value over 

unsulfated one. The effect was less pronounced over T3a-26-500-S due to 

its decreased surface area as well as the decrease of TiO2 loading.. The T3 

and T4 CMCs sulfated by the second route demonstrated much better 

catalytic activity. The rate constants were improved by 33% and 116% over 

the sulfated T3 and T4 CMCs respectively. The difference was attributed to 

the smaller decreasing extent of surface area of T4 CMC after sulfation 

compared to that of T3 CMC. 

Table 6.5 Specific production rates and rate constants of direct amide 
synthesis over unsulfated and sulfated T3 and T4 CMCs 

 Initial rate constant  
(L·mol-1s-1) 

Specific production rate 
(µmol (g-TiO2)

-1 s-1) 

T3-32-500 0.15 0.15 

T3a-26-500-S 0.14 0.18 

T3b-25-500-S 0.20 0.22 

T4-17-500 0.074 0.21 

T4a-16-500-S 0.12 0.28 

T4b-14-500-S 0.16 0.37 
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                                (a)                                                     (b) 

Figure 6.6 Deactivation extent of direct amide synthesis over sulfated and 
unsulfated (a) T3 and (b) T4 CMCs. Reaction conditions: 50 mmol/L 4-
phenylbutyric acid and aniline, total flow rate 40 µL/min, 320 mg CMC, 
150 °C, 7 bars 

The specific production rate based on TiO2 weight for T3b-25-500-S CMC 

was 0.22 µmol (g-TiO2)
-1 s-1, which was lower than that of T4b-14-500-S 

CMC at 0.37 µmol (g-TiO2)
-1 s-1. This again verified the SiO2 layer was 

necessary to avoid the interaction between magnetic and catalytic part. 

According to Figure 6.6, the deactivation with time became smaller for the 

sulfated catalysts. No deactivation of CMC was observed over both T3 and 

T4 CMCs obtained by the second sulfation method for a time on stream of 8 

h. The improvement on the deactivation extent was possibly due to the 

change of the acid sites strength leading to the different bonding of reactants 

and water on the surface. In conclusion, by sulfation of the as-synthesized 

CMC with core-shell like structure, the catalytic activity was promoted on a 

large scale and no deactivation occurred on sulfated CMCs.  

The comparison between the catalytic activity of the optimal sulfated titania 

P25-7.5S in the batch reactor and that of T4b-14-500-S can be verified by 

the value (km) of the initial rate constant (k) normalized by the catalyst 

concentration (Ccat) in the reactor. The catalyst concentration was the ratio of 

the mass of the titania to the liquid volume in the reactor. 

 /m catk k C   (6.1) 

 Under the same reaction temperature at 150 °C, the km of the reaction in the 

batch reactor over P25-7.5S catalyst was 1.6 x10-4 L2 mol-1(g-TiO2)
-1s-1, 
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while the value over T4b-14-500-S was 3.9 x10-4 L2 mol-1(g-TiO2)
-1s-1. 

The value was doubled in the RF-CR packed with the optimal magnetic 

catalyst T4b-14-500-S due to the much higher surface area of the titania 

layer on the magnetic catalyst and the direct heat transfer to the active sites 

during RF heating. 

6.3.3 In-situ regeneration of T4 CMC in the RF-heated continuous 

reactor 

As TiO2 contained in the T4b-14-500-S CMC had a better catalytic activity 

and no deactivation was observed for 8 h, its catalytic activity was further 

tested in longer experimental runs to study the deactivation kinetics. As it can 

be seen from Figure 6.7, the catalytic activity of T4b-14-500-S CMC reduced 

by 43% after 55 h. As T3 CMC could be totally recovered by mixing the spent 

CMC with 35 wt.% H2O2 in the batch reactor at 90 °C, to regenerate T4b-14-

500-S, an in-situ regeneration procedure was developed in the RF-heated 

continuous reactor instead of using a separate procedure in a batch reactor.  

The regeneration was performed with a flow of iso-propanol at 1 mL/min flow 

rate to flush the reactant residues substrates for 10 min. Then a 35 wt.% 

H2O2 solution was fed at a flow rate of 100 µL/min and temperature was 

maintained at 90 °C under RF heating. After 22 h, the reactor was fed with 

another 10 mL iso-propanol to wash over the residue H2O2 solution. Then, 

the inlet solution was changed to 0.05 M 4-phenylbutyric acid and aniline in 

p-xylene, and a new reaction cycle started. 

The initial rate constants tested for first and second regenerated CMCs were 

0.16 and 0.15L mol-1s-1, indicating the catalytic activity of the spent CMC 

could be totally recovered to the activity of the fresh one in the flow reactor. 

The deactivation extents over the fresh and regenerated catalysts are shown 

in Figure 6.7. The deactivation process started to accelerate after each 

regeneration process, which was also observed in the regeneration of ball 

milled CMCs (Section 4.5). The catalytic activity reduced by 54% after the 

first regeneration run and by 64% after the second regeneration run. It was 

due to the change of the catalyst pore size during the RF heating, which had 
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been verified by the N2 adsorption/desorption isotherms study of regenerated 

T2 and T3 CMCs. 

 

Figure 6.7 Deactivation extent of direct amide synthesis as a function of time 
over fresh and regenerated T4b-14-500-S CMCs. Reaction conditions: 50 
mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, total flow rate 40 µL/min, 
320 mg CMC, 150 °C, 7 bars 

This in-situ flow regeneration method has several advantages compared to 

the conventional regeneration of catalyst in the flow reactor. Normally, the 

spent catalysts in the flow reactor had to be taken out and treated in an 

external vessel before the next operation. During the external process, it is 

easy to cause the irreversible mechanical deactivation of the catalyst [208]. 

Also additional cost on equipment and labour was generated. In the flow 

regeneration protocol, the magnetic catalyst could be fully recovered in the 

flow reactor, avoiding the attrition and possible bed densification during and 

after the regeneration. This facile operation also brought convenience and 

saved cost for the regeneration step. 

6.4 Comparison of magnetic catalysts with different 

morphologies 

In summary, to apply the catalysts to the reactor under RF heating, there 

exist four routes to combine the magnetic particles with the active catalysts. 

The most facile way is a mechanical mixture of magnetic and catalytic 

particles. However, the independence of two types of the particles made the 

separation procedure hard to achieve by only magnet. The TiO2 particles 
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needed to be recycled by the extra filtration or centrifugation, which would 

still increase the separation cost. To make uniform magnetic catalyst, ball 

mill is the simplest way and it is suitable for fast scale-up. The production 

rate of the ball milled T2 CMC was nearly the same as the mechanical 

mixture case T1 CMC, which again verified the catalytic activity was not 

affected by ball milling. However, deactivation behaviour of T2 CMC was not 

as good as those in the mechanical mixture. This was due to larger 

contacting area between NiFe2O4 nanoparticles and the active TiO2 phase, 

resulting in the adsorbed reaction species on the surface overheated.  

The CMC having a core-shell structure demonstrated a better catalytic 

activity under RF heating. This CMC had a good chemical resistance, 

uniform structure and much higher surface area. As a result, the production 

rate considerably increased as compared to that over the T1 and T2 CMCs. 

Also there was no deactivation in the initial period, which might be attributed 

to shorter reaction time on the surface once acid sites changed. A further 

improvement was made with a protective silica middle layer and a sulfated 

TiO2 layer (T4 CMC). Compared to T3 CMC, this CMC demonstrated 

enhanced activity and stability. The ranking of different CMCs from different 

aspects is listed in Table 6.6. 

 

Figure 6.8 Production rates of direct amide synthesis as a function of time 
over CMCs with different structures. Reaction conditions: 50 mmol/L 
phenylbutyric acid and 50 mmol/L aniline, total flow rate 40 µL/min, 320 mg 
CMC, 150 °C, 7 bars 
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Table 6.6 Comparison of CMCs with different morphology 

 T1 CMC T2 CMC T3 CMC T4 CMC 

Surface area  - - + ++ 

Heating rate  +++ ++ + ++ 

uniformity none good good good 

Recycling 
method 

filtration & 
magnetic 
separation 

magnetic 
separation 

magnetic 
separation 

magnetic 
separation 

Chemical 
resistance 

- - + ++ 

Catalytic activity  + + ++ +++ 

Catalytic 
stability 

+ - ++ +++ 

Scale-up ++ + - - 

“-“ = not good; “+” = good; “++” = better; “+++” = best 

6.5 Conclusions 

The core-shell-shell CMC was successfully synthesized. The calcination at 

500 °C for 1h was needed to remove all the surfactants in the as synthesised 

CMC. The middle SiO2 layer was amorphous and showed nearly no catalytic 

activity in the reaction between 4-phenylbutyric acid and aniline. Both the 

heating rate and surface area were increased resulting in a much higher 

catalytic activity of the T4 CMC as compared to that of T3 CMC having the 

same TiO2 loading. More importantly, the production rate normalized by the 

amount of TiO2 was enhanced, verifying the negative effect of magnetic core 

on catalytic layer.  

The catalytic activity was further promoted by sulfation of T3 and T4 CMCs. 

The sulfation of as-synthesized T3 and T4 CMCs provided better catalytic 

activity as it reduces additional high temperature calcination step which 

prevents the shrinkage of surface area. No deactivation of both sulfated T3 

and T4 CMCs was observed in the first 6 h on stream in a flow reactor under 

RF heating. An in-situ regeneration method was developed for the sulfated 

T4 CMC and the activity could be totally recovered. Different aspects of four 
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kinds of CMCs were compared and it was concluded that the T4 CMCs with 

core-shell-shell structure demonstrated the best performance among all 

studied catalysts. The deactivation rate of T4 CMC was an order of 

magnitude below than that over ball milled catalysts and the catalytic activity 

could be totally recovered using a specially developed flow regeneration 

protocol. However the deactivation rate was found out to be accelerated after 

each regeneration cycle. 
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Chapter 7 Design and operation  of RF heat ed continuous reactor  

Design and operation of an RF-heated 

continuous reactor 

7.1 Introduction 

Even though a series of different CMCs were successfully synthesized for 

the application in the direct amide synthesis under RF heating, to realize the 

possibility of reactor scaling up and bench scale applications, a proper 

design methodology for the RF-heated continuous reactor is needed. As RF 

heating is a volumetric heat generation method, usually there exists a large 

temperature gradient along the reactor, making it difficult to maintain near 

isothermal conditions often required for applications in fine chemicals 

synthesis. A near isothermal condition of RF-CR could be achieved by 

application of a structured catalytic bed where catalyst zones are separated 

with additional heating zones of different lengths as shown in section 1.7.2. 

However this design is limited to a narrow range of flow rates and it lacks the 

flexibility and simplicity to be further adopted by the industry. Therefore, a 

further study devoted to an isothermal reactor design has been performed to 

simplify the packing procedure and extend the range of possible operating 

conditions.  

In this chapter, a near isothermal RF-CR system with a 20 mm CMC packed 

bed will be discussed and two different operation methods to control the RF-

CR will be presented. After near isothermal operation is achieved, the kinetic 

study of reaction between 4-phenylbutyric acid and aniline over CMCs 

containing sulfated TiO2 in the RF-CR is presented as well. To study the 

effect of oscillating temperature, temperature modulation was conducted in 

the RF-CR with a 5 mm catalytic bed. 
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7.2 Design of an isothermal RF-heated continuous reactor  

To realize the isothermal regime which can be easily achieved at any 

conditions, a reactor with separately controlled preheating and catalytic 

zones was developed. If the inlet stream is heated up to the desired 

temperature in a preheating zone, then the temperature will be kept at the 

same value once the heat generated in the catalytic zone is equal to the heat 

loss to the environment. In this approach, the temperature could be 

maintained in an acceptable range around the target temperature by 

adjusting the heat generation term. As the heat generated in both zones can 

be adjusted, the isothermal state can be achieved under different reaction 

conditions simply by adjusting the RF power. 

The RF-CR with the reaction temperature controlled by a PID controller as 

described in section 2.6 was firstly developed. Once the target temperature 

was input, the controller could automatically adjust the RF power to stabilize 

the temperature at the desired value according to the real-time temperature 

feedback. To realize the near-isothermal state, the length of the preheating 

zone was adjusted so that the temperature of the liquid was close to the 

reaction temperature at the exit from the preheating zone. The temperature 

in the first 5 mm length of the catalytic bed was precisely controlled by the 

PID controller. In this approach, the length of preheating zone inside the 

magnetic field was the only parameter needed to be adjusted.  

To study a possibility to run reactors with different lengths of catalytic bed at 

near isothermal conditions, three reactors with a catalytic bed length of 10, 

15, 20 mm were assembled. The T2-50 CMC was placed in the catalytic bed 

and Fe3O4 pellets were packed in a 35 mm preheating section. The flow rate 

was changed with the amount of the catalyst in various catalytic beds to keep 

the same WHSV of 4.3 µL g-1s-1. Reaction conditions for each RF-CR are 

listed in Table 7.1.  
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Table 7.1 Reaction conditions for RH-CR with different catalytic bed lengths  

Length of catalytic bed 
(mm) 

Mass of T2-50 
(mg) 

Flow rate 
(µL/min) 

10 549 142 

15 805 200 

20 1130 300 

 

When the temperatures of the preheated stream and first 5 mm zone of the 

catalytic bed were kept at 150 °C, a drop of the temperature along the 

reactor length was observed in each experiment. The phenomenon indicated 

the heat loss via the structural zone packed with the glass beads contributed 

a substantial fraction of the overall heat loss, resulting in the increased heat 

loss along the reactor.  As the rate of heat generation is the same in each 

section of the catalytic bed, the generated heat which was equal to the heat 

loss at the initial section could not compensate the heat loss at the end. As it 

can be seen in Figure 7.1, the temperature gradient in the 10 mm catalytic 

bed was 3 °C, which was acceptable and could be regarded as being 

isothermal. Nevertheless, the temperature gradient increased to 10 and 

15 °C as the length of catalytic bed was extended to 15 and 20 mm 

respectively. In order to compensate the larger heat loss in the end section, a 

larger RF power should be provided. Since RF power was adjusted 

automatically by the PID controller in this system, it was hard to increase the 

RF power to the precise value needed, demonstrating the inflexibility of this 

PID assisted two-point controlled RF-CR. The temperature profile in a 20 mm 

catalytic bed in the RF-CR without preheating zone was also measured for 

comparison. The temperature gradient over the first 10 mm zone reached 

over 50 °C and then the temperature decreased because of the conduction 

heat loss via the structural zone. Even though isothermal conditions were not 

achieved by this PID assisted two-point controlled RF-CR with the catalytic 

bed longer than 10 mm, the temperature gradient was still significantly 

reduced compared to the reactor without the preheating zone. 
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Figure 7.1 Temperature profiles in the 10, 15, 20 mm catalytic beds in the 
PID assisted two-point controlled RF-CR. Temperature profile of RF-CR with 
a single catalytic zone was presented as the reference. All the profiles 
started at 150°C and were shifted upwards for clarity. 

In an attempt to precisely control the heat generation in the preheating and 

catalytic zones, both the length of preheating section inside the RF coil and 

current supplied should be controlled manually. The length of the preheating 

section could be determined from the temperature of the inlet flow while the 

ideal heating rate of the CMCs packed in the catalytic bed was hard to be 

determined due to the uneven heat loss along the reactor.  

 

Figure 7.2 Schematic image of the reactor model 

In order to study the temperature profiles under various RF powers supplied 

in the catalytic bed, a simplified model of the 20 mm heated catalytic bed 

with a 5 mm structural zone in RF-CR was simulated in the COMSOL 

Multiphysics (Figure 7.2). In this model, the fluid flow in the catalytic bed was 

modelled by the Brinkman equation (Eq. (7.1)) for the flow in porous media. 



125 
 

The heat transfer in the porous media with non-compressible flow was 

simulated using Eq. (7.2). The catalytic bed was set as the heating source 

and the volumetric heating rate (Qh) was adjusted to study the variation of 

the temperature profiles. The temperature of the inlet stream was set at 

150 °C. The parameters input in the COMSOL are listed in Table 7.2. 
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Table 7.2 Physical properties of the reactor and the fluid phase 

 Parameters Symbol Value 

Configuration of 

the reactor 

Catalytic bed length (mm) Lc 20 

Structural zone length (mm) Ls 5.0 

Inner radius (mm) r1 3.3 

Outer radius (mm) r2 5.5 

Thickness of the insulation (mm) di 7 

Calculated 

parameters 

Porosity εp 0.65 

Permeability (m2) κ 5.3*10-10 

Overall heat transfer coefficient 
(W m-2 K-1) 

U 10.9 

 Superficial velocity (m/s) v 0.0007 

P-xylene (fluid) at 

150 °C 

Density (kg m-3) ρf 741 

Heat capacity (J kg-1 K-1) Cp,f 1710 

Thermal conductivity (W m-1 K-1) λf 0.1 

Dynamic viscosity (Pa s) µf 0.002 

Nickel ferrite 

(catalytic bed) 

Density (kg m-3) ρn 5390 

Heat capacity (J kg-1 K-1) Cp,n 620 

Thermal conductivity (W m-1 K-1) λn 6.2 

Glass bead 

(structural zone) 

Density (kg m-3) ρg 2200 

Heat capacity (J kg-1 K-1) Cp,g 700 

Thermal conductivity (W m-1 K-1) λg 1 

 

Besides the parameters mentioned above, in the Brinkman equation, the βF 

represents the Forchheimer drag option, which adds a viscous force 

proportional to the squared fluid velocity. I is referred to the stress invariant. 

The values of these parameters at each simulated point were automatically 
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calculated by COMSOL. The velocity of the flow was calculated based on the 

volumetric flow rate of 1.4 mL/min. The permeability of the bed (κ) which was 

packed with the spherical particles with homogeneous porosity was 

calculated from the average diameter of the CMC particles (dp) of 187.5 µm 

and  the measured bed porosity (εp) according to the Eq. (7.3) [209]. 
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The overall heat transfer coefficient (U) was calculated by Eq. (7.4).  
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where r1 and r2 are the internal and outer diameters of the reactor 

respectively, r3 is the diameter of the reactor with the insulation. The thermal 

conductivity of the reactor wall (λ1) and the insulation material (λ2) are 1.0 

and 0.04 W m-1 K-1 respectively. The natural convection heat transfer 

coefficient (h3) is 12.0 W m-1K-1 estimated from the correlation for the natural 

convection around a vertical cylinder. λeff  is the effective thermal conductivity 

and the value is the weighted arithmetic mean of the fluid conductivity and 

porous material. 

With the change of the volumetric heating rates (Qh), three typical types of 

predicted temperature profiles along the catalytic bed are shown in Figure 

7.3. If the heat supplied was equal to the minimum heat loss in the first 

section of the catalytic bed, the temperature constantly decreased towards 

downstream position due to the additional conduction loss. With the increase 

of the volumetric heating rate to an optimal value, the temperature stayed 

nearly constant over the entire catalyst bed with a slight drop observed near 

the end. If the heating rate was increased further, a parabolic temperature 

profile was observed, demonstrating substantial conduction losses in the 

axial direction. Considering all the situations above, a near isothermal 

operation could be achieved at a specific RF heating rate in the 20 mm 

catalytic bed.  
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Figure 7.3 Predicted temperature profiles along the catalytic bed under 
different volumetric heating rates.  

The numerical simulation results were further verified in the RF-CR with a 20 

mm catalytic bed. In these experiments, the length of the preheating zone in 

the coil and the RF power (current) were constantly adjusted according to the 

temperatures along the catalytic bed until reaching the minimum temperature 

gradient. As it is shown in Figure 7.4, a near isothermal behaviour could be 

achieved in the temperature range of 120 – 160 °C under certain conditions 

(Table 7.3). The temperature difference less than 3 °C was also observed in 

the RF-CR in a wide range of flow rates from 500 to 2400 µL/min, 

demonstrating the near isothermal regime could be reached at various 

reaction conditions. 

Table 7.3 Optimal parameters for the manually two-point controlled 
isothermal RF-CR at different temperatures  

Temperature 
(°C) 

Length of the preheating 
zone(mm) 

Current (A) 

120 24.5 84.8 

140 30 84.8 

150 28 86.4 

160 26 92.8 
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Figure 7.4 Temperature profiles of the 20 mm catalytic bed in the manually 
two-point controlled RF-CR at different temperatures. Reaction conditions: 
50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, total flow rate at 1400 
µL/min, 1.2 g T2-50 CMC, 7 bars 

In short, the near isothermal continuous reactor was developed by manually 

control strategy with adjustment of the heat generation in the preheating and 

catalytic zones. The simple structure of the packed bed, facile operation, and 

flexibility of this method makes it suitable for applications at various 

conditions and for scaling up to a larger production. 

7.3 Kinetics study in the isothermal RF-heated continuous 

reactor 

The production rate of direct amide synthesis over T2-50 CMC was tested in 

the catalytic bed of 10, 15 and 20 mm at 150 °C. The WHSV was kept at 4.3 

µL g-1 s-1 in all the reactors. The rate slightly increased from 0.10 to 0.14 

µmol g-1 s-1 when the length of catalytic bed was doubled from 10 to 20 mm 

(Table 7.4), indicating the existence of external mass transfer limitations 

[210]. When the flow rate was increased from 300 to 500 µL/min, the 

production rate increased from 0.14 to 0.21 µmol g-1 s-1. As the production 

rate depended on the flow rate, it can be concluded the presence of external 

mass transfer limitations in the reactor under current reaction conditions. 
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Table 7.4 Reaction conditions and rates of direct amide synthesis in the 
isothermal RF-CRs with different lengths of the catalytic bed. Reaction 
conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, 1.2 g T2-
50 CMC, 150 °C, 7 bars  

Length of 
catalytic bed 
(mm) 

Flow rate 
(µL/min) 

WHSV 
(µL g-1 s-1) 

Amide yield 
(%) 

Initial production 
rate (µmol g-1 s-1) 

10 142 4.3 48 0.10 

15 200 4.2 53 0.11 

20 300 4.5 63 0.14 

20 400 5.9 60 0.18 

20 500 7.5 57 0.21 

 

To explore the operation conditions where external mass transfer limitations 

could be presented, the effect of flow on production rate was studied. In 

these experiments, the flow rate was increased from 0.5 to 2.4 mL/min 

(Figure 7.5). The production rate increased with the flow rate up to 1.4 

mL/min and then remained constant. Thus it can be concluded that the mass 

transfer limited regime existed below 1.4 mL/min and the reactor should be 

operated in the kinetic regime above 1.4 mL/min, corresponding to a WHSV 

of 21.0 µL g-1 s-1.  

 

Figure 7.5 Production rates of direct amide synthesis as a function of the flow 
rate in isothermal RF-CR with 20 mm catalytic bed. Reaction conditions: 50 
mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, 1.2 g T2-50 CMC, 
150 °C, 7 bars  
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The next series of experiments were performed with the flow rates in the 

kinetic regime. The temperature was ranged from 120 to 160 °C and the 

initial rate constant was calculated to estimate the activation energy by 

Arrhenius equation. The activation energy calculated from the slope of the 

curve (Figure 7.6) was 66 kJ/mol, which was the same value as obtained 

over the P25-7.5S catalyst in the batch reactor. It demonstrated that the 

intrinsic activity of sulfated TiO2 remained the same after being deposited 

onto nickel ferrite nanoparticles by ball mill, which agreed well with the 

previous study on the catalytic activity of P25-7.5S in T2 CMCs having 

various titania loadings (section 4.3). 

 

Figure 7.6 Arrhenius plot over T2-50 CMC in the isothermal RF-CR with a 20 
mm catalytic bed. Reaction conditions: 50 mmol/L 4-phenylbutyric acid and 
50 mmol/L aniline, 1.2 g T2-50 CMC, flow rate 1.4 mL/min , 7 bars  

7.4 Transient operation in RF-heated continuous reactor 

The theoretically positive effect of transient operation on temperature was 

put forward as early as 1966 by Lin et al [211]. Nevertheless, due to the 

thermal inertia caused by the limitation of the equipment, the effect was not 

experimentally proved until the development of microreactors. In such 

reactors, the reaction rate of CO oxidation was proved to be enhanced under 

oscillation temperature conditions [212, 213]. The enhancement mechanism 

was explained by the difference of the surface coverage of reactants in 

transient operations compared to the steady state. For conventionally heated 

reactor, the set-up to temperature modulation even in a microreactor was 

rather complex. In this way, RF heating could provide an elegant way to 
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explore this phenomenon experimentally. The highly efficient heat transfer 

from the magnetic core to the catalyst surface could make the heating time 

very short. Also very large surface to volume ratio in microreactors provide 

fast and efficient cooling. 

 To test the effect of transient operation on the reaction rate of direct amide 

synthesis, a forced temperature modulation was realized in the RF-CR 

having a 5 mm catalytic bed. The cooling rate of natural convection allowed a 

periodic operation. The resulted time-dependent temperature plot is 

presented in Figure 7.7. With the current in the coil of 140 A, the oscillation 

amplitude was 20 °C with the mean temperature of 150 °C and the whole 

period of oscillations was 50 s. 

 

Figure 7.7 Temperature as a function of time in the RF-CR with a 5 mm 
catalytic bed 

However, the apparent initial rate constant of direct amide synthesis under 

this condition was 0.094 L·mol-1s-1, which was much lower than the value of 

0.36 obtained under steady state. Also, the CMCs deactivated faster as 

compared to steady state operation (Figure 7.8). It was also observed that 

the outlet stream became dark brown, demonstrating the carbonization of 

organic compounds occurred. The faster deactivation was probably due to 

the local hot spots as a result of high heating rates to provide fast 

temperature transitions. The temperature at the surface of CMCs became 

higher than that at steady state operation, resulting in the decomposition of 

reactants and coke formation. The decreased rate constant could also be 
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explained by this phenomenon because the amount of the reactants to form 

the amide reduced under this condition. It can be concluded that transient 

operation under RF can cause the existence of hot spots and it is only 

suitable for the chemicals which can resist high temperature.  

 

Figure 7.8 Deactivation extent of direct amide synthesis as a function of time 
in the RF-CR under transient and steady state operations. Reaction 
conditions: 50 mmol/L 4-phenylbutyric acid and 50 mmol/L aniline, 320 mg 
T2-50 CMC, flow rate 40 µL/min, 7 bars 

7.5 Extension of other amides synthesis in isothermal RF-

heated continuous reactor 

Besides the reaction between 4-phenylbutyric acid and aniline, the sulfated 

TiO2 catalyst was also proved to have good catalytic activities in the 

amidation of propionic and acetic acids with aniline (Section 3.7.1). Thus to 

study the production of various amides in this isothermal RF-CR, the 

production rates with these  reactants were studied over T2-50 CMC in the 

isothermal RF-CR with a 20 mm catalytic bed. As it can be seen from Table 

7.5, the production rates of both the acetic acid and propionic acids reacting 

with aniline were higher than that of 4-phenylbutyric acid in the flow reactor. 

As their pKa values were nearly the same, the faster production rates of the 

new reactions might be due to the smaller molecules of the reactants which 

led to the faster internal mass transfer and increased adsorption rate on the 

surface. In this way, it should be mentioned that 4-phenylbutyric acid was 

chosen as a model compound in this thesis as its reaction with aniline had 

quite high activation energy. If the catalyst demonstrates high catalytic 
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activity with 4-phenylbutyric acid, it can be deduced that the production rate 

of the reaction using the acid with smaller pKa values would be increased.  

Table 7.5 Throughputs and production rates of various acids reacting with 
aniline 

 pKa 
Throughput 
in RF-CR  
(g /h) 

Production rate 
(µmol g-TiO2

-1 s-1) 

in batch 
reactor  

in RF-CR  

4-phenylbutyric 
acid 

4.76 0.27 0.50 0.62 

Acetic acid 4.76 0.26 0.85 1.07 

Propionic acid 4.86 0.28 0.74 1.03 

 

 

Figure 7.9 Deactivation extent of 4-phenylbutyric acid, acetic acid and 
propionic acid with aniline as a function of time. Reaction conditions: 50 
mmol/L acids and 50 mmol/L aniline, 1.2 g T2-50 CMC, flow rate 1.4 mL/min, 
150°C, 7 bars 

The developed RF heated continuous reactor showed a higher efficiency 

compared to the batch reactor due to its good heat transfer and high catalyst 

loading. Under the same reaction condition, it took only the residence time of 

19 s in the RF heated continuous reactor to reach the amide yield of 30% 

while 5 h was required in the batch reactor to achieve the same yield. To 

have a proper comparison of the catalytic activity of the titania component, 

the production rates were normalized by the mass of titania in the batch and 

continuous modes. The production rates over T2-50 CMC in the RF-CR were 

higher than the values in the batch reactor for all the reactions (Table 7.5). 

As the heat was transferred directly from magnetic particles to the acid sites 
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in the RF-CR, it had a lower temperature gradient than the batch reactor, 

resulting in an improved production rates. The total throughputs for the 4,N-

diphenylbutyramide, N-phenylpropionamide, N-phenylacetamide were 0.27, 

0.26, 0.28 g/h respectively, and they were higher than the same reactions 

conducted in the batch reactor as shown in section 1.2.3. The deactivation 

extent of T2-50 CMC in the reaction with acetic and propionic acids were 

observed to be smaller than that with 4-phenylbutyric acid (Figure 7.9). It is 

worth mentioning that the current throughputs were achieved in the RF-CR 

catalyzed by ball milled T2-50 magnetic catalyst. The throughput of the 

product can be further increased by loading the optimal sulfated core-shell 

CMC in the RF-CR according to the conclusion from Section 6.4.  

7.6 Conclusions 

A near isothermal operation has been achieved in a two-point controlled RF-

CR which could adjust heating power in the preheating and catalytic zones 

separately. The temperature gradient along a 20 mm catalytic bed at various 

temperatures and flow rates could be limited to 3 °C, demonstrating the 

flexibility of this control approach. The production rate was severely limited 

by external mass transfer at low flow rates. A kinetic regime was observed at 

the flow rate above 1.4 mL/min in the RF-CR with a 20 mm catalytic bed. The 

activation energy of the reaction between 4-phenylbutyric acid and aniline 

over the T2-50 CMC observed in this RF-CR was 66 kJ/mol, which was the 

same as that over sulfated titania (P25-7.5S) in the batch reactor. It 

confirmed the constant catalytic activity of the sulfated titania after ball milling. 

The production rate over T2-50 CMC in the RF-CR was higher than the value 

in the batch reactor, verifying the efficient heat transfer to the catalytic 

centres in the RF-CR. The throughput of 4, N-diphenylbutyramide of 0.27 g-

CMC/h was achieved in this isothermal RF-CR. The synthesis method was 

extended to other types of acids and two products were obtained with similar 

throughputs starting from acetic and propionic acids. 
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Chapter 8 Conclusion s and recommendations 

Conclusions and recommendations 

8.1 Conclusions 

Direct amide synthesis from acid and amine is a green and one-step 

approach to produce the amide. Compared to other heterogeneous catalysts, 

TiO2 showed the best catalytic activity in the chosen model reaction between 

4-phenylbutyric acid and aniline. The catalytic activity of TiO2 was further 

promoted by a treatment with sulfuric acid. By the developed sulfation 

approach, the sulfate groups were evenly distributed on the surface while the 

morphology and surface area of the titania remained unchanged. Strong 

Lewis acid sites were formed on the surface after the sulfation and no 

Brønsted acid was observed. The strength of the Lewis acid sites increased 

with the sulfate loadings. The catalytic activity of the sulfated TiO2 increased 

with the sulfate content until the nominal SO4
2-/TiO2 ratio of 7.5 wt.%, and 

then it dropped gradually.  A four-fold increase in production rate over the 

optimal sulfated TiO2 catalyst was observed compared to that over the 

commercial P25 TiO2 catalyst. The activation energy was 66 kJ/mol. A 

continuous process over the optimal sulfated TiO2 was developed, however 

the production rate was much lower than the value obtained in the batch 

reactor due to the existence of large temperature gradient on the cross 

section of the conventionally heated continuous reactor. It was also found out 

that the deactivation kinetics accelerated at higher reaction temperatures. 

The direct amide synthesis from propionic and acetic acids with aniline 

showed higher production rates over the 7.5 wt.% SO4
2- treated TiO2 than 

the model reaction. 

To apply the catalyst to RF-heated reactor, a series of composite magnetic 

catalysts (CMCs) were synthesized from nickel ferrite and sulfated TiO2 by 

ball milling. This method is suitable for commercial production and the 
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synthesized CMCs have both good magnetism and catalytic activity. The 

surface area of CMCs increased while their specific absorption rate (SAR) 

dropped with the increase of sulfated TiO2 loading in the CMC.  The activity 

of the sulfated titania were constant in all the ball milled CMCs, indicating the 

catalytic activity was not affected by the ratio of TiO2/NiFe2O4 weight fraction 

in CMCs. However, faster deactivation kinetics was observed for the CMCs 

containing higher NiFe2O4 content. Comparing two continuous reactors 

operated under the same residence time, it was found out that the measured 

production rate normalized by the weight of titania in the RF-heated reactor 

was higher than that in the conventionally heated reactor, verifying a better 

heat transfer rate under RF heating. The deactivation of ball milled CMC was 

mainly due to the coke formation and a slight sintering of the titania which 

merged the small pores into larger ones in spent CMCs. The catalytic activity 

was totally recovered by calcination process while the deactivation rate was 

increased after each regeneration step due to the irreversible change of the 

mean pore sizes. 

Another type of CMC having core-shell structure was synthesized by the sol-

gel method. The titania loading in the CMC was precisely controlled by 

adjusting the amount of titania precursor in the initial synthesis sol. No 

chemical reaction occurred between the magnetic core and catalytic titania 

shell below 500 °C. The optimisation of the calcination temperature 

demonstrated that the transition of amorphous titania into catalytically active 

anatase phase started at 450 °C, resulting in the best catalytic activity and 

higher SAR when calcined at 500 °C. The TiO2 loading also influenced the 

physical properties of CMCs and their activity in the RF-heated reactor. The 

specific production rate normalized by the weight of titania was constant for 

the CMCs with the titania loading above 17 wt.%. The catalyst with a 9 wt.% 

titania loading showed the activity lower by 60% likely because of a 

significant contribution of electronic interaction between the magnetic core 

and the catalytic shell. The deactivation rate was slower in the RF-CR over 

the CMC having higher TiO2 loading. Analogous to the ball milled CMCs, the 

deactivation of core-shell CMCs was also caused by the carbonization of the 

chemicals. The coke was fully removed by the calcination. However after the 
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calcination step, a large decrease of the surface area caused by the sintering 

was observed, resulting in the non-reversible loss of the catalytic activity. 

Another mild regeneration method was applied, which was treating spent 

CMC with a hydrogen peroxide solution at 90 °C. The initial catalytic activity 

was fully restored after this regeneration method.  

To further improve the catalytic activity and chemical resistance of the CMCs, 

a series of core-shell- shell CMCs with a SiO2 middle layer were synthesized 

to avoid the interaction between the magnetic core and TiO2 shell. The 

obtained SiO2 layer was proved to be amorphous and had nearly no catalytic 

activity in the direct amidation reaction. The resulted T4 CMC showed a 

better magnetic property compared to the T3 CMCs having the same TiO2 

content. Moreover, the production rate normalized by the surface area of the 

titania was higher than that over the T3 CMC, demonstrating the negative 

electronic interaction between NiFe2O4 and TiO2 was diminished by the 

addition of the SiO2 middle layer. The sulfation methods of core-shell and 

core-shell-shell CMCs were studied. In the first method, calcined CMCs were 

sulfated while as-synthesized CMCs were sulfated in the second method. 

The catalytic activity was promoted by both methods. Due to the reduced 

steps of calcination, the second method provided larger surface area and 

thus better catalytic activity. Also, the deactivation rate of sulfated CMCs 

decreased compared to other CMCs, which might be due to the change of 

the acid sites strength. The activity of CMCs was totally recovered by a novel 

in-situ regeneration method using a hydrogen peroxide solution. However the 

deactivation was observed to accelerate after each regeneration step.  

The core-shell like structures can be verified from different aspects besides 

the TEM images. For the NiFe2O4@TiO2 CMC, the CMC having 32 wt.% 

titania loading showed the similar pattern as pure TiO2 while the CMCs 

having less titania loadings presented the peaks as similar as NiFe2O4 

particles, indicating the NiFe2O4 cores were totally enclosed by the 

synthesized shell when titania loading reached to 32 wt.%. The existence of 

the shell also affected the specific production rate of CMCs having various 

titania loading. It was observed that the CMCs having the titania loading 

higher than 9 wt.% had four fold higher specific production rates than the 
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CMC with 9 wt.% titania. As there exists the negative interaction between 

NiFe2O4 and TiO2, it indicates that even the titania loading was increased 

from 9 wt.%, the added titania did not have a direct contact with NiFe2O4 

cores, resulting in a  much improved catalytic activity. This phenomenon 

again verified the core-shell structure. On the aspect of the core-shell-shell 

structure, the activity of TiO2 in NiFe2O4@SiO2@TiO2 was much higher than 

that in NiFe2O4@TiO2, which also indicated that the existence of SiO2 middle 

layer successfully separated NiFe2O4 and TiO2 components. The advantage 

of double-shell structure could also be seen in the experiments of sulfation of 

the CMCs. After the sulfation of the calcined CMCs, the SAR of sulfated 

NiFe2O4@SiO2@TiO2 was even higher than the value of original CMC while 

the SAR decreased after sulfation of NiFe2O4 @TiO2. As the diluted sulfuric 

acid could still led to the leaching of the magnetic cores, this demonstrates 

that the core-shell-shell structure could gave a better protection to the 

magnetic cores than the core-shell structure, which represented the better 

chemical resistance. 

As the problem of large temperature gradient existed in the developed RF-

heated reactor with extended catalytic bed, a near isothermal RF-CR having 

both preheating and catalytic zone was developed to provide the uniform 

temperature in the whole reactor. The RF power supplied in each zone was 

adjusted by (i) the length of the preheating zone positioned inside the 

magnetic field and (ii) the electronic current in the induction coil. Two 

operation modes were studied in this RF-heated reactor. In the semi-

automatically controlling operation, the current was adjusted by a PID 

controller. However the near isothermal state could only be reached in the 

RF-heated reactor with the catalytic bed below 10 mm.  However, if both the 

current and the length of the preheating zone were controlled manually, the 

axial temperature gradient was limited to 3 °C in a 20 mm catalytic bed.  This 

near isothermal operation was achieved in a wide range of temperatures 

from 120 to 160 °C and with the flow rates up to 2.4 mL/min, indicating the 

flexibility of the options of reaction condition. The kinetic study was 

performed over CMCs in the RF-heated reactor with a 20 mm catalytic bed. 

The external mass transfer was sufficient with the flow rate above 1.4 
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mL/min. The specific production rate normalized by the amount of TiO2 in 

this isothermal RF-heated reactor was higher than that in the batch reactor, 

indicating the sufficient heat and mass transfer conditions in the RF-CR. The 

throughputs of 4,N-diphenylbutyramide as well as N-phenylpropionamide, N-

phenylacetamide in the near isothermal RF-CR were all higher than the 

same reactions conducted in the batch mode. This can get to the conclusion 

that the developed method can be extended to a wide class of compounds 

which are relevant to the needs of modern industry. The limitation of the 

method is related to thermolabile substrates (such as chiral compounds) 

where much lower production rates are needed and the temperature should 

be reduced far below 150 oC. However the overall production rate can be 

kept similar by increasing the length of the reactor. 

8.2 Recommendations 

8.2.1 Modification of TiO2  

Even though sulfated TiO2 was proved to have better catalytic activity than 

pure TiO2 on direct amide synthesis, there is still possibility of enhancing the 

catalytic activity of TiO2 by other functionalization methods like metal doping 

or attaching other ions on the surface. The effect of functionalization on the 

type, strength, amounts and distribution of the acid sites is also necessary to 

be further explored. It will give a full understanding of the mechanism and 

can be a guidance to synthesize the desired catalyst having the acids sites 

targeting for different organic reactions. Other novel heterogeneous catalysts 

such as ionogel [214] can also be tried and optimized for direct amide 

synthesis.  

8.2.2 Optimization of core-shell-shell magnetic catalysts 

The core-shell-shell CMC synthesized by sol-gel method has been proved to 

show the best performance in the RF-heated continuous reactor. Actually, 

parameters in sol-gel method can be easily optimized to synthesize the CMC 

with better characteristics. For instance, by changing the type or 
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concentration of the surfactants, CMC could have much larger surface area 

and thus better catalytic activity. The composition of the initial solution and 

the aging time can be further tuned to find the desired fraction of organic 

phase to modulate the reactivity of the precursors and to adjust preferential 

interactions at the organic/inorganic interface in subsequent self-assembly 

processes. The conditions during sol formation can be varied in order to 

obtain oligomers with desired degree of branching, e.g. by optimizing the 

rates of hydrolysis and polycondensation reactions. For the synthesis of sol-

gel derived TiO2, the precursors have to be partially hydrolyzed in a very 

controlled manner, such that subsequent polycondensation reactions yield a 

weakly branched polymeric metal oxide sol. A process can be transferred to 

a glove-box with controlled humidity to control the kinetics of sol-gel process. 

Also, the dispersity of the magnetic can be improved by modifying the 

procedure in sol-gel method. In this way, the obtained CMC can be 

synthesized into perfect independent spheres having clear three-layer 

structure, which have a better chemical resistance and lower aggregation 

extent.  

8.2.3 Scaling up 

The near isothermal RF-heated reactor developed has a great potential to be 

scaled up. For conventionally heated reactor, the reactor with larger volume 

always faced the problem of greater temperature gradient on the cross 

section when scaled up. As RF-heated reactor generates the heat from 

inside, under isothermal operation mentioned in section 7.2, the scaled up 

RF-heated reactor can still provide the uniform temperature on both parallel 

and cross section. On the aspect of equipment, high-frequency inductors are 

available in a large range of power and diameters. Small units in labs require 

a few kW with induction coils of a few centimetres in diameter. Inductors are 

however used industrially in large scale processes such as annealing, 

forging, graphitization in units which can use more than 1 MW power with 

coils of diameter larger than 1 meter. Depending on the scale of the amide 

production units, suitable RF generators can be readily available. 
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Since the RF-heated reactor is in the millimetre scale, it is also possible to 

use “numbering up principle” which is to use several identical microreactors 

to promote the productivity. Also, the current concentrations of reactants are 

limited by the solubility of products. To further increase the concentrations, 

the stream line can be warmed up to avoid crystallization or other solvents 

have higher solubility can be tried. 
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Appendices 

Appendix A - PID controller 

 

Figure A.1 The window of PID controller 

The PID controller was developed by Dr Nikolay Cherkasov. The values of 

PID constants were determined by the trial and error during the initial usage. 

The reaction temperature was input in the column of “Target temperature” 

and the maximum current was adjusted in the column of “Maximum current”. 

All other constants were kept at the same values in the course of using.  
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Appendix B - GC analysis 

Appendix B.1- GC method for direct amidation from 4-phenylbutyric acid 

and aniline 

 

Figure B.1 Typical GC chromatogram for amidation between 4-phenylbutyric 

acid and aniline 

Table B.1 GC Temperature program 

Rate (°C/min) Temperature (°C) Hold time (min) 

- 60.0 2.0 

10.00 100.0 1.0 

20.00 250.0 17.5 
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Figure B.2 GC calibration curve of 4-phenylbutyric acid 

 

Figure B.3 GC calibration curve of aniline 
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Figure B.4 GC calibration curve of 4, N-diphenylbutyramide 

Appendix B.2- GC method for direct amidation between acetic acid and 

aniline 

 

Figure B.5 Typical GC chromatogram for amidation between acetic acid and 

aniline 
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Table B.2 GC Temperature program 

Rate (°C/min) Temperature (°C) Hold time (min) 

- 60.0 2.0 

10.00 80.0 8.0 

20.00 250.0 5.00 

 

 

Figure B.6 GC calibration curve of aniline 
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Figure B.7 GC calibration curve of acetanilide 

Appendix B.3- GC method for direct amidation propionic acid and aniline 

 

Figure B.8 Typical GC chromatogram for amidation between propionic acid 

and aniline 
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Table B.2 GC Temperature program 

Rate (°C/min) Temperature (°C) Hold time (min) 

- 60.0 2.00 

10.00 80.0 8.00 

20.00 250.0 5.00 

 

 

Figure B.9 GC calibration curve of aniline 
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Figure B.10 GC calibration curve of propionalide 
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Appendix C – Concentration profiles in continuous reactors 

The concentration profiles were simulated by Eq. (3.4) and the method 

stated in Section (3.3.2). Geometrical parameters of the flow rector are 

presented in the Table 7.2. The index of the kinetics parameters and 

corresponding reaction conditions in the continuous experiments are shown 

in Table C-1. 

Table C-1. The index of the experiments and corresponding parameters 

Figure 
code 

Catalyst 
type 

Heating 
method  

Length of 
catalytic 
bed (mm) 

Volumetric 
flow rate 
(µL/min) 

Reaction 
temp. 
(°C) 

Initial rate 
constant 
(L·mol-1·s-1) 

C-1 P25-7.5S CH 10 228 130 0.18 

C-2 P25-7.5S CH 10 228 150 0.30 

C-3 P25-7.5S CH 10 228 170 0.43 

C-4 T2-50 RF 10 142 150 0.34 

C-5 T2-45 RF 11 142 150 0.30 

C-6 T2-40 RF 12 142 150 0.28 

C-7 T2-33 RF 14 142 150 0.22 

C-8 T3-9-500 RF 5 40 150 0.006 

C-9 
T3-17-
500 

RF 5 40 150 0.04 

C-10 
T3-26-
500 

RF 5 40 150 0.059 

C-11 
T3-32-
500 

RF 5 40 150 0.15 

C-12 
T3-32-
500 

CH 5 40 150 0.065 

C-13 
WRT3-
32-500 

RF 5 40 150 0.059 
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Figure 
code 

Catalyst 
type 

Heating 
method  

Length of 
catalytic 
bed (mm) 

Volumetric 
flow rate 
(µL/min) 

Reaction 
temp. 
(°C) 

Initial rate 
constant 
(L·mol-1·s-1) 

C-14 
TRT3-32-
500 

RF 5 40 150 0.13 

C-15 
T4-17-
500 

RF 5 40 150 0.074 

C-16 
NiFe2O4

@SiO2 
RF 5 40 150 0.003 

C-17 
T3a-26-
500-S 

RF 5 40 150 0.14 

C-18 
T3b-25-
500-S 

RF 5 40 150 0.20 

C-19 
T4a-16-
500-S 

RF 5 40 150 0.12 

C-20 
T4b-14-
500-S 

RF 5 40 150 0.16 

C-21 T2-50 RF 5 40 
Oscillating 
from 140-
160 

0.094 

C-22 T2-50 RF 5 40 150 0.36 

 

The simulated concentration profiles are presented in the order of the 

corresponding section showing up in the main content. The initial 

concentrations of the reactants were kept at 0.05 mol/L in all the experiments 

conducted in the continuous experiments.  
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Figure C- 1 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 425 mg P25-7.5S catalyst (125-250 µm), 228 µL/min 

flow rate, 130 °C, 7 bars.  

 

Figure C- 2 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 425 mg P25-7.5S catalyst (125-250 µm), 228 µL/min 

flow rate, 150 °C, 7 bars.  
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Figure C- 3 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 425 mg P25-7.5S catalyst (125-250 µm), 228 µL/min 

flow rate, 170 °C, 7 bars.  

 

Figure C- 4 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 526 mg T2-50 catalyst (125-250 µm), 142 µL/min flow 

rate, 150 °C, 7 bars.  
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Figure C- 5 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 595 mg T2-45 catalyst (125-250 µm), 142 µL/min flow 

rate, 150 °C, 7 bars.  

 

Figure C- 6 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 653 mg T2-40 catalyst (125-250 µm), 142 µL/min flow 

rate, 150 °C, 7 bars.  
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Figure C- 7 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 782 mg T2-33 catalyst (125-250 µm), 142 µL/min flow 

rate, 150 °C, 7 bars.  

 

 

Figure C- 8 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 320 mg T3-9-500 catalyst (125-250 µm), 40 µL/min flow 

rate, 150 °C, 7 bars.  
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Figure C- 9 Concentration profiles along the axial position of the catalytic bed. 

Reaction conditions: 320 mg T3-17-500 catalyst (125-250 µm), 40 µL/min 

flow rate, 150 °C, 7 bars.  

 

 

Figure C- 10 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T3-25-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  
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Figure C- 11 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T3-32-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  

 

Figure C- 12 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T3-32-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C (conventional heating), 7 bars.  
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Figure C- 13 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg WRT3-32-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  

 

Figure C- 14 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg TRT3-32-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  
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Figure C- 15 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T4-17-500 catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  

 

Figure C- 16 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg NiFe2O4@SiO2 material (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  
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Figure C- 17 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T3a-26-500-S catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  

 

Figure C- 18 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T3b-25-500-S catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  
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Figure C- 19 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T4a-16-500-S catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  

 

Figure C- 20 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T4b-14-500-S catalyst (125-250 µm), 40 

µL/min flow rate, 150 °C, 7 bars.  
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Figure C- 21 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T2-50 catalyst (125-250 µm), 40 µL/min 

flow rate, oscillated temperature ranging in140-160 °C, 7 bars.  

 

Figure C- 22 Concentration profiles along the axial position of the catalytic 

bed. Reaction conditions: 320 mg T2-50 catalyst (125-250 µm), 40 µL/min 

flow rate, 150 °C, 7 bars.  

 

 

 

 




